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Abstract

 

Because monoclonal antibodies (mAbs) directed against 

 

a

 

4-
integrin and VCAM-1 inhibit the development of experi-
mental autoimmune encephalomyelitis (EAE) in vivo, it has
been concluded that the successful therapeutic effect is due
to interference with 

 

a

 

4

 

b

 

1/VCAM-1–mediated interaction of
autoaggressive T cells with the blood-brain barrier. A possi-
ble role for 

 

a

 

4

 

b

 

7-integrin, or interference with other T cell
mediated events during the pathogenesis of EAE, has not
been considered. We have compared the effects of mAb
therapy on the development of EAE in the SJL/N mouse,
using a large panel of mAbs directed against 

 

a

 

4, 

 

b

 

7, the

 

a

 

4

 

b

 

7-heterodimer, and against VCAM-1. Although enceph-
alitogenic T cells express both 

 

a

 

4-integrins, mAbs directed
against the 

 

a

 

4

 

b

 

7-heterodimer or against the 

 

b

 

7-subunit did
not interfere with the development of EAE. In contrast,
mAbs directed against 

 

a

 

4 and VCAM-1 inhibited or dimin-
ished clinical or histopathological signs of EAE. Our data
demonstrate for the first time that 

 

a

 

4

 

b

 

7 is not essential for
the development of EAE. Furthermore, our in vitro studies
suggest that the therapeutic effect of anti–

 

a

 

4-treatment of
EAE might also be caused by inhibition of antigen-specific
T cell proliferation. (

 

J. Clin. Invest.

 

 1998. 102:2096–2105.)
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Introduction

 

It has become evident that cell adhesion molecules (CAMs)

 

1

 

on the surface of leukocytes and endothelial cells are actively

involved in the recruitment of specific leukocyte subsets into
different tissues (1, 2). Lymphocytes which are recruited into
the CNS during inflammation express a unique adhesion mole-
cule phenotype (3, 4). Considering the structural and func-
tional uniqueness of the blood-brain barrier (BBB) endothe-
lium, the question has been posed whether differentiation of
the BBB endothelium includes the expression of BBB-specific
CAMs. In fact, there is no evidence for BBB-specific CAMs to
date, but rather for suppression of the expression of E- and
P-selectin (5). A series of studies performed by us and others
has demonstrated that ICAM-1 and VCAM-1 are upregulated
on cerebral vessels during inflammatory conditions of the CNS
such as experimental autoimmune encephalomyelitis (EAE;
6–8). EAE is a CD4

 

1

 

 T cell–mediated autoimmune disease of
the CNS, which because of its clinical and histopathological
features is considered the prototype model for the human dis-
ease multiple sclerosis. In EAE, the upregulation of ICAM-1
and VCAM-1 on the BBB precedes the perivascular infiltra-
tion and the onset of disease (9 and Schulz, M., and B. Engel-
hardt, unpublished observations), suggesting that their expres-
sion is a prerequisite for inflammatory cell entry into the CNS.
Evidence for the functional importance of cerebral endothelial
expression of ICAM-1 and VCAM-1 is provided by studies us-
ing a modified Stamper-Woodruff frozen section assay (10).
These studies demonstrate that in vitro lymphocytes bind to
inflamed cerebral vessels, which have increased levels of
ICAM-1 and VCAM-1 via interaction with LFA-1/Mac-1 and

 

a

 

4-integrin, respectively (7, 11). The functional relevance of
ICAM-1 induced on cerebral vessels during EAE for the re-
cruitment of inflammatory cells across the BBB in vivo is still a
matter of debate (12, 13). In contrast, there is accumulating ev-
idence that, in vivo, 

 

a

 

4-integrin/VCAM-1 interactions play a
pivotal role in the recruitment of inflammatory cells across the
BBB during EAE. Intravenous application of anti–

 

a

 

4-integrin
antibodies reduces cellular infiltration of the CNS and inhibits
the development of EAE (11, 14) and most importantly can re-
verse the ongoing disease process in the guinea pig (15). Fur-
thermore, it seems that the ability of autoantigen specific T cell
clones to induce EAE at least in part correlates with their ex-
pression levels of 

 

a

 

4-integrin (16, 17). The general conclusions
from these studies were that anti–

 

a

 

4-integrin mAbs interfere
with 

 

a

 

4

 

b

 

1/VCAM-1–mediated recruitment of inflammatory
cells across the BBB.

However, two alternative possibilities for the mechanism of
action of anti-

 

a

 

4 antibodies have not yet been considered.
First, it has not yet been examined whether the second 

 

a

 

4-
integrin, 

 

a

 

4

 

b

 

7, might be involved. Second, interference of the
anti-

 

a

 

4 antibodies with the pathogenesis of EAE could be due
to blocking T cell–mediated events unrelated to migration.
This is supported by the result that mAb R1.2, although a poor
inhibitor of 

 

a

 

4-integrin–mediated lymphocyte homing in vivo
(18), has been shown to interfere with the development of
EAE (17).
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Abbreviations used in this paper:

 

 aEAE, active EAE; APC, an-
tigen-presenting cell; BBB, blood-brain barrier; CAM, cell adhe-
sion molecule; EAE, experimental autoimmune encephalomyelitis;
tEAE, transfer EAE.
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Therefore, the aim of this study was to determine the roles
of 

 

a

 

4

 

b

 

1, 

 

a

 

4

 

b

 

7, and VCAM-1 in the pathogenesis of EAE con-
sidering an inhibitory effect in lymphocyte recruitment into
the CNS and also their possible interference with other T cell–
mediated events involved in the pathogenesis of EAE.

 

Methods

 

mAbs.

 

The rat anti–mouse mAbs used in this study are summarized
in Table I (19–26). The mAbs were purified from serum-free culture
supernatant of hybridoma cells by ammonium-sulfate precipitation
and dialyzed against sterile PBS. Purity of mAb preparations was
confirmed by SDS-PAGE. Endotoxin levels of mAb preparations
were routinely determined by Fresenius (Tanusstein, Germany) and
were below detection levels (

 

, 

 

0.6 EU/ml).

 

Induction of EAE.

 

Female SJL/N mice were obtained from Bom-
holdgård Breeding (Ry, Denmark) between 3 and 4 wk of age. Active
EAE (aEAE) and passive transfer EAE (tEAE) were induced ex-
actly as described before (5, 7).

 

T lymphocyte lines.

 

PLP-specific T cell lines were established
from the popliteal and inguinal lymph nodes of SJL/N mice immu-
nized subcutaneously with 20 

 

m

 

g of PLP peptide (amino acids 139–
151) in complete Freund’s adjuvant containing 60 

 

m

 

g/ml 

 

Mycobacte-
rium tuberculosis

 

 H37Ra exactly as described (5). All the established
lines contain CD4

 

1

 

 T cells only and recognize their antigen in the mo-
lecular context of MHC class II. The encephalitogenic potential of
the T cell lines was tested after the second round of antigen-specific
stimulation by intravenous injection of 3 

 

3

 

 10

 

6

 

 freshly activated T cell
blasts into syngeneic naive recipients. Antigen specificity was tested
in proliferation assays (see below).

 

Proliferation assay.

 

T cells were seeded in 96-well plates at 2 

 

3

 

10

 

4

 

 cells/well in RPMI 1640 supplemented with 10% FCS (PAA,
Linz, Austria), 10 U/ml penicillin/streptomycin, 2 mM 

 

L

 

-glutamine,
nonessential amino acids, 1 mM sodium pyruvate, and 5 

 

3

 

 10

 

2

 

5

 

 M

 

b

 

-mercaptoethanol (Sigma, Munich, Germany) together with 5 

 

3

 

 10

 

5

 

irradiated syngeneic spleen cells as antigen-presenting cells (APCs).
The specific antigen PLP or the irrelevant control antigen protein-
purified derivate of 

 

M. tuberculosis

 

 (PPD) was added at 10 

 

m

 

g/ml.
ConA was added at 2.5 

 

m

 

g/ml. After 48 h of incubation, tritiated thy-
midine (

 

3

 

H-dT) was added to the cultures (1 

 

m

 

Ci/well) and the incuba-
tion was continued for another 16 h. Cultures were harvested on filter
paper using a cell harvester (Inotech, Berthold, Bad Wildbad, Ger-
many) and incorporation of 

 

3

 

H-dT was measured by liquid scintilla-

tion counting. For the antibody inhibition studies, 20 

 

m

 

g/ml of anti-
bodies was present throughout the assay in wells where T cells were
restimulated with PLP. All tests were performed in triplicates. Assays
were repeated three to five times for each T cell line.

 

Treatment of EAE.

 

For treatment of EAE, mAbs were injected
intravenously. To determine the serum levels of circulating rat IgG
during an EAE experiment, serum was taken daily from two to three
animals per group. Serum levels of injected mAbs were either deter-
mined by FACS

 

®

 

 analysis using 

 

a

 

4-integrin–positive T cells and
VCAM-1–positive bEnd5 (27, 28) or by anti–rat Ig ELISA. In case of
aEAE, a single intravenous injection of 400 

 

m

 

g mAb per mouse was
given on day 11, which is the day before the expected onset of clinical
aEAE in control animals. In aEAE animals, serum levels of mAb in-
jected at day 11 after immunization remained stabile for four consec-
utive days in the case of DATK 32, Fib 30, Fib 504, and 6C7.1. In con-
trast, serum levels of PS/2, R1.2, 4B12, MK2.7, and 9B5 started to
drop already 2 d after mAb injection (data not shown). The differ-
ences in circulation times of the different mAbs cannot be attributed
to their respective isotypes, therapeutic efficacies, or the antigen they
recognize. In case of PS/2 and R1.2, loss of detectable serum levels of
antibody correlated with the 2–3-d delay of clinical onset of aEAE,
which indicates that the short circulation times of the mAbs are
enough to provide an inhibitory effect on aEAE. In the case of tEAE,
400 

 

m

 

g mAb/per mouse was injected intravenously together with the
encephalitogenic T cells and mAb injection was repeated on day 4 as
serum detection levels of all the mAbs used in this study (see Table
III) dropped at that day (data not shown).

 

Flow cytometry.

 

Flow cytometric analysis was performed as pre-
viously described (3, 5). Data were analyzed using FACScan

 

®

 

 (Bec-
ton Dickinson, Heidelberg, Germany) and the Cellquest software.
For analysis, light scatter gates were drawn to include either all live
cells or lymphocytes only, as indicated in Results.

 

Adhesion assay on endothelial cells.

 

Adhesion assays have been
carried out exactly as described (28). Assays comparing adhesion of
encephalitogenic versus nonencephalitogenic T cell lines to TNF-

 

a

 

(16 h, 5 nM) stimulated bEnd5 were repeated six times, whereas di-
rect comparison of T cell adhesion of one individual T cell line to
stimulated versus unstimulated bEnd5 was repeated four times.

 

Adhesion assay on VCAM-1.

 

Recombinant human VCAM-1 was
kindly provided by Dr. R. Lobb (Biogen Inc., Boston, MA). VCAM-1
or the control protein BSA was coated (each 10 

 

m

 

g/ml) in PBS onto
21-field (4 mm diameter) glass slides at 4

 

8

 

C in humidity overnight.
Fields were washed twice with PBS and blocked with 100% calf se-
rum for 1 h at 20

 

8

 

C. T cell blasts were resuspended in RPMI/25 mM

 

Table I. Rat Anti–mouse mAbs Used in This Study

 

Antibody Reactivity Isotype Source Reference

 

9B5 Isotype control IgG2a E.C. Butcher, Stanford, CA 22
R1/2

 

a

 

4 IgG2b B. Holzmann, Munich, Germany 21
PS/2

 

a

 

4 IgG2b P. Kincade, Oklahoma City, OK 24
5-3

 

a

 

4 IgG2b P. Altevogt, Heidelberg, Germany 26
9EG7

 

b

 

1 IgG2a D.V. 23
DATK-32

 

a

 

4

 

b

 

7 IgG2a E.C. Butcher 19
Fib 30

 

b

 

7 IgG2a E.C. Butcher 19
Fib 504

 

b

 

7 IgG2a E.C. Butcher 19
MK2.7 VCAM-1 IgG1 E.C. Butcher 25
6C7.1 VCAM-1 IgG1 U.S. and D.V. Unpublished
4B12 VCAM-1 IgG2a U.S. and D.V. Unpublished
2A11 VCAM-1 IgG2a U.S. and D.V. Unpublished
MJ7/18 Endoglin IgG2a E.C. Butcher 20
GK1.5 CD4 IgG2b ATCC, Rockville, MD ATCC
ER-TR2 MHC class II IgG2b BMA Biomedicals AG, Augst, Switzerland BMA
GoH3

 

a

 

6 IgG2a PharMingen, Hamburg, Germany PharMingen
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Hepes and 5% calf serum (10

 

6

 

 cells/ml). 20 

 

m

 

l of cell suspension (2 

 

3

 

10

 

4

 

 cells/field) was incubated for 30 min at room temperature under
shear (50 rpm on a rotating platform, model KS250 basic; IKA Labo-
ratories, Staufen, Germany). Nonadherent cells were washed off by
dipping the slides twice into PBS. Adherent cells were fixed in 2.5%
glutaraldehyde in PBS for 2 h. For antibody inhibition assays, T cell
blasts or slides were preincubated with mAb at 20 

 

m

 

g/ml for 15 min at
room temperature and washed; adhesion assays were performed as
described. Samples were done in triplicates. Assays were analyzed by
video assisted light microscopy (NIH Image software) and bound
cells per predefined field were determined by counting five fields per
well. Assays were repeated five times.

 

Results

 

Establishment of PLP-specific T cell lines.

 

T cell lines specific
for the encephalitogenic peptide amino acids 139–153 of PLP
were established from SJL/N mice. 10 of those T cell lines are
described here. As determined by FACS

 

®

 

 analysis, all estab-
lished T cell lines were CD4

 

1

 

 CD8

 

2

 

 Th1 cells (data not shown)
and recognize their specific antigen in a MHC class II–restricted
way (see below). 8 out of 10 T cell lines were encephalitogenic
as tested by transfer of freshly activated T cell blasts into syn-
geneic naive recipients (data not shown). After the second an-
tigen-specific restimulation in vitro, the PLP-specific T cell
lines showed a strong specific proliferation in response to PLP
(Table II). The amount of the proliferative response to PLP in
comparison to either spontaneous proliferation or to prolifera-
tion in the presence of control antigens did not correlate with
the encephalitogenic potential of the respective PLP-specific T
cell lines (Table II). Encephalitogenicity was retained up to
the fourth antigen-specific restimulation in vitro. After later
restimulations, induction of EAE required the injection of
higher numbers of T cell blasts; most of the PLP-specific T cell
lines lost their encephalitogenic potential after the sixth re-
stimulation.

 

a

 

4

 

b

 

1 and 

 

a

 

4

 

b

 

7 are both expressed on encephalitogenic and
nonencephalitogenic PLP-specific T cell lines.

 

It has been pro-
posed that surface expression of 

 

a

 

4-integrin correlates with the
encephalitogenic potential of murine PLP- or MBP-specific T
cell clones (16, 17). However, it has not been addressed if this
is due to the expression of 

 

a

 

4

 

b

 

1- or 

 

a

 

4

 

b

 

7-integrins on the au-
toaggressive T cells. Therefore, we investigated the surface ex-

pression of 

 

a

 

4b1 and a4b7 on our PLP-specific T cell lines by
FACS® analysis using a large panel of mAbs directed against
the integrin subunits a4, b1, b7, and the integrin-heterodimer
a4b7 (Table I). As only freshly activated T cell blasts but not
resting T cells are able to transfer EAE, we focused on investi-
gating the surface expression of a4b1- and a4b7-integrins on
the freshly activated T cell blasts for each PLP-specific T cell
line. Unexpectedly, T cell blasts from all PLP-specific T cell
lines showed surface expression of the integrin subunits a4, b1,
b7, and the a4b7-heterodimer, irrespective of their encephali-
togenic potential (Fig. 1 and data not shown). In fact, one of
the nonencephalitogenic T cell lines, namely SJL.PLP3, showed
the highest surface levels for the investigated integrins (Fig. 1).
Direct comparison of the surface expression of the integrin
subunits a4, b1, b7, and the a4b7-heterodimer on T cell blasts
with that on resting T cells from the same line revealed that
generally T cell blasts expressed much higher levels of a4, b1,
b7, and a4b7 than did resting T cells (Fig. 1). At the same
time, surface expression of the a6-integrin subunit, which was
expressed mostly at low levels on the PLP-specific T cell lines,
was not upregulated on T cell blasts in comparison to resting T
cells (data not shown). Neither the surface levels of a4, b1, b7,
or a4b7, nor the degree of their regulation, nor the percentage
of a4b7high or b7-integrinhigh T cell blasts within an individual T
cell line could be correlated to the encephalitogenic potential
of the PLP-specific T cell line. With the exception of the non-
encephalitogenic T cell lines SJL.PLP3 and SJL.PLP8, injec-
tion of 3 3 106 T cell blasts of each of the different PLP-spe-
cific T cell lines into naive recipients resulted in EAE of the
same clinical severity (data not shown). In summary, our data
show that a4b1 and a4b7 are both expressed on PLP-specific
T cell lines and are significantly upregulated upon antigen-spe-
cific stimulation. Neither the expression levels of a4-integrins
nor the percentage of a4b7-positive T cells within a PLP-spe-
cific T cell line allowed any prediction of the encephalitogenic
potential of the individual T cell line.

PLP-specific T cell lines can use a4b1 and a4b7 to bind to
brain endothelium in vitro. The mere surface expression of
a4b1- and a4b7-integrin on PLP-specific T cell blasts does not
allow us to draw conclusions about their involvement in the
disease process in EAE. To define whether both a4-integrins
can contribute to adhesion of PLP-specific T cell blasts to
brain endothelial cells we performed in vitro adhesion assays

Table II. Antigen Specificity of T Cell Lines in the Second In Vitro Restimulation

T cell line No antigen PLP PPD ConA

SJL.PLP1 106.4 1 0.8 3 103* 131.2 1 9.8 3 103 94.3 1 45.0 3 103 145.1 1 11.9 3 103

SJL.PLP2 3.5 1 1.1 3 103 40.8 1 25.2 3 103 9.6 1 3.2 3 103 64.0 1 2.3 3 103

SJL.PLP3 16.7 1 1.9 3 103 215.5 1 10.0 3 103 55.3 1 1.4 3 103 180.0 1 64.6 3 103

SJL.PLP4 24.8 1 1.7 3 103 150.4 1 6.1 3 103 78.6 1 13.2 3 103 186.1 1 6.1 3 103

SJL.PLP5 7.1 1 0.8 3 103 12.0 1 1.5 3 103 6.5 1 1.9 3 103 9.5 1 1.5 3 103

SJL.PLP6 10.3 1 1.7 3 103 115.9 1 0.7 3 103 23.4 1 0.3 3 103 12.6 1 0.7 3 103

SJL.PLP7 10.1 1 1.9 3 103 114.6 1 5.2 3 103 19.0 1 0.4 3 103 27.2 1 3.3 3 103

SJL.PLP8 2.5 1 0.1 3 103 27.9 1 1.9 3 103 3.2 1 0.4 3 103 19.1 1 1.4 3 103

SJL.PLP9 30.5 1 2.9 3 103 94.2 1 3.0 3 103 25.0 1 1.9 3 103 137.6 1 14.5 3 103

SJL.PLP10 79.1 1 1.4 3 103 106.3 1 9.9 3 103 26.7 1 6.2 3 103 115.1 1 17 3 103

*Proliferation measured as incorporation of [3H]thymidine is shown. The numbers represent mean cpm 6SD of triplicates. Shaded T cell lines are
nonencephalitogenic.
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with the brain endothelial cell line bEnd5. Upon stimulation
with TNF-a bEnd5 express high levels of the a4-integrin
ligand VCAM-1, whereas unstimulated bEnd5 express very
low levels of VCAM-1 or no detectable VCAM-1 on their sur-
face (27, 28).

T cell blasts of both encephalitogenic and nonencephalito-
genic PLP-specific T cell lines adhered to unstimulated bEnd5.
Pretreatment of T cell blasts with a panel of different mAbs di-
rected against the a4-integrin subunit, against b7, or against
the a4b7-heterodimer slightly inhibited their adhesion to un-
stimulated bEnd5 (Fig. 2; data not shown). Pretreatment of
unstimulated bEnd5 with a panel of anti–VCAM-1 resulted in

either no significant inhibition of T cell adhesion or in an in-
hibitory effect that was even smaller than that observed with
anti–a4-integrin mAbs. This indicated that the a4-integrin–
mediated adhesion of PLP-specific T cell blasts to bEnd5 is not
mainly mediated via endothelial VCAM-1. Stimulation of
bEnd5 with TNF-a increased the number of encephalitogenic
and nonencephalitogenic PLP-specific T cell blasts binding to
bEnd5 (Fig. 2; data not shown). Pretreatment of encephalito-
genic and nonencephalitogenic T cell blasts with a panel of
mAbs directed against the a4-integrin subunit dramatically in-
hibited their adhesion to stimulated bEnd5 (Fig. 2; data not
shown). Antibodies directed against b7 or against the het-

Figure 1. Expression of a4b1 and a4b7 on PLP-specific T cell lines. Expression of the a4-, b1-, and b7-integrin subunits and the a4b7-het-
erodimer on PLP-specific T cell lines as determined by FACS® analysis. The top panel overlays show negative staining with an isotype-matched 
control mAb (dashed line, 2 control) and positive staining with anti-Thy 1.2 (straight line, 1 control). Overlays for a4-, b1-, b7-, and a4b7-integ-
rin show surface staining on freshly activated T cell blasts (thick line) in comparison to resting T cells (thin line).
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erodimer a4b7 were also inhibitory, although to a slightly
lesser degree than the anti-a4 mAbs (Fig. 2). Since in addition
to a4b1 and a4b7 no other a4-integrin is known to date, it can
be concluded that PLP-specific T cell lines can adhere via a4b1
and a4b7 to stimulated brain endothelium in vitro irrespective
of their encephalitogenic potential. Pretreatment of bEnd5
with anti–VCAM-1 mAbs resulted in a reduced adhesion of
PLP-specific T cell blasts to stimulated bEnd5 cells (Fig. 2).
The fact that anti–VCAM-1 mAbs inhibited adhesion of PLP-
specific T cell blasts to bEnd5 to a slightly lesser degree than
did anti–a4-integrin mAbs points to a minor role for other a4
ligands in adhesion of T cell blast to bEnd5. Since the a4b7
ligand MAdCAM-1 is not expressed on bEnd5, another possi-
ble a4-integrin ligand on bEnd5 is fibronectin. Taken together,
our data demonstrate that whereas a4-integrins play a minor
role in mediating adhesion to unstimulated brain endothelium,
they play a major role in mediating adhesion of PLP-specific T
cell blasts to stimulated endothelium in vitro. In the latter case,
both a4b1 and a4b7 can contribute to this adhesion mainly via
endothelial VCAM-1.

PLP-specific T cell lines can use a4b1 and a4b7 to bind to
VCAM-1 in vitro. To substantiate our observation that a4b1-
and a4b7-integrin are used by PLP-specific T cell blasts to
bind directly to VCAM-1, we performed adhesion assays on

purified recombinant human VCAM-1. PLP-specific T cell
lines readily bound to VCAM-1 (Fig. 3). Adhesion was medi-
ated exclusively via a4-integrin since anti–a4-integrin mAbs
completely inhibited T cell binding to VCAM-1. mAbs di-
rected against b7 and the a4b7-heterodimer partially inhibited
T cell binding to VCAM-1, implying that a4-integrin–medi-
ated binding to VCAM-1 was mediated by a4b1 plus a4b7-
integrin (Fig. 3).

mAbs directed against a4 and VCAM-1, but not against b7
or a4b7, influence the development of tEAE. To determine which
a4-integrin is involved in the pathogenesis of EAE transferred
by freshly activated PLP-specific T cell blasts in vivo, we asked
whether antibodies directed against a4, b7, or the a4b7-het-
erodimer were able to influence the development of the dis-
ease. All animals from the control group injected with an iso-
type-matched control mAb and the groups treated with anti-b7
or anti-a4b7 lost weight and developed clinical EAE. In con-
trast, mice treated with the anti–a4-integrin mAb PS/2 were
protected from disease development until day 11 after T cell
transfer (Fig. 4) when animals were killed for histopathological
examination. Inflammatory infiltrates were detected in the
brains and spinal cords of all diseased mice, whereas clinically
healthy mice from the PS/2 group showed no inflammatory in-
filtrates (data not shown). The development of mild clinical

Figure 2. Adhesion of PLP-specific T cell 
lines to unstimulated and TNF-a–stimu-
lated brain endothelium. One representa-
tive experiment comparing the adhesion of 
freshly activated T cell blasts from the en-
cephalitogenic T cell line SJL.PLP7 to 
untreated and TNF-a treated bEnd5 is 
shown. Whereas a4-integrins do not play a 
major role in adhesion of the T cells to un-
stimulated bEnd5, adhesion of SJL.PLP7 
to stimulated bEnd5 could be inhibited sig-
nificantly by mAbs directed against a4-
integrin and to a slightly lesser degree by 
mAbs directed against b7- and a4b7-integ-
rin. Preincubation of stimulated bEnd5 
with anti–VCAM-1 mAbs also significantly 
reduced adhesion of SJL.PLP7. Bars repre-
sent mean6SD (n 5 3).
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symptoms within the PS/2 group was paralleled by the pres-
ence of small infiltrates in the spinal cord parenchyma. These
data demonstrate that a4-integrin but not b7-integrins are re-
quired for the development of tEAE.

To substantiate this finding and to exactly define the in-
volvement of a4-integrins and their ligand VCAM-1 in the
pathogenesis of EAE, we set up large scale experiments which
allowed the direct comparison of the therapeutic effects of a
large panel of mAbs directed against these molecules. Table

III summarizes one representative large scale experiment
where tEAE was induced with the encephalitogenic T cell line
SJL.PLP9. The same results were reproduced when inducing
tEAE with the encephalitogenic T cell line SJL.PLP4 (data not
shown). Three different anti–a4-integrin mAbs, PS/2, R1.2,
and 5-3, were clearly protective in tEAE, since they delayed
the onset of clinical disease, diminished the severity of clinical
tEAE, and reduced the duration of the clinical disease. Again,
neither treatment with anti–b7- nor anti–a4b7-integrin mAbs
showed any influence on the development of tEAE. Three dif-
ferent mAbs directed against VCAM-1 also showed an inhibi-
tory effect on the development of tEAE as they delayed the
disease onset. However, neither of the anti–VCAM-1 mAbs
showed a significant influence on the severity or the duration
of the disease as did the anti–a4-integrin mAbs. The differ-
ence in therapeutic efficacy between anti-a4 mAbs and anti–
VCAM-1 mAbs was further substantiated by the observation
that the delay in disease onset achieved by treatment with anti-
a4 mAbs was significantly larger than the delay achieved by
treatment with anti–VCAM-1 mAbs (Table III). Thus, in
tEAE anti–VCAM-1 treatment was less effective when com-
pared with anti–a4-integrin treatment.

mAbs directed against a4-integrin and VCAM-1 ameliorate
aEAE. We next asked whether our observations that a4-medi-
ated interaction with VCAM-1 is involved in the pathogenesis
of EAE held true in aEAE, where the autoaggressive T cells are
activated in vivo. A single injection of different anti–a4-integ-
rin mAbs or anti–VCAM-1 mAbs on day 11 after immuniza-
tion, which is one day before the expected onset of clinical
aEAE in this model, significantly delayed the onset of aEAE
and additionally diminished the mean severity of the clinical
disease (Table IV). Control mAbs had no influence on the de-
velopment of aEAE. Thus, a4-integrin and VCAM-1 are criti-
cally involved in the pathogenesis of aEAE.

Anti–a4-integrin mAbs interfere with the antigen-induced
proliferation of PLP-specific T cell lines. In contrast to the anti–
a4-integrin mAb PS/2, the anti–a4-integrin mAb R1.2 has
been reported to be ineffective in inhibiting lymphocyte hom-
ing in vivo (18). The confirmation of this observation in the
SJL/N mouse by us (Engelhardt, B., unpublished data) sug-
gested that the protective effects of anti–a4-integrin mAbs in
EAE might be based on different inhibitory mechanisms in
vivo. Therefore, we investigated whether anti–a4-integrin mAbs
interfere with antigen-induced proliferation of PLP-specific T

Figure 3. Adhesion of PLP-specific T cell lines to VCAM-1. One rep-
resentative experiment comparing the adhesion of T cell blasts from 
the encephalitogenic T cell line SJL.PLP9 with adhesion of T cell 
blasts from the nonencephalitogenic T cell line SJL.PLP3 to recombi-
nant VCAM-1 is shown. Adhesion to VCAM-1 was completely inhib-
ited in the presence of mAbs directed against a4 and partially in the 
presence of mAbs against b7- and a4b7-integrin. Bars represent 
mean6SD (n 5 3).

Table III. Effect of mAbs on the Development of tEAE Mediated by SJLB.PLP9

Treatment
Control

mAb DATK-32 Fib 30 PS/2 R1.2 5-3 MK2.7 2A11.11 6C7.1

Number of animals 7 7 7 6 7 6 7 7 7
Number of animals 

with clinical disease 7 7 7 6 7 6 7 7 7
Mean day of onset of tEAE 9.460.5 9.760.5 9.860.7 14.561.9*‡ 13.360.5*‡ 13.561.9*‡ 1060‡§ 11.160.4*‡ 12.760.5*‡

Mean severity of clinical disease 1.960.2 1.960.2 1.960.2 0.760.4* 1.460.3§ 1.161 1.160.4i Killed early 1.860.7
Mean duration of clinical tEAE 11.161.5 11.261.8 1162.1 7.263.6i 12.263 6.863§ 1160.7 Killed before 

complete recovery
12.865.2

According to the Student’s t test the differences are *P , 0.0001 5 extremely significant; §P , 0.001 5 very significant; iP , 0.01 5 significant when
compared to the values of control mAb. ‡When the values of each anti-a4 treatment group (PS/2, R1.2, 5-3) marked with ‡ were compared to the val-
ues of either anti–VCAM-1 treatment group (MK2.7, 2A11.11, 6C7.1) also marked with ‡, they were calculated to differ at least significantly with the
exception of 5-3 in comparison to 6C7.1.
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cells in vitro. In cocultures with irradiated syngeneic APCs,
resting PLP-specific T line cells only proliferate in the pres-
ence of their specific antigen PLP or in the presence of the T
cell mitogen ConA (Fig. 5). The anti-a4 mAb R1.2 did inter-
fere with the antigen-specific induced proliferation of all PLP-
specific T cell lines (Fig. 5; data not shown). This was not true in
the same way for the anti-a4 mAb PS/2, which only in the case
of some PLP-specific T cell lines interfered with PLP-induced
proliferation, and mostly to a lesser degree than did R1.2 (Fig.
5). Both mAbs also seemed to reduce the ConA-stimulated
proliferation of some PLP-specific T cell lines; however, the
observed reduction in proliferation was not significant in every
assay (Fig. 5). As expected, mAbs directed against CD4 or
MHC class II, used as positive inhibitory controls, completely
inhibited the antigen-induced proliferation of the CD41 MHC
class II restricted PLP-specific T cell lines, whereas the addi-
tion of isotype-matched control mAbs did not significantly al-
ter the PLP-induced proliferation (Fig. 5). mAbs directed against
b7-integrin, the a4b7-heterodimer, or against b1 had no influ-

ence on PLP-induced proliferation (Fig. 5). Additionally, none
of the anti–VCAM-1 mAbs inhibited the PLP-induced prolif-
erative response of the PLP-specific T cell lines. The inhibitory
effect of R1.2 and PS/2 on PLP-induced proliferation was not
due to a general interference with T cell proliferation since IL-2–
dependent proliferation of PLP-specific T cell lines was not al-
tered by the presence of any of the above mentioned mAbs
(Fig. 5). In fact, the presence of R1.2 and PS/2 did not result in
any appreciable change of these T cell cultures. Taken to-
gether, this suggests that the anti–a4-integrin mAb R1.2 and to
a lesser degree PS/2 specifically interfere with the antigen-
induced proliferation of PLP-specific T cell lines.

Discussion

mAbs directed against a4-integrin have been shown to suc-
cessfully interfere with the development of EAE in different
animal models (11, 14, 15, 17). Since the anti–a4-integrin treat-

Figure 4. Inhibition of tEAE by mAbs directed against a4- but not against b7- or a4b7-integrin. Three representative animals from each treat-
ment group of n 5 7 mice are shown in the graphs. One line represents one mouse using the same symbol for an individual mouse in the two 
graphs shown for each treatment group. Arrowheads indicate the days of mAb injection. Whereas animals from the control group, the anti-a4b7 
(DATK 32) group, and the anti-b7 (Fib-30 1 504) group showed weight loss and clinical disease, the animals from the PS/2 group showed no de-
velopment of tEAE until day 11 after immunization (p.I.).

Table IV. Effect of Single Injections of mAbs Day 11 after Immunization on the Development of aEAE

Treatment Saline Control mAb MJ7/18 PS/2 R1.2 6C7.1

Number of animals 7 16 3 20 16 4
Number of animals with clinical disease 6 16 3 14 14 3
Mean day of onset of aEAE 12.661.5 12.360.6* 12.860.3* 14.160.8‡  1460.5‡ 14.360.6‡

Mean severity 3.7560.35 3.560.8* Killed early 261.2‡ 1.6561.2‡ Killed early

*No significant difference to saline group according to the Student’s t test; ‡P , 0.0001, these differences are considered to be extremely significant,
when compared to the values of the control mAb or saline groups.
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ment proved to substantially decrease inflammation in the
CNS, its therapeutic success has been attributed to inhibition
of a4b1/VCAM-1–mediated recruitment of inflammatory cells
across the BBB. A role for the a4b7-integrin in EAE has not
been considered to date. To delineate which of the two known
a4-integrins is involved in the pathogenesis of EAE, we estab-
lished 10 individual CD41 PLP T cell lines from SJL/N mice.
All PLP-specific T cell lines showed surface expression of both
a4b1- and a4b7-integrins. Both a4-integrins were significantly
upregulated on the surface of freshly activated T cell blasts,
suggesting that modulation of a4-integrin surface levels might
be relevant for the trafficking or the pathogenicity of encepha-
litogenic T cells. Neither the expression level of a4b1 nor that
of a4b7 correlated with the disease-inducing activity of the
PLP-specific T cell lines. In fact, the highest a4-integrin ex-
pression was observed on one of the nonencephalitogenic T
cell lines. This is in contrast to previous findings where high
surface expression of a4-integrin has been correlated with the

EAE-inducing capacity of autoaggressive T cells (17). The ap-
parent discrepancy of our findings with this earlier report (17)
could be due to the fact that the former study compared indi-
vidual T cell clones from a single T cell line. However, our
findings are substantiated by a study from Kuchroo et al. (16)
that demonstrated PLP-specific T cell clones, which despite
high surface levels for a4-integrin were not encephalitogenic.
Thus, high surface levels of a4-integrins do not allow us to pre-
dict the encephalitogenic potential of the respective PLP-spe-
cific T cell line.

To define whether both a4-integrins might be involved in T
cell recruitment into the CNS, we asked whether PLP-specific
T cell lines can bind via both a4-integrins to brain endothelium
in vitro. Using a large panel of inhibitory mAbs, we could
demonstrate that in vitro both a4b1 and a4b7 significantly
contribute to the adhesion of PLP-specific T cell blasts to acti-
vated brain endothelium. Using several anti–VCAM-1 mAbs
we defined endothelial VCAM-1 as the major ligand. Since

Figure 5. Anti–a4-integrin mAbs interfere with anti-
gen-induced but not with IL-2–dependent prolifera-
tion of PLP-specific T cell lines. One representative 
experiment showing the proliferative response of the 
T cell line SJL.PLP4 is shown. (Top) In the pres-
ence of irradiated syngeneic spleen cells as APCs, 
SJL.PLP4 proliferated in response to the specific an-
tigen PLP and in the presence of the T cell mitogen 
ConA; however, there was no proliferation in the ab-
sence of antigen or in the presence of the irrelevant 
antigen PPD. In some but not all assays, ConA-stim-
ulated proliferation seemed to be slightly reduced in 
the presence of R1.2. Antibodies directed against 
CD4 and MHC class II completely inhibited the anti-
gen-induced proliferation of the PLP-specific T cell 
line. The anti–a4-integrin mAb R1.2 and, in the case 
of this T cell line to a lesser degree, PS/2 partially in-
hibited this proliferative response. Antibodies against 
b1-, b7-, or the a4b7-heterodimer had no effect, 
nor did mAbs directed against VCAM-1. (Bottom) 
Antigen-independent proliferation of SJL.PLP4 in 
IL-2–containing medium. None of the above mAbs 
interfered with the IL-2–dependent proliferation. 
Proliferation is shown as incorporation of 3H-dT. 
Values represent triplicates 6SD.
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anti–VCAM-1 mAbs always inhibited adhesion to a slightly
lesser degree than did the antiintegrin mAbs, other a4-integrin
ligands such as fibronectin (29, 30) might play a minor role in
adhesion of PLP-specific T cell blasts to brain endothelial cells.
However, binding studies to recombinant VCAM-1 empha-
sized that PLP-specific T cell blasts can bind to VCAM-1 via
both a4b1 and a4b7. Taken together, our in vitro studies re-
vealed no obvious difference in the functional status of a4b1
and a4b7 on encephalitogenic versus nonencephalitogenic
PLP-specific T cell lines. Furthermore, all T cell lines used
both a4-integrins for adhesion mainly via VCAM-1 to stimu-
lated brain endothelium in vitro.

Although our in vitro investigations indicated that both
a4b1 and a4b7 can mediate T cell adhesion to stimulated
brain endothelium, we could not demonstrate any role for b7
or a4b7 in the pathogenesis of EAE. Neither mAbs directed
against b7 nor against the a4b7-heterodimer showed any influ-
ence on the development of EAE. However, the very same
mAbs have been demonstrated to successfully inhibit a4b7-
mediated lymphocyte homing into mucosal lymph nodes in
healthy animals (18) and to inhibit spontaneous autoimmune
diabetes (31). Although our data cannot exclude that b7-integ-
rins can participate in EAE pathogenesis, they demonstrate
clearly for the first time that b7-integrins are not required for
the development of EAE. Lack of a role for a4b7 in EAE cor-
relates with our previous findings that inflammatory T cells
present in the CNS lack surface expression of a4b7 (3, 4).

Using four different mAbs directed against VCAM-1, we
provide solid evidence that the a4-integrin ligand VCAM-1 is
involved in EAE pathogenesis. Our study provides the first ev-
idence that the pathogenic role for a4 and VCAM-1 observed
in the tEAE model can be confirmed in the aEAE model,
where treatment with anti-a4 and anti–VCAM-1 significantly
delayed the onset of the disease.

The therapeutic effect of the anti-a4 mAbs was more suc-
cessful than was that of the different anti–VCAM-1 mAbs, im-
plying that other a4 ligands such as fibronectin (29, 30) or its
splice variant CS-1 might play a role in inflammatory cell re-
cruitment into the CNS during EAE (32). It has been sug-
gested that a CS-1 containing surface protein on astrocytes,
which supports a4b1-integrin–mediated adhesion of lympho-
blasts in vitro, might provide an additional mechanism for lym-
phocyte recruitment into the CNS parenchyma during EAE
(32).

Yet another explanation would be that a4-integrin is in-
volved in migration-independent pathogenic processes in
EAE. This was suggested by our observation that the three dif-
ferent anti–a4-integrin mAbs R1.2, PS/2, and 5-3, which have
been shown to recognize different functional epitopes of the
a4-integrin subunit (26, 33), exhibited therapeutic efficacies
that were indistinguishable from each other. This is surprising
since the mAb R1.2 in contrast to PS/2 has been proven to be a
poor inhibitor of a4-mediated lymphocyte homing in vivo (18
and Engelhardt, B., unpublished). R1.2 has also been used to
successfully interfere with other immune-mediated inflamma-
tory diseases such as spontaneous autoimmune diabetes (34)
or T cell–mediated contact hypersensitivity (35) in the mouse.
We found that when compared with the other anti–a4-integrin
mAbs, R1.2 is most effective in diminishing the antigen-induced
proliferation of PLP-specific T cell lines in vitro, independent
of their encephalitogenic capacity. Since anti–VCAM-1 mAbs
showed no inhibitory effect on PLP-induced T cell prolifera-

tion, it is unlikely that R1.2 or PS/2 interfered with a4-medi-
ated T cell binding to VCAM-1 on the surface of APCs, which
has been shown to be involved in successful activation of
CD41 T cells (36). Also, R1.2 and PS/2 did not provide a gen-
eral proliferation-inhibitory signal (37) as they did not inter-
fere with IL-2–dependent proliferation of PLP-specific T cell
lines. Recently, binding of the CS1 alternatively spliced do-
main of fibronectin has been shown to specifically mediate
CD3-dependent activation of CD41 T cells via a4-integrin (38,
39). It remains to be shown whether PS/2 and R1.2 interfere
with such an activation signal on PLP-specific T cell lines.

Taken together, our data demonstrate that whereas a4b7-
integrin is not required for the development of EAE, a4 and
VCAM-1 are critically involved in the pathogenesis of the dis-
ease. VCAM-1 seems to be mostly involved in the recruitment
of inflammatory cells across the BBB, but a4-integrin appears
to play multiple roles in the pathogenesis of EAE.
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