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Summary

 

Increased expression of CD44 variant isoforms have been shown on the
inflammatory infiltrates in human and mouse colitis and blockade or deletion
of CD44 isoforms inhibit experimental colitis. The objective of this study was
to find out if short-term treatment of CD44 antibodies specific to CD44v7,
but not to other variant isoforms, suppresses leucocyte–endothelial interac-
tion in chronic dextran sodium sulphate (DSS)-induced colitis in mice.
Chronic colitis was induced by oral administration of four cycles of 5% DSS in
BALB/c mice. Expression of CD44 was investigated on isolated mononuclear
cells of the gut immune system. In established colitis, mice were treated with
antibodies against CD44v7 or CD44v4 three times in 7 days. Intravital
microscopy was used to study leucocyte–endothelial interactions and leuco-
cyte extravasation. As a marker of inflammatory infiltrates myeloperoxidase
was quantified in gut tissue. CD44-induced apoptosis was determined by flu-
orescence staining of hypodiploidic cell nuclei. In chronic DSS-induced colitis
both CD44 variant isoforms, v4 and v7 were significantly up-regulated on
mononuclear cells. However, whereas anti-CD44v7 antibody treatment
induced a marked restoration of the gut mucosa and significantly reduced
endothelial sticking and extravasation of circulating leucocyte 

 

in vivo

 

(

 

P <<<<

 

 0·01), application of anti-CD44v4 or an isotype control antibody had no
anti-inflammatory effect. A significant reduction of myeloperoxidase activity
was detected after blockade of CD44v7, but not v4. Short-term treatment with
anti-CD44v7 antibody blocks T cell extravasation and recruitment to the
intestinal mucosa and cures established experimental colitis.
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 CD44 variant isoforms, CD44 variant therapy, chronic inflamma-
tory bowel disease 

 

Introduction

 

Recruitment of leucocytes and lymphocytes from the vessels
to the gut mucosa is a multi-step process that leads to the
accumulation of cells in the inflamed tissue and is most prob-
ably a pivotal step in the initiation and perpetuation of
chronic inflammatory bowel disease [1]. The inflammatory
process is further promoted by proinflammatory mediators
such as tumour necrosis factor-

 

a

 

, NF-

 

kA

 

 or endotoxin and
by the up-regulation of adhesion molecule expression on
lymphocytes and local endothelium [2,3]. One of the lym-
phocyte activation markers which has been suggested to func-
tion as a cell adhesion molecule is the transmembrane
glycoprotein CD44 [4]. CD44 is expressed by most cell types,
including leucocytes, and it is the major cell surface receptor

for hyaluronan (HA), which plays a unique role in the main-
tenance of tissue integrity [5]. At inflammatory sites, CD44
has the ability to recruit leucocytes to vascular endothelium,
which is one of the first steps in the inflammatory response.
Neutrophils express the standard CD44 isoform. In addition,
CD44 functions as a co-stimulatory molecule in T cell acti-
vation as a result of its constitutive association with the lck sig-
nalling cascade and its association with the T cell receptor
upon stimulation and formation of the immunological syn-
apse [6]. In addition to T cells, stimulation through CD44
enhances macrophage production of proinflammatory
cytokines [7–9]. Besides the standard form of CD44, CD44
has 10 different splice variants, developed as a result of alter-
native splicing of variant exons. It has been suggested that
expression of specific isoforms may play a role in the
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regulation of the immune response as well as in the devel-
opment of autoimmune disorders [10–13]. CD44 molecules
containing splice variants v4–7 are aberrantly expressed in
many human tumours and have been linked to the metastatic
spread of tumour cells [12,14,15]. These data suggest that
CD44 variant isoforms might be involved in cell adhesion at
inflammatory sites. Furthermore, in experimental colitis
expression of the isoform CD44v7, which is rarely expressed
in resting immune cells, is increased on mononuclear cells of
intestinal inflammatory lesions predominantly in Th-1-
polarized inflammation [16,17]. Based on these findings we
have shown that blockade or deletion of CD44v7 protects
mice from severe intestinal inflammation in trinitro-benzene
sulphonic acid (TNBS)-induced experimental colitis, as a
model of T cell-dependent acute colitis [18].

Another well-characterized model uses dextran sodium
sulphate (DSS) to induce colonic inflammation. DSS induces
acute or chronic colitis in BALB/c mice depending on the
administration protocol [19]. Whereas acute DSS-colitis
predominantly shows toxic effects of DSS on the epithelium
and seems to be T cell-independent because it is observed in
T cell-deficient SCID mice [18,20], the chronic phase of
DSS-colitis reflects a prolonged inflammatory immune
response of macrophages and T cells comparable to Crohn’s
disease. Histologically, the chronic phase is characterized by
a mononuclear cell infiltrate, with lymphoid hyperplasia,
focal crypt damage and few scattered ulcerations in the epi-
thelial layer [21]. In DSS-induced colitis an increase in
mucosal myeloperoxidase activity, as well as increased con-
centrations of macrophage-derived cytokines, are found
[18,21–23]. In the current study we examined whether spe-
cifically CD44v7 or arbitrary CD44 variant isoforms play a
role in the maintenance of intestinal inflammation in
chronic experimental colitis. Furthermore, the effects of
neutralization using anti-CD44v4 and v7-antibodies on
histological inflammation were examined, as well as leuco-
cyte–endothelium interactions in colonic post-capillary and
collecting venules by intravital microscopy.

 

Materials and methods

 

Animals

 

Female BALB/c mice (Charles River; Sulzfeld, Germany)
weighing 18–20 g were used for experiments. Animals were
housed in a room maintained at 22

 

∞

 

C and kept on standard
laboratory pellet food (150 mg/kg Vit E, H1003, Alma,
Kempten, Germany). All experiments were performed in
accordance with the German legislation on the protection of
animals.

 

Induction of DSS-colitis and experimental design

 

Established protocols were used for induction of DSS-
induced chronic colitis [23]. To establish chronic colitis,

mice were fed 5% DSS (mol. wt 40 000, ICN, Eschwege, Ger-
many) dissolved in sterile, distilled drinking water 

 

ad libitum

 

for 7 days, followed by normal drinking water for 10 days;
this treatment cycle was repeated four successive times. The
drinking amount per mouse per day was evaluated and
found to be equal in each DSS-fed group. Control mice were
fed tap water without DSS. Two weeks after the last DSS feed-
ing, mice (

 

n

 

 

 

=

 

 6/group) were treated three times over a 7-day
period with anti-CD44v7 (clone LN7·1, mouse-IgG1; 40 

 

m

 

g/
mouse, intraperitoneally [17]), anti-CD44v4 antibody
(clone: 1OD1, rat IgG1, Serotec, Düsseldorf, Germany) or an
isotype control (clone W3/25; mouse-IgG1; Serotec, Düssel-
dorf, Germany). 

 

In vivo

 

 microscopy was performed 7 days
after the last antibody injection. After 

 

in vivo

 

 microscopy
tissue was collected for histology and measurement of
myeloperoxidase activity.

 

Microsurgical technique and 

 

in vivo

 

 microscopy

 

After premedication with atropine [0·1 mg/kg body weight
subcutaneously (s.c.)], animals were anaesthetized with a
constant flow of oxygen (33%), isoflurane (0·4 volume %)
and nitrous oxide. Animals were placed in a supine position
on a heating pad for maintenance of the body temperature
between 36

 

∞

 

C and 37

 

∞

 

C, as measured via a rectal thermom-
eter. The left carotid artery and jugular vein were cannulated
for continuous recording of mean arterial pressure (MAP),
for heart rate measurement, for injection of fluorescent dyes
(

 

in vivo

 

 microscopy) and for substitution of volume loss
[40 ml/h/kg Ringer’s lactate intravenously (i.v.)]. After trans-
verse laparotomy, the descending colon was mobilized.

 

In vivo

 

 microscopy was performed as described previously
[3]. Briefly, the mobilized left colon segment was exterior-
ized on a specially designed mechanical stage. The stage was
placed on a computer-controlled microscope platform,
allowing for repeated scanning of the same microvessels dur-
ing the experiment. Throughout the experiment the tissue
was kept moist with 37

 

∞

 

C Ringer’s lactate solution. We used
a technical microscopic setup, as described by Harris 

 

et al

 

.
[24], including a Zeiss microscope (axiotech vario 100 HD,
20

 

¥

 

 objective). All images were recorded by a video camera
(HG16 PCO, Kelheim, Germany) attached to the micro-
scope. Quantitative off-line analysis was blinded using a
custom-designed computer-assisted analysing system.

The microcirculation of the submucosa was visualized for
determination of leucocyte endothelium interaction in 10
randomly selected post-capillaries and collecting venules
(magnification: 600

 

¥

 

). Leucocytes were stained 

 

in vivo

 

 with
an isotonic 0·02% acridine orange (Sigma Chemical, St
Louis, MO, USA) solution; the solution was injected intra-
venously at a concentration of 0·1 mg/kg/min. Leucocytes
were subsequently classified as adherent or non-adherent
cells with regard to their interaction with the vascular endot-
helial lining. In each vessel segment visualized, leucocytes
were classified as adherent when no movement or detach-
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ment was observed for 

 

>

 

30 s. Results are given as number of
adherent or non-adherent cells per mm

 

2

 

 endothelial surface.
To analyse lymphocyte extravasation, a longitudinal incision
(approximately 20 mm) along the anti-mesenteric border
was performed by microcautery to access the intestinal
mucosa. Extravasated leucocytes in the mucosa were quan-
tified by counting the acridine-orange-labelled leucocytes
lying close to the mucosal vessels. Results were calculated as
leucocytes/mm

 

2

 

 mucosal surface. For all 

 

in vivo

 

 microscopy
experiments, the analysis was performed 20–70 min follow-
ing laparotomy. At the end of the experiment, animals were
killed and tissues were collected.

 

Histology

 

Standard haematoxylin and eosin (H&E) staining was per-
formed on colon tissue to assess the degree of inflammation.
The scoring was performed by a blinded observer, as
described previously [23]. Briefly, a score of 0–8 (8 being the
most severe) was assigned for epithelial loss and inflamma-
tory infiltration. Mice were scored individually, with each
value representing the mean score of three sections of the
distal third of the colon.

 

Myeloperoxidase activity

 

Colonic myeloperoxidase (MPO) activity was determined as
described previously [25]. Briefly, colonic tissue was homog-
enized in 1 ml of 50 mmol/l potassium phosphate buffer
(pH 6·0) containing 0·5% (wt/vol) hexadecyltrimethylam-
monium hydroxide and centrifuged at 120 

 

g

 

 at 4

 

∞

 

C for
20 min; 10 

 

m

 

l of the supernatant was transferred into
phosphate buffer (pH 6·0) containing 0·17 mg/ml 3,3

 

¢

 

-
dimethoxybenzidine and 0·0005% H

 

2

 

O

 

2

 

.  MPO activity of
the supernatant was determined by measuring the H

 

2

 

O

 

2

 

-
dependent oxidation of 3,3

 

¢

 

-dimethoxybenzidine and
expressed as units per gram of total protein. Total protein
content of the samples was analysed using a bicinchoninic
acid protein assay kit (Sigma).

 

Flow cytometric analysis of CD44 expression

 

Single cell suspensions from mesenteric lymph nodes were
made and washed once in phosphate buffered saline (PBS)
(Cambrex, Verviers, Belgium) containing 3% fetal calf serum
(FCS). The cells were first incubated with mouse Fc-block
(clone: 2·4G2, BD Biosciences, Heidelberg, Germany) for
5 min at 4

 

∞

 

C to minimize unspecific binding and then
labelled with purified antibodies against mouse CD44v7
(polyclonal, rabbit IgG, Chemicon, Chandlers Ford, UK) or
CD44v4 (clone: 1OD1, rat IgG1, Serotec, Düsseldorf, Ger-
many) for 30 min at 4

 

∞

 

C. Cells were washed twice in PBS/3%
FCS and then labelled with anti-mouse CD3-PE (clone:
17A2, rat IgG2b, BD, Heidelberg, Germany) and goat anti-
rabbit-Ig-FITC or mouse anti-rat-IgG1-FITC, respectively

(both from BD Biosciences). Cells were washed twice in PBS/
3%FCS and then analysed using a FACSCalibur (BD Bio-
sciences). The following isotype controls were used: rat
IgG2b-PE (BD Biosciences), purified rabbit-IgG (Jackson
Immuno Research, West Grove, PA, USA) and purified rat-
IgG1 (Caltag, Hamburg, Germany). Data were analysed
using WinMDI software version 2·8.

 

Statistical analysis

 

In vivo

 

 microscopy data, myeloperoxidase activity and his-
tology results are presented as the median values, including
the range (as box-plots). Statistical analyses were performed
using the Kruskall–Wallis statistic for non-parametric tests.
Differences were considered significant at 

 

P

 

 

 

<

 

 0·05.

 

Results

 

Expression of CD44 variant isoforms on gut-associated 
lymphoid tissue in chronic colitis

 

Expression of CD44v4 and CD44v7 was analysed in mesen-
teric lymph nodes of healthy mice and tissue from mice with
chronic colitis via flow cytometric analysis (Fig. 1a,b). Both
variant isoforms showed increased expression in mice with
chronic colitis, compared to healthy controls. Our results
demonstrate that both variant isoforms are up-regulated on
T cells of mice with chronic colitis under inflammatory con-
ditions, indicating a role in T cell activation.

 

Anti-CD44v7 antibody but not anti-CD44v4 inhibits 
leucocyte–endothelial cell interactions 

 

in vivo

 

In the next step, leucocyte adhesion and extravasation as a
marker of tissue inflammation was examined by intravital
microscopy. In DSS-treated mice leucocyte sticking was aug-
mented fivefold in the collecting venules (Fig. 2) and 10-fold
in the post-capillary venules compared to healthy controls.
To test the role of CD44v7 in the adherence and extravasa-
tion processes, 

 

in vivo

 

 microscopic analysis was performed in
mice with chronic colitis after treatment with anti-CD44v7-
specific monoclonal antibody. In our study, CD44v7 anti-
body treatment decreased leucocyte adherence in collecting
venules (Fig. 2) and in post-capillary venules by approxi-
mately 50%, compared to mice treated with control antibody
(

 

P 

 

<

 

 0·01). Surprisingly, mice treated with anti-CD44v4 anti-
body showed unmodified markedly leucocyte adhesion to
the endothelium, and subsequent migration into the mucosa
comparable to isotype control. We then assessed the effect of
CD44v4 and CD44v7 on the extent of leucocyte extravasa-
tion into the inflamed colonic tissue. After four cycles of DSS
treatment, the number of extravasating leucocytes was
increased by 10-fold in diseased mice treated with isotype
control antibody, compared to healthy mice (Fig. 3). Again,
anti-CD44v7 treatment of DSS-colitis reduced leucocyte
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extravasation by half in contrast to the anti-CD44v4 anti-
body-treated group (

 

P

 

 

 

>

 

 0·01). Taken together, these results
demonstrate a specific role for CD44v7, but maintenance of
chronic inflammation for CD44v4, as shown by reduced
sticking and extravasation of leucocytes.

 

Short-term treatment with anti-CD44v7 antibody 
abrogates an established chronic DSS-induced colitis

 

After studying the role of CD44v7 for extravasation and
adhesion in chronic DSS-induced colitis, we tested whether

 

Fig. 1.

 

Representative flow cytometric analysis 

of CD44 variant isoform 4 (CD44v4) (b) and 

CD44v7 (a) expression on CD4

 

+

 

 T cells in the 

mesenteric lymph nodes of mice with chronic 

colitis. A marked increase in CD44v4 and 

CD44v7 expression is demonstrated in mice 

with chronic colitis, compared to T cells in 

healthy mice.
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the treatment with anti-CD44v7 antibody actually affects the
sustained disease. Indeed, treatment of DSS-induced mice
with anti-CD44v7 antibody led to a significantly improved
histological score (Fig. 4a). More specifically, anti-CD44v7
but not anti-CD44v4 antibody treatment diminished the loss

of crypts and reduced the inflammatory infiltrate, compared
to the histology of healthy control mice and DSS mice treated
with isotype control antibody (Fig. 4b,c). Also, leucocyte
infiltration was significantly reduced in mice treated with
anti-CD44v7  antibody  compared  to  mice  treated  with
anti-CD44v4 antibody (Fig. 4d,e). These results suggest that
CD44v7 expression does influence the development of colitis
in mice.

 

Fig. 2.

 

Four weeks after the last dextran sodium sulphate (DSS) appli-

cation, 

 

in vivo

 

 microscopy was performed to investigate leucocyte adhe-

sion in submucosal vessels of the colon. Leucocyte sticking is increased 

in chronic DSS-induced colitis in submucosal collecting and post-

capillary venules compared to healthy control animals (

 

n

 

 

 

=

 

 6/group; 

median and range, #

 

P

 

 

 

<

 

 0·01 

 

versus

 

 healthy control). Treatment with 

anti-CD44 variant isoform 7 (CD44v7) antibody but not with anti-

CD44v4 antibody significantly down-regulates leucocyte adhesion in col-

lecting and post-capillary venules (*

 

P

 

 

 

<

 

 0·01 

 

versus

 

 isotype antibody and 

anti-CD44v4 antibody).
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Fig. 3.

 

Leucocyte extravasation is still markedly increased 4 weeks after 

the last cycle of dextran sodium sulphate (DSS) in chronic colitis com-

pared to control animals (

 

n

 

 

 

=

 

 6/group; median and range, #

 

P

 

 

 

<

 

 0·01 

 

versus

 

 healthy control). Application of anti-CD44 variant isoform 7  

(CD44v7) antibody significantly down-regulates leucocyte extravasation 

compared to animals which were treated with an isotype-matched anti-

body or anti-CD44v4 antibody (*

 

P

 

 

 

<

 

 0·01 

 

versus

 

 isotype antibody and 

anti-CD44v4 antibody).
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Fig. 4.

 

For assessment of inflammation histologically, mice were killed 

4 weeks after the last dextran sodium sulphate (DSS) cycle. A score of 

0–8 (8 being the most severe) was used for each animal by a blinded 

observer as described by Obermeier 

 

et al

 

. [23] (median and range 

*

 

P 

 

<

 

 0·05, 

 

versus

 

 anti-CD44 variant isoform 4  (CD44v4) antibody and 

isotype antibody) (a). Representative histological specimens (magnifi-

cation 5

 

¥

 

) of the colon from healthy mice (b) and from mice receiving 

DSS only (c) are shown. Treatment with anti-CD44v4 antibody of mice 

with established DSS-colitis (d) does not improve histological changes 

in contrast to anti-CD44v7 therapy (e), which leads to a decrease of 

epithelial damage and inflammatory infiltration.
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Anti-CD44v7 antibody down-regulates 
myeloperoxidase activity

 

The 

 

in vivo

 

 and histological findings were paralleled by the
MPO, which is a marker of neutrophil infiltration. MPO
activity in the colon of mice with chronic colitis was signif-
icantly decreased after antibody treatment with anti-CD44v7
antibody (Fig. 5), compared to mice treated with antibody
against CD44v4 or isotype control. This indicates decreased
leucocyte infiltration into the colon after anti-CD44v7 ther-
apy and strongly supports the intravital microscopic and his-
tological results.

 

Discussion

 

The aetiological agents causing chronic inflammatory bowel
disease have not yet been identified, but the result at chron-
ically inflamed sites is persistent infiltration of mononuclear
effector cells, among which T cells play a prominent role.
Activated T cells serve as trigger for a cascade of events that
lead to amplification of the inflammatory process inducing
tissue damage at target sites [26]. The goal of the present
study was to investigate the role of CD44 variant isoforms in
lymphocyte recruitment and intestinal inflammation in the
chronic DSS-model. It is demonstrated clearly that lympho-
cytes within the mucosal infiltrates strongly up-regulate
CD44 variant isoforms, CD44v4, CD44v6 and CD44v7 com-
pared to normal gut-associated lymphoid tissue [17]. How-
ever, only blockade of CD44v7 but not of CD44v4 resulted in
a strong reduction of chronic inflammation in experimental
colitis.

Effector or memory lymphocyte populations demonstrate
increased expression of the adhesion molecule CD44 stan-
dard. Leucocyte transmigration into inflamed tissue is one
of the major functions of the CD44 standard molecule on
lymphocytes [27]. CD44 may modulate immunological and

inflammatory responses through at least two mechanisms.
First, CD44 standard binding to its primary ligand, the gly-
cosaminoglycan hyaluronan, mediates interactions between
lymphocytes and endothelial cells. These interactions initiate
lymphocyte contact and primary adhesion, or rolling, on
endothelial cells under conditions of physiological laminar
flow [28,29]. As well as attachment of lymphocytes, adhesion
molecules are also involved in local lymphocyte stimulation
and antigen presentation within the intestinal mucosa [30].
Recent data suggest that in addition to CD44 standard,
CD44v7 associates with the cytoskeletal linker proteins
ankyrin and the ezrin, radixin, moesin (ERM) family during
lymphocyte activation [31]. However, knowledge of ligands
and signal transduction pathways mediated by CD44 variant
isoforms is still sparse. Our previous studies on CD44v7 in
experimental colitis show that this splice variant is substan-
tially involved in intestinal lymphocyte activation. We have
shown that CD44v7 expression is increased in inflammatory
infiltrates of Th1-cytokine-mediated experimental colitis
and lamina propria mononuclear cells of patients with
Crohn’s disease compared to healthy controls [32,33]. Fur-
thermore, deletion of CD44v7 induced apoptosis in lamina
propria mononuclear cells of inflamed but not normal
mucosa in experimental colitis [17]. However, 

 

in vitro data
suggest that apoptosis of T helper cells is also induced by tar-
geting dendritic cells with a monoclonal anti-CD44v4 anti-
body [34]. It has been shown recently by our group that the
anti-CD44v4 antibody (rat IgG1 anti-mouse CD44v4, clone
10D1) used in our study is functionally active in vitro
(unpublished data). Based on the high CD44v4-expression
in inflamed mucosa it was meaningful to test whether this
antibody ameliorates chronic colitis in vivo.

An intriguing question resulting from our data is how
anti-CD44v7 but not anti-CD44v4 antibody treatment
inhibits leucocyte migration to inflammatory sites. At least
two theories could explain this effect. First, as shown previ-
ously [35,36], induction of the regulatory cytokine IL-10 by
CD44v7 blockade down-regulates proinflammatory cytok-
ines and chemotactic signals in the mucosa that attract
circulating immune cells to adhere and transmigrate the
endothelial layer at inflammatory sites. Secondly, interaction
of CD44v7 with the cytokine-like molecule osteopontin has
been implicated in maintaining the integrity of inflamed
tissues. Both osteopontin and CD44 variant expression is
associated with a Th-1 type T cell activation, and these
osteopontin-mediated events are likely to contribute to the
function of CD44 variant v7 during chronic inflammation
[37]. Therefore, the loss of the CD44–osteopontin interac-
tion could account for the anti-inflammatory effect of
CD44v7-blockade or deletion in experimental colitis. There
are two important implications. The first is that CD44v6 and
CD44v7, but not CD44v4, have been shown to bind to
osteopontin. Furthermore, recent data demonstrate that
CD44-mediated osteopontin binding leads to enhanced cell
motility and chemotactic behaviour [38]. Thus, osteopontin

Fig. 5. Myeloperoxidase (MPO) activity in the tissue was significantly 

down-regulated after blocking with CD44 variant isoform 7 (CD44v7) 

antibody versus mice treated with anti-CD44v4 antibody (n = 6/group; 

median and range; *P < 0·01 versus healthy controls and anti-CD44v4 

antibody).
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binding via CD44 variants, that has been implicated in Th-1
mediated inflammation and cell migration, would directly
promote cell adhesion by increasing cell motility. These data
have significant ramifications for the interpretation of why
and how osteopontin and CD44v7 might be associated with
lymphocyte adhesion. It is obvious that both CD44 variant
isoforms, CD44v4 and CD44v7 exerting similar expression
patterns, fulfil different functions in chronic colitis. Whereas
CD44v7 is involved in lymphocyte activation and adhesion,
the function of CD44v4 is still unknown. Our data demon-
strate clearly that short-term treatment with anti-CD44v7
antibody is particularly effective in eliminating pathogenic
pre-activated cells in chronic intestinal inflammation.
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