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immune response in Crohn’s disease patients by
apoptosis induction in mononuclear cells from the
lamina propria
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Deletion of exon CD44v7 abrogates experimental colitis by apoptosis induction in intestinal mononuclear cells. Here we show
that CD44v7 expression was upregulated upon CD40 ligation in human mononuclear cells, and examined whether ligation of
CD44v7 also affects activation and apoptosis in lamina propria mononuclear cells (LPMC) from Crohn’s disease (CD) patients.
Thirty five patients with chronic inflammatory bowel disease (IBD), fourteen controls and four patients with diverticulitis were
evaluated. CD44v7 was upregulated predominantly in the inflamed mucosa of CD patients. Furthermore, incubation with an anti-
CD44v7 antibody induced apoptosis in LPMC isolated from inflamed mucosa of CD patients, but not from non-inflamed mucosa,
from patients with ulcerative colitis (UC) or from normal controls. CD40 ligation and simultaneous incubation with anti-CD44v7
significantly downregulated CD80 in dendritic cells, thus inhibiting a critical second signal for naive T-cell activation. The
apoptotic signal was mediated via the intrinsic mitochondrial pathway with decreased Bcl-2 and increased 7A6 (a mitochondrial
membrane protein) expression. It was Fas independent and required caspases-3 and -9 activation. The process is highly specific
for macrophage activation via CD40. These findings point to a novel mechanism of apoptosis induction in CD patients mediated
by CD44v7 ligation.
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The mucosal immune system is in a constant state of low-
grade activation restrained by well-regulated mechanisms
that control the inflammatory force.1–3 This homeostasis is
achieved by equilibrium between leukocyte activation and
programmed cell death. In patients with Crohn’s disease
(CD), the apoptosis pathway of lamina propria lymphocytes
was found to be dysregulated.4 It was suggested that CD
results from a defect in the control mechanisms of apoptosis
leading to inappropriate T-cell accumulation and disease
perpetuation.5,6 Consequently, induction of T-cell apoptosis
has remarkable therapeutic effects in experimental colitis,6,7

and potent inducers of apoptosis, including sulfasalazine,
steroids, and azathioprine are efficacious therapies in patients
with CD.8,9 Themost established biological agents that induce
apoptosis in lamina propria mononuclear cells (LPMC) in CD
are the anti-TNF-a mAb infliximab and adalimumab. Rando-
mized controlled trials have proven efficacy of this treatment
in CD patients, whereas recent data suggest that apoptosis
induction in the intestinal mucosa might be even predictive of
therapeutic success.10,11

CD44 is a cell surface glycoprotein involved in multiple
cellular functions, including cell–matrix interactions, cell
migration, programmed cell death, and cellular activation.
CD44 and its many variant isoforms were shown to exert

some of their functions through docking and presentation
of cytokines or growth factors to their cognate cell surface
receptors or substrates.12 In contrast to the CD44 standard
isoform, devoid of any variant regions, which is expressed
ubiquitously in the healthy gut, we have shown that CD44v7
expression is mainly restricted to activated leukocytes in the
inflamed mucosa.13 The region encoded by exon v7 appears
pivotal in experimental colitis, because treatment with anti-
CD44v7 antibodies led to complete remission in trinitroben-
zene sulfonic acid (TNBS)- or dextrane sulfate sodium (DSS)-
induced colitis, in contrast to a CD44v6- or CD44v4-specific
therapy.14,15 Also mice genetically deleted of CD44v7, by
retaining complete expression of the remaining CD44 exons,
were protected from TNBS-induced colitis.7 Furthermore, no
colitis was observed when CD44v7-deficient mice were
crossed with IL-10-deleted mice that spontaneously develop
colitis. In all these models of experimental colitis, mice with
CD44v7 targeting or deletion showed increased apoptosis in
the inflamedmucosa.7 This is compatible with a function of the
CD44v7 isoform in the suppression of apoptosis in inflamma-
tory diseases.7,16

Since apoptosis induction of effector T cells is supposed to
restore homeostasis in the intestinal mucosa, we investigated
the regulation of CD44v7 expression in LPMC of patients with
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inflammatory bowel disease (IBD). We demonstrated that
outside-in signals through CD44v7 elicited by anti-CD44v7
mAb resulted in increased apoptosis of human LPMC fromCD
patients and inhibition of macrophage activation. Moreover,
we identifiedmolecules involved in these signaling events and
anticipate therapeutic use of anti-CD44v7 mAbs as a specific
and efficient treatment strategy for CD patients.

Results

CD44 expression in inflamed mucosa from CD
patients. In this study, we first have investigated the
expression of CD44v isoforms in LPMC from normal
intestinal mucosa and in inflamed mucosa of CD and
ulcerative colitis (UC) patients. LPMC from healthy controls
showed little expression of the CD44 variant isoforms
CD44v4 (median 9%, range 3–11%), CD44v6 (median 8%,
range 2–10%) and CD44v7 (median 10%, range 6–15%)
(Table 1). Corroborating our data in experimental colitis,5 in
CD there is a slight upregulation of CD44v6 (median 15%,
range 2–24%), while CD44v7 isoforms are significantly
upregulated (median 27%, range 16–35%) (Table 1,
Figure 1a). CD44v4 is only slightly increased (median 16%,
range 10–17%) (Table 1). Interestingly, the panCD44
antibody revealed decreased frequency of total CD44
expression in CD patients (median 72%, range 56–82%) as
compared to normal mucosa (median 91%, range 75–97%)
and UC (median 88%, range 78–96%). This difference
was significant (Po0.05), and indicated an even more
pronounced relative increase of CD44v7-positive cells
(Figure 1a). CD44v expression was not significantly
upregulated in LPMC of UC patients, as compared to
mucosa from normal and CD patients (Table 1, Figure 1b
and c). In LPMC from inflamed mucosa of CD patients,
CD44v7 was expressed in CD4-positive T cells as well as in
CD33-positive intestinal macrophages (data not shown). In
a subset of patients (six patients with CD, four with UC and
six controls) expression of the variant isoforms CD44v3
and CD44v10 was examined in LPMC by FACS. Both variant
isoforms were not detected on freshly harvested LPMC
(o1% positive cells) of patients and controls. We conclude
that expression of CD44v7 isoforms was significantly
increased in inflamed mucosa from CD patients.

Ligation of CD44v7 induces apoptosis of LPMC from
inflamed mucosa in CD, but not in UC or normal
mucosa. Binding of a CD44v7-specific mAb-induced
apoptosis in LPMC from inflamed mucosa (median relative

apoptosis induction 1.61 (arbitrary units – incubation with an
unspecific isotype control IgG was set to 1), range 1.2–2.6),
as compared to non-inflamed mucosa of CD patients
(median 0.97, range 0.8–1.5) (Po0.05) or control tissue
(median 1.15, range 0.6–2.4) (Po0.01; Table 2). Apoptosis
induction seemed to be closely associated with the presence
of CD44v7 since this effect was not detected in LPMC of
patients with active UC (Figure 2). The apoptotic effect was
less pronounced following incubation with anti-panCD44
antibodies (clone IM7), but not detected with anti-CD44v4
or anti-CD44v6 antibodies (Table 2). An apoptosis-inducing
anti-Fas antibody revealed cell death in all cell populations
analyzed, which reached statistical significance in LPMC
from non-inflamed CD mucosa, as compared to normal
mucosa (Table 2). Only ligation of CD44v7 specifically
induced cell death in inflamed mucosa of CD patients.
Hence, CD44v7 is likely to play a major role in the immune
pathogenesis of CD, comparable to our findings in
experimental colitis in mice.7

Apoptosis can only be induced in pre-activated
mononuclear cells. The apoptotic effect of the anti-
CD44v7-specific antibody in intestinal cells from inflamed
mucosa but not in non-inflamed mucosa suggests that this
mAb induces apoptosis predominantly in pre-activated
CD44v7-positive immune cells. Consequently, CD44v7
expression was not detected in freshly prepared peripheral
blood lymphocyte (PBL) (mean 1% positive cells, range 0–
2%), but slightly upregulated in CD3/CD28 pre-activated
mononuclear cells of healthy controls (mean 1.5%, range
0.8–1.7%) and CD patients (mean 2.8%, range 1.6–3.7%)
(data not shown). The anti-CD44v7 mAb was added to the
pre-activated cells after 3 days for another 24 h. In these cells
with increased CD44v7 expression, apoptosis was induced in
lymphocytes (median 1.4, range 1.0–2.4; Figure 3a). We also
show that apoptosis induction was not accompanied by a
significant inhibition of proliferation (median 10% inhibition,
range 0–14%, data not shown). Apoptosis induction in PBL
was dose dependent and increased with growing
concentrations of anti-CD44v7 mAb from 1.1 to 1.4. At a
concentration of 10 mg/ml anti-CD44v7 mAb, this difference
reached statistical significance (Po0.05; Figure 3b).
Since LPMC of inflamed mucosa have a memory pheno-

type, we were interested to evaluate the susceptibility of
memory cells in general to apoptosis as compared to naı̈ve
cells. To obtain memory and naive T cells in sufficient amount
and viability PBLs were sorted accordingly and activated via
anti-CD3 and anti-CD28. After the activation period, 10 mg/ml

Table 1 Increased expression of CD44v7 in LPMC of inflamed mucosa in patients with CD

% positive cells

Mucosa n panCD44 CD44v4 CD44v6 CD44v7

CD 22 72 (56–82) 16 (10–18) 15 (2–24)* 27 (16–35)*
UC 13 88 (78–96) 10 (4–12) 12 (6–18) 15 (9–21)
Normal 14 91 (75–97) 9 (3–11) 8 (2–10) 10 (6–15)

Abbreviations: CD, Crohn’s disease; UC, ulcerative colitis Flow cytometric analysis. Median (range) of CD44-positive cells is given normal: samples obtained from 14
colorectal cancer patients. Significance CD/normal mucosa, *Po0.05
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anti-CD44v7 antibody was added and incubated for another
24 h. Indeed, CD45RO memory cells revealed increased
susceptibility to apoptosis induction (mean 1.5, range 1.4–
1.5), whereas naı̈ve cells were resistant (mean 0.9, range

0.9–1.0) (Figure 3c shows a representative FACS analysis).
This indicates a specific effect of anti-CD44v7 antibody
treatment to memory cells, which are the major T-cell
population in IBD.17 Thus we demonstrate that in CD patients,
these infiltrates consist of chronically activated CD44v7-
positive cells in a Th1 dominated immune response. Only
pre-activated, CD44v7-positive cells can be induced by anti-
CD44v7 antibody to undergo cell death.

Ligation of CD44v7 prevents CD40-mediated activation
of antigen-presenting cells. As we have shown before,
CD40 ligation leads to rapid upregulation of CD44v7 in
murine LPMCs.7 Here we show that CD40 ligation strongly
induced CD44v7 expression in human macrophages from
CD patients as well (Figure 4a). As a consequence, upon
CD40 ligation, increased CD44v7 expression rendered
monocytes more susceptible to anti-CD44v7-induced
apoptosis (unstimulated cells were set to 1; CD40 ligation
mean 0.7, range 0.6–1.0; CD40 ligation plus anti-CD44v7
mAb median 1.9, range 1.7–2.4) (Figure 4b shows one
representative evaluation). In dendritic cells, it is known
that the costimulatory molecules CD80 and CD86 are
upregulated upon CD40 ligation.18 Further, we show for
the first time in human monocyte-derived dendritic cells
(see Materials and Methods) that CD40 ligand-induced
upregulation of CD80 expression was prevented by
simultaneous addition of anti-CD44v7 mAb in vitro
(Figure 4c). Dendritic cells from CD patients have a mean
of 69% CD80-positive cells (range 62–78); dendritic cells
treated with anti-CD44v7 show a mean of 67% positive cells
(range 62–73); dendritic cells with CD40 ligation show a
mean of 79% positivity (range: 73–83); while dendritic cells
treated with CD40L and anti-CD44v7 mAb revealed a
significantly reduced expression of 53% CD80-positive cells
(range 49–58). This effect was detected before and
independent of apoptosis induction. Thus, co-ligation of
CD44v7 and CD40 diminished the maturation of antigen-
presenting cells reflected by reduced CD80 expression.

CD44v7 regulates the mitochondrial pathway of
apoptosis induction. The intrinsic apoptosis pathway is
under close control of Bcl molecules. In fact, in LPMC of
inflamed mucosa from CD patients, incubation with anti-
CD44v7 antibody was associated with a significant
downregulation of anti-apoptotic Bcl-2 and an increase,
however not significant, of the proapoptotic protein Bax
(Figure 5a). Accordingly, anti-CD44v7 treatment induced the
mitochondrial protein 7A6 in inflamed mucosa of CD, which
is detectable by the APO2.7 antibody at early stages of
mitochondrial apoptosis. The relative upregulation of 7A6 by
anti-CD44v7 mAb was 1.51 (range 1.3–1.7) as compared to
the isotype control (set to 1.0). One representative
experiment is shown in Figure 5b. We next assessed
activation of caspases in LPMC. As shown in Figure 5c,
incubation with anti-CD44v7 mAb for 24 h led to an increase
of active caspase-3 compared to control IgG (median 1.8,
range 1.13–2.5). Furthermore, the broad-spectrum caspase
inhibitor Z-VAD-FMK suppressed anti-CD44v7 mAb-induced
apoptosis completely (Figure 5d). A specific inhibitor for
caspase-9, Z-LEHD-FMK, supported the findings from above
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Figure 1 LPMC from CD patients express high levels of CD44v isoforms in
contrast to UC patients. FACS analysis was performed on freshly isolated LPMC
from biopsies of patients with active CD, active UC, and colorectal cancer.
Lymphocytes and macrophages were gated and stained for total CD44 (panCD44),
CD44v4, CD44v6, and CD44v7 expression. Mouse IgG1 served as isotype control.
Representative data are shown. (a) CD for 4 years, active disease, treatment with
Mesalamine. (b) UC, active disease, before treatment (c) Normal control refers to
colorectal cancer patients
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that anti-CD44v7 mAb-induced cell death occurred via the
mitochondrial apoptosis pathway. The apoptosis induction
in LPMC was blocked to 80% by the caspase-9 inhi-
bitor (Figure 5d). Furthermore, anti-CD44v7 treatment
upregulated the expression of the caspase-9 adaptor
protein APAF-1 in activated LPMC from patients with CD
(huLPMC), in activated PBL (huPBL), as well as in activated
spleen cells from mice (muSpl) in comparison to untreated
cells (Figure 5e). Hence, apoptosis induction through
CD44v7 signaling is mediated via the mitochondrial pathway.

The CD44v7 and Fas-apoptotic pathways are
independent. It has been described before that Fas
ligation does not induce apoptosis in inflamed mucosa of
CD patients.9 In line with this, we observed that Fas-
mediated apoptosis was markedly lower in LPMC from
inflamed as compared to LPMC from non-inflamed mucosa
in CD patients (Table 2). However, we were interested to find
out whether CD44v7-induced apoptosis might be dependent
on Fas signaling. We found that pre-incubation of LPMC with
a Fas neutralizing antibody (clone ZB4) specifically blocked
Fas-mediated apoptosis but not the anti-CD44v7 effect
(Figure 6a). Similarly, co-incubation of LPMC with both
antibodies, Fas and against CD44v7, revealed an additive

apoptosis-inducing effect (data not shown). In a further study,
we used mononuclear spleen cells from 6-week-old female
MRL/lpr mice, deficient for Fas receptor, BALB/c mice
deficient for CD44v7, and BALB/c control mice, stimulated
them for 3 days via anti-CD3 and anti-CD28, followed by
treatment with the mouse-specific anti-CD44v7 antibody
LN7.1 (20 mg/ml) or a corresponding IgG control for 24 h.
Our data indicate that Fas ligation is not required for anti-
CD44v7-induced apoptosis, because anti-CD44v7 treatment
induced cell death in spleen cells from Fas-deficient mice
(Figure 6b).

Discussion

In the current study, we demonstrated that antibody targeting/
ligation of CD44v7 in vitro led to the induction of apoptosis.
This effect was specific for activated, but not for resting lamina
propria T cells and macrophages of patients with active CD.
CD is known as a Th1-mediated chronic inflammation.19 Our
data suggest that targeting CD44v7 may constitute a novel
and effective approach to induce apoptosis in activated
mononuclear cells in vivo. Such an approach may be useful
in the treatment of autoimmune diseases, and chronic
inflammation in general.
Importantly, treatment with the anti-CD44v7 antibody did

not induce apoptosis of lamina propria T lymphocytes or
macrophages from either healthy individuals, non-inflamed
mucosa from CD or in the inflamed mucosa of UC patients
because these cells did not express significant amounts of
CD44v7. The ability to induce apoptosis was highly specific
for CD44v7-positive cells, as opposed to antibodies against
CD44v4 or CD44v6, both variants being also upregulated in
inflamedmucosa in CD. These findingsmay have implications
for the design of novel specific therapies for IBD, since direct
binding of the anti-mouse16 and anti-human CD44v7 anti-
bodies revealed similar biologic effects in both species and
likewise resulted in apoptosis induction.
Several reports have shown that signaling through CD44

can protect from apoptosis in various tumor cells20,21 but there
are also reports that CD44 ligation leads to enhanced
apoptosis.22 These apparent discrepancies may be due to
the fact that the antibodies have different functional activities
(blocking or activating) and that CD44 exists inmultiple variant
isoforms that are upregulated under highly restricted condi-
tions during inflammation and tumorigenesis23,24 where they
provide a pro-survival capacity to the cells.7 In most of the
reports, the isoforms were not distinguished. The only known
ligand for the region CD44v6/v7 is osteopontin, a secreted

Table 2 Apoptosis induction in LPMC from patients with CD

In vitro treatment

Mucosa Control IgM Anti-Fas Control IgG Anti-CD44v4 Anti-CD44v6 Anti- CD44v7 Anti- panCD44

CD Inflamed 1.00 1.50 (1.2–2.1) 1.00 1.18 (1.0–1.3) 1.15 (0.9–1.4) 1.61** (1.2–2.6) 1.31* (1.0–2.2)
CD non-inflamed 1.00 1.83* (1.3–4.0) 1.00 1.09 (1.0–1.1) 1.04 (0.8–1.3) 0.97 (0.8–1.5) 1.14 (0.9–2.3)
Normal mucosa 1.00 1.45 (0.9–2.3) 1.00 1.11 (1.0–1.2) 1.05 (0.9–1.2) 1.15 (0.6–2.4) 1.17 (1.0–2.2)

CD, Crohn’s disease Median (range) of 14 experiments. Apoptosis induction is given as the relative rate of spontaneous apoptosis in cells treated with control IgG or
IgM (¼ 1) after incubation for 20 h. Evaluation of apoptosis was determined as described by Nicoletti et al 37 Significance of inflamed/non-inflamed mucosa and non-
inflamed/control, resp.: *Po0.05, **Po0.01
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Figure 2 Apoptosis can be specifically induced in LPMC from patients with CD.
Apoptosis of LPMC from control tissue (n¼ 14), non-inflamed and inflamed mucosa
from CD patients (n¼ 14) as well as inflamed tissue from UC patients (n¼ 4) after
treatment with control IgG mAb or after incubation with 10 mg/ml anti-CD44v7 mAb
for 24 h was evaluated. Apoptosis was evaluated by PI staining in hypotonic solution
and analyzed by flow cytometry.37 Arbitrary units are given (incubation with an
unspecific isotype control IgG was set to 1). Individual results are shown as points,
lines display the mean apoptosis induction in comparison to control. Significance
**Po0.01. Control: control IgG; aCD44v7 : anti-CD44v7 antibody
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phosphoprotein involved in Th1 responses of chronic and
autoimmune inflammatory diseases.25

What is the evidence for a specific CD44v7 involvement in
the inflamed mucosa in CD patients? Apoptotic signaling
generally proceeds through the extrinsic and intrinsic path-
ways. Initiation of either pathway leads to the activation of a
cascade of proteolytic caspases that mediate cell destruc-
tion.26 In our study in CD patients, one of the early signs
indicating apoptosis induction denotes disruption of the
mitochondrial membrane. This process was evident by
upregulated expression of the mitochondrial membrane
protein 7A6 in anti-CD44v7 mAb-treated LPMC and
peripheral blood mononuclear cells (PBMC). Moreover, mito-
chondrial homeostasis requires a balance between proapop-
totic and anti-apoptotic members of the Bcl-2 family.27

Remarkably, this balance was regulated towards proapopto-
sis in anti-CD44v7-treated LPMC by a downregulation of Bcl-
2. The disturbed mitochondrial integrity induced activation of

APAF-1 that subsequently activated the cell death pathways
via caspases-9 and -3. In patients with CD, but not UC,
enhanced expression of anti-apoptotic Bcl molecules has
previously been described.5 Therefore, we suggest that
signaling through CD44v7 interferes with expression of anti-
apoptotic molecules of the Bcl family, which explains the
proapoptotic effect in LPMC from CD patients, in contrast to
UC patients.
Another explanation that CD44v7 is predominantly upregu-

lated in CD but not UC relates to the cytokine response in
these diseases. CD inflammation is driven by a Th1 immune
response, whereas T cells in UC produce Th2 cytokines.19

Further, in CD, an IL-17-producing T-cell population, likely
driven by IL-23, has been identified that significantly con-
tributes to tissue damage in the intestine.28 In experimental
colitis, we have shown that CD44v7 is essential in various
Th1-mediated models.7,14,15 Furthermore, in patients
with progressive alopecia areata, another Th1-mediated
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Figure 3 Induction of apoptosis in activated PBL and memory T cells. PBL of healthy donors were activated by anti-CD3 and anti-CD28 treatment. On day 3 of activation,
10mg/ml of either anti-CD44v7 mAb, anti-CD44v4 mAb, or isotype control was added to the cells for a further incubation period of 24 h. (a) Apoptosis was evaluated by PI
staining in hypotonic solution and analyzed by flow cytometry as described by Nicoletti et al.37 Shown are FACS data from one out of nine experiments. (b) Dose-dependent
rate of apoptosis induction by CD44v7 mAb (1, 5, 10, and 100mg/ml). The isotype control (control-IgG) was set to 1. Bars: median of 3–9 experiments. Significance *Po0.05.
(c) Induction of apoptosis in activated naive or memory T cells. Cells were sorted as described in Materials and Methods, activated by anti-CD3 and anti-CD28 and treated for
24 h with 10mg/ml anti-CD44v7 mAb or isotype control. Apoptosis was evaluated by PI staining in hypotonic solution and analyzed by flow cytometry as described by Nicoletti
et al.37 Shown are FACS data from one out of three experiments
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autoimmune disease, inflammatory infiltrates are composed
mainly of CD25/CD154-positive CD4 T cells that express
CD44v7 and display increased resistance towards apopto-
sis.29 In the mouse model of alopecia areata,30 apoptosis
resistance was accompanied by Bcl-2 and Bcl-XL upregula-
tion. Although not analyzed, it is tempting to speculate that
anti-CD44v7 antibody might induce apoptosis in these
infiltrates too.
We have described earlier that in LPMC from CD patients

and mice with colitis, CD44v7 functions as a costimulatory
molecule that is upregulated upon ligation of the costimulatory
molecule CD40.7,31 In patients with CD, but not UC, dendritic
cells from inflamed tissue express significantly higher levels of
maturation and activation markers CD80/CD86 and CD40.32

The apoptosis-preventing effect of CD40 ligation has been
related to upregulation of the anti-apoptotic proteins Bcl-2 and
Bcl-XL, which counter-balance the apoptotic property of

various maturation stimuli in dendritic cells.33 Moreover,
blocking of CD40/CD154 ligation is an effective means to
ameliorate autoimmune diseases.34 In accordance with our
studies in experimental colitis,7 we could show here that in
monocytes from CD patients, CD44v7 expression was
upregulated following CD40 ligation with CD154 (CD40L).
As a consequence, the apoptosis-inducing ability of the
CD44v7 antibody was more evident in CD40-activated
mononuclear cells. Furthermore, before apoptosis induction,
anti-CD44v7 antibody application at the time of CD40 ligation
induced downregulation of the disease-related increase of the
activation marker CD80 on dendritic cells in CD patients.
Thus, the apoptosis-inducing effect in bothmodels, deletion

of CD44v7 in the mouse or antibody targeting in LPMC cells
fromCD patientsmight be the result of abrogating the CD44v7
interaction with the CD40 receptor–ligand system, the latter
being responsible for survival of activated cells in chronic
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Figure 4 Effects of CD40 ligation on macrophages and monocyte-derived dendritic cells. Monocytes or monocyte derived dendritic cells from PBLs were incubated for
24 h with soluble CD40 ligand (5mg/ml) and anti-CD44v7 mAb where indicated (10 mg/ml). Shown are representative data from five independent experiments. (a) Ligation of
CD40 with a soluble CD40L fusion protein induces CD44v7 expression in macrophages. (b) CD44v7 blockade induces apoptosis in macrophages activated via CD40 ligation.
Apoptosis was determined by PI staining in hypotonic solution. Shown are representative data from five independent experiments. (c) CD40 ligation enhances dendritic cell
maturation, indicated by upregulation of CD80 that is abrogated by anti-CD44v7 mAb. Shown are representative data from four independent experiments
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inflammatory or autoimmune diseases.34 However, it is
intriguing that modulating CD44v7 results in two different
effects: absence of the molecule in the CD44v7-deleted mice
might induce faulty activation and lack of migration of cells into
the inflammatory sites in the colon,15,35 resulting in increased
apoptosis.7,16 In contrast, the CD44v7 antibody might
predominantly induce apoptosis signaling by withdrawal of
the costimulatory signal CD44v7. Interestingly, only activated,
but not naı̈ve, cells were susceptible to anti-CD44v7 mAb-
induced apoptosis. This supports our hypothesis that CD44v7
targeting by a specific antibody converts the costimulatory
signal of CD44v7 into an apoptotic signal in CD patients.
Activation-induced cell death and Fas–FasL interaction

have been shown to play a significant role in immune
homeostasis. However, Fas-deficient mononuclear cells and
cells from BALB/c mice were equally susceptible to apoptosis
induced by the murine anti-CD44v7 mAb LN7.1. In addition,
anti-CD44v7-mediated apoptosis was not abrogated by a
Fas-blocking antibody, nor synergistically enhanced by a
ligating Fas antibody. Although these results do not exclude
the importance of Fas expression in apoptosis of lamina
propria cells, they suggest that additional molecules, such
as CD44v7, are independent of Fas to achieve cell survival

in autoimmune disease with a Th1/Th17-driven immune
response.
There is increasing evidence that induction of apoptosis in

immune competent cells of the lamina propria has a beneficial
effect in the treatment of CD.36 In the present work, we were
able to prove a specific apoptosis-inducing effect by anti-
CD44v7 treatment in activated lamina propria macrophages
and T lymphocytes from CD patients. In addition, we
demonstrate that anti-CD44v7 mAb in vitro blocks the CD80
expression in monocyte-derived dendritic cells induced by
CD40 ligation, which itself induces a potent Th1 polarization.18

Anti-CD44v7 treatment already proved to be beneficial in
experimental colitis14,15 and the expression is highly restricted
to inflamed gut of CD patients. Our results in human intestinal
lamina propria cells provide a strong rationale for targeting
CD44v7 in clinical trials.

Materials and Methods
Patients. We examined 35 patients with chronic IBD, 14 control patients with
colorectal cancer and 4 patients with diverticulitis treated at the University Hospital
of Saarland and the Charité – University Medicine Berlin, Campus Benjamin
Franklin with approval of the institutional human research ethic committee following
the Helsinki Guidelines. Twenty two patients (age 18–46) had CD and thirteen
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Figure 5 Anti-CD44v7 induces mitochondrial apoptosis in LPMC. (a) Flow cytometric detection of Bax/Bcl-2 in LPMC from inflamed mucosa of CD patients. Cells were
incubated with control IgG (negative control) or anti-CD44v7 mAb (10 mg/ml) for 20 h. Bax and Bcl-2 were detected intracellularly and analyzed by FACS. Bars: mean7S.D.
from five CD patients. (b) For detection of the early apoptotic marker 7A6, antigen cells were fixed, permeabilized, and stained with anti-7A6 (clone Apo2.7). Shown are
representative FACS data from one out of three experiments. (c) Caspase-3 activity was determined in LPMC of CD patients treated with anti-CD44v7 mAb (10 mg/ml) and
control IgG. Bars: mean7S.D. from one out of three experiments. (d) Inhibiting apoptosis signaling by specific caspase inhibitors prevents anti-CD44v7 mAb-induced
apoptosis. LPMC from patients with CD were pre-incubated for 1 h with 10 mM specific caspase inhibitors: Z-LEHD-FMK (caspase-9 inhibitor) or broad-spectrum caspase
inhibitor Z-VAD-FMK before adding control IgG or anti-CD44v7 mAb (10 mg/ml) (aCD44v7) for further 20 h. Bars: mean7S.D. from five independent experiments. (e)
Detection of APAF-1 by Western blotting. LPMC (huLPMC) and PBLs (huPBL) from patients with CD were treated with 10 mg/ml anti-human CD44v7 mAb and control IgG.
Activated spleen cells from mice (muSpl) were incubated with 20 mg/ml anti-murine CD44v7 mAb (clone LN7.1) for 24 h
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patients (age 29–52) had UC. Disease was active in 17/22 patients with CD and 10/
13 patients with UC. CD patients were treated with aminosalicylates (20/22), with
aminosalicylates and steroids (14/22), and patients received azathioprine and/or
aminosalicylates and steroids (9/22) at the time of investigation. UC patients were

treated with aminosalicylates (6/13), aminosalicylates and steroids (6/13), and/or
azathioprine (4/13). A total of 14 out of 22 patients with CD underwent surgery and 5
out of 13 patients with UC were colectomized. Indications for surgery consisted of
recurrent obstruction or stenosis in 10 patients, and fistulas or abscess formation in
4 patients in CD; in UC, intractable disease was the indication. All patients with
colitis had an established diagnosis of CD or UC based on standard clinical,
endoscopic, and histological criteria. Endoscopic biopsies or surgical specimen
were taken from areas of active inflammation or normal appearing mucosa in the
colon. Control specimens were taken from patients with colorectal cancer (n¼ 14
patients, ranging from 38 to 77 years of age) at least 10 cm away from the tumor
close to the resection margins and were macroscopically and microscopically
normal. Four patients had sigma diverticulitis. Informed consent was obtained from
all patients.

Isolation of lamina propria mononuclear and peripheral blood
cells. LPMC from biopsies and surgically resected tissue were isolated as
described before. In brief, intestinal biopsies and tissue were chopped into pieces
and washed in PBS. This step was followed by an EDTA (0.5 M) incubation period in
a shaker at 41C for 30 min. Cells were washed and subsequently incubated in HBSS
containing 1 mg/ml collagenase (Sigma-Aldrich), 200mg/ml hyaluronidase (Sigma-
Aldrich) and 100mg/ml DNAse (Sigma-Aldrich) at room temperature for 10 min.
After washing, cells were separated through a needle and a 40 mm cell strainer was
used to remove cell debris. Where indicated, macrophages were enriched by plastic
adhesion for 2 h at 371C. Nonadherent cells were removed by washing 3� with
PBS, and adherent cells were cultured in RPMI 1640. LPMC viability was
determined by Trypan blue staining. Human PBMC from healthy volunteers (28–41
years of age) were isolated using Ficoll-Hypaque gradients. In some cases, CD4-
positive T cells from peripheral blood were enriched by staining with an FITC-
labeled anti-CD4 mAb (clone RPA-T4, BD Pharmingen, San Diego, CA, USA)
followed by MACS using an anti-FITC MultiSort kit and LS-separation columns (both
Miltenyi Biotech, Bergisch Gladbach, Germany). Subsequently, CD4-positive T cells
were stained with PE-labeled anti-CD45RA mAb (clone HI100, BD Pharmingen)
or anti-CD45RO mAb (clone UCHL1, BD Pharmingen) and sorted by anti-PE
microbeads and LS-separation columns (Miltenyi Biotech). The purity was 492%
for CD4-positive CD45RA and 498% for CD4-positive CD45RO population.

Expression of CD44 variant isoforms analyzed by flow
cytometry. FACS analysis of mononuclear cells from peripheral blood and
lamina propria was performed using directly PE-labeled antibodies against CD4
(DAKO, Hamburg, Germany), CD33 (Dianova, Hamburg, Germany) in LPMC,
CD11b (Dianova), and FITC-labeled monoclonal antibodies against panCD44
(clone IM-7, rat anti-mouse, cross-reactive to human, IgG2b, ATCC, Manassas, VA,
USA or clone SFF-2, BenderMedSystems, Vienna, Austria), and against variant
isoforms CD44v3 (clone VFF-327v3), CD44v4 (clone VFF-11), CD44v6 (VFF18),
CD44v7 (clone VFF9), and v10 (clone VFF-14) (all mouse–anti-human IgG1,
BenderMedSystems). In all fluorescence studies, irrelevant monoclonal antibodies
served as isotype controls. Cells were analyzed by four-color laser flow cytometry
(FACS Calibur, Becton Dickinson, Heidelberg, Germany) using CellQuestt
software provided by Becton Dickinson. After forward–sideward scatter analysis,
an electronic gate was added to include macrophages or T cells for analysis.

For determination of CD44 variant expression on naive or memory cells, PBL
were double stained for CD44 variants with FITC-labeled mAb (see above) and PE-
labeled mAb against CD45RA (clone HI100, BD Pharmingen) or CD45RO (clone
UCHL1, BD Pharmingen).

Cell stimulation. Isolated LPMC were resuspended in RPMI medium
containing 10% fetal calf serum and cultured in 24-well plates at a concentration
of 1� 106/ml. T-cell activation was provided by adding 1mg/ml PHA and
recombinant IL-2 (40 U/ml), or 2 mg/ml plate-bound anti-CD3 monoclonal antibody
(OKT3, ATCC, Manassas, VA, USA) for 3 days. PBL or purified CD4-positive cells
were stimulated with 3 mg/ml plate-bound anti-CD3 monoclonal antibody (clone
OKT3) and 1 mg/ml soluble anti-CD28 monoclonal antibody (clone CD28.2, BD
Pharmingen) for 3 days. Macrophages were stimulated by 1mg/ml LPS (Sigma-
Aldrich) and 10 U IFN-g (Chemicon International, Temecula, CA, USA) for 3 days.

Apoptosis induction and quantification of apoptotic
cells. Apoptosis rate occurring spontaneously or after activation by various
stimuli was examined. To determine induction of apoptosis in activated
macrophages and T cells, a time kinetic (every 2 h from 4 to 24, 48, 72 h) was
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Figure 6 Anti-CD44v7-induced apoptosis is independent of Fas ligation. (a)
LPMC from patients with CD were pre-incubated for 1 h with 100 ng/ml blocking anti-
Fas mAb (clone ZB4) before adding control IgG, anti-CD44v7 mAb (10 mg/ml), or
100 ng/ml ligating anti-Fas mAb (clone 7C11) for further 20 h. Bars: mean7S.D.
from three independent experiments. (b) Mononuclear cells from BALB/c wild-type
and CD44v7 deficient mice and MLR/lpr (Fas-deficient) mice were activated via anti-
CD3 and anti-CD28 and incubated for 1 day with mouse anti-mouse-CD44v7 mAb
(clone LN7.1) or isotype control. CD44v7-deleted mice served as negative control.
Shown are FACS data from one of three independent experiments
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performed and showed maximum apoptosis induction by anti-CD44v7 after
18–24 h. Accordingly, freshly isolated LPMC were co-incubated for 20–24 h
with the indicated amounts of antibody and then analyzed by FACS. For some
experiments (Figure 3), in vitro-stimulated PBL were prepared by Ficoll separation
and investigated regarding apoptosis evaluation. Antibodies used for apoptosis
evaluation were a ligating monoclonal antibody against Fas (100 ng/ml) (clone
7C11, Coulter Immunotech, Krefeld, Germany), a blocking Fas antibody (100 ng/ml)
(clone ZB4, Beckman Coulter), or antibodies against CD44 standard (clone IM-7
(ATCC) or clone SFF-2 (BenderMedSystems)), CD44v4 (VFF11), CD44v6 (VFF18),
and CD44v7 (VFF9) (BenderMedSystems) (10 mg/ml each). The percentage of
apoptotic cells was determined by detection of hypodiploid cell nuclei after gating on
DNA content as described by Nicoletti et al.37 After the incubation period, cells were
resuspended in a fluorochrome hypotonic solution (50 mg/ml propidium iodide (PI) in
0.1% sodium citrate and 0.1% Triton X-100 for at least 12 h at 41C in the dark.
Finally, cells were analyzed on a FACSCalibur. Because of the fragmentation of
DNA, apoptotic cells appear as hypodiploid in the DNA histogram. In our hands, the
frequencies of apoptotic cells obtained in this assay are comparable to frequencies
determined by the annexin V assay. Because the degree of apoptosis varied
considerably between individual experiments (15–55% apoptotic cells), most
probably due to viability differences after the isolation procedure for LPMC, anti-
CD44v7 mAb-induced apoptosis was given as relative rate compared to control IgG.

Activation of macrophages and dendritic cells by CD40
ligation. Monocytes were isolated from peripheral blood by CD14-positive sort
(Miltenyi Biotec, Bergisch Gladbach, Germany). Dendritic cells were generated from
isolated monocytes by culturing with granulocyte/macrophage colony stimulating
factor (10 ng/ml) (Sigma, München, Germany) and IL-4 (100 ng/ml) (Chemicon,
München, Germany). At day 5, a cocktail of pro-inflammatory cytokines and
prostaglandins was added to induce maturation of the dendritic cells.38 For
activation, recombinant soluble CD40L (BenderMedSystems) was added to the
monocytes at day 1 and to the dendritic cells at day 5 for 24 h. Where indicated, cells
were incubated with anti-CD44v7 mAb, while anti-CD44v4 mAb served as isotype
control (10mg/ml each). In mature dendritic cells, expression of the costimulatory
molecule CD80 (Clone 2D10, eBiosciences, USA) was analyzed by FACS.

Intracellular staining of apoptosis-related mitochondrial
proteins. For the intracellular detection of the mitochondrial proteins Bax and
Bcl-2, cells were fixed and permeabilized using a permeabilization kit (IntraPrep,
Coulter Immunotech) and stained with FITC-conjugated anti-Bax (Clone 4F11,
Immunotech, Marseille, France) and anti-Bcl-2 monoclonal antibodies (Coulter
Immunotech). The antigen 7A6, an early marker for proapoptotic mitochondrial
signaling,39 was detected by the PE-labeled monoclonal antibody Apo2.7 (Coulter
Immunotech) in lamina propria cells permeabilized by 0.01% NaN3 and 100mg/ml
digitonin (Sigma-Aldrich, Deisenhofen, Germany).

Analysis of caspase activity. PBMC were incubated with the indicated
amounts of CD44 antibodies as specified above. Caspase-3 proteolytic activity was
assessed by the corresponding fluorometric protease assay (R&D Systems Inc.,
Wiesbaden-Nordenstadt, Germany). Cell lysate was tested for protease activity by
addition of a caspase-3-specific peptide that was conjugated to the color reporter
molecule p-nitroanaline (pNA). Cleavage of the peptide releases the chromophore
pNA, which can be measured spectrophotometrically at 405 nm. Mononuclear cells
from lamina propria were isolated and stimulated as described above in the
presence of 10mM inhibitor caspase-9 (Z-LEHD-FMK) or a broad-spectrum
caspase inhibitor (Z-VAD-FMK, all from Calbiochem, Darmstadt, Germany).

Detection of apoptotic protease activating factor (APAF-1). PBMC
or LPMC were lysed in protein lysis buffer containing 10 mM Tris–HCl, pH 7.4, 1 mM
EDTA, 0.1% SDS, 0.1% Triton X-100 and protease inhibitor mix (Roche, Germany).
Equal amounts of protein, as determined by BCA Protein Assay Kit (Pierce, Rockford,
IL, USA), were added to electrophoresis sample buffer (Roth, Karlsruhe, Germany).
After boiling, samples were loaded onto a 10% SDS-PAGE gel and electrophoretically
separated. Proteins were transferred to PVDF membrane (Roth) and detection was
performed with a blotting analysis system by Roth. Rabbit anti-APAF-1 (BD
Pharmingen) was incubated (1 : 1000) for 90 min and detected with swine–anti-rabbit-
IgG-HRP conjugated (1 : 1000 dilution, DAKO) for another 90 min. Roti-Lumen I & II
(Roth) was used for detection of chemoluminescence. To evaluate correct loading,
antibodies were removed from membrane by incubation with stripping buffer (62.5 mM
Tris–HCl, pH 6.7, 2% SDS, 100 mM 2-mercaptoethanol) for 60 min at 701C. After

washing, rabbit-anti-b-actin antibody (ABCAM, Cambridge, UK) was incubated in a
1 : 1000 dilution for 90 min and after washing, for the second step again swine–anti-
rabbit-IgG was used.

Isolation and stimulation of cells from mice and induction of
apoptosis. Female BALB/c and MLR/lpr mice, deficient for Fas, were purchased
from the Bundesinstitut für Risikobewertung (Berlin, Germany) and housed under
specific pathogen-free conditions in our animal facility. BALB/c CD44v7-deleted
mice were bred in our animal facility.7 All animal experiments were performed in
accordance with institutional, state, and federal guidelines. For isolation of spleen
cells from mice, spleen tissue was passed through a sieve to obtain single cell
suspension. Erythrocytes were lysed in a buffer containing 10 mM KHCO3, 155 mM
NH4Cl, and 0.1 mM EDTA (pH 7.5). Then cells were washed two times and viability
was determined by Trypan blue staining. Whole spleen cells were incubated for 3
days on plate-bound anti-CD3 (3 mg/ml, clone 2C11) and soluble anti-CD28 (1mg/
ml, clone 37.51, both kindly provided by J Hoffmann). After 3 days, 10 mg/ml anti-
CD44v7 mAb (clone LN7.1, mouse anti-mouse IgG1) or an isotype control was
added for further 20–24 h. The apoptosis rate was determined by the method of
Nicoletti et al.37

Statistical analysis. Statistical tests for significance of differences were
carried out by either Wilcoxon rank or Student’s t-tests depending on the parameter
examined, using the STAT-View software (Macintosh, Wiesbaden, Germany).
Statistical differences were considered to be significant at the Pp0.05 level.

Acknowledgements. This work has been generously supported by the Broad
Medical Research Program (IBD-0079) (BW), the Ludwig Demling Grant from the
Deutsche Colitis Crohn Vereinigung (DCCV) (BW), and the Deutsche
Forschungsgemeinschaft (AS) (DFG STA 295/2-3).

1. Scholmerich J. Inflammatory bowel disease: Pandorra’s box, present and future. Ann NY
Acad Sci 2006; 1072: 365–378.

2. Monteleone G, Fina D, Caruso R, Pallone F. New mediators of immunity and inflammation
in inflammatory bowel disease. Curr Opin Gastroenterol 2006; 22: 361–364.

3. MacDonald TT, Monteleone G. Overview of role of the immune system in the pathogenesis
of inflammatory bowel disease. Adv Exp Med Biol 2006; 579: 98–107.

4. Peppelenbosch MP, van Deventer SJ. T cell apoptosis and inflammatory bowel disease.
Gut 2006; 53: 1556–1558.

5. Itoh J, De la Motte C, Strong SA, Levine AD, Fiocchi C. Decreased Bax expression by
mucosal T cells favours resistance to apoptosis in Crohn’s disease. Gut 2001; 49: 35–41.

6. Atreya R, Mudter J, Finotto S, Mullberg J, Jostock T, Wirtz S et al. Blockade of interleukin 6
trans signaling suppresses T-cell resistance against apoptosis in chronic intestinal
inflammation: evidence in crohn disease and experimental colitis in vivo. Nat Med 2000; 6:
583–588.
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