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A 90-Kilodal ton Endothelial Cell Molecule 
Mediating Lymphocyte Binding in Humans 

Marko Salmi* and Sirpa Jalkanen 
Interactions between leukocyte surface receptors and their ligands on vascular endothelial 
cells control lymphocyte traffic between the blood and various lymphoid organs, as well as 
extravasation of leukocytes into sites of inflammation. A heretofore undescribed 90-kilo- 
dalton human endothelial cell adhesion molecule (VAP-1) defined by a monoclonal an- 
tibody 182 is described. The expression pattern, molecular mass, functional properties, 
and an amino-terminal amino acid sequence define VAP-1 as an endothelial ligand for 
lymphocytes. VAP-1 helps to elucidate the complex heterotypic cell interactions that direct 
tissue-selective lymphocyte migration in man. 

M o s t  mature lymphocytes continuously 
recirculate between the blood and lvm- 
phatic organs (1). Lymphocyte trafficking 
allows the full repertoire of lymphocyte 
specificities to be available for immune 
reactions throughout the body, and it also 
facilitates the cell-cell interactions re- 
quired for the generation and control of 
immune responses. Lymphocytes leave the 
blood by recognizing and binding to the 
vascular endothelial cells. Thereafter. 
they migrate between the endothelial cells 
into the surrounding tissues. Lymphocyte 
adherence to endothelial cells is depen- 
dent on interactions between com~lemen- 
tary adhesion molecules expressed on both 
cell types (2-7). Under normal condi- 
tions, lymphocytes mainly bind to special- 
ized postcapillary venules called high en- 
dothelial venules (HEV) . Functionally 
separate lymphocyte-HEV recognition sys- 
tems mediate lymphocyte migration to 
peripheral lymph nodes, mucosal lym- 
phoid organs, synovium, and skin in an 
organ-specific manner (8-1 0). In inflam- 
mation, activation of the endothelial cell 
results in changes of its adhesion molecule 
status, which largely determines the mag- 
nitude and type of leukocyte influx into 
the affected tissue. Thus, endothelial cell 
molecules are a kev element in controlling - 
the characteristics of local immune re- 
sponse, and a detailed understanding of 
the mechanisms regulating lymphocyte 
traffic and leukocyte extravasation can 

provide new means to clinically manipu- 
late the inflammatory response. Because in 
man the endothelial cell ligands mediating 
tissue-selective lymphocyte homing are 
largely unknown, we made an attempt to 
identify such molecules by producing 
monoclonal antibodies (MAbs) to human 
synovial vessels ( I  1). 

Immunohistological stainings revealed 
that one of the MAbs produced, 1B2, 
strongly stained HEV-like venules in in- 
flamed synovial membranes (Fig. 1, A and 
B). No staining was observed in infiltrat- 
ing leukocytes or in connective tissue 
components of the synovial stroma. The 
antigen recognized by MAb 1B2 was 
named VAP-1 (for vascular adhesion pro- 
tein-1). In peripheral lymph node and 
tonsil, MAb 1B2 reacted with majority of 
HEV (Fig. 1C). VAP-1 was intensely 
expressed at the luminal side of the endo- 
thelial cells (Fig. ID). A granular staining 
was seen in the endothelial cell cytoplasm, 
and also the abluminal surface was MAb 
1B2 positive. Especially in tonsil, the 
staining intensity notably varied between 
different HEV, and few individual HEV 
with a typical plump morphology were 
1B2-negative. In appendix (Fig. 1E) and 
in lamina propria of the gut, only faintly 
staining venules were detected. Weak ex- 
pression of VAP-1 was also seen on den- 
dritic-like cells in germinal centers and on 
smooth muscle cells of arteries, veins, and 
bowel wall. In contrast, VAP-1 was prac- 
tically absent from the luminal surface of 
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cytes were all completely 1B2-negative in 
fluorescence-activated cell sorter (FACS) 
analyses. T lymphoblastoid (CCRF- 
CEM), B lymphoblastoid (KCA and IBW- 
4), monocytic (U937), and leukemic 
(KG-1, KG-la, and K 562) cell lines all 
lacked VAP-1. VAP-1 was absent from 
human umbilical vein endothelial cells 
(HUVEC), and 4-hour or 20-hour treat- 
ments with interleukin-1 (IL-1) (20 or 100 
Ulml), tumor necrosis factor (TNF) (200 
Ulml) , or lipop~l~saccharide (LPS) (0.1 
or 1.0 pglml) could not induce its expres- 
sion. Primary cultures of smooth muscle 
cells, fibroblasts, and keratinocytes, and 
an epithelioid (HeLa) cell line did not 
express VAP- 1. 

To determine the molecular weight of 
VAP-1, affinity-isolated molecule from ton- 
sillar stroma was subjected to SDS-poly- 
acrylamide gel electrophoresis (PAGE). 
Silver staining of the gel revealed a major 
band of apparent molecular size 90 kD 
under reducing conditions (Fig. 2). Analy- 
ses of immunoprecipitates .from iodinated 
stromal cells of tonsil confirmed the reac- 
tivity of MAb 1B2 with a 90-kD molecule 
(and a slightly smaller species; presumably a 
degradation product) (Fig. 2). VAP-1 mi- 
grated slightly slower under nonreducing 
conditions (M, - 100 kD). 

The tissue distribution of VAP-1 on 
endothelial cells in vivo suggested that it 
might function as a specific recognition 
element for leukocytes. Therefore, the 
functional role of VAPLl in HEV-binding 
was studied with the modified Stamper- 
Woodruff in vitro assay (12). By first 
treating frozen sections with MAb 1B2, 
lymphocyte binding to HEV was inhibited 
(Fig. 3). The inhibitory effect was most 
pronounced in tonsil and peripheral 
lymph node, but binding to synovial HEV 
was also significantly reduced. Lympho- 
cyte binding to appendix HEV and gran- 
ulocyte binding to tonsil HEV were less 
affected (Fig. 3). Thus, VAP-1 either 
mediates or associates closely with endo- 
thelial cell elements mediating lympho- 
cyte recognition of peripheral lymph 
node, tonsil, and synovial HEV. To di- 
rectly evaluate the involvement of VAP-1 
in lymphocyte-endothelial cell interac- 
tion, we analyzed binding of lymphocytes 
to affinity-isolated VAP-1 (Fig. 4). Lym- 
phocytes adhered efficiently to plate- 
bound VAP-1. Lymphocyte binding to 
VAP-1 was specifically inhibited with 
MAb 1B2 but not with a control MA6 
3G6. MAb 1B2 did not prevent lympho- 
cyte binding to another unrelated endo- 
thelial cell molecule (Fig. 4). 

The expression pattern, molecular 
weight, and function of VAP-1 indicate 
that it is not identical with any of the 
previously defined endothelial molecules 
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vessels in appendix by 
staining with anti-factor Vlll antibody. Magnifications: (A) x100; (C, E, and F) x250; and (B and D) 
x400. We determined the tissue distribution of VAP-1 by immunoperoxidase staining of cryostat 
sections. The sections were incubated with primary antibodies (1 82 and 3G6, a control mouse IgG, 
MAb against chicken T cells) for 30 min. After two washings in phosphate-buffered saline (PBS), 
peroxidase-conjugated rabbit antimouse IgG (Dakopatt, Denmark) in PBS containing 5% AB-serum 
was added for 30 min. Next, 3',3'diaminobenzidine hydrochloride in PBS containing 0.03% 
hydrogen peroxide was used as a chromogen. After the staining, the sections were counterstained 
with hematoxylin. For immunofluorescence staining, 3 - ~ m  cryostat sections were overlaid with 
primary antibodies and FITC-conjugated sheep anti-mouse IgG (Sigma, St. Louis, Missouri) was 
used as a second-stage reagent. In every tissue type, 182 staining was analyzed from ten samples 
from separate individuals. 

involved in lymphocyte binding. We con- 
firmed the uniqueness of this molecule by 
subjecting immunoaffinity-purified VAP- 1 
to protein sequencing (13). An NH,- 
terminal sequence of the 90-kD species 
(TEDGDMXLVNGASANEGXVE) was ob- 
tained, and it showed no significant homol- 
ogy to any known molecule in SwissProt 
and GenEMBL data banks. 

Fig. 2. VAP-1 is a 90-kD pro- 
tein. Lane 1, silver staining of 
immunopurified VAP-1. Lanes 
2 to 3. lZ51-labeled stromal 
cells of tonsil were immuno- 
precipitated (27) with either 
MAb 182 (lane 2) or control 
MAb 3G6 (lane 3). The bands 
in the area 180 to 200 kD are 
inconstant findings. Molecular 
size standards are indicated 
on the left in kilodaltons. 

Tissue distribution and HEV-binding 
results suggest that VAP-1 is mainly in- 
volved in lymphocyte trafficking to pe- 
ripheral lymph node, tonsil, and syn- 
ovium. In tonsil, lack of VAP-1 expres- 
sion defines a minor subset of postcapillary 
venules, which are morphologically indis- 
tinguishable from venules that express 
1B2. Because tonsils are intimately associ- 
ated with the gastrointestinal tract, they 

Fig. 3. VAP-1 is involved in lymphocyte bind- 
ing to HEV. Binding of lymphocytes to tonsil, 
peripheral lymph node (PLN), synovial, and 
appendix HEV and binding of granulocytes to 
tonsil HEV were assessed in the presence and 
absence of MAb 1 B2 with the in vitro frozen 
section assay. Results of three independent 
experiments are presented as percentages of 
control binding with standard errors (100% = 
number of bound cells on 3G6-treated sec- 
tions). The details of this technique have been 
described (12). Cells bound to HEV on four to 
six sections per tissue per sample were count- 
ed (minimum of 100 HEV) single-blind. When 
determining granulocyte binding, the assay 
was done similarly, with the exception that 
purified granulocytes (isolated using Histopaquc 
and Mg2+-free Hanks balanced salt solution 

1 2 a sections. 
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may contain HEV-specificities of both mu- 
cosal (little or no VAP-1) and peripheral 
lymph node (VAP-1-positive) types. It 
remains to be determined how the pheno- 
typic difference in VAP-l expression cor- 
relates to lymphocyte binding capacity of 
each individual HEV. The scarcity of 
VAP-1 in mucosal lymphoid organs im- 
plies that this endothelial antigen may be 
differentially regulated in distinct lympho- 
cyte recognition systems. Moreover, pre- 
liminary analyses indicate that the degree 
of inflammation correlates with VAP-1 
expression in skin and bowel specimens 
(14). 

Comparison of VAP-1 with the known 
endothelial cell molecules mediating leu- 
kocyte binding reveals several differences. 
Intercellular adhesion molecules-1 and -2 
(ICAM-1 and ICAM-2), vascular cell ad- 
hesion molecule-1 (VCAM- I), E-selectin 
(ELAM- I), and P-selectin (CD62, PAD- 
GEM, and GMP 140) are all expressed on 
HUVEC either basally or after induction 
by inflammatory mediators (2-6, 15-2 1). 
In contrast, VAP-1 is neither constitu- 
tively expressed nor inducible by IL-1, 
TNF-a, or LPS treatments on HUVEC. 
Tissue distributions of these molecules are 
clearly distinct-also when analyzed on 
parallel sections of tonsil. ICAMs stain 
the luminal surface of most large and small 
vessels and certain leukocytes (15, 22). 
VCAM-1 and E-selectin, in contrast, are 
present only on a subset of venules in 
inflamed tissues (23-25). Instead, VAP-1 
is strongly expressed on the vast majority 
of HEV at nonmucosal sites, and it is 
absent from all white cells and cell lines 
tested. The molecular size of the known 
adhesion molecules are also different from 
that of VAP-1, with the exception of 
ICAM-1 [ICAM-2 is a 60-kD molecule; 
VCAM- 1, 1 10-kD molecule; E-selectin, 
115-kD molecule; and P-selectin, 140-kD 
molecule, (3, 4, IS)]. Furthermore, 
VAP- 1 is mainly involved in lymphocyte 
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Fig. 4. Isolated VAP-1 supports lymphocyte 
binding. Immunopurified VAP-1 and control 
proteins [1E12, an unrelated endothelial cell 
molecule that supports lymphocyte binding, 
and bovine serum albumin (BSA)] were ab
sorbed on glass, and lymphocyte binding was 
determined (28). (A) Results from two inde
pendent experiments are presented as per
centages from control binding (100% = num
ber of cells bound to plate-bound VAP-1 or 
1E12 after MAb 3G6 treatment). Nonspecific 
background (binding to BSA) is subtracted 
from all analyses. (B) Lymphocyte binding to 
VAP-1-coated well in the presence of MAb 
3G6. (C) Lymphocyte binding to VAP-1-coat-
ed well in the presence of MAb 1B2. Magnifi
cations, x250. 

binding, whereas ICAMs, E- and P-selec-
tins also efficiently (or solely) mediate 
adhesion of other leukocytes (2-6). The 
only endothelial adhesion molecule de
scribed so far that is involved in lympho
cyte binding in man and is not expressed 
on HUVEC is the MECA-79-defined an
tigen (26). However, VAP-1 is not coex-
pressed in all MECA-79-positive venules 
and vice versa, and MAb 1B2 does not 
recognize purified MECA-79 antigen. 

Finally, the NH2-terminus of the 90-
kD species of VAP-1 shows no significant 
similarity with the deduced amino acid 
sequences of any known protein. Thus, 
VAP-1 appears to be a new endothelial 
molecule involved in lymphocyte binding. 

The description of VAP-1 underlines 
the necessity of developing other endothe
lial cell models in addition to HUVEC 
when determining the contribution of dif
ferent adhesion molecules in leukocyte traf
ficking and extravasation. VAP-1 will be 
relevant to understanding of the physiolog

ical lymphocyte recirculation in man, and 
it will be especially valuable for dissecting 
the molecular mechanisms of tissue-selec
tive lymphocyte homing. 
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