
Suppression of EAE by Anti-VLA-2—Tsunoda et al 45

© 2007 The Authors
Journal Compilation © 2007 International Society of Neuropathology • Brain Pathology

DOI 10.1111/j.1750-3639.2006.00042.x

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central
nervous system (CNS). Adhesion molecules play important roles in cell–cell and cell–
extracellular matrix (ECM) interactions in inflammation. Blocking the interaction
between inflammatory cells and vascular endothelia can prevent cell entry into tissues
and harmful inflammatory responses, that is, autoimmunity, but could also limit immu-
nosurveillance by anti-viral T cells in sites of infection or latency. Development of pro-
gressive multifocal leukoencephalopathy in patients treated with antibody against
very late antigen (VLA)-4 prompted us to explore an alternative therapeutic approach.
We used an antibody against the integrin a2, VLA-2, that interacts with ECM, not
vascular endothelium. SJL/J mice were sensitized with myelin proteolipid protein
(PLP)139–151 peptide to induce experimental autoimmune encephalomyelitis (EAE), an
animal model for MS. Treatment of mice with VLA-2 antibody suppressed clinical signs
and CNS inflammation of EAE, when antibody was given immediately after disease
onset. In contrast, VLA-4 or VLA-2 antibody treatment of mice during the priming or
remission phase of EAE had minor effects on the disease’s clinical course. No differences
were found in lymphoproliferative responses to PLP139–151 among treatment groups.
Data suggest that blocking cell–ECM interactions can be an alternative therapy for MS.

Brain Pathol 2007;17:45–55.

INTRODUCTION

Adhesion molecules play important
roles in many aspects of the immune re-
sponse, including lymphocyte-endothelial
cell adhesion, providing a co-stimulatory
signal for antigen specific T-cell prolifera-
tion and fostering interactions between the
antigen presenting cells and T cells (7, 13,
22, 23, 62). The integrin family of adhesion
receptors is composed of at least eight dif-
ferent β subunits and 18 different α sub-
units that dimerize to form at least 24
different heterodimers (24). Integrins me-
diate cell–cell interactions as well as cell
interaction with the extracellular matrix
(ECM). They can also activate intracellular
signaling cascades, including tyrosine,
serine/threonine and mitogen-activated
protein kinase activities associated with
neurotrophic factors and cytokines. Inte-
grins exert potent affects over a diverse array
of cellular functions, including prolifera-
tion, differentiation, process outgrowth,

gene expression, survival, cell migration
and inflammation. Thus integrins serve a
major role as environmental sensors for the
cell. In the central nervous system (CNS),
Pinkstaff et al (55) showed mRNA expres-
sion of α1, α3, α4, α5, α6, α7, α8, αV,
β1, β4 and β5, but not of α2, β2 and β3,
integrin subunits in adult rat brain.

Multiple sclerosis (MS) is a serious neu-
rological disorder in which demyelination
and inflammation occur in the white mat-
ter of the CNS. MS has been hypothesized
to have a viral component linked to an
autoimmune component (19). The adhe-
sion of leukocytes to brain endothelium
and their subsequent migration into the
CNS is facilitated by the interaction
between various cell surface adhesion mol-
ecules and their endothelial cell ligands. In
animal models of MS, including experi-
mental autoimmune encephalomyelitis
(EAE) and Theiler’s murine encephalomy-
elitis virus infection, adhesion molecules

are highly expressed on T cells and vascular
endothelium in the CNS (4, 27, 67). In
vivo administration of monoclonal anti-
bodies (4, 31–33, 61, 83) or antisense oli-
gonucleotide (52) specific to α4 integrin
or its ligand can suppress EAE induced
by either active sensitization or adoptive
transfer of myelin specific T cells. These
therapies are thought to disrupt T cell–
endothelial cell interactions and to block
T-cell infiltration from the circulation into
the CNS (62).

Natalizumab (Tysabri®/Antegren®) is a
humanized monoclonal antibody raised
against human α4 integrin which blocks
the engagement of α4β1 integrin [very late
antigen (VLA)-4, CD49d/CD29] with
vascular cell adhesion molecule (VCAM)-
1 (CD106) on the endothelium of various
organs, including the CNS, as well as the
engagement of α4β7 integrin with endo-
thelial mucosal addressin cell adhesion
molecule-1 in the gut (40). In November
2004, the US Food and Drug Administra-
tion approved natalizumab for the treat-
ment of MS. However, natalizumab was
withdrawn from the market, because two
patients with MS (35, 39) and one patient
with Crohn’s disease (73) who were treated
with natalizumab developed progressive
multifocal leukoencephalopathy, a demy-
elinating disease caused by JC virus (14,
38). As VLA-4 is upregulated in memory
T cells, treatment with VLA-4 antibody
could block the interaction between JC
virus-specific CD8+ T cells and endothe-
lium in the CNS (11, 38), leading to reac-
tivation of JC virus. Thus, the potential for
these immunomodulatory antibody thera-
pies to reactivate latent virus represents a
major emerging issue in the development
of new, more targeted therapies for MS.
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The collagen binding integrins, such as
α1 and α2, are distinct from the other
ECM binding integrins, such as α4. These
contain a collagen binding domain, specif-
ically the “inserted” domain or I domain,
comprising about 180 amino acids in the
α chain. The integrin α2β1 (also desig-
nated VLA-2, GPIaIIa, CD49b/CD29)
recognizes fibrillar collagens, such as type I
collagen, with higher affinity than the non-
fibrillar collagens, such as type IV, whereas
the α1β1 (VLA-1, CD49a/CD29) inte-
grin exhibits higher binding affinity to the
non-fibrillar collagens (21, 34).

de Fougerolles et al (10) have demon-
strated that blocking VLA-1 and VLA-2
could modulate CD4+ T cell-mediated
delayed type hypersensitivity responses
(20) as well as CD8+ T cell-mediated con-
tact hypersensitivity responses (81). Treat-
ment of mice with VLA-1 or VLA-2
antibody led to a marked decrease in cel-
lular infiltration and edema, whereas a
nonspecific inflammation provoked by
croton oil was not affected. In addition,
Andreasen et al (1) showed upregulation of
VLA-1 and VLA-2 on T cells in lympho-
cytic choriomeningitis virus infection in
mice, and that treatment with VLA-1 or
VLA-2 antibody suppressed lymphocytic
choriomeningitis virus induced CD8+ T
cell-mediated inflammation in the foot-
pad, which requires migration of cells into
the ECM to induce measurable swelling.
As various cell types express VLA-2, such
as activated T cells (50, 57) [reviewed in
(23)], monocytes, neutrophils (78), mast
cells (12), platelets (29) and endothelial
cells (79), this treatment most likely leads
to alterations in these cells’ ability to inter-
act with one another that would normally
result in a specific inflammatory response.

To explore alternative therapies target-
ing adhesion molecules, we administered
VLA-2 (α2) antibody to mice with EAE
induced using myelin proteolipid protein
(PLP)139–151 peptide. Treatment with VLA-
2 antibody suppressed clinical signs of EAE
when the antibody was given immediately
after the onset of disease, but not during
the priming or remission phases of EAE.
Treatment with VLA-2 antibody also
decreased the disease incidence during the
chronic stage. In contrast, treatment with
VLA-4 (α4) antibody after disease onset
had a mild effect on the clinical course. No
difference in lymphoproliferative responses

to PLP was observed between the different
antibody regimes. Blocking the interaction
between inflammatory cells and the ECM
could potentially provide an alternative
therapy for certain organ-specific autoim-
mune diseases.

MATERIALS AND METHODS

EAE induction and analysis.  Female
SJL/J mice (Jackson Laboratory, Bar Har-
bor, ME) were injected subcutaneously at
the base of the tail with 100 nmol of mod-
ified PLP139–151 peptide (HSLGKWLGHP-
DKF) (Core Facility, University of Utah
Huntsman Cancer Institute, Salt Lake
City, UT) (3, 68) in Imject® Freund’s
Incomplete Adjuvant (Pierce Biotechnol-
ogy, Rockford, IL) containing Mycobacte-
rium tuberculosis H37 Ra (Difco
Laboratories, Detroit, MI) (CFA). The
final concentration of M. tuberculosis  in
the PLP/CFA solution was 2 mg/mL.
Mice were weighed and observed for
clinical signs for 2 months. EAE signs
were  assessed  according  to  the  follow-
ing criteria (68): 0 = no clinical disease;
1 = loss  of  tail  tonicity;  2 = mild  hind
leg paresis;  3 = moderate hind leg
paralysis; 4 = complete paraplegia; and
5 = quadriplegia, moribund state or death.
Animal handling and protocols were
approved by the IACUC at the University
of Utah. A cumulative disease score was
calculated by adding the daily scores of an
individual mouse over the observation
period, using Origin version 7.5 (Origin-
Lab Corporation, Northampton, MA).

VLA-2 or VLA-4 antibody treatment.
Monoclonal antibody against rat α2 (clone
Ha1/29) was raised in Armenian hamsters
(47). The antibody cross reacts with mouse
α2 (10, 29). Adhesion studies showed that
the antibody had an EC50 for inhibiting
rat platelet binding to type I collagen of
0.36 nM and of mouse platelets of 2 nM
(data not shown). Anti-mouse CD49d/
VLA-4 (clone PS/2) which recognizes the
α4 chain of the integrin, was obtained
from SouthernBiotech (Birmingham, AL)
(49, 65). Mice were injected intraperito-
neally with 75 µg (5 mg/kg) of antibody
against VLA-2 or VLA-4. Control mice
were given hamster antibody against trini-
trophenol (TNP)-keyhole limpet hemocy-
anin (clone A19-3) (BD Biosciences, San

Diego, CA). Mice were randomly sepa-
rated into several groups. Mice were
administered antibody during the induc-
tion phase of EAE (days 0, 2, 4, 7, 9),
during the effector phase (days 10, 11, 12,
14, 16, 18, 20) or during the relapse and
remission period (days 18, 21, 23, 25, 27,
29, 32, 34, 36).

Histology. Mice were euthanized using
isoflurane  when  moribund,  or  after  the
2-month observation period. Mice were
perfused with phosphate-buffered saline
followed by a 4% paraformaldehyde solu-
tion in phosphate-buffered saline. CNS tis-
sues were removed, and the brains were
divided into five coronal slabs and the spi-
nal cords into 10 to 12 transverse slabs, and
the tissues were embedded in paraffin.
Four-micrometer thick tissue sections were
stained with Luxol fast blue for myelin
visualization. Histological scoring was per-
formed as described previously (68, 69).
For scoring spinal cord sections, each spi-
nal cord section was divided into quad-
rants: the anterior funiculus, the posterior
funiculus and each lateral funiculus. Any
quadrant containing meningitis or demy-
elination was given a score of 1 in that
pathologic class. The total number of pos-
itive quadrants for each pathologic class
was determined, then divided by the total
number of quadrants present on the slide
and multiplied by 100 to give the percent
involvement for each pathologic class.
Brain sections were scored for meningitis
(0 = no meningitis, 1 = mild cellular infil-
trates, 2 = moderate cellular infiltrates,
3 = severe cellular infiltrates), perivascular
cuffing (0 = no cuffing, 1 = 1 to 10 lesions,
2 = 11 to 20 lesions, 3 = 21 to 30 lesions,
4 = 31 to 40 lesions, 5 = over 40 lesions)
and demyelination (0 = no demyelination,
1 = mild demyelination, 2 = moderate
demyelination, 3 = severe demyelination).
Each score from the brain was combined
for a maximum score of 11 per mouse (70).

Lymphoproliferative assay. Prior to
paraformaldehyde perfusion, inguinal
lymph nodes and spleens were removed
and pooled. Mononuclear cells (MNCs)
were isolated with Histopaque®-1083
(Sigma, St. Louis, MO). A volume of
200 µL containing 2 × 105 cells in RPMI-
1640 supplemented with 1% glutamine,
1% antibiotics, 50 µM 2-mercaptoethanol,
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and 10% fetal bovine serum was added to
each well of 96 well plates. PLP139–151,
PLP178–191 (NTWTTCQSIAFPSK) (68),
myelin basic protein (MBP)84–104

(VHFFKNIVTPRTPPPSQGKGR) (37,
59, 75) or myelin oligodendrocyte glyco-
protein (MOG)92–106 (DEGGYTCF-
FRDHSYQ) (69–71) peptide was added
such that the final concentration of peptide
was 50 µg/mL. The cells were cultured at
37°C in 5% CO2 for 4 days, pulsed with
1 µCi of tritiated thymidine per well, and
then cultured for another 18 to 24 h. Cul-
tures were harvested onto filters using a
multi-well cell harvester and 3H uptake
was measured using an LS 6500 Multi-
Purpose Scintillation Counter (Beckman
Coulter, Inc, Fullerton, CA). Results were
expressed  as  mean  counts  per  minute
of triplicate wells or stimulation index
(experimental counts per minute/counts
per minute in wells without antigen
stimulation).

Serum antibody against hamster IgG.
Blood was collected from EAE mice when
sacrificed (approximately 2 months after
sensitization). We used an enzyme-linked
immunosorbent assay to measure serum
levels of anti-hamster immunoglobulin
(Ig)G (70, 71). We coated 96 well flat-
bottom Immmuno Plate, MaxiSorp (Nalge
Nunc International, Rochester, NY) with
hamster IgG overnight. After blocking,
serial dilutions of sera were added to the
plates and incubated for 90 minutes. After
washing, a peroxidase conjugated anti-
mouse IgG (H + L) (minimum cross-
reactivity to bovine, chicken, goat, guinea
pig, hamster, horse, human, rabbit, rat and
sheep serum protein, Rockland, Gilberts-
ville, PA) was added for 90 minutes. The
plates were colorized using o-phenylenedi-
amine dihydrochloride (Sigma) and were
read at 492 nm using a Titertek Multiskan
Plus MK II spectrophotometer (Flow Lab-
oratories, McLean, VA). Optical densities
(ODs) were calculated by subtracting ODs
of the wells incubated with no sera.

RESULTS

VLA-2 antibody administered during
the effector phase suppresses EAE. By day
10, half of control PLP139–151 sensitized
mice had obvious weight loss and 6% of
the mice developed mild paresis of the tail.

The disease progressed until day 14, when
mice had hind limb paralysis (effector
phase, first attack). By day 20, most mice
regained weight and recovered (remission).
Around 3 weeks after sensitization, mice
developed a second attack of EAE
(relapse). Mice developed additional
relapses with incomplete recovery during
the 2-month observation period.

Mice were treated with VLA-2 antibody
on days 10, 11, 12, 14, 16, 18 and 20 post
sensitization, during the entire period of
the first attack (defined as the effector
phase); antibody treatment was initiated
after half of the mice had weight loss and
treatment was suspended during the remis-
sion (Figure 1A, VLA-2 early). Mice given
VLA-2 antibody had a lower incidence of
paralysis and a statistically significant dim-
inution of the mean maximum clinical
scores compared with that of control mice
(treated with control antibody) during the
first attack of EAE [mean maximum clini-
cal score ± standard error of the mean
(SEM): VLA-2 treatment, 1.5 ± 0.3; con-
trol, 2.5 ± 0.2, P < 0.01, t-test] (Table 1
and Figure 1A).

Mice treated with VLA-2 antibody
developed less paralytic disease than con-
trol mice in the first attack (VLA-2 treat-
ment, 67%; control, 82%) and subsequent
relapse (VLA-2 treatment, 79%; control,
92%) (Table 1). Although VLA-2 anti-
body was administered until day 20, sup-
pression of clinical signs of EAE was seen
to extend to days 30 to 45 in the first
experiment (Figure 1A) and to days 40 to
50 in the second experiment (Figure 1B).
VLA-2 antibody treatment resulted in sig-
nificantly lower cumulative clinical scores
during the first attack, compared with con-
trol (P < 0.01, ANOVA, Table 1), while
during the chronic stage, mice receiving
VLA-2 antibody had a tendency to have
lower cumulative scores than control mice
(P = 0.06, ANOVA).

Treatment with VLA-4 antibody during
the effector phase. Antibody against VLA-
4 has been shown to suppress several types
of EAE (4, 6, 33, 65, 74, 83). We tested
whether administration of VLA-4 anti-
body during the effector phase could sup-
press EAE induced actively with PLP139–151

peptide. Unlike VLA-2 antibody, we did
not see statistically significant suppression
of EAE compared with control mice

(Figure 1B), although VLA-4 antibody
treatment tended to reduce the disease
severity during the chronic stage
(Figure 1B). Disease incidence during the
first attack (VLA-4 treatment, 94%; con-
trol, 82%) and relapse (VLA-4 treatment,
89%; control, 92%) were similar between
the VLA-4 antibody-treated groups vs.
control (Table 1). However, while the

Figure 1. Suppression of experimental autoim-
mune encephalomyelitis (EAE) by very late anti-
gen (VLA)-2 antibody during the effector phase.
Mice were sensitized with myelin proteolipid pro-
tein (PLP)139–151 on day 0. The figure shows mean
clinical scores on a given day. A. Groups of mice
received VLA-2 antibody or control antibody on
days 10, 11, 12, 14, 16, 18 and 20. VLA-2 antibody
administration suppressed EAE. Each experimen-
tal group consisted of six to nine mice. B. VLA-2
vs. VLA-4 antibody treatment in EAE. Groups of
mice received VLA-2 antibody or VLA-4 antibody
on days 10, 11, 12, 14, 16, 18 and 20 (effector
phase) or VLA-2 antibody or control antibody on
days 18, 21, 23, 25, 27, 29, 32, 34 and 36 (remission
and relapse). VLA-2 antibody suppressed both
acute and chronic diseases compared with control
mice if it was given during effector phase (* day
14, P < 0.05; ** days 45, 49 and 53, P < 0.01). No
significant suppression of disease was observed in
mice treated with VLA-4 antibody during the
effector phase or mice treated with VLA-2 anti-
body during the remission and relapse phase.
Each experimental group consisted of 18 to 20
mice.
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mean clinical score appeared to be reduced,
there was no statistical difference, com-
pared with the control group (Table 1).

Treatment with VLA-2 antibody during
the remission and relapse phase. We also
tested whether we could modulate EAE in
mice by giving VLA-2 antibody during the
remission phase, that is, when mice recov-
ered from acute disease but had not shown
the signs of the second attack (relapse).
Day 18 was chosen for initiating treat-
ment, because mice demonstrated a clear
recovery from the acute disease at this time.
Although mice were treated with VLA-2
antibody 3 times a week for 3 weeks (9
injections total), a significant suppression
of EAE during or after treatment with
VLA-2 antibody was not observed
(Figure 1B, VLA-2 late). The incidence of
mice with a relapse during the chronic
phase was also similar between control
mice vs. mice treated with VLA-2 antibody
during the remission phase (control, 92%;
VLA-2 treatment, 96%) (Table 1). How-
ever, the mean clinical score during the
chronic stage was reduced to a similar
degree as seen with the VLA-4 antibody
group, although there was no statistical dif-
ference, compared with the control group
(Figure 1B, Table 1).

VLA-2 antibody suppresses inflamma-
tory demyelination in the spinal cord. In
all groups, inflammatory demyelinating
lesions were more pronounced in the
spinal cord than in the brain. Thus, we
compared the severity of spinal cord

pathology between mice receiving VLA-2
antibody during the effector phase or
relapse and remission, mice receiving
VLA-4 antibody during the effector
phase, vs. mice receiving control
antibody.  MNC  infiltration in the
meninges and demyelination was
observed most frequently in the gracile

fasciculus of the posterior funiculus and
the ventral root exit zone in the anterolat-
eral funiculus. Subpial demyelination was
occasionally seen. The cuneatus fasciculus
of the posterior funiculus and dorsal
nerve roots were preserved. Perivascular
cuffing in the white matter was mild.
Mice treated with VLA-2 antibody at the

Table 1. Incidence of experimental autoimmune encephalomyelitis (EAE) in mice treated with VLA-2 or VLA-4 antibody.*

Treatment

Cumulative clinical scores† Mice with clinical sings/total number of mice (%)‡

Acute stage Chronic stage Entire period Acute disease§ Chronic disease¶

Control 13.1 ± 1.7 55.3 ± 7.6 70.1 ± 9.2 23/28 (82) 24/26 (92)

VLA-2 early 5.2 ± 1.1** 30.0 ± 7.2 35.4 ± 8.1 16/24 (67) 15/19 (79)

VLA-2 late 10.3 ± 1.6 44.9 ± 6.5 55.2 ± 7.7 23/27 (85) 26/27 (96)

VLA-4 early 9.9 ± 1.2 40.3 ± 9.0 50.6 ± 10.4 17/18 (94) 16/18 (89)

*EAE was induced in mice using myelin proteolipid protein (PLP)139–151 in complete Freund’s adjuvant (CFA) on day 0. Groups of mice were treated with antibody against very
late antigen (VLA)-2 or VLA-4 during the effector phase of EAE (early) or during the remission and relapse of EAE (late). Control mice received isotype control antibody.
†Cumulative disease scores were calculated by adding the daily scores of an individual mouse during the acute stage (from day 0 to 18) or the chronic stage (from day 18 to
53) or over the entire observation period (day 0 to 53). The data are mean ± SEM from two independent experiments. The mice receiving VLA-2 antibody during the effector
phase (VLA-2 early) had significantly lower cumulative scores during the acute stage, compared with control mice (**P < 0.01, ANOVA).
‡Number of mice with any clinical signs/total number of mice from two independent experiments. Although the VLA-2 early treatment group had a statistically lower acute
disease incidence in one of two experiments (P < 0.05, chi-square test), no statistical difference was seen in acute or chronic disease incidence between the groups when the
data from two experiments were combined.
§Mice developed clinical signs, including tail and/or hindlimb paralysis with or without incontinence, around 10 to 14 days after sensitization with PLP (acute disease). The acute
disease subsided completely or incompletely on day 18 (remission).
¶From day 20, mice showed the second episode of paralysis of tail and/or hind limb, and a few relapses of disease were observed during the 2-month observation period (chronic
disease).

Figure 2. Representative spinal cord pathology of experimental autoimmune encephalomyelitis (EAE)
mice treated with very late antigen (VLA)-2, VLA-4 or control antibody. A. Mild demyelination (arrow-
heads) was seen in the posterior funiculus of the spinal cord of mice treated with VLA-2 antibody during
the effector phase (VLA-2 early). B. VLA-4 antibody treatment during the effector phase (VLA-4 early) or
(C) VLA-2 antibody treatment during relapse and remission phase (VLA-2 late) resulted in moderate
demyelinating lesions (arrowhead) in the gracile fasciculus of the posterior funiculus with meningitis. D.
In control antibody treatment (control), EAE mice developed mononuclear cell meningitis with totally
demyelinated gracile fasciculus of the posterior funiculus (arrowheads). Luxol fast blue stain.
Magnification × 83.
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disease onset (VLA-2 early, Figure 2A)
developed mild inflammatory demyelinat-
ing lesions, while some mice in the same
group had no lesions in the CNS. Mice
treated with VLA-4 antibody during the
effector phase (VLA-4 early, Figure 2B) or
mice treated with VLA-2 antibody during
the relapse and remission (VLA-2 late,
Figure 2C) tended to have less neuropa-
thology, compared with mice treated with
control antibody (Control, Figure 2D).

Comparing spinal cord pathology
scores, we found that, on day 47, mice
receiving either VLA-2 (VLA-2 early) or
VLA-4 (VLA-4 early) antibody during the
effector phase had reduced meningitis,
demyelination and overall spinal cord
pathology scores than those mice receiving
VLA-2 (VLA-2 late) or control (Control)
antibody during the remission and relapse
phase (Figure 3A). Two months after PLP
sensitization (Figure 3B), mice receiving

VLA-2 antibody during the effector phase
(VLA-2 early) had the lowest spinal cord
pathology scores in all categories. Mice
receiving VLA-4 antibody during the effec-
tor phase (VLA-4 early) or VLA-2 during
the relapse and remission phase (VLA-2
late) tended to have lower spinal cord
pathology scores, compared with those in
control mice (Control, Figure 3B). Thus,
the mean pathology scores in the spinal
cord correlated with the mean clinical
scores for each treatment. Statistically,
however, there was no significant differ-
ence among groups in the spinal cord. This
is  most  likely  caused  by  a  large  range
of pathology scores among individual
mice even within the same groups; each
group contained a few mice with no
neuropathology.

In addition to spinal cord pathology, we
examined brain pathology in treated EAE
mice. In all groups, mild MNC meningitis
was detected near the hippocampus and
cerebral peduncle. Low levels of perivascu-
lar cuffing composed of MNCs were
observed mainly in the cerebellar white
matter and brainstem. Demyelination was
seen in the brainstem in only a few mice.
There were no differences in the brain
pathology scores among the groups at 47
days or 2 months post sensitization.

Meningitis and demyelination correlate
with clinical signs of EAE. We next exam-
ined which pathologic features in the
spinal cord were associated with clinical
signs. Overall neuropathology score, which
includes meningitis, perivascular cuffing
and demyelination, most strongly corre-
lated with clinical scores (r = 0.9, P < 0.01,
Figure 4D). Meningitis (r = 0.84,
P < 0.01, Figure 4A) and demyelination
(r = 0.79, P < 0.01, Figure 4C) also
strongly correlated with clinical signs,
while perivascular cuffing showed some
association with clinical signs (r = 0.54,
P < 0.01, Figure 4B). In contrast, there
was no correlation between brain pathol-
ogy and clinical signs (r = 0.14, P = 0.51,
data not shown).

VLA-2 antibody does not suppress EAE
during the induction phase. Adhesion
molecules have been shown to play a role
in not only homing but also priming of T
cells (52). To determine the role of VLA-2
at the time of priming with PLP139–151 pep-

Figure 3. Neuropathology score of experimental autoimmune encephalomyelitis mice treated with very
late antigen (VLA)-2 or VLA-4 antibody. Mice were sensitized with myelin proteolipid protein (PLP)139–151

on day 0. Groups of mice received VLA-2 antibody or VLA-4 antibody during the effector phase or VLA-
2 or control antibody during the remission and relapse phase. A. On day 47, VLA-2 early and VLA-4 early
groups had lower meningitis, demyelination and overall spinal cord pathology scores than VLA-2 late
and control groups. B. Two months after PLP sensitization, VLA-2 early group had the lowest meningitis,
demyelination and overall spinal cord pathology score between groups. VLA-4 early and VLA-2 late
groups had slightly lower spinal cord pathology scores than the control group. No difference was seen
in brain pathology scores 47 days or 2 months post sensitization. Each treatment group consisted of four
or five mice on day 47, and nine to 13 mice on 2 months post sensitization. Values are the means ± SEM.
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tide, we administered VLA-2 antibody to
mice during the induction phase but prior
to mice having any clinical signs (days 0,
2, 4, 7 and 9). Mice treated with VLA-2
antibody had a similar disease onset, clini-
cal scores and weight loss compared with
mice treated with control antibody
(Figure 5). Although clinical EAE scores,
based on the extent of paralysis, and weight
changes were identical between the two
groups during the first attack, mice treated
with VLA-2 antibody showed less move-
ment, had ruffled fur and a hunched back,
which are not seen in EAE, and required
hand-feeding and watering for survival.
During the chronic stage, mice treated
with VLA-2 antibody tended to have
higher clinical scores than control mice
(mean maximum score: VLA-2 treatment,
3.1 ± 0.5; control group, 2.6 ± 0.6),
however, this difference did not achieve
statistical significance (P > 0.05, t-test).
Incidences of acute and chronic diseases
were identical between the two groups:
86% of mice developed acute attack and
relapse in both groups.

We also compared neuropathology
between control and VLA-2 treatment
groups, when mice were euthanized. No
differences in the severity or distribution of
the lesions in the CNS were observed. Sim-
ilarly, there was no difference in neuropa-
thology score in the spinal cord (P > 0.05,
mean pathology score ± SEM: meningitis,
control 36.1 ± 8.0 vs. VLA-2 treatment
26.6 ± 7.4; perivascular cuffing, control
8.3 ± 3.3 vs. VLA-2 treatment 7.3 ± 2.6;
demyelination, control 45.1 ± 8.7 vs.
VLA-2 treatment 50.7 ± 9.6; overall, con-
trol 58.7 ± 8.6 vs. VLA-2 treatment
60.4 ± 8.8). In the brain, there were no
differences in the severity or distribution of
lesions between the two groups (P > 0.05,
mean brain pathology score ± SEM: con-
trol, 5 ± 0.6; VLA-2 treatment, 5.4 ± 0.7).

Lymphoproliferative responses to PLP or
other CNS antigens did not correlate with
treatment  or clinical  signs.  We tested
whether PLP specific T-cell immune
responses correlated with severity of clini-
cal signs or treatment with VLA-2 or VLA-
4 antibody. MNCs were isolated from
spleens and lymph nodes, and examined
for lymphoproliferative responses to mye-
lin antigens using 3H thymidine incor-
poration. In all groups sensitized with

PLP139–151, we found high anti-PLP139–151

specific T-cell proliferation in mice treated
with VLA-2 antibody during the induction
phase (Figure 6A), during the effector

phase (VLA-2 early, Figure 6B) or during
remission (VLA-2 late, Figure 6B), similar
to levels seen in control groups. A similarly
high degree of T-cell proliferation to
PLP139–151 in asymptomatic mice compared
with  mice  having  severe  paralysis  was
also seen (data not shown). Others have
reported that relapses correlate with
epitope spreading to PLP178–191, MOG92–106

or MBP84–104 in PLP139–151 induced EAE in
SJL mice (65, 75). However, we did not
see significant epitope spreading in any
groups. MNCs from mice treated with
VLA-2 antibody during either effector
phase or remission, tended to have a high
spontaneous proliferation (autoprolifera-
tion) in wells without antigen stimuli,
compared with EAE mice receiving control
antibody, which resulted in lower stimula-
tion indices in groups treated with VLA-2
antibody (Figure 6C). Mice treated with
VLA-4 antibody during the effector phase
had similar lymphoproliferative responses
as T cells from control mice (data not
shown).

Figure 4. Correlation of spinal cord pathology with clinical scores of experimental autoimmune enceph-
alomyelitis (EAE). We compared spinal cord pathology with clinical scores of EAE, 2 months after proteo-
lipid protein sensitization. We scored severities of meningitis (A), perivascular cuffing (B), demyelination
(C) as well as overall neuropathology (D) that included meningitis, perivascular cuffing and/or demyeli-
nation. Meningitis, demyelination and overall scores were strongly correlated with clinical signs. The data
were from pooled spinal cord samples of 24 mice treated either with very late antigen (VLA)-2, VLA-4,
or control antibody.
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Figure 5. No suppression of experimental autoim-
mune encephalomyelitis by very late antigen
(VLA)-2 antibody during the induction phase.
Mice were sensitized with myelin proteolipid pro-
tein (PLP)139–151 on day 0. Groups of mice received
VLA-2 antibody or control antibody on days 0, 2,
4, 7 and 9. No significant difference was seen in
mean clinical scores between the two groups.
Each experimental group consisted of seven mice.
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Antibody responses against VLA-2 anti-
body do not correlate with clinical signs of
EAE. Injections of antibody against adhe-
sion molecules could induce antibody
responses to the therapeutic antibody pro-
duced in a different species; such antibody
responses potentially neutralize inoculated
antibody (40, 76). Antibody responses
against even humanized antibody have
been reported (18). We titrated antibody
levels against hamster IgG in sera from
mice which were administered the VLA-2
antibody (made in hamster). As controls,
we used sera from PLP139–151 induced EAE
mice that received no antibody. Mice were
bled when euthanized about 2 months
after sensitization. As VLA-2 antibody is
Armenian hamster IgG, the levels of serum
antibody against hamster IgG were mea-
sured using an enzyme-linked immunosor-
bent assay as described previously (68, 69).
We  found  serum  anti-hamster  IgG  in
all  mice  that  received  VLA-2  antibody.
All mice developed similar titers of anti-
hamster IgG regardless of their clinical
signs of EAE. In contrast, we did not detect
serum anti-hamster IgG in controls (mice
not receiving hamster IgG) (mean
OD ± SEM at 1:210 dilution: VLA-2 anti-
body group, 0.38 ± 0.01; control, 0), while
control EAE mice developed high antibody
responses against PLP139–151 (data not
shown).

DISCUSSION

The interaction of T cells with the sur-
rounding ECM environment can have a
considerable impact on a variety of T-cell
functions. ECM has been shown to pro-
vide a costimulus for T-cell proliferation
(57) and cytokine production when T cells
are cultured with CD3 antibody (50).
VLA-2 antibody can inhibit collagen
induced T-cell proliferation as well as
tumor necrosis factor α secretion from
activated T cells. Interaction of integrins
and ECM may either positively contribute
to migration or, alternatively, favor
anchoring and immobilization of lympho-
cytes at inflammatory sites. VLA-2 block-
ade has been shown to attenuate T-cell
locomotion, altering locomotion and ori-
entation in a three-dimensional collagen
matrix (15). In addition, retention of
inflammatory cells can lead to activation
of CNS cells such as microglia/macroph-
ages and astrocytes producing enhanced
pathology.

In our studies, VLA-2 antibody treat-
ment was most effective when antibody
was given immediately after the onset of
the disease. Although we do not know the
precise mechanism(s) by which VLA-2
antibody suppressed EAE, blockade of
interaction between VLA-2 and ECM
could alter encephalitogenic T-cell func-
tions in  the  CNS,  such  as  cytokine

production and locomotion, leading to
suppression of meningitis and demyelina-
tion. In contrast, VLA-2 antibody did not
suppress EAE when antibody was given
during the induction phase. In addition,
treatment of mice with VLA-2 antibody
did not alter lymphoproliferative
responses to PLP or any other myelin
antigens, regardless of the timing of anti-
body administration. Thus, VLA-2 seems
not to play a role in priming of T cells to
the initial inciting self-antigen or develop-
ment of epitope spreading to other self-
peptides.

VLA-2 can interact with laminin and
collagen. In the CNS, immunoreactivity of
laminin has been demonstrated in some
particular areas, such as the hippocampus
(82), and collagen is encountered primarily
in association with blood vessels and is
virtually absent from the parenchyma.
Expression of laminin has been shown to
be altered under pathological conditions
(80). Thus, future investigation of VLA-2
expression and its ligands in inflammatory
sites might further our understanding of
the role of VLA-2 in disease.

Activation-induced cell death (AICD)
has been suggested to play an important
role in the regulation of immune
response, including deletion of autoreac-
tive T cells in EAE (8). Gendron et al
(17) showed that engagement of VLA-2

Figure 6. Lymphoproliferative responses to myelin antigens in experimental autoimmune encephalomyelitis (EAE) mice treated with very late antigen (VLA)-
2 antibody. Mononuclear cells  (MNCs) were isolated from spleens or lymph nodes and incubated with myelin proteolipid protein (PLP)139–151  (PLP139),
PLP178–191 (PLP178), MOG92–106 (MOG) or MBP84–104 (MBP) for 5 days. A. Comparably high lymphoproliferative responses to PLP139–151 were detected both in EAE
mice which received control antibody (control) or VLA-2 antibody during the induction phase of EAE. B. EAE mice treated with control antibody (control), or
with VLA-2 antibody during the effector phase (VLA-2 early) or during remission (VLA-2 late) had high lymphoproliferation to PLP139–151. C. Significant
lymphoproliferation was detected only to PLP139–151, but not other myelin antigens. Because of high spontaneous proliferation, mice treated with VLA-2
antibody during the effector phase (VLA-2 early) or remission (VLA-2 late) tended to have lower stimulation indices in PLP139–151 stimulation, compared with
mice injected with control antibody (control).  We did not detect significant epitope spreading to any other myelin antigens. Results are means of 4 (A), 6 (B)
or 11 (C) lymphoproliferative assays using MNCs from spleens or lymph nodes pooled from two to three mice.

Control VLA-2 earlyVLA-2 late
0

2000

4000

6000

8000

10000

12000

 Media
 PLP139
 PLP178
 MOG
 MBP

cp
m

Control VLA-2 induction
0

2000

4000

6000

8000

10000

12000

 Media
 PLP139
 PLP178
 MOG
 MBP

cp
m

PLP139 PLP178 MOG MBP
0

1

2

3

4

5

S
ti

m
u

la
ti

o
n

 in
d

ex

 Control
 VLA-2 early
 VLA-2 late

A B C



52 Suppression of EAE by Anti-VLA-2—Tsunoda et al

© 2007 The Authors
Journal Compilation © 2007 International Society of Neuropathology • Brain Pathology

with collagen type I, but not with
fibronectin or laminin, reduced both
AICD and Fas-induced apoptosis of
human T cells in vitro. They also found
that the inhibition of apoptosis of T cells
was abrogated in the presence of blocking
VLA-2 antibodies, suggesting the poten-
tial importance that interactions between
VLA-2 and collagen may have on the
control of T lymphocyte homeostasis and
their persistence in chronic inflammatory
diseases. This is in contrast to the effect of
VLA-4 on apoptosis of a human antigen
specific T-cell clone, where AICD was
enhanced by the co-ligation of the T-cell
receptor (TCR) and VLA-4 or leukocyte
function-associated antigen-1 (CD11a/
CD18) in vitro (9). Depending on the
antibody, a VLA-4 antibody, 9C10, can
induce apoptosis in mouse T cells in vitro,
while the other adhesion blocking VLA-4
antibodies, PS/2 and R1/2, do not induce
apoptosis (64). In vivo administration of
VLA-4 or VCAM-1 antibody resulted in
an increase in T-cell apoptosis in rats with
experimental autoimmune neuritis (41).
It is not yet clear whether the antibodies
used in this study were blocking or stimu-
lating antibody, as the name of the VLA-4
antibody producing cell clone was not
provided. In our study, we used adhesion
blocking VLA-2 (Ha1/29) and VLA-4
(PS/2) antibodies. Thus, our VLA-2 anti-
body could abrogate inhibition of AICD
of T cells, leading to an increase in apop-
tosis of PLP specific autoreactive T cells.
In contrast, VLA-4 antibody could block
enhancement of AICD of T cells, result-
ing in a decrease in apoptosis of encephal-
itogenic T cells.

DX5, monoclonal VLA-2 antibody, has
been used as a marker for murine natural
killer (NK) and NKT cells in mice (2).
Although the function of VLA-2 on NK
and NKT cells is largely unknown, both
NK and NKT cells have been suggested to
play an important role in some, but not all,
EAE models and MS patients (25, 26, 46,
51). Fritz and Zhao (16) demonstrated
that DX5+ NK1.1+ TCR αβ+ T cells regu-
lated recovery from acute EAE in an adop-
tive transfer model using TCR β-chain
knockout C57BL/6 mice. As SJL/J mice,
which we used in our current experiments,
contain few or no NK/NKT cells (30),
modulation of regulatory NK/NKT cells
by VLA-2 antibody would likely play a

minor role, if any, in the suppression of
EAE by VLA-2 antibody treatment. In
contrast to mice, VLA-2 is not a consistent
marker on human NK cells, and its expres-
sion changes depending on the conditions.
Nevertheless, NK and NKT cell function
should be monitored in future studies in
humans.

Neutrophil locomotion and recruitment
to extravascular tissue has been shown to
be dependent on VLA-2, but not on VLA-
4 (78). The inflammatory infiltrate in
MOG induced primary and secondary
progressive EAE is dominated by neutro-
phils (69–71). In this model, few T cells
exist in demyelinating lesions during the
progressive stage of EAE, although EAE
seems to be initiated by T cells. Demyeli-
nating pathology with neutrophilic infil-
tration has been demonstrated in other
forms of EAE and MS (28, 42–45, 54,
60). Thus, treatment with VLA-2 anti-
body, but not with VLA-4 antibody, may
be effective in other clinical types of MS
and EAE.

Infiltrating macrophages and activated
microglia are involved in the inflammatory
response in the CNS initiated by autoreac-
tive T cells (5, 56). The macrophages and
microglia produce cytokines such as tumor
necrosis factor and IL-1 that can intensify
disease. Limiting the influx of macroph-
ages should also limit the extent of pathol-
ogy in the CNS.

In the current experiment, treatment
with VLA-4 antibody during the effector
phase did not have a marked influence on
EAE. While the effect of antibody against
α4 integrin on development of new brain
lesions in MS has been studied in three
published, randomized, controlled phase
II trials (58), careful evaluation is required
in all studies. The first clinical study using
natalizumab resulted in a rebound increase
in the relapse rate after stopping treatment
(72). This post-treatment rebound is simi-
lar to what has been observed in EAE
studies, using anti-VLA-4 treatment (65,
66).

In the second study, treatment with
natalizumab reduced the mean number of
relapses and new lesions, compared with
controls during the 6-month treatment
(new lesion: control, 9.6 per patient; natal-
izumab, 0.7 per patient) (48). However, a
6-month post-treatment follow-up study
showed no difference in the numbers of

relapses or new lesions between control
and treated groups (new lesions: control,
2.7 per patient; natalizumab, 2.8 per
patient). The above results can be
explained by exacerbation of disease by pla-
cebo, rather than by suppression of disease
by natalizumab, during the treatment, as:
(i) the number of new lesions in the con-
trol group decreased from 9.6 to 2.7, while
those in the treated group increased from
0.7 to 2.8, during the 6-month follow-up
period; and (ii) during the follow-up
period, the volume of enhancing lesions
decreased in the control group (from
1169 mm3  to  442 mm3),  but  increased
in the natalizumab-treated group (from
156 mm3 to 306 mm3). There was a trend
toward an increased rate of infections in
the natalizumab-treated patients. In the
third study, a significant decrease in lesion
volume was observed at 1 and 3 weeks, but
not 14 weeks, after a single injection of
natalizumab (53). Steroids were required
to treat relapses in 3% of the placebo
group, 12% of the 1-mg/kg natalizumab
group and 8% of the 3-mg group during
the study.

Recently, treatment with VLA-4 anti-
body has been shown to influence not
only memory and effector T cells but also
humoral immunity and mucosal immu-
nity (77). In addition, VLA-4 and other
adhesion molecules have been shown to
be expressed on CD25+CD4+ regulatory T
cells (36, 63). Thus, treatment with VLA-
4 antibody could suppress not only mem-
ory and effector T cells, but also other
immune cells. The balance of such
humoral vs. cellular immune responses
and/or regulatory vs. effector T cells posi-
tive for certain adhesion molecules may
change depending on the disease course,
for example, between remission vs.
relapses in MS and its animal models. In
this context, timing of treatment with
anti-adhesion molecules can result in dis-
cordant effects as in our current experi-
ments or experiments reported by others
(65, 66).

In conclusion, the above findings have
important implications for the treatment
of demyelinating diseases of the CNS,
indicating that VLA-2 plays a contributory
role in clinical and pathological disease in
EAE and is a potential target for early ther-
apeutic intervention in the treatment of
MS.
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