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Malignant B-cells from most chronic lymphocytic leukaemia (CLL) patients over-express MDR1 encoded
P-glycoprotein (P-gp) multidrug efflux pump. Inhibition of glucosylceramide (GC) synthesis has been shown in
cell lines to correlate with the expression and function of P-gp and sensitise cancer cells to cytotoxic agents. We
investigated the hypothesis that reducing intracellular GC levels will reduce P-gp expression in malignant cells
from CLL patients. We studied the ability of glucosylceramide synthase (GCS) inhibitors N-butyl-deoxygalacto-
nojirimycin (OGB-1) and N-nonyl-deoxygalactonojirimycin (OGB-2) to sensitise CLL cells to conventional
cytotoxic drug 2-chlorodeoxyadenosine (CdA) and the cytostatic drugs chlorambucil and fludarabine. The effect
on P-gp activitywas analysed using the calcein-AMaccumulation assaywhere amultidrug activity factor (MAF)
of >10 in the presence of a P-gp inhibitor denotes P-gp functional activity. The P-gp over-expressing cell line
CEM-VLB showed a MAF value of 96.4 with the P-gp inhibitor Z.3HCL, which fell to 15.7 after co-incubationwith
OGB-1 and45.9withOGB-2. The IC50 for vincristine fell from>10µg/ml to 55.5ng/ml in thepresenceofOGB-2. In
P-gp+ve peripheral bloodmononuclear cells from three normal volunteers, themeanMAFvalues for Z.3HCL, OGB-1
and OGB-2were 23.86,1.83 and 16.2 respectively. In 9/13 CLL samples themean P-gp functional activity was 22.15
and P-gp was over-expressed in 12/13 samples. However, the MAF value with OGB-1 and OGB-2 was <10.
Nevertheless, sensitisation in CLL cellswas observed by a reduction in the IC50 in the presence of OGB-1 and OGB-2
with the conventional drugs.Weconclude that althoughGCS inhibitors sensitizeCLL cells to cytotoxic andcytostatic
drugs, they do not appear to have any effect on P-gp functional activity.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

A significant factor that contributes toward failure of treatmentwith
cytotoxic and cytostatic agents in haematological malignancies is the
over-expression of efflux membrane proteins resulting in multidrug
resistance (MDR)(Gottesman et al., 2002; Leonard et al., 2003). The first
described and the most extensively studied MDR efflux protein is the
MDR1 encoded 170 kDa P-glycoprotein (P-gp) that results in resistance
to many structurally unrelated drugs (Juliano and Ling, 1976). Studies
in various haematological malignancies have shown over-expression of
P-gp in a proportionof patients either atpresentationor at relapse (Leith
et al., 1999). In acute myeloid leukaemia (AML), good correlation
between over-expression of P-gp, response to treatment and overall
survival has been reported (Hunault et al., 1997). A mechanism of
circumvention of MDR is the use of non-toxic modulators or chemo-
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sensitizers that act competitively or inhibit P-gp activity. The well
knownmodulators are verapamil (Yusa and Tsuruo,1989), cyclosporine
A (List et al., 2001) and its derivative PSC833 (Advani et al., 1999) and
quinidine (Wishart et al., 1994), all acting as substrates of P-gp.
Zosuquidar hydrochloride (Z.3HCL) is a potent and selective modulator
that functions by inhibiting P-gp activity and thus drug efflux (Gerrard
et al., 2004; Green et al., 2001; Dantzig et al., 1996).

B-chronic lymphocytic leukaemia (CLL) is characterised by the
accumulation of monoclonal B-lymphocytes in the peripheral blood,
bone marrow and the lymph node (Matutes et al., 1994). The clinical
course is highly variable, ranging from rapidly advancing to clinically
stable disease (Wagner and Cwynarski, 2004). When treatment is
required, initial response may be followed by chemotherapy resistance
and disease progression (Oscier et al., 2004). Cells from most patients
with CLL intrinsically over-express P-gp, although its significance to
clinical drug resistance of this disease is unclear (Consoli et al., 2002;
Jamroziak et al., 2004). Many of the active agents used in the treatment
of CLL (e.g. chlorambucil, purine analogues) are not P-gp substrates.

The basic physiological function of P-gp centres on protecting the
cell from exogenous toxins. In addition to its action as an efflux pump,
P-gp has the capacity to translocate short chain lipid molecules
(including spingomyelin and glucocylceramide) across the plasma
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Table 1
Clinical, demographic, and P-gp status of CLL patients.

Patient Sex Age: years WBC 109/l Lymp 109/l P-gp ratio Treatment

1 M 67 71.6 58.2 nd Rx
2 M 82 99.5 81.1 nd Rx
3 M 82 41.5 31.8 1.6 unRx
4 F 77 52.4 38.5 1.7 Rx
5 M 83 53.6 43.9 1.6 unRx
6 M 62 42.0 nd 1.5 Rx
7 M 69 69.9 58.5 2.8 Rx
8 M 79 19.3 nd 1.7 unRx
9 M 70 14.6 10.6 2.9 unRx
10 F 73 50.0 nd nd unRx
11 M 63 19.0 10.4 2.5 Rx
12 F 63 15.5 10.6 1.1 Rx
13 F 82 32.1 24 nd Rx
14 M 74 36.2 27.0 2.13 unRx
15 M 90 65.7 53.0 2.3 unRx
16 F 80 53.6 43.5 1.3 Rx
17 M 79 19.3 15.5 1.7 Rx

M=male; F = female;WBC=white blood cell count; Lymp= lymphocyte count; Rx=
treated; unRx = untreated; nd = data unavailable.
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membrane (van Helvoort et al., 1996). Elevated levels of glycolipids
have been shown to correlate with MDR in tumour cell lines (Lavie
et al., 1996) and in primary tumour cells (Lucci et al., 1998). Cells
modified by the introduction and consequent expression of high levels
of glucosylceramide synthase (UDP-glucose-ceramide glucosyltrans-
ferase, EC 2.4.1.80)(GCS) showed resistance to various cytostatic drugs
compared to unmodified wild type cells (Liu et al., 1999). The MDR
modulating agents verapamil and cyclosporine A block glycosphingo-
lipid metabolism by inhibiting ceramide glycosylation in human
cancer cells (Lavie et al., 1997). Use of the PDMP (D-threo-1-phenyl-2-
decanonylamino-3-morpholino-1-propanol) family of GCS inhibitors
can reverse the MDR phenotype of MDR expressing cell lines
(Olshefski and Ladisch, 2001). Genetically-induced over-expression
of another MDR protein, multidrug resistance protein (MRP1) was
accompanied by enhanced levels of glucosylceramide (Kok et al.,
2000). Others have reported that inhibition of GCS does not sensitise
tumour cells for anticancer drugs (Veldman et al., 2003) and the over-
expression of GCS does not protect cells from drug induced
detrimental effects of anticancer drugs (Tepper et al., 2000).

The n-alkylated imino sugars, N-butyl-deoxygalactonojirimycin
(OGB-1) and N-nonyl-deoxygalactonojirimycin (OGB-2) are selective
inhibitors of GCS (Platt et al., 1994a,b; Andersson et al., 2000) (Fig. 1A).
These small molecule compounds are currently undergoing in vitro and
in vivo evaluation as substrate reduction therapy for the lysosomal
storage disorder Gaucher disease. However, as GCS inhibitors, they may
have an impact on P-gp as observed with the PDMP family of GCS
inhibitors (Lavie et al., 1997; Olshefski and Ladisch, 2001). Structural
similarities between GCS inhibitors and glycolipids may make them
substrates for P-gp (Butters et al., 2003). Gaucher disease is the most
common lysosomal storage disease, characterised by a deficiency of the
enzyme glucocerebrosidase, which leads to an accumulation of its
substrate glucocerebroside (Cox et al., 2003; Elstein et al., 2004).
Gaucher disease is associated with an increased incidence of B-cell
malignancies (e.g. non-Hodgkin lymphoma, CLL and myeloma); and
drug resistant acute myeloid leukaemia has also been reported (Bohm
et al., 2001; Krishnan et al., 2003).

Consequently, we hypothesised that inhibition of GCS may reverse
P-gp efflux and thus overcome MDR (Fig. 1B). Since malignant cells
from CLL patients intrinsically over-express P-gp, we used them as an
appropriate model to review the role of GCS activity. We analysed the
effect of the GCS inhibitors OGB-1 and OGB-2 on P-gp functional
activity and used the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) colourimetric assay to assess their ability to
Fig. 1. A: The chemical structures of OGB-1 and OGB-2. B: The effect of P-gp inhibitors in
glycolipid metabolism. PSC 833, cyclosporine A, verapamil are known inhibitors of P-gp
activity. , inhibition, ↓↓ enhancement.
sensitise CLL cells to the cytotoxic and cytostatic effect of conventional
agents used in their treatment i.e., 2-chlorodeoxyadenosine (CdA),
chlorambucil and fludarabine. Z.3HCL was used as a control inhibitor
of P-gp function.

2. Materials and methods

The study was approved by the ethics committee of the Royal Free
Hampstead NHS Trust. Peripheral blood samples in preservative free
heparinwere obtained after informed consent from3normal volunteers
and 17 patients with CLL. Clinical data are shown in Table 1. There were
12 males and 5 females with a median age of 77 years (range 62–90).
The diagnosis of CLL was made on standard morphologic and
immunophenotypic criteria, including raised peripheral blood lympho-
cyte count (>5.0×109/l) with abnormal co-expression of CD5, CD19,
weak expression of CD22, CD23, surface immunoglobulin light chain
restriction and absent FMC7 expression. The white cell count ranged
from 14.6–99.5×109/l (median 42×109/l) and the lymphocyte count
from 10.4–81.1×109/l (median 35.2×109/l). Ten patients had been
treated. All analysis was done on fresh samples within 24 h.

2.1. Separation of normal MNC and CLL cells

Samples were analysed by flow cytometry for T-cell contamination
by labelling 100 µl whole blood with 10 µl of anti-CD2-FITC (BD
Bioscience, UK) for 20 min and then treated with red cell lysing
solution (in house) for 10 min prior to analysis. By gating the FL-1 CD2
channel, the proportion of CD2+ T-cells to CD2− B-cells could be
elucidated. The mononuclear cell fraction was then obtained from the
whole blood samples by Lymphoprep (Nygaard, Norway) density
gradient centrifugation. Sampleswith <90% B-cell purity were treated
overnight with sheep red blood cell (TCS Biologicals, UK) rosetting to
remove excess T-cells. The mononuclear layer was removed and
washed twice in HBSS, and resuspended in 10 ml RPMI (Roswell Park
Memorial Institute medium) +10% foetal calf serum.

2.2. Maintenance of cell lines

Two cell lines were utilised: CCRF-CEM (CEM) and its P-gp over-
expressing derivative CCRF-CEM/VLB100 (VLB) (Beck and Cirtain,
1982). The CEM (P-gp negative) linewas cultured in RPMI+10% foetal
calf serum, with no additional antibiotics. The VLB line was cultured in
the same medium but with the addition of 10 µM vinblastine (Sigma-
Aldrich, UK) to maintain the P-gp phenotype. A double stock of VLB



Fig. 3. Sensitivity of P-gp +ve VLB cell line to the presence of vincristine (VCR) alone
and vincristine + OGB-2 at 10 µM and 20 µM. The vertical axis is a ratio of viable cells
with increasing concentration of vincristine in relation to untreated controls at 72 h.
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cell cultures was kept in rotation with one flask containing vinblas-
tine-free medium for use in experiments.

2.3. P-gp protein expression

P-gp expression was measured by flow cytometry using the MRK16

monoclonal antibody (TCS Biologicals, UK). The results are expressed as
a ratio of median channel fluorescence (MCF) of the specific antibody
relative to the MCF of isotype matched control serum. A MCF ratio of
>1.1 was considered P-gp positive for over-expression (Gerrard et al.,
2004).

2.4. P-gp functional assay

The P-gp functional assay was essentially similar to that described
previously (Gerrard et al., 2004; Karaszi et al., 2001). Briefly, cells at
0.5×106/ml were incubated for 24 h at 37 °Cwith either 500 µMOGB-
1, or 10 µM OGB-2 along with a control. The concentration at which
each OGB compound used was derived from earlier cell toxicity
studies (data not shown). At 24 h, 1 ml aliquots of the cells were
removed to 4 ml FACS tubes and half of the control cells were
incubated with 100 nM Z.3HCL (Eli-Lily, UK) at 37 °C for 10 min.
Calcein-AM (Sigma-Aldrich, UK) at concentration of 50 nM was then
added to all the tubes and incubated at 37 °C for 10min. The cells were
then washed twice in PBS and resuspended in 150 µl PBS for analysis
on the FACScan. P-gp functional inhibition was measured relative to
the control cells as an increase in fluorescent intensity and expressed
as MAF (multidrug activity factor) using the formula:

MAF = ððMCFm − MCFcÞ=MCFmÞ × 100

where MCFm is the median channel fluorescence of the inhibited cells,
and MCFc is the median channel fluorescence of the unmodulated
control cells.

2.5. MTT assay

The MTT assay was implemented as previously described (Gane-
shaguru et al., 2002). Essentially cells were aliquoted into 96well plates
and incubated at 37 °C in the presence and absence of theGCS inhibitors
OGB-1 andOGB-2. After 24h, the cytostatic drugsCdA, chlorambucil and
fludarabine (all fromSigma-Aldrich) for CLL cells or vincristine (VCR) for
VLB cell line were added at log10 serial dilution concentrations in
triplicates. At 72 h,10 µl ofMTT (5mg/ml, Sigma-Aldrich)was added for
an additional 4 h. The precipitated purple MTT formazan was
centrifuged for 5 min at 600 g. The supernatant was removed and the
formazan pellet was dissolved in 100 µl DMSO (dimethyl sulfoxide,
Sigma-Aldrich)). The amount of purple formazan produced by the
Fig. 2. P-gp calcein-AM functional assay and results expressed as MAF units. The
horizontal broken line indicates the cut-off point for +ve P-gp activity. Results of t-tests
performed between the matching Normal and CLL groups indicate a significant
difference only for the OGB-2 group. CEM = P-gp −ve cell line; VLB = P-gp +ve cell
line; normal = MNC from normal volunteers; CLL = cells from patients with CLL.
process is linearly proportional to the number of viable cells when read
on a suitable plate reader (Anthos Labtec Instruments, Austria) and IC50
calculated using GraphPad Prism 4 software.

3. Results

The IC50 for OGB-1 and OGB-2 in CLL cells was >2 mM and 60 µM
respectively (data not shown). Consequently, the non cytotoxic
concentrations of 500 µM for OGB-1 and 10 µM for OGB-2 were
used for P-gp functional and sensitisation studies.

3.1. P-gp expression (Table 1)

Thirteen of the patients with CLL were analysed for P-gp expres-
sion and 12 over-expressed P-gp (MCF ratio >1.1) with a median of
1.7, range 1.3–2.9 (Table 1).

3.2. P-gp function (Fig. 2)

The results of the calcein-AM P-gp functional inhibition assay in
CLL cells is shown in Fig. 2. A MAF >10 represents a significant
inhibition of P-gp efflux function. The CEM cell line, which is P-gp null,
correspondingly showed a very low MAF for the potent P-gp inhibitor
Z.3HCL, as well as for OGB-1 and OGB-2, where the MAF was 0. The
VLB cell line showed a very high MAF for Z.3HCL, denoting both its
strong P-gp expression and the potent ability of Z.3HCL to block
calcein-AM export. OGB-1 and OGB-2 were also able to significantly
inhibit P-gp function in the VLB cell line, with the latter being
Fig. 4. A representative presentation of the sensitivity of CLL cells to chlorambucil alone
or chlorambucil + OGB-1 or chlorambucil + OGB-2. The vertical axis is a ratio of viable
cells with increasing concentration of either OGB-1 or OGB-2 in relation to untreated
controls at 72 h.
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significantly more potent. The normal controls were all shown to be
expressing significant levels of P-gp, and this is correspondingly
demonstrated in the calcein-AM results with both Z.3HCL and OGB-2
obtaining significant MAFs. OGB-1 did not show significant reduction.
The CLL cells were also shown to over-express P-gp, and Z.3HCL shows
a significant MAF. However, neither OGB-1 nor OGB-2 showed
significant inhibition. t-test performed between the matching Normal
and CLL inhibitor groups show no significant difference in inhibition
for Z.3HCL and OGB-1, but indicate that P-gp efflux is significantly
more inhibited by OGB-2 in the normals than in the CLL patients
(P=0.007).

3.3. MTT (Figs. 3–5)

The results of the MTT assay for the P-gp over-expressing VLB cell
line and OGB-2 in combination with vincristine is shown in Fig. 3. The
cytostatic drug and avid P-gp substrate vincristine was shown to be
ineffective in killing VLB cells, with an inferred IC50 of >10 µg/ml. The
addition of 10 and 20 µM of OGB-2 overcame the resistance to
vincristine and resulted inmuch reduced IC50s of 0.056 and 0.013 µg/ml
respectively.

The results of the MTT assay for CLL cells from patient 6 with and
without chlorambucil and OGB-1 or OGB-2 is shown in Fig. 4.
Chlorambucil alone resulted in an IC50 of 14.46 µg/ml. When in
combinationwith OGB-1, this was reduced to 9.09 µg/ml, and when in
Fig. 5. Mean IC50 fromMTT assays showing the level of sensitisation of CLL cells by OGB-1
and OGB-2 to the drugs CdA, chlorambucil (CHL) and fludarabine (FdR), compared to cells
not pre-incubated with GCS inhibitors. One-tailed paired t-tests were performed to assess
significance. The error bars denote standard deviation. Also shown is themean percentage
change in sensitivity induced by the addition of OGB. A in the presence of OGB-1. B in the
presence of OGB-2.
combination with OGB-2 it was further reduced to 3.35 µg/ml. This
combination is significant in its difference from the previous result,
shown in Fig. 3, in that chlorambucil is not a P-gp substrate.

The results of MTT assays performed on CLL cells with the drugs
CdA, chlorambucil and fludarabine with and without OGB-1 and OGB-
2 are shown in Fig. 5A and B respectively. In a proportion of the
samples, there was a significant decrease in the required concentra-
tion of the respective cytotoxic agent to achieve a 50% kill of the
malignant cells compared to cells not pre-incubated with either OGB-
1 or OGB-2. The graphs in Fig. 5 represent the mean IC50 derived from
the mono and co-incubation of the patient cells with the cytostatic
drugs and the OGB compounds. Paired t-tests were performed to
assess the significance of any sensitisation; there was a significant
sensitisation by OGB-1 and OGB-2 when co-incubated with CdA
(P=0.0260 and P=0.0105, respectively) and fludarabine (P=0.0378
and P=0.0107, respectively), but not for chlorambucil (not significant
for both OGB compounds). The degree of sensitisation (induced by the
co-incubation) was calculated for each patient sample and from these
the mean percentage sensitisation was derived and is displayed
underneath the main body of the graphs. The values given appear
slightly discordant as represented by the histograms, which repre-
sents the overall mean changes. However, the paired t-test performed
for statistical analysis does take patient result pairing into account.
The 50.4% reduction for CHL + OGB-1, although large, was not found
to be significant probably because of the wide spread of data in a
relatively small sample size.

4. Discussion

Glycosphingolipids play an important role in mediating drug resist-
ance. Over-expression of themembrane efflux transporter P-glycoprotein
(P-gp), an ATP-binding cassette (ABC) transporter protein frequently
underlies cancer cell resistance, but may also be important in microbial
resistance (Gouaze-Andersson and Cabot, 2006). Furthermore, the
essential role played by lipids, including glucosylceramide, lactosyl
ceramide and gangliosides in cell development, apoptosis and patho-
gen/host interactions means that pathologic conditions characterised by
disturbed lipid metabolism will display a diverse phenotype. Thus,
although substrate accumulation within the reticuloendothelial system
is themajor clinicalmanifestation of Gaucher disease (glucocerebrosidase
deficiency), there is awell recognised increased incidenceof B lymphocyte
malignancies, especially CLL and myeloma, and of AML (Krishnan et al.,
2003). Pharmacologic inhibition of lipid synthesis by GCS inhibitors has
been advocated not only as a therapeutic strategy in lysosomal storage
disorders but also as chemotherapy (Cox et al., 2000; Radin, 1999).

Our study confirms that patients with CLL frequently over-express
P-gp (Consoli et al., 2002; Jamroziak et al., 2004). This over-expression
of P-gp was most likely intrinsic rather than acquired as there were
almost equivalent numbers of treated and untreated patients in this
study. Consequently we regarded cells from CLL patients to be an
appropriatemodel to review the role of GCS activity in relation toMDR
in general and P-gp more specifically in primary cells.

Nearly all previous studies on the interactions of P-gp and GCS in
malignancy have been in cell lines, which have induced enhanced
activity disproportionately higher than that seen in primary tumour
cells. This may partly account for the disagreement in published studies
on the role of GCS on MDR and P-gp. Many studies have shown
significant correlation between elevated levels of GCS and MDR due to
over-expression of P-gp (Lavie et al., 1996; Liu et al., 1999; Lucci et al.,
1998).Other studies donot showsimilar correlation (Tepperet al., 2000;
Veldman et al., 2003). Typically in AML cell line study, P-gp confers
resistance to ceramide-induced apoptosis and inhibition of P-gp
resulted in decreased GCS activity (Turzanski et al., 2005). However, in
primary AML cells, GCS activity was raised in chemotherapy resistant
compared to chemotherapy sensitive cells with no significant impact on
P-gp expression (Itoh et al., 2003).
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The N-alkylated imino sugars OGB-1 and OGB-2 have been shown
to be selective inhibitors for GCS in studies aimed at substrate
reduction therapy in Gaucher disease (Andersson et al., 2000; Platt
et al., 1994a,b). In clinical trials, OGB-1 have also been shown to be
well tolerated as oral agents with minimal adverse events (Cox et al.,
2000; Elstein et al., 2004). These GCS inhibitors were therefore ideal
candidates for studies to reverse MDR in malignant blood cells over-
expressing P-gp. This study shows that CLL cells that over-express
functional P-gp can be successfully modulated by the known P-gp
inhibitor Z.3HCL. We have previously shown that Z.3HCL infusion can
rapidly inhibit P-gp functional activity in P-gp over-expressing CD56+
cells (Gerrard et al., 2004).

Co-incubation of the cells with GCS inhibitors OGB-1 and OGB-2
did not reduce functional P-gp activity in these freshly isolated cells, in
contrast to results observed in the P-gp over-expressing cell line VLB
and normal MNC. OGB-2 is a more potent GCS inhibitor and this is
reflected in a lower IC50 concentration and the degree of reduction of
P-gp functional activity (Mellor et al., 2002). To compensate for the
relative inefficiency of OGB-1, experimentally it was used at a much
higher concentration than OGB-2, but still keeping within a clinically
achievable and relevant range (van Giersbergen and Dingemanse,
2007). In spite of the lack of P-gp inhibition, pre incubation of freshly
isolated CLL cells with OGB-1 or OGB-2 resulted in a reduced IC50 for
cytotoxic drug CdA and cytostatic drugs chlorambucil and fludarabine
in a proportion of the samples. Similar modulation of P-gp and
sensitisation to daunorubicin with Z.3HCL was observed in AML cells
(Gerrard et al., 2004).

Using the same OGB inhibitors, similar discordant findings were
reported in cancer cell lines by Norris-Cervetto et al. (2004). They
concluded that in the MCF7 modified cell line, inhibition of GCS using
OGB inhibitors did not reverse MDR. It was suggested that the
sensitisation achieved using other GCS inhibitors like PDMP and its
analogues may be due to its non specificity to GCS (Bieberich et al.,
1999; Liour and Yu, 2002). The possibility that OGB-1 and OGB-2 may
act as substrates for P-gp was investigated by Norris-Cavetto et al. in
2006, and they concluded that both GCS inhibitors were not substrates
for P-gp (Norris-Cervetto et al., 2006).

In conclusion, theGCS inhibitorsOGB-1 andOGB-2 sensitise CLL cells
to conventional cytotoxic and cytostatic drugs used in their treatment,
but appear not to modulate P-gp functional activity in these cells.
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