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Abstract
Survival of chronic lymphocytic leukemia (CLL) cells in vivo is supported by the tissue
microenvironment, which includes components of the extracellular matrix. Interactions between
tumor cells and the extracellular matrix are in part mediated by CD44, whose principle ligand in
this respect is hyaluronic acid. Purpose: to evaluate the effect of CD44 engagement on the survival
of CLL cells. Experimental Design: CD44 in CLL cells was engaged by anti-CD44 monoclonal
antibody, or hyaluronic acid, and the effects of CD44 activation on CLL cell viability and pro-
survival pathways were evaluated. Results: engagement of CD44 activated the PI3K/AKT and
MAPK/ERK pathways and increased MCL-1 protein expression. Consistent with the induction of
these anti-apoptotic mechanisms, CD44 protected CLL cells from spontaneous and fludarabine-
induced apoptosis. Leukemic cells of the more aggressive CLL subtype that express unmutated
IgVH genes (U-CLL) showed higher CD44 expression than IgVH-mutated CLL (M-CLL) cells,
and acquired a greater survival advantage via CD44 activation. Thus, CD44 activation in the tissue
microenvironment may contribute to increased MCL-1 protein levels, resistance to apoptosis, and
could contribute to the more progressive nature of U-CLL. Furthermore, PI3K or MEK inhibitors
as well as obatoclax, an antagonist of MCL-1, blocked the pro-survival effect of CD44. In
addition, obatoclax synergized with fludarabine to induce apoptosis of CLL cells. Conclusions:
components of the extracellular matrix may provide survival signals to CLL cells through
engagement of CD44. Inhibition of MCL-1, PI3K, and MAPK/ERK pathways are promising
strategies to reduce the anti-apoptotic effect of the microenvironment on CLL cells.

Introduction
Proliferation and survival of CLL-cells in-vivo is influenced by extrinsic signals which
originate primarily in the microenvironment of secondary lymphoid tissues and the bone
marrow [1, 2]. When CLL cells are removed from their natural microenvironment and
cultured in-vitro, they rapidly undergo apoptosis. The supporting interactions between the
microenvironment and the neoplastic cells are complex and multi-factorial. Some of these
interactions are cell-cell contact dependent, while others are mediated through chemokines,
growth factors and possibly through extracellular matrix components. Considerable clinical
heterogeneity exists, and the presence or absence of somatic mutations in the
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immunoglobulin heavy chain variable regions (IgVH) of the clonal cells separates patients
into two major prognostic subgroups. Typically, patients with unmutated -IgVH (U-CLL)
genes have a more aggressive clinical course compared to the subgroup with mutated IgVH
(M-CLL)[3, 4]. ZAP70, a non-receptor tyrosine kinase primarily involved in T-cell receptor
signal transduction, is preferentially expressed in the U-CLL subtype and confers prognostic
information similar to Ig mutation status [5, 6].[7] CLL cells of the UCLL/ZAP70 positive
subtype appear to respond better to stimulation through different pathways including the B-
cell receptor and chemokine signaling than M-CLL cells [8-10].

The interaction between normal or malignant cells and the extracellular matrix is in part
mediated through CD44. CD44 is a type I trans-membrane glycoprotein, whose principal
ligand is thought to be glycosaminoglycan hyaluronic acid (HA)[11]. CD44 can also interact
with numerous other extracellular matrix components including osteopontin, fibronectin,
laminin, and collagen [12]. The CD44 molecule is encoded by a single gene but displays
extensive size heterogeneity due to alternative splicing and post-translational modifications
[13]. The CD44 form that lacks all variable exons is considered the standard form (CD44),
while CD44v denotes splice variants that incorporate additional exons, giving rise to a larger
molecule with additional extracellular domains that may change affinity to possible ligands
or co-receptors [12, 14]. The intracellular domain is shared by all CD44 isoforms. In CLL,
the main variant is the standard CD44 form, while CD44v are only weakly expressed in a
relatively small proportion of cells [15]. Several reports suggested that high CD44
expression is an adverse prognostic factor associated with inferior clinical outcome in CLL
[16, 17].

CD44 signaling and its downstream effects are multifaceted and may depend on the
expressed CD44 isoform, the specific ligand, the cell type, and interactions with other
transmembrane signaling components [14]. On one hand, CD44 is an adhesion receptor that
binds to extracellular matrix and regulates cell migration, homing, and engraftment[18]. On
the other hand CD44 activation can induce[19, 20] or protect[21, 22] from apoptosis.
Notably, the cytoplasmic domain of CD44 lacks apparent catalytic activity and its ability to
transduce intracellular signals depends on interactions with co-receptors or the assembly of
an intracellular signaling complex [14].

Here we address the role of CD44 in the pathogenesis of CLL. We show that CD44
engagement protects CLL cells from spontaneous and fludarabine-induced apoptosis
through activation of the PI3K/AKT and MAPK/ERK pathways resulting in increased levels
of MCL-1. We find higher CD44 expression and a stronger anti-apoptotic effect of CD44
activation in UCLL cells. Our results identify the PI3K/AKT, MAPK/ERK pathways and
MCL-1 as rationale therapeutic targets to overcome the prosurvival effect of the
microenvironment on CLL cells.

Material and Methods
Reagents

Antibodies included: mouse antihuman CD44 monoclonal antibody (clone BU75) and
murine IgG2 (isotype control) from Ancell Corporation (Bayport, MN), fluorescein
isothiocyanate (FITC) conjugated antihuman-CD44 standard from AbD Serotec (Raleigh,
NC), FITC-conjugated antimurine IgG1 and Phycoerythrin (PE)-conjugated CD19 from BD
Pharmingen (San Jose, CA), anti-BCL-XL, phospho-Akt (Ser473), ERK1/2, phospho-
ERK1/2 (Thr202/Tyr204) from Cell Signaling (Beverly, MA). Akt, MCL-1, BCL-2,
PARP-1 antibodies from Santa Cruz Biotechnology, Inc (Santa Cruz. CA) and anti-γ-
Tubulin from Sigma (St. Louis, MO). 9-β-D-arabinofuranosyl-2-fluoroadenine (fludarabine)
and wortmannin were purchased from Sigma (St. Louis, MO), PD98509 from Calbiochem
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(Gibbstown, NJ) and obatoclax was obtained from Geminex (Ontario, Canada). MitoTracker
Red CMXRos and MitoTracker Green FM was were obtained from Invitrogen Corporation
(Carlsbad, CA).

Patient samples and cell purification
After obtaining informed consent, blood samples were collected from treatment naïve
patients fulfilling the standard morphologic and immunophenotypic criteria for B-CLL (NCI
study 97-C-0178; www.clinicaltrials.gov identifier: NCT00019370) or obtained by
leukaphresis from normal donors (Department of transfusion medicine, NIH). Peripheral
blood mononuclear cells were isolated by density-gradient centrifugation over Lymphocyte
Separation Medium (ICN Biomedicals, Aurora, OH). Cells used were either fresh or from
viably frozen samples. Viably frozen cells were kept in fetal calf serum (FCS) containing
10% dimethyl sulfoxide and stored in liquid nitrogen. Before use, frozen cells were thawed
and cultured at 37°C, 5% CO2 in RPMI media (Mediatech Inc, Herndon, VA) supplemented
with 10% FCS, penicillin, streptomycin and glutamine.

CD19 enrichment
Peripheral blood mononuclear cells were magnetically labeled using a cocktail of
biotinylated CD2, CD14, CD16, CD36, CD43, and CD235a antibodies (Miltenyi Biotec Inc,
Auburn, CA) After washing, the cells were incubated with anti-biotin microbeads (Miltenyi
Biotec Inc, Auburn, CA) and separated on magnetic cell separation (MACS) column
(Miltenyi Biotec Inc, Auburn, CA) according to the manufactures’ instructions. In the
indicated experiments, only purified samples containing CD19+ cells with purity of more
than 97% (monitored by flow cytometry) have been used.

Cell stimulation
Stimulation with anti-CD44 antibody was performed as previously reported.[23] Briefly,
CLL cells (5×106/ml) were incubated with anti-CD44 antibody (BU75, 10μg/ml) or isotype
control antibody (anti-mouse IgG2, 10μg/ml) for 30 minutes. The cells were washed,
incubated with secondary goat anti-mouse antibody (1μg/ml) and cultured at 37°C for the
indicated time periods.

Flow Cytometry
To detect surface CD44 expression, cells were stained with isotype control anbtibodies, or
CD44-FITC and CD19-PE antibodies. 5 μL of the antibodies were added to 5×105 cells and
incubated for 30 minutes on ice. Samples were washed with PBS/1% FCS and assayed on a
FC500 flow cytometer (Coulter). To detect apoptosis after CD44 activation, the MitoTracker
staining protocol was used as previously described.[24] Briefly, cultured cells were stained
with 200 nM of MitoTracker Green FM and MitoTracker Red CMXRos, incubated at 37°C
for 30 min in dark and immediately assayed by flow cytometry. The viability of CLL cells
incubated in the presence of hyaluronic acid was assessed by DiOC6 (3,3’
dihexylocarbocyanine iodide) (Sigma) staining protocol. Briefly, DiOC5 was added to
1×106 cells to a final concentration of 6pg/ml. Then, Cells were incubated at 37°C for 20
minutes, washed twice with PBS and immediately analyzed by flow cytometry.

Hyaluronic acid coating
24-well plates were incubated at 4°C for 18 h with the indicated concentration of hyaluronic
acid in PBS. To remove unbound hyaluronic acid, the plates were washed twice with PBS.
To block non-HA coated sites, the coated plates were treated with 1% bovine serum albumin
(BSA) for 60 minutes at 37°C.
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Western blot analysis
CLL cells were lysed in extraction buffer containing 1% NP40 in the presence of anti-
phosphatase and protease inhibitors. Protein concentration was determined by Bradford
assay. Proteins were separated on a SDS-acrylamide gel, transferred to nitrocellulose
membranes and subsequently subjected to immunoblot analysis using appropriate
antibodies. Immunoreactive antigen was recognized by using horseradish peroxidase-labeled
anti-IgG antibodies (Amersham, Piscataway, NJ), and blots were developed by
chemiluminescence (Termo Scientific, Rockford, IL).

IgVH gene analysis
Amplification of the IgVH gene was performed as described.[6] In brief: 500 ng mRNA was
used to generate oligo-dT primed cDNA using Superscript (Invitrogen, Carlsbad, CA).
cDNA was amplified by polymerase chain reaction (PCR) using a mixture of 5'
oligonucleotides specific for each leader sequence of the VH1 to VH7 IgVH families as
forward primers and either a 3' oligonucleotide complementary to the consensus sequence of
the joining region or the constant region of the IgM locus as reverse primers. PCR was
performed in 50 μL reactions with Taq polymerase (Sigma, St Louis, MO) and 20 pmol of
each primer. Products were purified (MinElute PCR Purification Kit; Qiagen, Valencia, CA)
and sequenced directly with the appropriate 3' oligonucleotide using Big Dye Terminator
and analyzed using an automated DNA sequencer (Applied Biosystems, Foster City, CA).
Nucleotide sequences were aligned to the V-Base sequence directory (http://www.mrc-
cpe.cam.ac.uk). Sequences with 2% or less deviation from any germ line IgVH sequence
were considered unmutated.

Quantitative RT-PCR
5 μL mRNA (0.5 ng/μL) per reaction was used for quantitative reverse transcriptase (RT)–
PCR using Taqman reagents (Applied Biosystems) and analyzed in real time on an ABI
Prism 7700 (Applied Biosystems). All samples were run in triplicates. Amplification of the
sequence of interest was compared with a reference probe (β-2-microglobulin) and
normalized against a standard curve of cell line mRNA. The primers and probes for β-2-
microglobulin and MCL-1 were purchased from Applied Biosystems.

MTT assays and synergy calculations
Cytotoxicity assays were performed with the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrasodium bromide) reagent (Chemicon, Temecula, CA). Five hundred thousand
CLL cells resuspended in AIM V medium (Invitrogen) were plated per well in flat bottomed
96-well plates and exposed to serial doubling concentrations of drug for 72 hours. For the
last 6 hours, 0.5 mg/ml MTT was added before also adding 10% SDS with 0.01 M HCl.
After incubation overnight at 37°C, absorbance was measured at the wavelengths of 570 nm
(test) and 650 nm. The difference between the absorbance measurements at test and
reference wavelengths was used to fit a dose-response curve, and the necessary drug
concentration to kill 50% of the cells, the IC50, was calculated by non-linear regression
using Prism 4.0 (GraphPad Software, San Diego, CA). Vehicle-treated cells (0.1% DMSO)
served as controls. Synergy between compounds was calculated with CalcuSyn software
(Biosoft, Ferguson, MO) according to the method described by Chou and Talalay [25].

Statistical analysis
Unpaired and paired T-tests were used to assess differences in means of two groups for
CD44 expression and cell viability. A P value<0.05 was considered significant.
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Results
CD44 expression differs between prognostically distinct CLL subtypes

High expression of CD44 on CLL cells has been associated with adverse clinical features.
However, the correlation between CD44 expression and the more recently defined
prognostic subtypes of CLL and in particular with IgVH mutational status or ZAP70
expression has not been described. Using flow-cytometry, we quantified CD44 expression in
CLL-cells and in B-lymphocytes obtained from healthy donors. Surface CD44 was detected
on all CLL cells as well as on normal B-cells. The degree of CD44 expression was highly
variable among different CLL samples and correlated with IgVH mutational status (Figure
1). To quantify the expression of CD44 we calculated the ratio between the mean fluorescent
intensity (MFI) of CD44 staining divided by the MFI of the corresponding isotype staining.
The expression of CD44 was significantly higher in U-CLL cells than in M-CLL cells (MFI
ratio 224 ±43 to 122 ±44, respectively, p<0.0001) or in normal B-cells (MFI ratio 160 ±39,
p=0.0006). In contrast, MCLL-cells had lower CD44 expression than normal B-cells
(p=0.003).

CD44 induces homotypic aggregation and protects CLL-cells from spontaneous apoptosis
To investigate the effect of CD44 signaling on CLL cells, we first stimulated PBMCs from
CLL patients with a monoclonal antibody that binds to the extracellular domain of CD44.
CD44 engagement triggered homotypic aggregation of the CLL cells, which is a common
effect of various exogenous stimuli that activate cells or modulate cell adhesion.[26] CLL
cells aggregated within minutes and clustered into clumps containing large numbers of cells
(Figure 2A). These clumps were characterized by strong cell-cell interactions and were
difficult to dissociate. As expected, the induction of homotypic aggregation was temperature
dependent and completely blocked at 4°C, consistent with the requirement of intracellular
signaling for the aggregation to occur. These data indicate that the monoclonal antibody
against CD44 acts as an agonist and can trigger an intracellular signal.

Engagement of CD44 prevented CLL cells from undergoing spontaneous apoptosis and
extended the survival of leukemic cells in-vitro. A survival advantage for CD44 stimulated
cells was apparent as early as 24 hours after stimulation and increased further with
prolonged culture (Figure 2B). We chose 72 hours of culture to quantify the effect of CD44
stimulation in a larger number of samples. This time point appeared ideal because on
average, 50% of unstimulated CLL cells remained viable after 3 days of culture. All samples
with CD44 stimulation showed significantly better viability than control samples (Figure
2C). On average, CD44 stimulated CLL cells had a 46% increase (range 7% – 181%) in
viability over the corresponding unstimulated control cells (n=20, p<0.0001). All these
measurements were done in peripheral blood mononuclear cells (PBMNC) from CLL
patients containing a high proportion of leukemic cells, typically in excess of 90%.
Nevertheless, a small number of non B-lymphocytes that also expressed CD44 were present.
Thus, in order to exclude any possibility that the pro-survival effect of CD44 was not
directly generated in the tumor cells, we isolated the leukemic cells through negative
selection yielding samples containing more than 97% pure CLL cells. In these purified CLL
cells, we again found that stimulation of CD44 increased the viability in all samples tested
on average by 104 ±49 % (n=5, p=0.02, Figure 2D), which equals the average survival
increase of 103 ±30% in the matching PBMC samples. These results show that the
protective effect is directly mediated by CD44 activation in the leukemic cells and
independent of additional cells.

Considering that U-CLL cells had higher CD44 expression than M-CLL cells, we
determined whether the higher CD44 expression could translate into increased CD44
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signaling and enhanced protection from apoptosis. Cell viability in PBMCs after 3 days of
culture without CD44 stimulation was comparable between M-CLL (56 ±19% live cells,
n=10) and U-CLL cells (46 ±21% live cells, n=10; p=0.2). To estimate the number of cells
specifically protected from apoptosis by CD44 stimulation, we subtracted the % live cells in
the control from the % live cells in the CD44 stimulated cells (Figure 2E). While all samples
gained a survival advantage, the effect was more prominent for U-CLL than mutated-CLL
with 21 ±9% compared to 13 ±6% of cells, respectively, that were rescued from apoptosis
by CD44 activation (p=0.04, Figure 2E). This translates into a relative increase in viability
compared to unstimulated control cells of 65% for U-CLL cells but of only 26% for M-CLL
cells, indicating a more potent anti-apoptotic effect of CD44 engagement in the former
subtype.

Having shown a pro-survival effect of CD44 engagement using monoclonal antibodies, we
wished to test whether a physiologic ligand of CD44 would have the same effect. To this
end, we evaluated the viability of CLL cells cultured on hyaluronic acid coated plates. In
these experiments, CLL cells were incubated in wells coated with hyaluronic acid at
increasing concentrations. After 96 hours of culture, CLL cell viability increased in a dose
dependent manner (P=0.037 for linear trend). At the highest HA concentration cell viability
increased by 20% compared with cells cultured in the absence of HA (P=0.04; Figure 2F).

CD44 activates the PI3K/AKT and MAPK/ERK pathways and increases MCL-1 protein
expxression

We next investigated the effect of CD44 activation on the PI3K/AKT and MAPK/ERK
pathways, which have been reported to be activated by CD44 in solid tumor cell lines. CD44
engagement on CLL cells was followed by a prompt and strong increase of AKT
phosphorylation and activation of ERK1/2 (Figure 3A). We validated AKT activation in an
extended cohort of M-CLL and U-CLL samples. In both subtypes, a majority of samples
showed increased AKT phosphorylation which on average reached 2.3-fold compared to
control (p=0.0002) There was no significant difference between the CLL subtypes (p=0.4,
Figure 3B).

In order to determine whether expression of BCL-2 family members could be directly
regulated by CD44, we evaluated changes in the protein expression of MCL-1, BCL-XL and
BCL-2, all of which have been shown to play a role in protecting CLL cells from apoptosis.
[27-30] We detected higher MCL-1 protein levels in CLL cells stimulated by CD44 than in
cells exposed to isotype control antibody for 24 hours (Figure 3C). The increase in MCL-1
was confirmed in an extended cohort of M-CLL and U-CLL samples. Irrespective of the
CLL subtype, MCL-1 protein levels increased on average by 1.45 fold after CD44 activation
compared to control (p=0.004). Consistent with a more potent pro-survival effect in U-CLL,
MCL-1 expression showed a trend for increased levels in U-CLL than in M-CLL after CD44
activation (p=0.06, Figure 3D). Also among M-CLL samples only one of ten showed a 2-
fold increase, while 5 of 12 U-CLL samples showed at least a 2-fold increase in MCL-1
protein expression after CD44 engagement. MCL-1 mRNA levels were unaffected by CD44
stimulation (control/CD44 stimulated expression 0.82, p=0.1, Figure 3E). The higher
MCL-1 protein expression in the absence of increased transcription is consistent with known
translational and post-translation effects of PI3K/AKT and MAPK/ERK signaling. In
contrast, BCL-2 protein expression was not affected, and BCL-XL was increased in only one
of 5 samples after CD44 stimulation (Figure 3C).

PI3K and MEK inhibitors block the protective effect of CD44 on leukemic cell survival
Having shown that CD44 activation induced activation of the PI3K/AKT and MEK signal
transduction pathways and protected CLL cells from apoptosis, we wished to evaluate
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whether specific inhibitors directed against these signal transduction pathways could inhibit
the pro-survival effect of CD44. Untreated CLL cells or CLL cells pre-incubated with either
wortmannin (100nM) or PD98509 (50μM) for 30 minutes were stimulated with CD44, and
activation of signal transduction pathways and cell viability were compared. As expected,
wortmannin blocked the phosphorylation of AKT in response to CD44 ligation and
PD98509 prevented ERK1/2 activation (Figure 4A). Next we determined the effect on CLL
cell viability. As shown previously (Figure 2C), CD44 activation increased cell viability,
and this effect was completely blocked by either wortmannin or PD98509 (Figure 4B). The
effect of these inhibitors on the expression on anti-apoptotic proteins is shown in Figure 4C.
PARP1- cleavage indicates the degree of apoptosis in the samples after 24 hours of
treatment. Decreased PARP-1 cleavage after CD44 treatment correlated with the protective
effect of CD44 against spontaneous apoptosis. Again this protection was abrogated by both
wortmannin and PD98509. Likewise the CD44 induced increase in MCL-1 protein was
blocked by the inhibitors. In contrast, there was no effect on BCL-2 levels.

CD44 signaling protects CLL cells from apoptosis induced by fludarabine, whereas
obatoclax reverses the prosurvival effect of CD44 and can synergize with fludarabine

A role of microenvironment mediated signals in the induction of chemotherapy resistance
has been suggested. We were therefore particularly interested to test whether CD44
activation could contribute to chemotherapy resistance in CLL. We exposed cells for 3 days
to fludarabine at previously determined IC50 concentrations either in the presence of isotype
control or CD44 activating antibody (Figure 5A). Fludarabine killed approximately one third
of the cells in the presence of isotype antibody while this effect was almost completely
antagonized by CD44 activation.

MCL-1 that we found to be increased by CD44 activation has been shown to inhibit drug
induced apoptosis [31, 32]. Recently, agents that can antagonize the prosurvival effect of
MCL-1 have been developed, and one such agent, obatoclax, has successfully completed
phase I testing in CLL [33]. We determined the effect of obatoclax against CLL PBMC
using MTT assays after 3 days of drug exposure. IC50 concentrations for obatoclax in these
assays typically ranged between 0.5uM and 2uM. In the absence of CD44 activation,
obatoclax at 0.5uM reduced cell viability on average by 37%. In contrast to what we
observed with fludarabine treated cells, the pro-apoptotic effect of obatoclax could not be
blocked by CD44 activation, resulting in decreased viability of obatoclax treated cells
irrespective of the presence of CD44 activating antibody (Figure 5B).

Next, we tested whether obatoclax could synergize with fludarabine. Using MTT assays we
determined the effect of each drug alone and of the combination of fludarabine and
obatoclax combined at a molar ratio of 20:1 (Figure 5C). We found greatly enhanced killing
of the combined drugs, even when obatoclax was used at a concentration that by itself had
no effect on cell viability. To confirm synergy we calculated the combination index (CI)
according to the method described by Chou and Talalay.[25] For all three patients, the CI
values at the IC50 concentration were <0.5 indicating the presence of a strong synergistic
effect between obatoclax and fludarabine.

Discussion
CLL cells depend on cell extrinsic signals for survival. Here we identified CD44 as a
survival molecule in CLL that not only protects tumor cells from spontaneous apoptosis, but
also, can confer resistance to fludarabine. Our findings in CLL are consistent with studies
showing that activation of CD44, either via natural ligands or through a antibody mediated
dimerization, can promote cell survival and induce drug resistance in different cell types [21,
34-37]. However, it is crucial to determine the effect of CD44 activation for each tumor type
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separately, as this molecule can mediate opposing cell fate decisions depending on the cell
type and has been shown to induce apoptosis in thymic lymphomas and in myeloid leukemia
cells [19, 20, 38]. In vivo, the most likely ligand for CD44 is hyaluronic acid, a ubiquitous
component of the extracellular matrix. Consistent with this view, we found that either
hyaluronic acid or specific activation of CD44 in leukemic CLL cells is sufficient to protect
cells from apoptosis in vitro. In mouse xenograft models, expression of CD44 in tumor cells
has been associated with increased tumorigenicity [39, 40]. This tumor promoting effect was
absent in cells transfected with a mutant CD44 that is unable to bind to hyaluronic acid.
Further supporting the crucial role of CD44 receptor–ligand interactions in vivo is the tumor
suppressive effect of soluble CD44 fusion proteins that can inhibit growth or even induce
apoptosis of tumor grafts [39-41]. In addition, CD44 could function as a co-stimulatory
receptor in vivo contributing and or synergizing with activating signals from the
microenvironment. For example, CD44 has been identified as an essential component of a
CD44-CD74 receptor complex that mediates prosurvival effects of the macrophage
migration inhibitory factor (MIF) on B-cells [22].

We and others found that CD44 expression levels on CLL cells are quite variable between
patients. Previous studies reported high CD44 expression in patients with diffuse bone
marrow infiltration, advanced clinical stage, more rapid disease progression and inferior
overall survival [16, 42]. We now show that CD44 expression differs between CLL
subtypes. Specifically, CD44 expression was on average twice as high in cells of the more
rapidly progressive U-CLL CLL subtype than in M-CLL cells. Tumor cells from both
subtypes showed reduced spontaneous apoptosis after CD44 stimulation. However, U-CLL
cells gained a more significant survival advantage with a 65% improved viability of CD44
stimulated cells over unstimulated cells; this compares to a modest 26% increase in viability
for the M-CLL cells. The observation that cells with higher CD44 expression gain a more
pronounced survival effect suggests a dose response relationship of CD44 signaling and is
consistent with enhanced tumorigenicity of cells transfected with CD44 [39, 40]. A
competing but not mutually exclusive explanation could be that U-CLL cells, which
typically express ZAP70, appear to have a somewhat more responsive signal transduction
network that leads to stronger B-cell receptor and chemokine signaling[8, 10] that could also
contribute to enhanced CD44 signaling.

To determine the mechanism involved in the anti-apoptotic effect of CD44 on CLL cells we
focused on the PI3K/AKT and MAPK/ERK pathways, two major intracellular signaling
pathways with prominent roles in leukemia that are involved in cell survival in response to
growth factors, matrix adhesion and oncogene transformation (reviewed in[43]), and that
have been reported to be activated by CD44 in solid tumor and lymphoma cell lines [21, 44,
45]. We found that both the PI3K/AKT and MAPK/ERK pathways are activated in CLL
cells following CD44 stimulation. While the PI3K/Akt pathway is constitutively active in
CLL cells, different exogenous stimuli derived from the tissue microenvironment including
engagement of the B-cell receptor [46], CD40 ligand [47], stroma-derived factor-1, and
CXCL13[48] have been shown to augment intracellular signaling and promote cell survival.
Phosphorylation of Akt and ERK1/2 was rapidly apparent after CD44 stimulation and could
be blocked by the PI3K inhibitor wortmannin and the MEK inhibitor, PD98059,
respectively. Both inhibitors also effectively antagonized the anti-apoptotic effect of CD44
activation. We also found that stimulation of CD44 lead to an increase in MCL-1 levels
through a post-transcriptional mechanism. This is in agreement with a recent study showing
that forced expression of a constitutively active mutant of Akt is sufficient to increase
MCL-1 protein levels without affecting MCL-1 mRNA transcription [46]. ERK1/2 on the
other hand, has been shown to phosphorylate MCl-1 at Thr163, resulting in reduced MCL-1
protein degradation [49]. MCL-1 is a central survival factor for CLL cells [32, 46, 50] and
appears to be the common survival molecule regulated by several different signaling
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pathways that include BCR stimulation [46], CD40 ligand [51], BAFF [29], APRIL [29],
VEGF [52], and stroma cell contact [50]. Consistent with the activation of pathways in the
microenvironment that lead to increased MCL-1 proteins levels, Smit and colleagues
reported higher expression of MCL-1 protein but not mRNA in CLL cells obtained from
lymph nodes compared to cells from the peripheral blood [51].

Increasingly, a picture is emerging that CLL cells are opportunistic cells that can use various
signaling pathways to enhance cell survival [53]. Some of these pathways are tumor cell
specific such as BCR signaling through a cognate antigen, while others are more general
such as cytokines and chemokine pathways. Intriguingly, our data indicates that interactions
of CD44 with the amorphous building blocks of the microenvironment can be sufficient to
induce survival signals. How then can one best target these survival mechanisms? The
convergence of many extracellular signals onto the PI3K/AKT and MAPK/ERK pathways
makes these excellent candidates for intervention and the development of clinical grade
inhibitors is advancing. A common target of many survival pathways is MCL-1, which is
emerging as a key survival switch in CLL. To test whether inhibition of MCL-1 could block
the anti-apoptotic effect of CD44 signaling we used obatoclax, a small molecule that binds
to the BH3 groove of BCL-2 family members and potently inhibits MCL-1 [54, 55].
Obatoclax has been found to be well tolerated and have some clinical activity in heavily
pretreated patients with CLL. These are encouraging results as the main application for
obatoclax is expected to be in combination with chemotherapy. Here, we report that
obatoclax strongly synergizes with fludarabine and that it can overcome the protective effect
of the microenvironment, which is a well known mechanism contributing to fludarabine
resistance [56]. Targeting the hyaluronic acid-CD44 axis directly may also become feasible
using soluble CD44 constructs or specific antagonists of hyaluronic acid, which have been
found to synergize with cytotoxic therapy in pre-clinical models [57].
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Statement of Translational Relevance

Survival of chronic lymphocytic leukemia (CLL) cells in vivo is supported by the tissue
microenvironment. Interactions between tumor cells and the extracellular matrix are, in
part, mediated by CD44, a receptor for hyaluronic acid. We show that CD44 engagement
protects CLL cells from spontaneous and fludarabine-induced apoptosis. The anti-
apoptotic effect is mediated through activation of the PI3K/Akt and MAPK/ERK
pathways and increased MCL-1 protein levels. PI3K or MEK inhibitors as well as
obatoclax, an antagonist of MCL-1, blocked the pro-survival effect of CD44.
Furthermore, obatoclax sensitized CLL cells to fludarabine resulting in a synergistic drug
effect. Our findings emphasize the therapeutic potential of PI3K/AKT or MAPK/ERK
inhibitors and obatoclax for combination chemotherapy approaches that overcome the
supportive effect of the tissue microenvironment on CLL cell survival and drug
resistance.
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Figure 1. CD44 cell surface expression on CLL subtypes and normal B-cells
Surface CD44 expression was quantified by flow cytometry and is shown as the ratio
between the MFI of CD44 divided by the MFI of the isotype control (MFI ratio). U-CLL-
cells (n=14), M-CLL-cells (n=14) and normal B-cells (n=12) are compared by T-test.
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Figure 2. CD44 induces homotypic aggregation and protects CLL cells from spontaneous
apoptosis
Peripheral blood mononuclear cells of CLL patients (5×106/ml) were incubated with isotype
control antibody (anti-mouse IgG2, 10μg/ml) or anti-CD44 antibody (BU75, 10μg/ml) for
30 minutes, washed and incubated with secondary anti-mouse antibody (1μg/ml). (A) After
60 minutes of incubation formation of homotypic aggregation was studied under a light
microscope. (B-D) The percentages of live and apoptotic CLL cells after CD44 activation
were measured by flow cytometry using Mito-tracker staining. (B) The viability of CD44
stimulated and control CLL cells (performed in duplicates) on day 0, 3, 5 and 7 of PBMC
culture (one of 3 experiments with similar results is shown). The relative viability
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normalized to the day 0 measurement is shown. (C) Mean viability of CD44 stimulated and
isotype treated control cells after 3 days of PBMC culture (n=20, comparison by paired T-
test). (D) CD44 activation protects purified CLL cells from apoptosis. PBMC of CLL
patients were subjected to negative selection, yielding >97% pure CD19/CD5 positive cells.
After 3 days of culture the viability of the purified CLL samples with or without CD44
stimulation was determined (n=5, comparison by paired T-test). (E) Cell viability of CLL
samples with or without CD44 stimulation after 3 days of culture according to mutational
status (n=10 each subgroup). Shown is the mean and standard deviation of cells specifically
protected from apoptosis by CD44 activation (% live cells with CD44 stimulation - % live
cells in the control; unpaired T-test). (F) Increase in viability of CLL cells cultured for 96
hours in wells coated with increasing concentrations of hyaluronic acid. Shown is the mean
and standard deviation % increase in DiOC6 intensity of cells grown on hyaluronic acid
coated wells compared to cells grown in untreated wells (mean and standard deviation of 5
independent experiments; P=0.037 for linear trend, P=0.04 for highest concentration
compared to control).
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Figure 3. CD44 activates the PI3K/AKT and MAPK/ERK pathways and increased MCL-1
expression
CLL-cells were incubated with anti-CD44 antibody (BU75, 10μg/ml) or with isotype
control antibody (anti-mouse IgG2, 10μg/ml) for 30 minutes, washed and then cross-linked
with secondary goat anti-mouse antibody (1μg/ml). (A) Cell lysates (>90% CLL cells) were
obtained at baseline and after 5 and 30 minutes of stimulation. The blots were probed with
anti-phospho-Akt (ser473) and anti-phospho-ERK1/2 (Thr202/Tyr204) antibody as
indicated. Equal protein loading was confirmed by probing for total AKT and ERK1/2. (B)
An extended cohort of both M-CLL and U-CLL samples (n=20), showed increased AKT
phosphorylation on average of 2.37±1.3 fold compared to control (p=0.0002). shown are
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Box and Whisker plots for densitomtery quantification of fold change increase in phospho-
Akt (ser473) levels, after 30 minutes of CD44 engagement, both in M-CLL and U-CLL cells
compared to control and normalized to total AKT (M-CLL samples n= 9, mean=2.45±1.57
Vs. U-CLL samples n= 11, mean=2.31±1.11 One-tailed T-test p=0.4).(C) Western blots of
cell lysates obtained 24 hours after indicated stimulation were probed with antibodies
against MCL-1, BCL-XL, BCL-2, and tubulin (loading control). (D) An extended cohort of
both M-CLL and U-CLL samples (n=22), showed an increased MCL-1 expression on
average of 1.45±0.66 fold compared to control (p=0.004). Shown are Box and Whisker plots
for densitomtery quantification of fold change increase in MCL-1 levels, 30 minutes after
CD44 engagement, both in M-CLL and U-CLL cells compared to control and normalized to
tubulin (M-CLL n=10, mean=1.2±0.6, Vs. U-CLL=12, mean=1.65±0.66. One-tailed T-test
p=0.06). (E) mRNA levels of MCL-1 by quantitative PCR after 6 hours of stimulation. The
mean and standard deviation from 5 independent experiments is shown.
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Figure 4. The anti-apoptotic effect of CD44 on CLL-cells is blocked by PI3K/AKT or MAPK/
ERK inhibitors
CLL cells were pre-incubated either with the PI3K inhibitor, wortmannin (100nM), or with
the MEK inhibitor, PD98509 (50μM), for 30 minutes. Then cells were incubated with either
an isotype control antibody (anti-mouse IgG2, 10μg/ml) or a CD44 activating antibody
(BU75, 10μg/ml) for 30 minutes, washed and incubated with secondary anti-mouse
antibody (1μg/ml). (A, C) Cell lysates (>90% CLL cells) were obtained at baseline and at 30
minutes after stimulation and were then subjected to Western blot analysis. (A) Activation
the AKT and ERK. (B) Cell viability by MitoTracker staining. The mean and standard
deviation of 3 independent experiments is shown (mean % live cells: isotype 39 ±1%, CD44
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stimulated 65 ±3%, CD44 stimulated plus Wortmannin 40 ±3%, CD44 stimulated plus
PD98509 34 ±8%, p<0.0.02 for comparisons of CD44 stimulated to control or drug treated
cells, p>0.25 for comparisons of isotype treated to CD44 stimulated cells in the presence of
inhibitors). (C) Expression of BCL-2 family members.
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Figure 5. CD44 stimulation inhibits apoptosis induced by fludarabine but not by obatoclax and
obatoclax can sensitize cells to fludarabine
(A, B) The effect of CD44 stimulation on drug sensitivity. CLL cells stimulated by anti-
CD44 or isotype control antibody were exposed to the indicated drugs and cell viability was
determined after 3 days of culture by MitoTracker staining. The mean and standard
deviation of 5 independent experiments with 4 different CLL samples are shown. (A) 0.5
uM fludarabine was added. Cell viability was for isotype treated cells 76 ±6%, for isotype
and fludarabine treated cells 47 ±18% and for CD44 stimulated and fludarabine treated cells
69 ±16% (p=0.005, by paired T-test). (B) 0.5 uM of obatoclax was added. Cell viability was
for isotype treated cells 62 ±21%, for isotype and obatoclax treated cells 39 ±16% and for
CD44 stimulated and obatoclax treated cells 41±14% (p=0.33 by paired T-test). (C).
Obatoclax synergizes with fludarabine. CLL cells from 3 patients (represented by differently
shaded bars) were exposed to serial dilutions of fludarabine, obatoclax or a combination of
the 2 drugs at a fixed molar ratio of 20:1. Cell viability was quantified by MTT assay after
72 hours. The mean cell viability of triplicates and the standard deviation of the mean
estimate are shown for 2.5 uM fludarabine (Flu), 0.13 uM obatoclax (Oba) and the
combination of 2.5 uM fludarabine with 0.13 uM obatoclax (combined). The combination
index calculated by the method of Chou and Talalay was 0.38, 0.24, and 0.27 at IC50 and
0.39, 0.26 and 0.43 at IC75 for the 3 patients, respectively.
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