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Abstract. T cell extravasation from the bloodstream
into the perivascular tissue during inflammation in-
volves transmigration through the endothelial cell layer
and basement membrane into the interstitial matrix.
The specific mechanisms by which T cells transmi-
grate, however, are poorly understood. Matrix degra-
dation by enzymes such as 72-kD gelatinase has been
implicated as an important component in tissue inva-
sion by various types of cells. In this study, we have
demonstrated that 72-kD gelatinase is induced in T
cells upon adhesion to endothelial cells. We also pro-
vide evidence that the induction of 72-kD gelatinase is
mediated by binding to vascular cell adhesion
molecule-1 (VCAM-1). The T cells used in this study
were cloned murine Thl cells antigenic to myelin ba-
sic protein. These cells express very late antigen-4 on
their cell surface and have been shown to infiltrate the
brain parenchyma and cause experimental autoimmune
encephalomyelitis when infused into normal mice
(Baron, J. L., J. A. Madri, N. H. Ruddle, G. Hashim,
and C. A. Janeway. 1993. J. Exp. Med. 177:57-68). In
the experiments presented here, T cells were cocul-
tured with VCAM-1-positive and -negative endothelial
cells grown in a monolayer in order to study the ex-
pression of 72-kD gelatinase upon T cell adhesion.
Additional experiments were conducted in which T
cells were cocultured with VCAM-1 positive cells

grown on microporous membranes suspended in trans-
wells to study 72-kD gelatinase following T cell trans-
migration. T cells were also incubated with recom-
binant VCAM-1 in order to study the role of VCAM-1
in inducing 72-kD gelatinase. The results demon-
strated that T cells adhered to both VCAM-1-positive
and -negative endothelial cells. T cells that adhered to
the VCAM-1-positive endothelial cells exhibited an in-
duction in 72-kD gelatinase protein, activity, and
mRNA whereas 72-kD gelatinase was not induced in
the T cells that adhered to the VCAM-1-negative en-
dothelial cells. Incubating T cells with recombinant
VCAM-1 coated onto tissue culture plastic showed that
T cells adhered to the molecule and that adhesion to
recombinant VCAM-1 was sufficient to induce 72-kD
gelatinase. Further, T cells that had transmigrated
through a VCAM-1-positive endothelial cell monolayer
exhibited 72-kD gelatinase activity but not mRNA ex-
pression. In addition, 72-kD gelatinase was detected
on the cell surface of the transmigrated T cells by
FACS analysis. In other experiments, TIMP-2 was
added to the transmigration studies and was shown to
reduce T cell transmigration. The results demonstrate
that binding to VCAM-1 on endothelial cells induces
72-kD gelatinase in T cells which, in turn, may facili-
tate T cell migration into perivascular tissue.

into perivascular tissue represents a critical event in

the process of inflammation. The initial step in this
process is characterized by the adhesion of T cells to the en-
dothelial cells lining the blood vessel wall via a variety of cell
surface receptors (Albelda and Buck, 1990; Springer, 1990;
Shimizu et al., 1991). The receptors on endothelial cells
which interact with T cells can be divided into two classes.
The first class consists of proteins which are members of the
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immunoglobulin superfamily. One member of this class is
vascular cell adhesion molecule-l (VCAM-I)! which is a
ligand for the o431 integrin also known as very late anti-
gen-4 (VLA-4) (Osborn et al., 1989; Wayner et al., 1989;

1. Abbreviations used in this paper: EAE, experimental autoimmune en-
cephalomyelitis; ECM, extracellular matrix; ELAM-1, endothelial leuko-
cyte adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1;
IFN-y, interferon +; IL-2, interleukin 2; LFA-1, leukocyte function-asso-
ciated antigen-1; MBP, myelin basic protein; MMP, matrix metallopro-
teinase; PECAM-], platelet endothelial cell adhesion molecule-1; p-APMA,
p-aminophenylmercuric acetate; rs, recombinant soluble; Th cells, helper
T cells; TIMP, tissue inhibitor of metalloproteinase; uPA, urokinase plas-
minogen activator; VCAM-1, vascular cell adhesion molecule-1; VLA-4,
very late antigen-4.
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Elices et al., 1990; Shimizu et al., 1991; Vennegoor et al.,
1992). Other members of this class are intercellular adhe-
sion molecule-1 ICAM-1) (CD54) and ICAM-2 which inter-
act with the .82 integrin leukocyte function-associated
antigen-1 (LFA-1) (Marlin and Springer, 1987; Staunton et
al., 1989; Shimizu et al., 1991). Also, platelet endothelial
cell adhesion molecule-1 (PECAM-1) (CD31) is a receptor
in this superfamily which has been localized on both T cells
and endothelial cells (Albelda et al., 1990, 1991; Newman
et al., 1990; Tanaka et al., 1992) and interacts in a homo-
philic manner during T cell-endothelial cell interactions
(Bogenetal., 1992). The second class of receptors is a group
of glycoproteins called selectins (Bevilacqua and Nelson,
1993). One member of this group, E-selectin endothelial
leukocyte adhesion molecule-1 (ELLAM-1), binds carbohy-
drate ligands on T cells. Conversely, T cells contain the
receptor L-selectin (LAM-1) which interacts with carbohy-
drate ligands on endothelial cells.

Engagement of these and other receptor pairs triggers a
number of intracellular signaling events in T cells (Shimizu
and Shaw, 1991; Hynes, 1992). Binding of VLA-4 either
with antibodies to the o4 subunit or with the alternatively
spliced CS1 domain of fibronectin stimulated tyrosine phos-
phorylation of a 150-kD protein in T cells (Nojima et al.,
1992). Also, ligation of the VLA-4 integrin with the alterna-
tively spliced CS1 domain of fibronectin has been demon-
strated to act as a costimulus along with the ligation of CD3
to mediate T cell proliferation (Davis et al., 1990; Nojima
et al., 1990). Furthermore, engagement of the VLA-5
(«5B1) integrin on T cells with fibronectin has been shown
to induce the expression of the AP-1 transcription factor
which regulates interleukin-2 (IL-2) transcription (Yamada
et al., 1991).

Engagement of cell adhesion receptors on T cells may also
induce the synthesis and secretion of proteins such as matrix
metalloproteinases. Matrix metalloproteinases are a family
of enzymes which aid in the degradation of basement mem-
brane and interstitial matrix proteins (Woessner, 1991). One
of the proteinases responsible for the degradation of the
basement membrane is 72-kD gelatinase, having as sub-
strates, collagen IV and denatured collagens (Liotta et al.,
1979, 1981; Salo et al., 1983). Other enzymes in the matrix
metalloproteinase family include interstitial collagenase,
stromelysin, matrilysin, and 92-kD gelatinase (Woessner,
1991). Werb et al. (1989) demonstrated that engagement of
the fibronectin receptor, VLA-5 or o541, on fibroblasts in-
duced the expression of stromelysin and collagenase. Like-
wise, Seftor et al. (1992) showed that ligation of the vitronec-
tin receptor, av33, on A375M melanoma cells stimulated
72-kD gelatinase expression. These results suggest that sig-
nals transduced by the binding of integrins with their respec-
tive ligands can regulate the expression of proteinases that
modulate the extracellular environment.

Various studies have implicated 72-kD gelatinase as an im-
portant component in tumor migration and tissue invasion.
In metastatic tumor cells which exhibit increased invasive-
ness into the basement membrane, the level of 72-kD
gelatinase was found to be elevated (Liotta et al., 1979; Salo
et al., 1983; Fessler et al., 1984; Mignatti et al., 1986;
Hoéyhtyi et al., 1990). Further, inhibitors of 72-kD gelati-
nase have been shown to inhibit the invasion of metastatic
cells through collagenous tissues (Mignatti et al., 1986;
Schultz et al, 1988; Hoyhtyi et al., 1990). These investiga-
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tions suggest a role for 72-kD gelatinase in cell migration
and tissue invasion. Since migrating T cells have an invasive
characteristic, we propose that 72-kD gelatinase is likely an
important component of T cell migration.

In inflammatory diseases, T cells invade the perivascular
tissue where they cause damage to the tissue. The class of
T cells which give rise to an inflammatory response are the
helper T cells (Th cells), in particular the Thl subclass. Thl
cells are involved in mediating an inflammatory response in
antigen-specific delayed-type hypersensitivity reactions and
autoimmune diseases (Vitetta and Paul, 1991). Experimen-
tal allergic encephalomyelitis (EAE) serves as an animal
model for studying autoimmune diseases mediated by Th
cells as well as for studying T cell adhesion to and trans-
migration through endothelial cells and invasion into peri-
vascular tissue (Naparstek et al., 1984; Zamvil et al., 1985;
Cross et al., 1990; Baron et al., 1993). Yednock et al. (1992)
demonstrated that lymphocytes adhered to inflamed EAE
brain blood vessels in vitro and that adhesion was inhibited
by antibodies against the VL.A-4 integrin, but not by antibod-
ies against other adhesion receptors. Baron et al. (1993)
demonstrated that the administration of T cells sensitized to
myelin basic protein (MBP) along with antibodies against
VLA-4 diminished the number of T cells that infiltrated the
brain parenchyma and delayed the onset of EAE. These
studies strongly suggest that the VLA-4 integrin is an impor-
tant determinant for T cell entry into the central nervous sys-
tem (CNS) leading to the development of EAE.

The mechanisms by which T cells actively invade the
perivascular tissue are virtually unknown. We show here that
the binding of cloned MBP-specific Thl cells to VCAM-1 on
endothelial cells induces the expression of 72-kD gelatinase
in T cells. In the experiments presented here, T cells were
cocultured with VCAM-1-positive and —negative endothelial
cells grown on collagen-coated plastic to study the induction
of 72-kD gelatinase upon T cell adhesion. In other experi-
ments, T cells were cocultured with endothelial cells grown
on collagen-coated microporous membranes suspended in
Transwells® to study 72-kD gelatinase expression following
T cell transmigration. In the T cells that adhered to and
transmigrated through VCAM-1 positive endothelial cells,
72-kD gelatinase was induced and was also detected on the
cell surface by FACS analysis. Additionally, when TIMP-2
was added to the transwell system, T cell transmigration
through the VCAM-1 positive endothelial cells was reduced.
In further experiments, T cells were incubated with recom-
binant soluble VCAM-1 (rsVCAM-1) or ICAM-1 (rsICAM-1)
coated onto tissue culture plastic. These experiments showed
that rsVCAM-1 supported T cell adhesion and was sufficient
to elicit induction of 72-kD gelatinase while adhesion to
rsICAM-1 was not. Thus, we conclude that the binding to
VCAM-1 on endothelial cells causes the induction of 72-kD
gelatinase in T cells which, in turn, may facilitate T cell
migration into perivascular tissue. The role of T cell and en-
dothelial cell proteinase/proteinase inhibitor modulation in
the process of T cell extravasation during inflammation is
discussed.

Materials and Methods
Antibodies

An anti-mouse o4 integrin monoclonal antibody (R1-2, #HB 227, American
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Type Culture Collection, Rockland, MD), and an anti-mouse LFA-1 mono-
clonal antibody (M17/5.2, #TIB 237, American Type Culture Collection)
were provided by Dr. Charles A. Janeway, Yale University (New Haven,
CT). An anti-rat VCAM-1 monoclonal antibody (SF10) and an anti-human
VCAM-1 monoclonal antibody (4B9) were gifts from Dr. Roy Lobb, Biogen
Inc. (Cambridge, MA). A monoclonal antibody directed against human
ELAM-1 (H4/18) was a gift from Dr. Jordan S. Pober, Yale University (New
Haven, CT). An anti-human ICAM-2 monoclonal antibody (CBRIC2/2)
was a gift from Dr. Timothy Springer, Harvard University (Boston, MA).
Polyclonal antibodies directed against human PECAM-1 (Houston) and bo-
vine PECAM-1 (Elsie) were provided by Dr. Steven M. Albelda, University
of Pennsylvania (Philadelphia, PA). Anti-72-kD gelatinase polyclonal anti-
bodies (Ab 31 and Ab 45) were provided by Dr. William G. Stetler-
Stevenson, National Institutes of Health (Bethesda, MD). Commercial goat
anti-rat IgG, goat anti-rabbit IgG, and goat anti-mouse IgG antibodies con-
jugated to fluorescein isothiocyanate were purchased from HyClone Lab-
oratories (Logan, UT). A goat anti-rabbit IgG antibody conjugated to alka-
line phosphatase was purchased from Promega Corp. (Madison, WI).

Materials and Reagents

Ac 1-16 peptide fragment of MBP, prepared as described (Baron et al.,
1993), and recombinant IL-2 were provided by Dr. Charles A. Janeway.
Lymphocyte Separation Media was purchased from Organon-Teknika Corp.
(Durham, NC). Mitomycin C, p-aminophenylmercuric acetate (p-APMA),
N-ethylmaleimide, PMSF, and Brij 35 were purchased from Sigma Chem.
Co. (St. Louis, MO). The bicinchoninic acid protein assay kit was pur-
chased from Pierce (Rockford, IL). Immobilon P membranes were pur-
chased from Millipore Corp. (Bedford, MA). Recombinant soluble human
VCAM-1, prepared as described (Lobb et al., 1991), was a gift from Dr.
Roy Lobb. Recombinant soluble human ICAM-1 was a gift from Dr. B. J.
Bormann, Boehringer Ingelheim (Ridgefield, CT). Recombinant tissue in-
hibitor of metalloproteinase-2 (TIMP-2) was a gift from Dr. William
Stetler-Stevenson. Transwell-COL® cell culture chambers (3-um pore size,
6.5- or 24.5-mm diameter) were purchased from Costar Corp. (Cambridge,
MA). [PH]collagen IV was purchased from NEN/Dupont (Boston, MA).
NanoSpin filtration units, 100,000 molecular weight cut off, were purchased
from Gelman Sciences (Ann Arbor, MI). Western Blue™-stabilized sub-
strate for alkaline phosphatase was purchased from Promega Corp. A cDNA
clone for 72-kD gelatinase (MC-1; Reponen et al., 1992) was a gift from
Dr. Karl Trygvasson (University of Helsinki, Helsinki, Finland). A cDNA
probe for y-actin was a gift from Dr. David Rimm, Yale University (New
Haven, CT). The Prime-It™ II Random Primer Labeling Kit, [*H]thymi-
dine and [*2P]dCTP were purchased from Amersham Corp. (Arlington
Heights, IL). Nytran membranes were purchased from Schleicher & Schuell,
Inc. (Keene, NH). X-omat AR x-ray film was purchased from Kodak (Roch-
ester, NY). All other materials were of reagent grade.

Cells and Cell Culture

The T cells used in these studies were cloned, murine CD4* Thi cells,
C19a4H, provided by Dr. Charles A. Janeway. These cells have been fully
characterized and are specific for MBP antigen (Baron et al., 1993). These
cells were chosen specifically for these experiments based on their invasive
characteristic, as they have been shown to invade the brain parenchyma and
induce EAE when injected into mice (Baron et al., 1993). T cells were
maintained in culture as described by Baron et al. (1993). Briefly, 2 x 10°
T cells were stimulated every 14 d with 6 X 10° syngeneic feeder cells,
treated with mitomycin C (50 ug/ml), a peptide fragment of MBP corre-
sponding to the first 16 amino acids of the molecule (Ac 1-16; 5 ug/ml),
10% FCS, and recombinant IL-2 (5 U/ml) in Bruffs media. Two weeks after
stimulation, about 2 x 107 T cells were obtained. T cells were cultured at
37°C, 5% CO». Before using the T cells for experiments, they were sepa-
rated from the feeder cells using LSM (Organon-Teknika) according to the
manufacturer’s instructions.

One of the endothelial cell lines used in the following experiments was
a microvascular endothelial cell line derived from rat epididymal fat pads,
RFC cells, isolated and cultured as described by Madri and Williams
(1983). Approximately 1 x 10° endothelial cells were cultured in T-75 tis-
sue culture flasks on a substratum of collagen I (12.5 pg/ml in a 0.1 M so-
dium bicarbonate buffer, pH 9.4) with DME containing 10% FCS and
25% conditioned medium obtained from bovine aortic endothelial cell cul-
tures. At confluency, each flask contained about 3 X 106 cells. Cells were
split 1:3 once a week and used for experiments between passages six and
nine. Another endothelial cell line used in these studies was of human um-
bilical vein endothelial cells, ECV304 cells (Takahashi et al., 1990;
Sawaski, 1992), obtained from Dr. Jordan S. Pober. These cells were cul-
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tured as described above with DME containing only 10% FCS. All endo-
thelial cells were cultured at 37°C, 8% CO,.

FACS Analysis

T cells were stained for VLA-4, LFA-1, and 72-kD gelatinase and endo-
thelial cells were stained for VCAM-1, ELAM-1, ICAM-2, and PECAM-1
cell surface expression by indirect immunofluorescence and analyzed by
FACS. Endothelial cells first were trypsinized and then washed with 2%
BSA in PBS to inactivate the trypsin. Approximately 1 X 10° cells were
incubated with their respective primary antibody for 1 h at 4°C. The cells
were washed three times an then incubated with a secondary antibody con-
jugated to fluorescein for 30 min at 4°C. The cells were washed as above
and then fixed with 1% paraformaldehyde in PBS. All antibody dilutions
and washes were made with a staining buffer consisting of 5% FCS, 0.01%
NaNj3 in PBS, sterile filtered. Immunofluorescent analysis was performed
using a FACStar Plus® fluorescent activated cell sorter (Becton Dickinson
Immunocytometry Sys., Mountain View, CA).

T Cell/Endothelial Cell Adhesion Assay

To study the effect of T cell/endothelial cell adhesion on 72-kD gelatinase
induction in vitro, the cells were cocultured in the following system. En-
dothelial cells were cultured to form a confluent monolayer in collagen
I-coated T-75 tissue culture flasks and then serum starved for 24 h. T cells
(2 x 10%ml), suspended in serum-free DMEM, were then added to the
endothelial cells and cocultured for 5 h at 37°C, 8% CO,, during which
time T cell adhesion to the endothelial cell monolayer peaked. As a control,
T cells (2 X 10%/ml) were incubated in serum-free DME for 5 h at 37°C
in suspension either in 50-ml polypropylene tubes or in T-75 culture flasks
that were precoated with 1% BSA in PBS to prevent nonspecific attachment.

After the coculture period, the nonadherent T cells were removed by
washing with PBS warmed to 37°C. The adherent T cells were detached
by washing with a warm 0.004 % trypsin/0.002 % EDTA solution in PBS for
~] min. Samples of nonadherent and adherent T cells were stained with
trypan blue and counted to calculate the percentage of adherent cells and
to assure cell viability. To establish that endothelial cells had not contami-
nated the T cell samples during the trypsin wash, aliquots of the recavered
T cells were viewed by differential interference contrast light microscopy.
For these experiments, cells were affixed to glass slides coated with 0.1%
gelatin, 0005% sodium dichromate using a cytospin (Shandon Inc., Pitts-
burgh, PA) at 1500 rpm for § min at room temperature. The samples of the
recovered T cells were then compared to control T cell and endothelial cell
samples prepared using the same technique. The size differences between
the two cell types allowed identification of endothelial cells and T cells.

For protein analysis, extracts of the T cells were prepared. First, how-
ever, as the trypsin and EDTA might have interfered with enzyme activity
or protein analysis, the cell suspensions were washed two times with cold
PBS prior to lysis. The T cells were lysed with ice-cold buffer consisting
of 0.05% Triton X-100, 0.01% NaNj3 in 120 mM Tris-HCI, pH 87. The cell
extracts were then centrifuged at 14,000 rpm for 5 min at 4°C and the super-
natant fractions collected and stored at —20°C. Protein concentration in the
cell extracts was measured by the bicinchoninic acid protein assay (Pierce)
according to the manufacturer’s instructions. The samples were then as-
sayed for 72-kD gelatinase as described below.

Incubation of T Cells on rsVCAM-1 and rsICAM-1

To determine if engagement of the VLA-4/VCAM-1 receptor pair was
sufficient for the induction of 72-kD gelatinase, T cells were incubated with
a rsVCAM-1 molecule coated onto tissue culture plastic and assayed for pro-
teinase induction as described below. As a control, T cells were incubated
with a rsICAM-1 molecule coated onto tissue culture plastic. To assure for
specificity of binding, T cells were also incubated in tissue culture flasks
coated with 1% BSA. Tissue culture flasks were coated with sVCAM-1 or
rsICAM-1 (10 pg/ml) in 2 0.1 M sodium bicarbonate buffer, pH 9.4, or with
BSA (1% in PBS) overnight at 4°C. Unoccupied binding sites were blocked
by incubating with 1% BSA in PBS for 1 h at 37°C. All the flasks were then
washed two times with PBS warmed to 37°C. T cells 2 X 105ml) in
serum-free DME were added to the flasks and incubated for 5 or 20 h
at 37°C. The nonadherent T cells were removed and the adherent T cells
were detached by washing quickly one time with a warm 0004 % tryp-
sin/0.002% EDTA solution in PBS. Cell extracts were prepared as described
above.
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Figure 1. FACS analysis of VLA-4-positive Thl cells and VCAM-
1-positive endothelial cells. (4) Thl cells, C19a4H, were stained
with an antibody directed against VLA-4 integrin (R1-2) followed
by a fluorescein-conjugated secondary antibody as described in
Materials and Methods. Shaded curve represents the negative con-
trol; open curve represents VLA-4 positive T cells. (B) Rat micro-
vascular endothelial cells, RFC cells, were stained with antibodies
directed against VCAM-1 (5F10) and PECAM-1 (Elsie) followed by
fluorescein-conjugated secondary antibodies. Shaded curve repre-
sents the negative control; thin-lined curve represents VCAM-1
positive RFC cells; thick-lined curve represents PECAM-1 positive
RFC cells, shown here as a control.

Transmigration Assay

To determine the level of induction of 72-kD gelatinase following trans-
migration of the adherent T cells, a Transwell® system was employed. Be-
fore using the transwells, the bottom wells were coated with 1% BSA in PBS
overnight at 4°C to prevent nonspecific attachment of transmigrated T cells
to the tissue culture plastic. Endothelial cells were cultured to confluency
on collagen-coated polycarbonate membrane filters (Transwell-COL®
filters, 3-um pore size, 6.5- or 24.5-mm diameter; Costar Corp., Cam-
bridge, MA) resting in a transwell chamber and then serum starved for 24 h.
T cells (2 X 10%ml) in serum-free DME were then added to the trans-
wells and cocultured with the endothelial cells for up to 20 h at 37°C. The
T cells that transmigrated through the endothelial cell monolayer and the
porous membrane were collected in the bottom part of the chamber, washed
with PBS, lysed as described above, and then assayed for 72-kD gelatinase.
In some experiments TIMP-2 (10 xg/ml) was added to the upper and lower
chambers on transwells to investigate the effects of 72-kD gelatinase and
TIMP-2 on T cell transmigration. To determine the percentage of T cells
that transmigrated in the presence and absence of TIMP-2, T cells were col-
lected from the bottom part of the chamber and counted using a Coulter
counter (Hialeah, FL).
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Cytokine Assays

To assay for cytokine induction upon T cell adhesion, the culture media
from the coculture experiments was collected and assayed for cytokine ac-
tivity by performing standard cell proliferation experiments as measured by
[Hithymidine uptake in responder cells. The presence of IL-2 and IL4
was assayed by measuring the induction of proliferation of CTLL-2 and
CTA4S cells, respectively. IFN-y was determined by the inhibition of prolif-
eration of WEHI-279 cells. CTLL-2 cells, CT4S cells, and WEHI-279 cells
were obtained from Dr. Kim Bottomly, Yale University (New Haven, CT).
Briefly, CTLL-2 (1 x 10*/well), CT4S (5 x 10°/well), and WEHI-279 (1
X 10*/well) cells were incubated with varying dilutions of the culture me-
dium obtained from the cocultured cells, with fresh DME, or with media
from control endothelial cells and T cells that were cultured independently
from one another. All dilutions were made with EHAA (Click’s) medium
(GIBCO BRL) pius 5% FCS. The celis were incubated for 48 h and then
pulsed with [*H]thymidine for 16 h before harvesting. The rejative amount
of each cytokine was measured by comparing the level of cell proliferation
using medium from the cocultures to the level of proliferation using fresh
DMEM or media from control endothelial cells and T cells.

Western Blot Analysis

To investigate the induction of 72-kD gelatinase protein, cell extracts of the
adherent and control T cells were assayed by Western analysis. Samples,
normalized for protein concentration, were electrophoresed through a 10%
polyacrylamide gel (Laemmli, 1970), transferred to an Immobilon P mem-
brane, and then processed for Western blot analysis. Unoccupied binding
sites on the membrane were blocked overnight at 4°C with 5% nonfat pow-
dered milk in a 0.1 M Tris-HC]1 buffer containing 1.5 M NaCl, 0.5% Triton
X-100 (TBST buffer). A primary polyclonal antibody against 72-kD gela-
tinase, diluted in TBST buffer, was added to the membrane and allowed to
incubate for 2 h at 25°C. The membrane was washed three times, 20 min
each, with TBST buffer and incubated for 1 h at 25°C with a secondary anti-
body conjugated to alkaline phosphatase. The membrane was washed as
above, rinsed with water, and then incubated for § min with Western Blue™
(Promega, Corp.) stabilized substrate for alkaline phosphatase.

Gelatinase Zymography

72-kD gelatinase activity was assayed by zymography as described by Heus-
sen and Dowdle (1980) and Unemori and Werb (1986) with modification.
Briefly, 20 ug of cell extracts were subjected to electrophoresis, without
boiling or reduction, through a 10% polyacrylamide gel impregnated with
gelatin (0.2 mg/ml). Electrophoresis was conducted at 4°C to prevent gela-
tin degradation. After electrophoresis was complete, the gel was incubated
for 1 h at 25°C in a 2.5% Triton X-100 solution, washed two times, 20 min
each, with water and then incubated for 10-24 h at 37°C in a 0.05 M
Tris-HC] buffer, pH 8.0, containing 0.005 M CaCl,. As a control, dupli-
cate samples were loaded onto another gel which was then incubated in a
005 M Tris~HCI buffer, pH 80, containing 001 M EDTA. The gels were
fixed with 50% methanol and 10% acetic acid and stained with 0.25%
Coomassie blue R250. Gelatinase activity was visualized as clear bands in
a blue background.

[H]Collagen 1V Digestion Assay

To measure the specific digestion of collagen IV in solution, the cell ex-
tracts, normalized for protein concentration, were incubated with {*H]col-
lagen IV (NEN/Dupont) as described previously (Liotta et al., 1981) with
modification, In summary, 30 ug of the cell extracts were activated with 1
mM p-APMA for 1 h at 37°C (Stetler-Stevenson et al., 1989). Following
activation, N-ethylmaleimide and PMSF were added to the reaction mix-
tures to final concentrations of 65 pg/ml which were then incubated with
[*Hlcollagen IV (7,000 cpm) in a 0.05 M Tris-HCl buffer, pH 7.6, contain-
ing 0005 M CaCl,, 0.2 M NaCl, and 0.02% Brij 35 for 18 h at 35°C. The
final volume of the reaction mixture was 380 ul. The reaction was stopped
by the addition of 10 mM EDTA and placed on ice for 30 min. The samples
were centrifuged at 14,000 rpm for 10 min at 4°C using NanoSpin filtration
units with a cut-off range of 100,000 mol wt (Gelman Sciences Inc.).
Digested [*H]collagen IV was collected in the filtrate and measured for ra-
dioactivity by liquid scintillation using an LKB liquid scintillation counter.
As controls, some of the samples were not activated with p-APMA in order
to examine the precursor-product ratio and to show that p-APMA was in-
deed able to activate the samples. In other samples 10 mM EDTA was added
to the initial reaction mixtures to show that the coilagen IV degradation
could be inhibited.
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Figure 2. Differential interference contrast light microscopy of T cells adherent to VCAM-I-positive endothelial cells. T celis were cocul-
tured with VCAM-1-positive RFC endothelial cells, grown in monolayer, for 5 h at 37°C. (A4) adherent and nonadherent T cells cocuitured
for 5 h. (B) T cells adherent to endothelial cells after nonadherent T cells were removed. 88 + 8% of the T cells adhered to the VCAM-
1-positive endothelial cells. (C) About 90% of the adherent T cells were effectively removed without disturbing the endothelial cell
monolayer. Arrowheads denote the few T cells that were not removed. Arrows indicate T cells that had transmigrated through the endothelial
cells and were now beneath the endothelial cell monolayer. (D) Control VCAM-1-positive RFC endothelial cells. Bar, 100 pm.

Northern Blot Analysis

The expression of 72-kD message was analyzed by Northern blot analysis
as follows. Total cellular RNA was extracted from adherent and control T
cells using standard protocols as described by Sambrook et al. (1989). Ap-
proximately 5 ug of total RNA was denatured with 20 mM MOPS, 0.5 mM
EDTA in 5 mM sodium acetate, electrophoresed through a 1% agarose gel,
and then transferred to a Nytran membrane (Schieicher & Schuell, Inc.).
To prepare for hybridization, the blot was incubated with Rapid-hyb buffer
(Amersham Corp.) for 30 min at 65°C. A *2P-cDNA probe encoding 72-
kD gelatinase (prepared from the cDNA clone MC-1 as described by Repo-
nen et al., 1992} that was radiolabeled using the Prime-It™ II Random
Primer Labeling Kit (Amersham Corp.) was then added directly to the
Rapid-hyb buffer and incubated for 2.5 h at 65°C. The blot was washed at
67°C two times, 30 min each, with 2x SSC (300 mM NaCl, 30 mM triso-
dium citrate, pH 7.0) containing 0.1% SDS, dried, and exposed to X-omat
AR film (Kodak). To standardize the relative amount of 72-kD mRNA per
lane, the blot was also hybridized with 32P-cDNA probe for y-actin.

Results

T Cells Adhere to VCAM-l-positive Endothelial Cells

Thl cells sensitized to MBP and capable of infiltrating the
brain parenchyma and inducing EAE when injected into syn-

Romanic and Madri Induction of 72-kD Gelatinase in T Cells

geneic mice were immunolabeled with an antibody to
VLA-4 and shown to be positive for the receptor (Fig. 1;
Baron et al., 1993). These cells were cocultured with
microvascular endothelial cells that express constitutive lev-
els of VCAM-1, as demonstrated by FACS analysis (Fig. 1).
Within a 5-h coculture period, 88 + 8% of the T cells ad-
hered to the endothelial cells with some cells observed to
transmigrate through the monolayer (Fig. 2 and Table I). For
analysis of 72-kD gelatinase induction, it was necessary to
remove the T cells from the endothelial cell monolayer with-
out damaging the T cells or removing the endothelial cells.
A gentle washing procedure using trypsin and EDTA was uti-
lized. As demonstrated in Fig. 2, ~90% of the T cells were
successfully removed leaving the endothelial cell monolayer
intact. Also, staining with trypan blue indicated no loss of
viability in the T cells collected (not shown). To establish
that endothelial cells were not removed during the washing
procedure, aliquots of the recovered cells were affixed to
glass slides using a cytospin and analyzed by DIC light mi-
croscopy. Of the cells collected from the cocultures, less
than 1% were endothelial cells (not shown).

As shown in fibroblasts and synovial cells, cytokines in-
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Table I. Percentage of T Cells That Adhere to and
Transmigrate through VCAM-1-Positive and -Negative
Endothelial Cell Monolayers

% Adhesion
VCAM-1-positive endothelial cells 8 +8% n=17
VCAM-1-negative endothelial cells 60+3% n=6¢6

% Transmigration

VCAM-1-positive endothelial cells — TIMP-2 84 + 11% n = 4
VCAM-1-positive endothelial cells + TIMP-2 38 + 16% n = 4
VCAM-1-negative endothelial cells — TIMP-2 45 + 10% n = 4
VCAM-1-negative endothelial cells + TIMP-2 39 + 8% n =4

T cells (2 X 10%ml) were allowed to adhere to VCAM-1-positive or -nega-
tive endothelial cells for 5 h, removed, and then counted by trypan blue
exclusion as described in Materials and Methods. Each experiment consisted
of three cocultures. For transmigration studies, T cells (2 X 10%ml) were
added to transwells containing VCAM-1-positive or ~negative endothelial
cells for 20 h in the presence or absence of TIMP-2 (10 ug/ml). Transmigrated
T cells were collected in the bottom chambers and counted using a Coulter
counter as described in Materials and Methods. Each experiment consisted of
four transwells. Results are presented as mean and SD. The difference in trans-
migration of T cells through VCAM-1-positive endothelial cells in the
presence and absence of TIMP-2 was significant (P = 0.033). Also, transmi-
gration of T cells through VCAM-1-positive and -negative endothelial cells in
the absence of TIMP-2 was significantly different (P = 0.024). Transmigration
of T cells through VCAM-1-negative endothelial cells in the presence and
absence of TIMP-2 was not significantly different (P = 0.432).

duce 72-kD gelatinase expression (Dayer et al., 1985, 1986;
Murphy et al., 1985). Since our aim, however, was to inves-
tigate the role of VCAM-1 in the induction of this proteinase,
it was necessary to establish that cytokines were not induced
during the coculture period. The induction of IL-2, IL4,
and IFN-y was assayed using standard cell proliferation ex-
periments. This panel of cytokines was chosen for assay
based on reports that Thl cells typically secrete IL-2 and
IFN-y (Vitetta and Paul, 1991). IL-4 was chosen for assay
at random as a control because Thl cells typically do not se-
crete this cytokine (Vitetta and Paul, 1991). The resuits indi-
cated that these cytokines were not induced during the cocul-
ture period (not shown). In other experiments, fresh T cells
were incubated with conditioned medium obtained from the
cocultures and assayed for 72-kD gelatinase. The results
demonstrated that 72-kD gelatinase was not induced in the
T cells incubated with the conditioned medium (not shown).

Adhesion of T Cells to VCAM-1-positive
Endothelial Cells Induces 72-kD Gelatinase
Expression and Activity

Samples of adherent T cells collected from coculture were
analyzed for 72-kD gelatinase by Western blot. Results
showed that adherent T cells expressed 72-kD gelatinase
protein while control T cells did not (Fig. 3 B). 72-kD
gelatinase activity was also assayed by zymography. As
shown in Fig. 3 A4, 72-kD gelatinase activity was induced in
adherent T cells whereas it was absent in control T cells. To
investigate the specific degradation of collagen IV, cell ex-
tracts were incubated with [*H]collagen IV in solution.
Collagen IV digestion was measured by counting the amount
of degraded radiolabeled substrate collected in the filtrate of
the reaction mixture. Fig. 4 A indicates that the adherent T
cells digested collagen IV 1.7-fold more compared to the con-
trol which had no activity. The results also showed that colla-
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Figure 3. Gelatinase zymography, Western blot analysis, and
Northern blot analysis for 72-kD gelatinase of T cells adherent to
VCAM-1-positive endothelial cells. T cells were cocultured with
VCAM-I-positive RFC endothelial cells for 5 h at 37°C. Then the
adherent T cells were collected and assayed for 72-kD gelatinase
activity by zymography, for protein by Western blot, and for mRNA
expression by Northern blot. (4) To assay for 72-kD gelatinase by
zymography, cell extracts (20 pg each) of control and adherent T
cells were subjected to electrophoresis through a 10% polyacryl-
amide gel impregnated with gelatin (0.2 mg/ml) as described in
Materials and Methods. Lane 1, control T cells; lane 2, adherent
T cells; lane 3, control T cells; lane 4, adherent T cells. Gel con-
taining lanes / and 2 was incubated with CaCl, and gel containing
lanes 3 and 4 was incubated with EDTA. Arrows pointing to clear
bands denote the 72-kD proenzyme form and the 67-kD active form
of 72-kD gelatinase present in the adherent T cell samples. 72-kD
gelatinase activity was not detected in control T cells or in the sam-
ples incubated with EDTA. Molecular mass markers are as indi-
cated. (B) Cell extracts (20 ug each) of control and adherent T cells
were subjected to electrophoresis through a 10% polyacrylamide
gel and transferred to an Immobilon P membrane for Western blot
analysis as described in Materials and Methods using a polyclonal
antibody directed against 72-kD gelatinase (Ab 31). Lane I, control
T cells; lane 2, adherent T cells. 72-kD gelatinase protein was ob-
served only in the adherent T cells. (C) T cells were assayed for
the expression of 72-kD gelatinase mRNA by Northern blot analy-
sis. For each sample, 5 ug of total RNA was resolved by electropho-
resis in a 1% agarose gel. The samples were transferred to a Nytran
membrane and hybridized with a 2.8-kb 32P-labeled cDNA probe
encoding 72-kD gelatinase as described in Materials and Methods.
To standardize the relative amount of mRNA per lane, the blot was
also hybridized with a 1.4-kb *P-labeled ¢cDNA probe encoding
y-actin. Lane /, control T cells; lane 2, adherent T cells. Expres-
sion of 72-kD gelatinase mRNA was detected only in the adherent
T cells, as denoted by the large arrow. The small arrow indicates
y-actin mRNA.
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Figure 4. [°H] Collagen IV digestion graph of T cells cultured un-
der various experimental conditions. T cells were assayed for the
specific digestion of collagen IV in solution. Results are presented
as fold increase in [*H]collagen IV digestion relative to the con-
trol. Each experiment was done in duplicate and the number of ex-
periments done are shown in parentheses. Values represent the
mean and standard error of 3-5 experiments. The average cpm col-
lected in the filtrate ranged from ~700 cpm in the control to ~2500
cpm in the adherent and transmigrated samples. (4) Cell extracts
(30 ug each) were activated for 1 h at 37°C with 1 mM p-APMA
and then incubated for 18 h at 35°C with [*H]collagen IV (7,000
cpm) as described in Materials and Methods. Samples assayed are
as follows: Control T cells; T cells that adhered to VCAM-1-posi-
tive RFC endothelial cells for 5 h; T cells that adhered to VCAM-
1-negative ECV304 endothelial cells for 5 h; T cells that adhered
to rsVCAM-1 for 5 and 20 h; T cells that adhered to rsICAM-1 for
5 h; T cells that transmigrated through a VCAM-l-positive en-
dothelial cell monolayer and collected 20 h after the beginning of
the experiment; T cells that transmigrated through a VCAM-
1-negative endothelial cell monolayer and collected 20 h after the
beginning of the experiment. (B) Cell extracts (30 ug each) were
activated for 1 h at 37°C with 1 mM p-APMA and then incubated
for 18 h at 35°C with [*H]collagen IV (7,000 cpm) in the presence
or absence of 10 mM EDTA. (Open bars) EDTA-treated samples;
(shaded bars) untreated samples. Samples assayed are as follows:
Control T cells; T cells that adhered to VCAM-1-positive RFC en-
dothelial cells for 5 h; T cells that adhered to rsVCAM-1 for 5 h;
T cells that transmigrated through a VCAM-1-positive endothelial
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Cell Number

it

Fluorescence Intensity

Figure 5. FACS analysis of VCAM-i-negative endothelial cells.
ECV304 human endothelial cells were immunolabeled with anti-
bodies directed against VCAM-1 (4B9) and PECAM-1 (Houston)
followed by fluorescein-conjugated secondary antibodies as de-
scribed in Materials and Methods. Shaded curve represents the
negative control; thin-lined curve represents ECV304 cells that are
negative for VCAM-1; thick-lined curve represents ECV304 cells
that are positive for PECAM-1.

gen IV digestion was inhibited significantly by EDTA (Fig.
4 B). As shown in Fig. 4 C, samples were treated with and
without p-APMA to show that p-APMA did indeed activate
the enzyme and to show the precursor-product ratio of the
enzyme. The results indicated that 31% of the enzyme in the
cell extract was of the precursor form. In further experi-
ments, the induction of 72-kD gelatinase mRNA was mea-
sured by Northern blot analysis. As demonstrated in Fig. 3
C, while control T cells had no detectable message for 72-kD
gelatinase, adherent T cells exhibited a significant induction
in mRNA expression.

T Cells Adhere to VCAM-I-negative
Endothelial Cells but Do Not Exhibit Increased 72-kD
Gelatinase Expression and Activity

To determine if the induction of 72-kD gelatinase was due
to binding to VCAM-1, T celis were cocultured with en-
dothelial cells that did not express VCAM-1 on the cell sur-
face. First, however, to establish that ECV304 endothelial
cells did not express VCAM-1 in the culture conditions used,
cells were immunolabeled with an antibody directed against
VCAM-1 and analyzed by FACS. ECV304 cells were also im-

cell monolayer and collected 20 h after the beginning of the experi-
ment. (C) Cell extracts (30 ug each) were incubated for 1 h at 37°C
with or without 1 mM p-APMA and then incubated for 18 h at 35°C
with [*H]collagen IV (7,000 cpm). (Open bars) unactivated sam-
ples; (shaded bars) samples activated with p-APMA. Samples as-
sayed are as follows: Control T cells; T cells that adhered to
VCAM:-1-positive endothelial cells for 5 h; T cells that adhered to
rsVCAM-1 for § h; T cells that transmigrated through a VCAM-
1-positive FRC endothelial cell monolayer and collected 20 h after
the beginning of the experiment.
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Figure 6. Gelatinase zymography and Northern blot analysis of T
cells adherent to VCAM-1-negative endothelial cells. T cells were
cocultured with VCAM-l-negative ECV304 endothelial cells for
5 h at 37°C. Then the adherent T cells were collected and assayed
for 72-kD gelatinase activity by zymography and for mRNA ex-
pression by Northern blot. (4) To assay for 72-kD gelatinase by
zymography, cell extracts (20 ug each) of control and adherent T
cells were subjected to electrophoresis through a 10% polyacryl-
amide gel impregnated with gelatin (0.2 mg/ml) as described in
Materials and Methods. Lane 1, control T cells; lane 2, adherent
T cells. No gelatinase activity was detected in the control or adher-
ent T cells. Molecular mass markers are as indicated. (B) T cells
were assayed for the expression of 72-kD gelatinase mRNA by
Northern blot analysis. For each sample, 5 ug of total RNA was
resolved by electrophoresis in a 1% agarose gel. The samples were
transferred to a Nytran membrane and hybridized with a 2.8-kb
32p-labeled cDNA probe encoding 72-kD gelatinase as described n
Materials and Methods. To standardize the relative amount mRNA
per lane, the blot was also hybridized with a 1.4-kb 3?P-labeled
cDNA probe encoding y-actin. Lane /, control t cells; lane 2, ad-
herent T cells. Expression of 72-kD gelatinase mRNA was not de-
tected in the control or adherent T cells, as denoted by the large
arrow. The small arrow indicates y-actin mRNA.

munolabeled with anti-ELAM-1, anti-ICAM-2, and anti-
PECAM-1 antibodies. Results demonstrated that VCAM-1,
ELAM-1, and ICAM-2 were not expressed on the cell sur-
face nor were their expressions induced with TNFe or IL-18
(Fig. S and data not shown). PECAM-1, on the other hand,
was expressed on these cells (Fig. 5). Notably, our results
on VCAM-1 expression differ from those reported by Sa-
waski (1992).

When cocultured with ECV304 endothelial cells, 60 +
3% of the T cells adhered (Table I). Analysis of the adherent

The Journal of Cell Biology, Volume 125, 1994

T cells by zymography (Fig. 6 4) and the [*H]collagen IV
digestion assay (Fig. 4 4) revealed that 72-kD gelatinase ac-
tivity was not induced. 72-kD gelatinase mRNA expression
also was not induced (Fig. 6 B).

Adhesion of T Cells to Recombinant VCAM-I
is Sufficient for the Induction of 72-kD Gelatinase
Expression and Activity

To examine further the role of VCAM-1 in inducing 72-kD
gelatinase, T cells were cultured for 5 h with recombinant
soluble human VCAM-1 that had been coated onto tissue cul-
ture plastic. Fig. 7 A shows that T cells bound to the
rsVCAM-1. Specificity for binding was determined by cultur-
ing T cells on tissue culture plastic coated with 1% BSA. Vir-
tually no T cells adhered under these conditions (Fig. 7 C).
Analysis by zymography demonstrated that adhesion of T
cells to rsVCAM-1 induced 72-kD gelatinase activity (Fig. 8
A). Also, the adherent T cells degraded [*H]collagen IV
2.7Hfold more than the control (Fig. 4 A) and the reaction
was inhibited by EDTA (Fig. 4 B). Treatment of cell extracts
with and without p-APMA indicated that 70% of the enzyme
in the cell extract was of the precursor form (Fig. 4 C).
Additionally, Northern blot analysis indicated that 72-kD
gelatinase mRNA expression was induced (Fig. 8 B). To
investigate if induction of 72-kD gelatinase activity was cu-
mulative over time, cells were allowed to adhere to rsVCAM-
1 for 20 h. While more T cells adhered to rsSVCAM-1 during
this period (not shown), the level of induction, i.e., the
specific activity, was about the same as in the T cells adher-
ent for only 5 h (Fig. 4 A). As a control, T cells were also
incubated with human rsICAM-1. The results showed that T
cells adhered to rsSICAM-1 (Fig. 7 B) but that 72-kD gela-
tinase activity was not induced as measured by zymography
(Fig. 8 A). Also, mRNA expression of 72-kD gelatinase was
not induced in T cells adherent to rsICAM-1 (Fig. 8 B). A
minimal amount of [*H]collagen IV digestion, however,
was detected (Fig. 4 A).

72-kD Gelatinase Activity Persists in T Cells
That Have Transmigrated through a VCAM-I-positive
Endothelial Cell Monolayer

The induction of 72-kD gelatinase was investigated following
T cell transmigration through a VCAM-1-positive endothe-
lial cell monolayer using a Transwell® system. During a
period of up to 20 h, T cells adhered to and transmigrated
through the endothelial cell monolayer (Table I). Trans-
migrated T cells collected at 8 and 20 h exhibited compara-
ble levels of 72-kD gelatinase induction as measured by
zymography (Fig. 9 A) and [*H]collagen IV digestion was
2.5-fold greater than control (Fig. 4 A). Collagen IV diges-
tion also was inhibited by EDTA (Fig. 4 B) and treatment
with and without p-APMA indicated that 48 % of the enzyme
in the cell extract was of the precursor form (Fig. 4 C). Ex-
pression of 72-kD gelatinase message in the transmigrated
T cells, however, was not detected by Northern blot analysis
(Fig. 9 B). Similar experiments were also done using the
VCAM-I-negative endothelial cells. Modest amounts of T
cells transmigrated through the VCAM-1-negative endothe-
lial cell monolayer (Table I) but 72-kD gelatinase expression
was not induced (Figs. 4 A, 9 A and B).
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Figure 7. Differential interference contrast light microscopy of T cells adherent to VCAM-1, ICAM-1, and BSA coated onto plastic. Tissue
culture flasks were coated with rsSVCAM-1 (10 ug/ml), rsSICAM-1 (10 pg/ml), or BSA (1%) overnight at 4°C as described in Materials and
Methods. T cells were then added to the flasks and incubated for 5 h at 37°C. (4) T cells adherent to rsVCAM-l-coated plastic. (B) T
cells adherent to rsSICAM-I-coated plastic. (C) T cells incubated in BSA-coated flasks. T cells adhered to rsSVCAM-1 and rsICAM-1 but

not to BSA-coated plastic. Bar, 100 um.

Figure 8. Gelatinase zymography and Northern blot analysis of T
cells adherent to rsVCAM-1 and rsSICAM-1. T cells were incubated
in rsSVCAM-l-coated and rSICAM-1-coated tissue culture flasks for
5hat37°C. (A) Adherent T cells were collected, lysed, and assayed
for 72-kD gelatinase activity by zymography. Cell extracts (20 ug
each) of control and adherent T cells were subjected to electropho-
resis through a 10% polyacrylamide gel impregnated with gelatin
(0.2 mg/ml) as described in Materials and Methods. Lane /, control
T cells; lane 2, T cells adherent to rsVCAM-1 for 5 h; lane 3, control
T cells; lane 4, T cells adherent to rsSICAM-1 for § h. Arrows point-
ing to clear bands denote the 72-kD proenzyme form and the 67-kD
active form of 72-kD gelatinase present in the T cells adherent to

Romanic and Madri Induction of 72-kD Gelatinase in T Cells

72-kD Gelatinase Is Present on the
Surface of T cells That Have Transmigrated through a
VCAM:-1-positive Endothelial Cell Monolayer

To determine if the 72-kD gelatinase activity detected in the
T cells that transmigrated through the VCAM-1-positive en-
dothelial cells was cell surface associated, the transmigrated
T cells were immunolabeled with an anti-72-kD gelatinase
antibody and assayed for surface expression by FACS analy-
sis. The results demonstrated that the transmigrated T cells
were positive for 72-kD gelatinase on the cell surface (Fig.
10 A). Further, we demonstrated that the surface-associated
72-kD gelatinase was T cell derived and that the T cells were
not merely collecting an endothelial cell-derived enzyme as
they transmigrated. Gelatinase zymography of the culture
media and cell extracts of control VCAM-I-positive and
-negative endothelial cells indicated that both cell types
made and secreted 72-kD gelatinase (Fig. 10, C and D).

rsVCAM-1. 72-kD gelatinase activity was not detected in the T cells
that adhered to rsSICAM-1. A duplicate gel was incubated with
EDTA and demonstrated that gelatinolytic activity was inhibited
(not shown). Molecular mass markers are as indicated. (B) T cells
were assayed for the expression of 72-kD gelatinase mRNA by
Northern blot analysis. For each sample, 5 ug of total RNA was
resolved by electrophoresis in a 1% agarose gel. The samples were
transferred to a Nytran membrane and hybridized with a 2.8-kb
32p-labeled cDNA probe encoding 72-kD gelatinase as described
in Materials and Methods. To standardize the relative amount of
mRNA per lane, the blot was also hybridized with a 1.4-kb 3?P-
labeled cDNA probe encoding y-actin. Lane /, control T cells; lane
2, T cells adherent to rsVCAM-1 for 5 h; lane 3, T cells adherent
to rsICAM-1 for 5 h. Expression of 72-kD gelatinase mRNA was
detected only in the T cells that adhered to rsVCAM-1, as denoted
by the large arrow. The small arrow indicates y-actin mRNA.
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Figure 9. Gelatinase zymography and Northern blot analysis of T
cells that have transmigrated through VCAM-1-positive and -nega-
tive endothelial cells. T cells were cocultured for up to 20 h at 37°C
with endothelial cells grown on microporous membranes sus-
pended in transwells. Transmigrated T cells were collected in the
bottom of the transwell chamber and then prepared either for
gelatinase zymography or Northern blot analysis. (4) For zymogra-
phy, cell extracts (20 ug each) of control and transmigrated T cells
were subjected to electrophoresis through a 10% polyacrylamide
gel impregnated with gelatin (0.2 mg/ml) as described in Materials
and Methods. Lane I, control T cells; lane 2, T cells that trans-
migrated through a VCAM-1-positive endothelial cell monolayer
and collected 8 h after the beginning of the experiment; lane 3, T
cells that transmigrated through a VCAM-1-positive endothelial
cell monolayer and collected 20 h after the beginning of the experi-
ment; lane 4, control T cells; lane 5, T cells that transmigrated
through a VCAM-1-negative endothelial cell monolayer and col-
lected 8 h after the beginning of the experiment; lane 6, T celis that
transmigrated through a VCAM-1-negative endothelial cell mono-
layer and collected 20 h after the beginning of the experiment. Mo-
lecular mass markers are as indicated. Arrows pointing to clear
bands denote the 72-kD proenzyme form and the 62-kD active form
of 72-kD gelatinase present in the T cells that transmigrated
through the VCAM-1-positive endothelial cells and collected at 8
and 20 h. A band correlating in size to ~+50 kD was also detected
in these T cells and is possibly interstitial collagenase. A duplicate
gel was incubated with EDTA and demonstrated that all gelatino-
Iytic activity was inhibited (not shown). 72-kD gelatinase activity
was not detected in control T cells or in T cells that transmigrated
through the VCAM-1-negative endothelial cells. (B) T cells were
assayed for the expression of 72-kD gelatinase mRNA by Northern
blot analysis. For each sample, 5 ug of total RNA was resolved by
electrophoresis in a 1% agarose gel. The samples were transferred
to a Nytran membrane and hybridized with a 2.8-kb 3?P-labeled
c¢DNA probe encoding 72-kD gelatinase as described in Materials
and Methods. To standardize the relative amount of mRNA per
lane, the blot was also hybridized with a 1.4-kb 32P-labeled cDNA
probe encoding «y-actin. Lane I, control T cells; lane 2, T cells that
transmigrated through a VCAM-l-positive RFC endothelial cell
monolayer and collected 20 h after the beginning of the experiment;
lane 3, T cells that transmigrated through a VCAM-l-negative
ECV304 endothelial cell monolayer and collected 20 h after the be-
ginning of the experiment. Expression of 72-kD gelatinase mRNA
was not detected in any of the T cell samples, as denoted by the large
arrow. The small arrow indicates y-actin mRNA.
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Therefore, if the transmigrated T cells had collected en-
dothelial cell-derived 72-kD gelatinase on their cell surface,
then the T cells that transmigrated through the VCAM-
I-negative endothelial cells should have been immunola-
beled for the enzyme and detected by FACS analysis. How-
ever this was not observed (Fig. 10 B).

TIMP-2 Reduces the Number of T Cells
That Transmigrate through a VCAM-1-positive
Endothelial Cell Monolayer

To examine the role of 72-kD gelatinase in T cell transmigra-

tion, recombinant TIMP-2, an inhibitor of 72-kD gelatinase,
was added to the transwell system. The results demonstrated
that T cell transmigration was reduced from 84 + 11% in
the control to 38 + 16% in the presence of TIMP-2 (Table
I). Also, 45 + 10% of the T cells transmigrated through the
VCAM-1-negative endothelial cells in the absence of TIMP-2
while 39 + 8% transmigrated in the presence of TIMP-2
(Table I).

Discussion

An initial event in the process of transmigration is character-
ized by the adhesion of T cells to endothelial cells lining the
blood vessel wall. Adhesion occurs via a variety of cell sur-
face receptor pairs including VLA-4 and VCAM-1 (Albelda
and Buck, 1990, Springer, 1990; Shimizu et al., 1991). Fol-
lowing adhesion, T cells transmigrate through the en-
dothelium and the subendothelial basement membrane into
the interstitial matrix (Albelda and Buck, 1990; Springer,
1990; Shimizu and Shaw, 1991). The mechanisms by which
T celis actively modulate their interactions with endothelial
cells or with the ECM during the process of transmigration,
however, are essentially unknown. In this study we have fo-
cused on the concept that degradation of the extracellular
matrix (ECM) is one means by which T cells modulate their
surrounding environment, particularly in the process of
transmigration. We have demonstrated that 72-kD gelatinase
is induced in T cells upon adhesion to endothelial cells. We
also provide evidence that the induction of 72-kD gelatinase
is mediated by binding to VCAM-1.

Our experiments demonstrated that during a 5-h coculture
period T cells adhered to both VCAM-1-positive and -nega-
tive endothelial cells, although fewer T cells bound to the
VCAM-1-negative cells. Of particular importance, however,
was the observation that only T cells which adhered to the
VCAM-I-positive endothelial cells exhibited an induction in
72-kD gelatinase protein, activity, and mRNA. Neither 72-
kD gelatinase activity nor message was induced in the T cells
that adhered to the VCAM-l-negative endothelial cells.
Notably, we assayed for the secretion of the cytokines IL-2,
IL-4, and IFN-y and found that they were not induced during
the coculture period. This is an important observation since
cytokines have been shown to induce metalloproteinase ex-
pression in other cells such as fibroblasts and synovial cells
(Dayer et al., 1985, 1986; Murphy et al., 1985). Further, in-
cubating fresh T cells with conditioned medium obtained
from the cocultures demonstrated that the induction of 72-
kD gelatinase was not due to a soluble factor secreted into
the medium. Indirectly, we also demonstrated that cell
surface-associated cytokines were not a significant con-
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Figure 10. FACS analysis of
T cells that transmigrated
through VCAM-I-positive and
-negative endothelial cells
and gelatinase zymography of
VCAM-1-positive and -nega-
tive endothelial cells. VCAM-1-
positive and -negative endo-
thelial cells were grown in
monolayer on microporous
membranes suspended in trans-
wells as described in Materials
and Methods. T cells were
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TR added to the top of the trans-
well chamber and cocultured
for 20 h at 37°C. Transmi-
grated T cells were collected
in the bottom chamber and
immunolabeled with an anti-
body directed against 72-kD
gelatinase (Ab 45) followed by
a fluorescein-conjugated secon-
dary antibody. (4) T cells that

i VCAM-1-
positive endothelial cells. (B)
T cells that transmigrated
through VCAM-1-negative en-
dothelial cells. Shaded curves
represent the negative control;
thin-lined curves represent
control T cells; thick-lined
curves represent transmigrated
T cells. Surface-associated
72-kD gelatinase was detected
only in the T cells that trans-
migrated through the VCAM-1-
positive endothelial cells. (C)
VCAM-1-positive RFC endo-
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thelial cells and (D) VCAM-I-negative ECV304 endothelial cells were assayed for 72-kD gelatinase activity by gelatinase zymography.
Culture media (40 pl) and cell extracts (20 ug) obtained from serum-starved endothelial cells were subjected to electrophoresis through
a 10% polyacrylamide gel impregnated with gelatin (0.2 mg/ml) as described in Materials and Methods. Lane 1, culture media; lane 2,
cell extract. Molecular mass markers are as indicated. Arrows pointing to clear bands denote the 72-kD proenzyme form and the 62-kD
active form of 72-kD gelatinase present in both endothelial cell types. Top arrow points to an additional band of ~92 kD and is identified

as 92-kD gelatinase.

tributing factor in inducing 72-kD gelatinase. If cell surface-
associated cytokines were involved, proteinase induction
would have occurred upon T cell adhesion in general and we
would have observed 72-kD gelatinase induction in the T
cells that adhered to the VCAM-1-negative endothelial cells.
To investigate the role of VCAM-1 in inducing 72-kD
gelatinase, T cells were incubated for 5 h with rsVCAM-1
coated onto tissue culture plastic. This experiment demon-
strated that T cells adhered to rsVCAM-1 and that adhesion
to this molecule was sufficient to induce 72-kD gelatinase
activity and mRNA expression. In another study, T cells
were incubated with rsICAM-1. The results indicated that,
although T cells adhered to the molecule, 72-kD gelatinase
activity was not detected by zymography and mRNA expres-
sion was not induced in the adherent T cells. Modest
amounts of collagen IV-degrading activity, however, were
detected. We hypothesize that the enzyme activity we detect
is due to other proteinases as binding to rsICAM-1 may in-
duce enzyme activities other than the 72-kD gelatinase.

Romanic and Madri Induction of 72-kD Gelatinase in T Cells

Following transmigration through a VCAM-I-positive en-
dothelial cell monolayer, 72-kD gelatinase activity remained
detectable. Transmigrated T cells collected 8 and 20 h after
coculture showed that the level of induction of activity was
relatively the same at both time points. Expression of 72-kD
gelatinase mRNA, on the other hand, was not detected in the
transmigrated T cells collected at 20 h. These results indi-
cated that the expression of 72-kD gelatinase activity per-
sisted after the T cells detached from the endothelial cells.
Recently, 72-kD gelatinase has been shown to be cell surface
associated (Emonard et al., 1992; Monsky et al., 1993;
Kleiner and Stetler-Stevenson, 1993). These investigators
suggest that 72-kD gelatinase is bound to a receptor as has
been demonstrated for urokinase plasminogen activator
(uPA) (Blasi et al., 1987; Estreicher et al., 1989). To deter-
mine if the 72-kD gelatinase activity we detected in the
transmigrated T cells was cell surface associated, trans-
migrated T cells were collected and assayed for 72-kD
gelatinase surface expression by FACS analysis. The results
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demonstrated that the T cells did express 72-kD gelatinase
on the cell surface. As described for uPA, it is possible that
cell surface-associated 72-kD gelatinase is more stable and
has an increased half-life compared to free enzyme (Blasi et
al., 1987). This would explain why 72-kD gelatinase activity
was present in the transmigrated T cells while mRNA ex-
pression was absent. Thus we conclude that the binding of
T cells to VCAM-1, in the context of cell adhesion, leads to
an induction of 72-kD gelatinase activity and that the en-
zyme is cell surface associated. We hypothesize that, in the
process of T cell transmigration, a prolonged expression of
72-kD gelatinase activity localized to the pericellular region
may be necessary for T cells to degrade the ECM and invade
the perivascular tissue.

We also showed that inhibition of 72-kD gelatinase with
TIMP-2 reduced T cell transmigration. These results indi-
cated that 72-kD gelatinase facilitated T cell transmigration.
It should be noted, however, that the process of T cell trans-
migration is complex and utilizes many mechanisms in addi-
tion to 72-kD gelatinase induction. This was made evident
with the observations that modest amounts of T cells trans-
migrated through the VCAM-1-negative endothelial cells in
which 72-kD gelatinase was not induced and that small
amounts of T cells still managed to transmigrate through the
VCAM-1-positive endothelial cells when TIMP-2 was added
to the transwell system. It cannot be ruled out, though, that
a higher concentration of TIMP-2 might have inhibited trans-
migration completely. However, since we have shown previ-
ously that uPA is also induced in T cells upon adhesion to
endothelial cells (Romanic and Madri, 1994), we hypothe-
size that proteinases such as uPA may also be involved in
transmigration.

Due to the difficulties in obtaining endothelial cells that
constitutively express VCAM-1 as well as endothelial cells
that lack VCAM-1 expression, endothelial cells from differ-
ent species were used. This was of concern to us since spe-
cies’ differences might have affected T cell adhesion and 72-
kD gelatinase induction. The results, however, demonstrated
that species differences did not interfere with these experi-
ments. The murine T cells used in these experiments adhered
to and transmigrated through both the rat VCAM-1-positive
RFC endothelial cells and the human VCAM-l-negative
ECV304 endothelial cells quite well. Also, the rsVCAM-1
and rsICAM-1 molecules effectively mediated T cell adhe-
sion. Furthermore, adhesion to the rsVCAM-1 elicited an in-
duction in 72-kD gelatinase in the T cells. In support of these
observations, others have demonstrated that recognition be-
tween T cells and endothelial cells is functional across spe-
cies due to the high degree of evolutionary conservation be-
tween cell adhesion molecules, particularly between VLA-4
and VCAM-1 (Wu et al., 1988; Miyake et al., 1991; Brady
et al., 1992).

The question remains as to the nature of the signaling cas-
cades initiated upon binding to VCAM-1. The ligand for
VCAM-1 is the VLA-4 integrin (Elices et al., 1990; Shimizu
et al., 1991). Integrins have been demonstrated to mediate
signals between the intracellular and extracellular compart-
ments (Hynes, 1992; Juliano and Haskill, 1993). Intracellu-
lar signals modulating the expression of matrix-degrading
proteinases or their inhibitors upon cell-cell or cell-ECM
contact provide a mechanism by which cells influence their
surroundings. Since migrating T cells undergo a series of
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transient attachments to matrix proteins, proteolysis of these
potential ligands could facilitate the process of T cell migra-
tion. Werb et al. (1989) have shown that engagement of the
fibronectin receptor, 531, on fibroblasts signals the induc-
tion of stromelysin and collagenase and Seftor et al. (1992)
have demonstrated that binding of the vitronectin receptor,
o33, induces the expression of 72-kD gelatinase in A375M
melanoma cells. Although speculative, induction of matrix-
degrading proteinases via integrin binding may occur through
some common mechanisms. Several studies have demon-
strated that ligation of integrins affects tyrosine phosphoryla-
tion of intracellular proteins (Hynes, 1992; Juliano and
Haskill, 1993). Ligation of VLA~4 has been shown to induce
the tyrosine phosphorylation of a 150-kD protein in T cells
(Nojima et al., 1992). Others have suggested that intracellu-
lar signaling upon engagement of integrins can be due to cal-
cium flux (Ng-Sikorski et al., 1991), changes in intracellular
pH (Schwartz et al., 1991), and changes in cell shape and
cytoskeletal architecture (Aggeler et al., 1984; Unemori and
Werb, 1986). Further experiments will reveal if any of these
intracellular changes contribute to the induction of 72-kD
gelatinase expression in T cells.

T cell-endothelial cell interactions and T cell-ECM inter-
actions during migration may also be mediated either by
regulating the expression of specific ligands and their recep-
tors or by altering the affinity of a ligand for its receptor
(Shimizu et al., 1990, 1991; Shimizu and Shaw, 1991). We
have demonstrated that T cells which have transmigrated
through endothelial cells in vitro and in vivo exhibit a
specific decrease in a4 expression at the cell surface (Baron,
1994; Romanic, A. M., L. Visintin, J. L. Baron, C. A. Jane-
way, and J. A. Madri, manuscript in preparation). This ob-
servation supports the concept that adhesion via the VLA4
integrin acts as a signal to elicit an intracellular response. In
particular, this suggests that the a4 subunit confers a signal-
ing response to regulate its own expression as well as the ex-
pression of 72-kD gelatinase.

Matrix-degrading proteinases including interstitial col-
lagenase, stromelysin, matrilysin, and 72- and 92-kD gela-
tinases as well as the tissue inhibitors of metalloproteinases,
TIMP-1 and TIMP-2, have been implicated in many biologi-
cal scenarios such as inflammation, wound healing, metasta-
sis, and development (Woessner, 1991). In T cell-mediated
autoimmune diseases such as rheumatoid arthritis, multiple
sclerosis, and EAE, T cells invade tissues and cause damage
(Zamvil et al., 1985; Boyle and McGeer, 1990; Cross etal.,
1990; Laffén et al., 1991; Yednock et al., 1992; Baron et al.,
1993). The results presented here provide the first direct evi-
dence that 72-kD gelatinase is induced in T cells upon en-
dothelial cell adhesion.

It appears, then, that T cell interactions with both en-
dothelial cells and the ECM are tightly coordinated and that
T cells actively respond to and modulate their environment
through a number of mechanisms including proteolysis of
matrix proteins. Further elucidation of these mechanisms
will likely provide insight into the processes of metastasis,
inflammation, and lymphocyte homing and may lead to new
therapies and new ideas for drug design for treatment of
these disease-related processes.
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