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nervous system disease

F. R. BRENNAN,* J. K. O'NEILL, S. J. ALLEN,} C. BUTTER,§ G. NUKI* & D. BAKERY *Rheumatic Diseases Unit,
Western General Hospital, Edinburgh, UK, Department of Clinical Ophthalmology, Institute of Ophthalmology, University
College London, London, UK, {Sherrington School of Physiology, United Medical and Dental Schools of Guys and St. Thomas’
Hospitals, London, UK, §Department of Pathology, Royal College of Surgeons of England, London, UK

SUMMARY

Clinical signs of experimental autoimmune encephalomyelitis (EAE) are associated with the
selective recruitment of CD4" memory (CD45RB'" CD44"€") T cells into the central nervous
system (CNS). However, we have found that many of these recently recruited memory cells are
CD44'°% suggesting that the CD44 antigen may be involved in, and transiently lost during, the
extravasation process. Indeed, administration of a CD44-specific antibody (IM7.8.1) induced
leucocyte CD44 shedding and both prevented the development and ameliorated the severity of
established EAE by inhibiting mononuclear cell infiltration into the CNS. Trafficking of cells into
lymph nodes, however, a property mainly of naive cells, was essentially unaffected. In contrast,
treatment with antibody to very late activation antigen-4 (VLA-4) prevented homing to both the
CNS and to lymph nodes. This study contests previous reports that dismissed a role for CD44 in
inflammation of the CNS and, coupled with observations in murine dermatitis and arthritis,
suggests that CD44 is involved in the homing of primed lymphocytes to sites of inflammation. CD44
should therefore be considered a target for immunotherapy of T-cell-mediated inflammatory

diseases, such as multiple sclerosis.

INTRODUCTION

Chronic relapsing experimental allergic encephalomyelitis
(CREAE) is a T-cell-mediated autoimmune disease and shares
many features with multiple sclerosis (MS), which is the major
inflammatory, demyelinating disease of the central nervous
system (CNS). CREAE is mediated by the action of CD4"
T cells, which are selectively recruited or retained within the
CNS during disease.'> Histochemical staining of sections from
lesion tissue suggested that these CD4" cells are memory cells.?
However, as the memory phenotype in mice is defined by the
relative expression of a number of cell-surface antigens, flow
cytometric analysis is required for accurate quantification.
Naive T cells (CD45RA" CD45RO™ in humans and
CD45RBM2! CD44'°Y in mice) circulate through lymphoid
tissues. Extravasation from the blood through the high
endothelial venules of lymphoid tissues is known to involve
L-selection (CD62L) as well as B; and B, integrins.>* Following
activation, antigen-primed cells switch to a CD45RA™
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CD45RO" memory phenotype in humans, and to a
CD45RBY CD44%e" phenotype in mice, down-regulate L-
selectin and up-regulate other adhesion molecules, including
lymphocyte function-associated antigen-1 (LFA-1; CDlla)
and very late activation antigen-4 (VLA-4; CD49d), and enter
non-lymphoid tissues.*> The development of EAE and MS is
associated with the up-regulation of vascular adhesion
molecules, including intracellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1),
fibronectin and mucosal addressin cell adhesion molecule
(MAdCAM)-1, on CNS endothelia, which may facilitate the
extravasation of leucocytes.®® Modelling studies in vitro clearly
indicate a role for the receptor-ligand pairs LFA-1-ICAM-1
and VLA-4-VCAM-1 in lymphocyte adhesion to, and migra-
tion through, CNS endothelium.”!! These systems, however,
do not account for all lymphocyte adhesion,”!° indicating the
involvement of other receptor-ligand interactions.

The CD44 molecule may also be involved in controlling
lymphocyte entry into the CNS. CD44 is strongly expressed on
antigen-activated T cells*!? and on T cells with a transen-
dothelial migratory capacity.'®> CD44 was originally identified
as a lymphocyte homing receptor, as a CD44-specific mono-
clonal antibody (mAb) was able to inhibit, in vitro, the binding
of human cell lines to addressins on high endothelial venules
from lymphoid tissue and inflamed synovium.'*'> However
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when a CD44-specific mAb IM7.8.1 (IM7) was administered to
mice, it inhibited lymphocyte infiltration into a cutaneous
hypersensitivity site'® and arthritic joints,'” whilst normal
leucocyte migration into lymphoid tissue was unaffected. This
suggests that CD44 plays a selective role in controlling
lymphocyte trafficking to sites of inflammation.

Previous studies involving in vitro adhesion of leucocytes
onto inflamed CNS vessels and mAb inhibition of adoptive
EAE have, however, failed to support a role of CD44 in CNS
inflammation.'"!® In such instances, interaction of VLA-4 with
VCAM-1 has been shown to be critical in controlling
lymphocyte entry into the CNS during EAE in rats, mice
and guinea-pigs.'"'®'* However, preliminary data led us to
believe that CD44 expression was modulated on lymphocytes
during entry into the CNS, suggesting that CD44 may yet be
involved in the migration process. To address this question, the
ability of the CD44-specific mAb, IM7, to inhibit CREAE was
examined.

MATERIALS AND METHODS

Animals

Male BALB/c (H-2¢, Thyl.2) mice were purchased from
Bantin & Kingman (Hull, UK). Biozzi ABH (H-2%', H-
2A%7 Thyl.1) mice were from stock bred at the Royal College
of Surgeons and the Institute of Ophthalmology. Water and the
rat mouse-1(expanded) (RM-1(E)) diet were given to the mice
ad libitum. For the generation of ABH.BALB/c.Thyl” mice
(ABH Thyl.2), (ABH x BALB/c)F| mice were backcrossed
with ABH mice for 11 generations. At each generation, animals
expressing Thyl.2 on Thyl"* dendritic epidermal cells were
selected, following staining of 2 mm punch biopsy-derived ear
epidermal skin sheets with mAb specific for Thyl.2 (HO13.4;
American Type Culture Collection [ATCC], Rockville, MD),
as described previously.?’ Animals were brother : sister mated
and offspring were selected that were homozygous for the
Thylb allele by the detection of Thyl.2 protein in skin sheet
preparations. This was then confirmed by analysis of genomic
DNA from tail skin, using the D9Nds2 (ThyI) microsatellite.>!
Congenic ABH Thyl.2 mice were then inbred.

Induction of CREAE

Mice were injected subcutaneously (s.c.) with 1 mg of ABH
mouse spinal cord homogenate (SCH) emulsified in Freund’s
complete adjuvant on days 0 and 7, as described previously.'*
Disease was scored as follows: 0, normal; 1, limp tail; 2,
impaired righting reflex; 3, partial paralysis; and 4, complete
paralysis. Disease of a milder severity than the indicated grade
was scored 0-5 lower, as described previously.'*

Analysis of lymphocyte cell-surface phenotypes in CREAE
mice

Single-cell suspensions were prepared from inguinal lymph
nodes and peripheral blood.> Mononuclear cells infiltrating the
spinal cord were purified using density gradient centrifugation,
as described previously.? Briefly, spinal cords from perfused
CREAE animals?®> were homogenized and loaded into a
discontinuous density gradient containing 100%, 80%, 40%
and 30% Percoll (Amersham Pharmacia, Biotech Ltd, Little
Chalfont, Bucks, UK). Following centrifugation at 400 g for
10 min at room temperature, leucocytes were removed from the

80% : 40% Percoll interface.” In separate experiments, follow-
ing the development of paralysis during acute-phase CREAE,
ABH mice were injected intravenously (i.v.) with 2 x 10’
pooled auricular, cervical, axillary and inguinal lymph node
cells from ABH Thy1.2 mice. Animals were perfused either 2 or
18 hr later, and single-cell suspensions were prepared from the
inguinal lymph nodes and spinal cord.>>* Cells were stained by
single, direct or indirect, double or triple direct immunofluor-
escence flow cytometry. Cells were incubated for 40 min at 4°
with mAbs specific for r-selectin (CD62L; clone MEL-14;
ATCC), VLA-4 (o4 integrin/CD49d; clone R1/2; ATCC),
CD44s (clone IM7.8.1; ATCC) or CD45RB (clone 16a), and
detected with fluorescein isothiocyanate (FITC)-conjugated
rabbit anti-rat immunoglobulin (Serotec Ltd, Kidlington,
Oxford, UK). Rat mAb, conjugated directly to either FITC
or phycoerythrin (PE), specific for mouse CD44 (IM7; BD
Pharmingen, San Diego, CA), CD45RB (16a; Pharmingen),
CD45RC (clone DNI1.7; Pharmingen), mouse/human
CD45RO (clone BO011; Accurate Chemical & Scientific
Corporation, Westbury, NY), Thyl.2 (CD90, clone H013.4;
Pharmingen) and Tricolor-conjugated CD4-specific mAb
(clone YTS 191; Caltag Laboratories, Burlingame, CA) were
also used. These were diluted in 5% normal mouse serum in
phosphate-buffered saline (PBS). Following washing, the cells
were either maintained on ice or fixed in 1% formaldehyde in
PBS and analysed by flow cytometry.

In vivo mAb treatment

Animals were injected daily, intraperitoneally (i.p.), with
100 pg of the purified mouse CD44-specific mAb, IM7?* (rat
immunoglobulin [Ig]G2b; ATCC), dissolved in 100 ul of PBS,
either from day 12 postinjection (p.i.) or at the onset of clinical
signs when animals exhibited a limp tail on days 15-16 p.i. As
controls, mice were treated with vehicle or were injected with a
rat IgG2b mAb specific for mouse CD8 (clone YTS169.4),
which has previously been shown to have no effect on the
clinical course of CREAE.! A group of animals were killed on
day 18 p.i. when peripheral blood, spleens and inguinal lymph
nodes were removed for histological analysis and the assess-
ment of CD44 antigen shedding. Brains and spinal cords were
removed, fixed in 10% formal saline and processed for routine
histology. Longitudinal sections were cut and stained with
haematoxylin and eosin.

Analysis of CD44 shedding

Lymph nodes and spleens were removed from animals treated
in vivo with either IM7 or rat immunoglobulin (Serotec) and
stained with PE-conjugated CD44-specific mAb (clone
KM201; Serotec). This mAb recognizes an epitope in the N-
terminal hyaluronic acid-binding region of CD44, distinct from
that recognized by IM7.'7 In addition, cells were double- or
triple labelled, as described above, with mAbs reactive with
mouse B cells (clone OX-6; Serotec) and CD4" T cells, which
were gated to detect naive (CD45RB™EM) and memory
(CD45RB'®) T cells. In addition, cells were stained with a
mAb specific for CD1la (M17/4; Pharmingen) or rabbit
polyclonal Ab specific for either mouse/human oy (CD49d)
or B; (CD29) integrins (Chemicon International Ltd, Harrow,
UK), detected by FITC-conjugated mAb specific for rabbit
immunoglobulin (Dako Ltd, High Wycombe, Bucks, UK).
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Culture of lymph node cells with IM7 in vitro and transfer to
CREAE mice

RPMI-1640 medium (Gibco, Paisley, Strathclyde, UK) sup-
plemented with L-glutamine, 1% sodium pyruvate, 50 ug/ml
gentamicin (Sigma, St Louis, MO) and 10% heat-inactivated
fetal calf serum (FCS; Sigma) was used to culture lymph node
cells. Thyl.2 congenic lymph node cells (8 x 10°well) were
cultured for 4 hr, at 37° in 5% CO», in six-well tissue clusters
(Corning Costar Corp., Cambridge, MA), precoated overnight
with 200 pg/well IM7 or rat immunoglobulin (Serotec) in
sodium carbonate buffer, pH 9-6. An aliquot of cells from the
mADb treatments was assayed for CD44, LFA-1 and VLA-4
expression by flow cytometry. The cells were then washed and
1 x 107 cells injected i.v. into mice with paralytic EAE.
Animals were perfused 6 hr following transfer and the number
of CD4" and Thy1.2" cells in inguinal lymph nodes and spinal
cords were assessed by flow cytometry. In a separate
experiment, cells were incubated with saturating levels of
VLA-4-specific mAb (PS/2; ATCC) prior to injection. Animals
were perfused 18 hr later and the percentage number of
infiltrating Thy1.2" cells was determined.

Statistical analysis

Statistical differences between CREAE groups were assessed
using the two-sample test of Wilcoxon. Differences between
groups for trafficking experiments were analysed using the
Student’s #-test, incorporating the F-test to determine equality
of variances.

RESULTS

Selective homing of memory T cells in the CNS during
CREAE

In lymph nodes and peripheral blood, the majority of CD4"
T cells expressed a naive CD44'°Y CD45RB"#" phenotype
(Table 1). In contrast, the majority of the cells isolated from the
CNS during acute-phase CREAE expressed a memory
CD44%2h CD45RB'Y phenotype (Table 1). This phenotype
was maintained during both the acute-phase paralysis (grade 4)
on days 17-19 (p.i.), of SCH in Freund’s adjuvant, and the
postacute phase (grade 2) on days 19-21 p.. (Table 1).
Consistent with the selective loss of r-selectin by memory
T cells,** the majority of CD4™ T cells extracted from the CNS
were L-selectin negative (4-8 + 1.9% MEL-14" compared with

82-0 + 5-0% in lymph nodes and 46-0 + 13-0% in peripheral
blood; n = five to eight mice), but surprisingly the expression of
CD49d/VLA-4 was low (19-5 + 7-7% of CD4" CD49dhieh
T cells) on CNS-extracted CD4" cells compared with that in the
periphery (65-9 + 3-9% in lymph node and 63-5 + 11-9% in
peripheral blood # = five to eight mice).>* In an attempt to
further confirm the distinct migration pathways of naive and
memory T cells in CREAE, ABH mice with paralytic CREAE
were injected with lymph node cells, with no selected specificity
for myelin antigens, derived from ABH Thy1.2 congenic mice,
which contained 85-90% CD45RB™&" CD4" T cells. Consis-
tent with the resident lymph node population (Table 1), the
majority of the cells homing into the lymph node were also of
the CD44"°" CD45RB"" naive phenotype (Table 2). In
contrast, the majority of cells homing into the CNS were
CD45RB™¥ T cells (Table 2), which again was reflective of
those already resident within the CNS (Table 1). Although this
may represent a phenotype generated within the CNS, these
10>-10® CNS-trafficking cells probably represent the selective
migration of the minor CD45RB'Y population within the
injected lymph node cells. Interestingly, in contrast to the
CD44"" phenotype of memory cells established within the
CNS (Table 1), the newly extravasated memory cells were
mainly CD44'°% (Table 2). The high expression of CD44 on
memory T cells and its potential modulation during entry into
the CNS suggested that CD44 may be involved in the migration
of antigen-primed T cells into the CNS. To explore this
possibility, the CD44-specific IM7 mAb was administered to
mice to examine its effect on the development of CREAE.

Anti-CD44 IM7 mAb induces the loss of CD44 antigen from
lymphocytes

Direct analysis of CD44 expression with the anti-CD44 mAb,
KM201, showed that lymph node cells from IM7-treated
CREAE mice had markedly reduced levels compared with
lymph node cells from control Ab-treated mice (Fig. 1). A
similar down-regulation of CD44 expression was demonstrated
on splenocytes, as described previously.'” H-2A™ B cells and
CD4" T cells, both CD45RB memory and naive phenotypes,
were shown to lose expression of CD44 following IM7
treatment in vivo, whereas levels of LFA-1 (CDl11a), VLA-4
(CD49d), B (CD29) and B, (CD18) integrins, H-2A, ICAM-1
(CD54), CD3, CD4, CDS8, CD45RB and CD25 were

Table 1. Selective recruitment of CD4" memory/primed T cells to the central nervous system (CNS) during experimental allergic encephalomyelitis

(EAE)
Antigen expression by CD4" T lymphocytes (%)

Tissue ) _
Disease phase examined CD44bizh CD45R Bhigh
Acute EAE Lymph 20-1 + 8.7 770 + 12-5
Postacute node 7-1 + 3-1 689 + 11-1
Acute EAE Peripheral 81 + 8.0 780 + 11-6
Postacute blood 7-6 + 4-6 91-:6 + 4.9
Normal 133 4+ 135 659 + 17-8
Acute EAE Spinal 872 + 124 142 + 16:6
Postacute cord 66-1 + 10-1 69 + 16
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Table 2. Comparison of the trafficking profiles of CD4" T cells in the
central nervous system (CNS) and lymph nodes during experimental
allergic encephalomyelitis (EAE)

Antigen expression by CD4" T lymphocytes (%)

Tissue Time

examined  (hr) CD44high CD45RB"eh

Lymph node 2 224 + 17-6 73-1 + 10-6
18 102 + 84 89-8 + 119

Spinal cord 2 42.6 + 2-5 279 + 174
18 251 + 129 219 + 115

unaffected, as described previously.'”* The ratios of granu-
locytes, lymphocytes and monocytes were essentially the same
in all animals, indicating that the decrease in CD44 expression
was not the result of a selective depletion of CD44™ cells.

Anti-CD44 IM7 mAb prevents and ameliorates CREAE

Mice treated daily from day 12 p.i., shortly before the onset of
disease, with 100 pg of control rat IgG2b mAb (rn = 8) and
untreated animals (n = 14) all developed severe clinical disease
(mean score of 3-1 + 0-4, day of onset 15-7 + 1-3; and mean
clinical score 3-0 + 0-6, day of onset 16-5 + 1-3; respectively)
between days 14 and 20 p.i. (Fig. 2a). In contrast, treatment
with anti-CD44-specific IM7 mAb (n = 8) completely pre-
vented (P < 0-002) the development of disease (Fig. 2a).
Following cessation of treatment on day 21 p.i., although
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Figure 1. Anti-CD44 monoclonal antibody (mAb) IM7 induces the
loss of CD44 from lymphocytes in vivo. Animals were injected
intraperitoneally (i.p.), daily for 5 days, with 100 pug of either IM7
mADb or rat immunoglobulin. Inguinal lymph nodes were removed
12 hr after the last injection and the level of CD44 on CD4" T cells was
analysed by direct immunofluorescence using CD44-specific KM201
mADb. The y-axis shows cell number and the x-axis is mean fluorescence
intensity. Background staining gave an intensity of less than 10
fluorescence units.

two animals developed disease on day 28 p.i., even by day 40
p.i. only three of eight animals had exhibited CREAE. In
contrast, all 22 control animals had developed a paralytic
relapse episode (between days 33 and 40 p.i.). IM7 was also
shown to have a strong therapeutic effect when administered to
mice (five injections of 100 png) after the onset of clinical EAE.
In all 12 mice injected, IM7 was shown to markedly reduce
(P < 0-05) the mean daily disease score compared with control
rat immunoglobulin-treated mice (Fig. 2b).

CD44 is involved in leucocyte extravasation into the CNS

As the development of CREAE is associated with the influx of
mononuclear cells into the CNS and resolution of acute-phase
clinical EAE is associated with the rapid resolution of
histological lesions?, further mice were treated with mAb
IM?7 in order to assess the histological effect of CD44-specific
mADb treatment. Animals were examined on day 18 p.i. when
the acute-phase paralysis seen in controls (all eight affected)
was just starting to resolve. Anti-CD44 mAb IM7 treatment
was again effective, with four of seven completely protected
from clinical disease and three of seven animals showing only
mild disease (mean score of 1-4 + 0-3). In comparison, control
mice showed substantial mononuclear cell infiltration along the
entire length of the spinal cord, in the CNS white matter
(Fig. 3a), whereas IM7-treated animals without clinical disease
were essentially free of mononuclear CNS infiltration (Fig. 3b).
The IM7-treated mice with mild disease (three of 15 mice in
total) had only very small numbers of mononuclear cells within
the CNS (results not shown). Thus, CD44 appeared to prevent
the influx of mononuclear cells into the CNS of mice. This was
definitively shown in short-term in vivo trafficking studies
(Fig. 4). When ABH Thy1.2 lymph node cells were cultured on
immobilized IM7 in vitro, CD44 expression was reduced
compared with rat IgG-treated cells, whilst levels of CD11a and
CD49d were unaffected (results not shown).!”* When 1 x 10’
lymph node cells were injected into mice, the IM7-treated cells
had a significantly reduced capacity to migrate into the CNS
compared with control cells (2-7% + 1:3% compared with
0-9% =+ 0-2%; P < 0-005), whereas migration to lymph nodes
was unaffected (Fig. 4). The results suggest an important role
for CD44 in primed memory lymphocyte migration into
inflammatory sites in the CNS. A VLA-4-specific mAb (PS/2),
however, unlike IM7, markedly inhibited trafficking of cells
both into the CNS (0-3% + 0-1%) and into lymph node tissue
(0-1% + 0-1%).

DISCUSSION

The therapeutic effect of anti-CD44 treatment in CNS
autoimmune disease, shown here, and murine dermatitis'®
and arthritis,'’” indicates a common principle of cell interac-
tions that govern migration during inflammatory processes.
This contrasts with two previous studies that have failed to
demonstrate a role for CD44 in the trafficking of lymphocytes
to the CNS during EAE, which was thought to be a function
mainly of VLA-4-VCAM-1 interactions.'""'® However, pre-
liminary studies examining the levels of CD44 on lymphocytes
within the CNS led us to believe that CD44 may yet be involved
in lymphocyte entry to the CNS.

© 1999 Blackwell Science Ltd, Immunology, 98, 427-435



Effective treatment of EAE with anti-CD44 431

40 | (@) wm RatlgG2b
@® Untreated
35— A Anti-CD44

=
w
n
+
o
o
Q
1%
@
(%]
«
@
R
2 35— (b) = Control ratimmunoglobulin
é @® CD44-specific mAb
3-:0
2-5
2:0
1.5
1-0 A
0.5+
A A A A A
0-0 T T T T T T T T T
-2 -1 0 1 2 3 4 5 6 7 8

Time postdisease onset (days)

Figure 2. Anti-CD44 monoclonal antibody (mAb) IM7 inhibits the development and ameliorates the severity of established clinical
disease. (a) Mice were injected with mouse spinal cord homogenate (SCH) in Freund’s adjuvant on days 0 and 7 and then injected
intraperitoneally (i.p.), daily from day 12 postinjection (p.i.), with 0-1 ml of phosphate-buffered saline (PBS) (untreated) (@), isotype
rat immunoglobulin G2b (IgG2b) (YTS 169) control (W) or CD44-specific mAb IM7 (A). (b) Animals were injected with SCH in
Freund’s adjuvant on days 0 and 7. Following the onset of clinical disease on days 13-15 p.i., chronic-relapsing experimental allergic
encephalomyelitis (CREAE) mice were treated (A) with five daily i.p. injections of 100 ug of anti-CD44 mAb IM7 (@) or rat
immunoglobulin control (M). For both (a) and (b), the results represent the mean + SEM clinical score of animals within each group

following the start of mAb treatment.

Herein, it was shown that CD4" lymphocytes, within lymph
nodes of CREAE and normal mice, were mainly of the naive
phenotype whereas those within the inflamed CNS tissue of
mice with established CREAE were predominantly memory
cells, as found previously in studies of both CNS**?%?7 and
non-CNS inflammatory diseases.**® The majority of these cells
are not activated, as assessed by interleukin (IL)-2 receptor
(CD25) expression,” suggesting that antigen-primed/memory
cells, irrespective of their specificity, are selectively recruited to
such inflammatory sites. Although encephalitogenic cells and
other recruited primed T cells established within the CNS are
CD44high 24.26 it was shown herein that the newly recruited
memory CD45RB™¥ T cells were, like naive cells, predomi-
nantly CD44'°%, suggesting that during entry of primed T cells
into the CNS, CD44 expression is transiently lost. In support of

© 1999 Blackwell Science Ltd, Immunology, 98, 427-435

this we have shown that activated T cells down-regulate their
CD44 expression following migration across rat brain
endothelial cells in vitro (P. Adamson, F. R. Brennan,
D. Baker et al., unpublished). Likewise, a similar cleavage of
CD44 and, notably, L-selectin on activated granulocytes has
also been observed during diapedesis through endothelium.?-
31 | -selectin is involved during the rolling and migration of
naive T cells through lymphoid endothelium.**** Following
T-cell activation, L-selectin is down-modulated, whereas CD44
is up-regulated and redistributed to adhesion points.>* The up-
regulation of CD44 then mediates ligand (hylaronate) bind-
ing.'”* Recently, CD44 has been shown to mediate rolling of
antigen-activated T cells on endothelium,®® and hence it is
attractive to speculate that CD44 may assume some or all of the
function of L-selectin on memory cells after it is lost following
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Figure 3. Anti-CD44 monoclonal antibody (mAb) IM7 inhibits lymphocyte entry into the central nervous system (CNS). Following
the development of chronic-relapsing experimental allergic encephalomyelitis (CREAE) 13-15 days after the injection of spinal cord
homogenate (SCH) in Freund’s complete adjuvant, mice were given five daily injections of phosphate-buffered saline (PBS) (a) or
100 pg of anti-CD44 mAb IM7 (b). On day 18 postinjection (p.i.), spinal cords were removed, and sections were made and stained
with haematoxylin and eosin. (a) A section from a control mouse with EAE containing large numbers of infiltrating cells. (b) A section
from a corresponding area from a clinically well IM7-treated mouse. Note the lack of infiltrating mononuclear cells.

transformation from the naive to the memory phenotype. across normal or inflamed CNS endothelium, and these
Thus, lymphocytes exhibit high expression of CD44 for CD44 molecules may be cleaved following coupling with their
optimizing lymphocyte attachment'”*® and/or migration  ligand. Following retention of these cells in the CNS tissue or
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Figure 4. In vitro shedding of CD44 prevents T-cell migration into inflammatory central nervous system (CNS) lesions. Following the
development of paralysis during acute-phase chronic-relapsing experimental allergic encephalomyelitis (CREAE), Biozzi AB/H
(Thyl1.1") mice were injected intravenously (i.v.) with 1 x 107 lymph node cells expressing Thyl.2 antigen, which had been treated
with immobilized rat immunoglobulin or CD44-specific IM7 monoclonal antibody (mAb) for 4 hr at 37°. Animals were perfused 6 hr
later and single-cell suspensions were prepared from the inguinal lymph nodes and spinal cord from each individual animal. Cells were
gated to detect lymphocytes, and a dot-plot was created showing double immunofluorescence flow cytometry of transferred Thyl.2* T
cells (fluorescence intensity on y-axis) and the CD4" T-cell population (fluorescence intensity on x-axis).
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exiting from the lymph node into the periphery, CD44 re-
expression takes place. In agreement with this, soluble CD44
can be detected in the sera of normal mice and humans*>~® and
the concentration of soluble CD44 is increased in the blood
during inflammatory disease in humans and mice.!”*>3® Thus,
this cleavage of surface adhesion molecules may represent a
mechanism controlling adhesion/de-adhesion processes during
extravasation of leucocytes to both normal and inflamed
endothelium.*’

Lymphocytes (including memory T cells) from in vivo
IM7-treated CREAE mice, displayed reduced CD44 expression
compared with control mAb-treated lymphocytes, whereas the
expression of other lymphocyte adhesion molecules, such as
LFA-1 and VLA-4, thought to be critical for CNS migration,
was unaffected. This treatment prevented the development of
clinical signs, even following disease onset, and inhibited the
accumulation of inflammatory cells in the CNS. That CD44
inhibited migration across CNS endothelia was confirmed
when it was shown that CD4" lymphocytes treated with
immobilized IM7 in vitro lost CD44 expression'’ and were
unable to traffic to the CNS when transferred to CREAE mice.
Importantly, lymphocyte trafficking to lymph nodes was
essentially unaffected by IM7 treatment, arguing against a
role for CD44 in normal lymphocyte homing,'®!” at least with
respect to naive T cells. This contrasts with the soluble VLA-
4-specific (PS/2) mAb, which inhibits extravasation of trans-
ferred T cells into both the CNS and lymph node tissues. The
CD44 loss is mediated by proteases and is a transient event,*®
as re-expression can be achieved on lymphocytes within 24 hr
both in vitro and in vivo.'”*® This suggests that repeated
administration of this mAb may be required for an optimal
therapeutic effect, and is supported by the observation that a
single i.p. injection of 500 pug of IM7 on day 12 p.i. failed to
inhibit the development of EAE (all six affected; mean group
score 2-8 + 0-6; day of onset 19-5 + 1-5) compared with saline
(0-5 ml)-injected animals (11 of 14 affected; mean group score
2-3 4+ 0-4; day of onset 17-4 + 1-4).

The clinical efficacy of anti-CD44 immunotherapy in this
EAE model contrasts with previous studies.'®* Using the
same anti-CD44 mAb IM7, Baron et al. were unable to inhibit
adoptive transfer of EAE to H-2" mice using myelin-specific T-
cell clones and concluded that VLA-4, but not CD44, was
critical for lymphocyte entry into the CNS.'* However,
lymphocytes in that study were treated with mAb in vitro
prior to transfer. Even if the CD44 was shed in vivo, it would
have been re-expressed prior to the development of clinical
disease, which occurred at least 5-7 days post-transfer,'® and
may account for the lack of efficacy. However, a recent study™
has confirmed our results, demonstrating that anti-CD44
antibodies delivered in vivo can prevent EAE induced by
myelin-specific T-cell clones, although treatment of established
disease was not examined, or the ability of the antibody to
induce CD44 shedding. Cross-linking of CD44, achieved by
IM7 immobilization, triggers CD44 shedding and these
IM7-treated, CD44  human lymphocytes have a reduced
capacity to bind to non-CNS endothelial cells in vitro,
compared with CD44-bearing cells.*® Furthermore, cleavage
of CD44 with bromelain reduced lymphocyte binding to
human umbilical vein endothelial cells.*! The role of CD44 in
lymphocyte:CNS endothelial cell adhesion and transmigration
is currently under investigation. As IM7 inhibited lymphocyte
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migration into the CNS, even in the presence of the other
adhesion molecules known to be involved in binding to and/or
migration across endothelium, such as LFA-1 and VLA-
4,%19%2 there is a possibility that rather than disrupting CD44
interactions with its ligands on endothelial cells (hyaluronic
acid, fibronectin, osteopontin),'”**** IM7 may be modulating
other adhesion pathways, such as those mediated by integrins.
Indeed, molecular cross-talk between CD44 and LFA-1 has
been shown to be involved in cell-cell adhesion*** and in
homotypic aggregation.*

The ability of mAb IM7 to prevent leucocyte migration
during inflammatory diseases of the CNS (described herein),
skin'® and joints,'”*” suggested to us that CD44 is involved in
the non-organ-specific homing of antigen-primed lymphocytes
to sites of inflammation. However, in a recent study we have
shown that IM7 fails to prevent the induction of experimental
autoimmune thyroiditis*® and in fact exacerbates the disease.
The contrasting effects of IM7 in different models of
autoimmune disease may reflect different mechanisms of
disease induction and indicate that a greater understanding
of the function of CD44, the dynamics of its expression and the
specific effects of individual anti-CD44 antibodies are needed
before CD44-based antibody therapy can enter the clinic.
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