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It has been previously demonstrated that an anti-CD20 monoclonal antibody (MAb) can
reverse MDR in B lymphoma cells in vitro. However, the mechanisms underlying this
effect are unknown. A recent study showed that anti-CD20 MAbs could induce rapid
redistribution of CD20 into a detergent-insoluble membrane compartment (lipid rafts).
By redistributing CD20 into rafts, Rituximab™ (RTX) modified their stability and
organization. P-glycoprotein (P-gp) is the constituent protein of MDR tumor cells and is
responsible for pumping chemotherapeutic agents out of cells. Because ~40% of P-gp is
contained in lipid rafts, we hypothesized that when CD20 translocated into lipid rafts, it
would displace P-gp. This displacement would lead to the reversal of MDR. To this end,
we determined the function of the P-gp pump in the presence or absence of MAbs. In
addition, the effects of dose and incubation time with MAbs and chemotherapeutic drugs

were determined using Namalwa/MDRI1 and three drug-sensitive cells. Finally, the
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distribution of P-gp and CD20 in membranes was monitored after treatment with MAbs
by western blot analysis.

We found that RTX inhibited the function of the P-gp pump while other anti-CD20
MADs had no effect. RTX-mediated growth-inhibition of Namalwa/MDRI1 cells was both
dose- and time-dependent. Namalwa/MDRI1 cells were resistant to doxorubicin and
vincristine, but RTX rendered the Namalwa/MDRI1 cells as chemosensitive as the
parental Namalwa cells. RTX induced the translocation of CD20 into lipid rafts and the
translocation of P-gp out of rafts. Our results supported our hypothesis that the ability of
RTX to reverse MDR was initiated when CD20 was translocated into lipid rafts. This
coincided with the translocation of P-gp out of rafts. When P-gp was no longer present in

rafts, it lost activity and MDR was reversed.
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INTRODUCTION

Non-Hodgkin’s Lymphoma

Malignancies of hematopoetic cells have been divided into leukemias, which are
malignancies of the blood and bone marrow, and lymphomas, which are predominately
“solid” tumors of the lymph nodes. Lymphomas were originally subdivided into
Hodgkin’s disease (HD) and Non-Hodgkin’s lymphoma (NHL) based upon the presence
of Reed-Sternberg cells in HD and their absence in NHL. The further classification of
NHL has been debated throughout the past century. The most recent classification
scheme, created by the WHO in 1999, utilized morphologic, clinical, immunologic, and
genetic information to divide NHL and other lymphoid malignancies into malignancies
with clinical and therapeutic relevance. [1, 2] Clinically, lymphomas have been
characterized as indolent or aggressive, based upon their rate of progression. NHL has
been subdivided into B and T cell lymphomas, and within each of these lineages what
stage of normal development the cancer cells most resemble, based upon the
immunologic characteristics of the malignant cells. Specific cytogenetic translocations
have been used to differentiate subtypes of NHL, for example, (t 8:14) is found in
Burkitt’s lymphoma, and (t 14:18) is common in follicular lymphoma.

For unknown reasons, NHL increased in frequency in the United States at the rate
of 4% per year between 1950 and the late 1990s. However, the rate of increase in the past
few years has plateaued. About 54,000 new cases of NHL were diagnosed in the United
States in the year 2004. NHL was more frequent in the elderly and in men. Patients with
both primary and secondary immunodeficiency states were predisposed to developing

NHL. These included patients with HIV infection, inherited immune deficiencies,



rheumatoid arthritis, and patients who have undergone organ transplantation. The
incidence of NHL and the patterns of expression of the various subtypes differed
geographically. T cell lymphomas were more common in Asia than in western countries,
while certain subtypes of B cell lymphomas, such as follicular lymphoma, were more

common in western countries.[3]

Monoclonal Antibodies in Cancer Therapy

Monoclonal antibodies (MAbs) have become an essential tool in the treatment of
many cancers. Their specificity and low toxicity have contributed to improved quality of
life and prolonged survival for patients. MAbs can operate by inducing cell cycle arrest
or apoptosis, inhibiting angiogenesis, blocking the binding of tumor cells to the
extracellular matrix, and recruiting effector cells and molecules.[4] MAbs are unique
because they can often exert their therapeutic effect by more than one of these
mechanisms.[5] In addition, MAbs can be modified to enhance their therapeutic effect by
increasing their affinity or avidity, improving their binding to certain Fc receptors,
improving tumor penetration, altering the half-life of the MADb, and/or conjugating them
to a toxic payload such as a drug, prodrug, toxin or a radionuclide.[4, 6, 7]

The success of MAbs was evident from the approval by the FDA (since 1997) of
five unconjugated and two conjugated MAbs, for cancer therapy. Over 135 MAbs are
now being evaluated in clinical trials. Rituximab™/Rituxan™ (RTX), a chimerized anti-
CD20 antibody, was the first MADb approved by the FDA for the treatment of cancer,
specifically non-Hodgkin’s lymphoma.[8] Campath, a humanized anti-CD52 antibody,
was approved for the treatment of chronic lymphocytic leukemia.[9] Herceptin, a

humanized anti-HER-2/neu antibody, was approved for the treatment of metastatic breast



cancer.[6, 7, 10] Avastin, a humanized anti-VEGF antibody, and Erbitux, a chimeric anti-
EGFR antibody, were approved for the treatment of colorectal cancer.[11, 12] Two
MADs conjugated to radioisotopes were also recently approved. Bexxar,™ conjugated to
11, and Zevalin,™ conjugated to Y, are anti-CD20 MAbs now being used to treat
NHL.[13, 14] The potential of MAbs has not been fully explored even in the cancers for
which they have been approved. Studies are ongoing to elucidate their mechanisms of
action, in order to optimize their use.[15-17] Applications of MAbs to other malignancies

as well as autioimmunity, infectious diseases, and graft vs. host diseases are under

investigation.[18-20]

Multiple Drug Resistance (MDR)

MDR has been identified in many types of cancer, both at diagnosis and after
treatment with chemotherapeutic agents.[21] The development of MDR in lymphoma
cells correlates with the decreased success of chemotherapy, both in newly diagnosed
patients and in patients who have failed previous therapy.[22, 23] There are multiple
mechanisms that contribute to MDR, including two that have been well characterized.
(Figure 1) These include decreased permeability of the cell membrane to
chemotherapeutic agents and over-expression of the membrane protein, P-glycoprotein
(P-gp.)[24] P-gp is encoded by the human MDRI gene and is one of several proteins
contributing to the MDR phenotype that belong to the ATP-binding cassette (ABC)
superfamily, which hydrolyze ATP.[24, 25] These proteins act as pumps that decrease the

intracellular accumulation of chemotherapeutic drugs. P-gp is also expressed on some



normal tissues, including brain, intestine, adrenal cortex, placenta, hematopoetic stem

cells, liver and kidney.[26]

2. Efflux by
molecular “pumps”:
P-gp, MRP, LRP, BCRP

Drug

1. Reduced Drug
Accumulation

3. Intracellular mechanisms:
Target

eAlteration in drug target

eIncreased DNA damage
repair

eInhibition of apoptosis
Apoptosis signaling pathway

o 7

Figure 1. Mechanisms Underlying MDR. MDR develops after treatment with chemotherapy, and it can

occur by several mechanisms. These include reduced drug accumulation, efflux of drug by molecular
“pumps” in the membrane, intracellular alterations in drug targets, increases in the ability of cells to repair

DNA damage, and inhibition of the signaling pathways leading to apoptosis.

Attempts to overcome MDR have been made since the phenomenon was
recognized in the 1970’s. Several inhibitors of P-gp activity have been characterized,
including Cyclosporine A, Verapamil, progesterone, and Solutol HS-15. [24] These
modifiers all have the problem of side effects, because they alter the activity of P-gp in

normal tissues as well as MDR cancer cells. [27] Several alter the pharmacokinetics of



chemotherapeutic agents, necessitating reductions in dosage of these agents to
compensate for slower drug clearance from the body. Targeted modifiers of P-gp activity,
such as MAbs directed against cancer cells, would decrease problems with side effects
and altered drug pharmacokinetics that currently limit the use of the non-targeted
modifiers. In addition, MAbs themselves have low toxicity, and their use would reduce
the dosage of chemotherapeutic agents required to kill cancer cells, thus reducing their

toxicity in patients.

RTX

Because RTX was the first MAb to be approved by the FDA for the treatment of
cancer, RTX has been extensively studied both in vitro and in vivo. [28] It is a chimeric,
IgG1 anti-CD20 MAb that combines murine heavy and light chain variable regions with
human heavy and light chain constant regions. [29] RTX was approved in the U.S. for the
treatment of relapsed or refractory, low-grade or follicular, B-cell NHL. [29] In Europe, it
was approved for use in relapsed stage III/IV follicular NHL. [30] In the pivotal trial for
FDA approval of RTX, the overall response rate was 50% when RTX was used as a
single agent, [30, 31] and the overall response rate was >95% when RTX was used in
combination with chemotherapy. [32] A decade later, patients treated with RTX
combined with chemotherapy for low grade or follicular lymphoma and large cell
lymphoma showed prolonged time to progression of disease and longer periods of
disease-free survival. [33, 34] These results were promising for the long-term survival of

patients with NHL who traditionally had a poor long-term prognosis. [35]



In vitro studies, as well as studies in both animals and humans, suggested that the
antitumor activity of RTX was mediated by antibody-dependent cellular cytotoxicity
(ADCC) or complement-dependent cytotoxicity (CDC). [29, 30, 36] RTX also had direct
anti-proliferative effects on cancer cells, and, in some instances, it induced apoptosis [36,
37] in lymphoma cell lines with bcl2 gene rearrangements. [38, 39] RTX was also shown
to chemosensitize drug-resistant cells. Investigations into the mechanism(s) underlying
the anti-tumor activity of RTX as a single agent and in combination with chemotherapy
are ongoing. By understanding these mechanisms, it might be possible to further enhance
current cell killing strategies or develop novel agents and strategies. Recent clinical trials
included combining IL-2 or GCSF with RTX to enhance ADCC, [40, 41] and treating
relapsed patients with RTX before or after autologous stem cell transplant to eliminate

contaminating lymphoma cells. [42]

CD20

CD20 is a membrane-embedded phosphoprotein expressed on the surface of B cells. [43]
It is expressed at high levels by pre-B through mature B cells, but not by hematopoetic
stem cells or antibody-producing plasma cells. Activated B cells have higher expression
than naive B cells. [43] When CD20 is bound to anti-CD20 antibodies, it internalizes
poorly. It is not present in the circulation. The 33-37 kDa CD20 glycoprotein contains
four hydrophobic, membrane-spanning regions as well as a small extracellular domain
and cytoplasmic N- and C-terminal ends. [44] It forms dimers and tetramers after
chemical cross-linking, and it has been found to assemble into a 200-kDa complex in the

cell membrane. [45, 46] It functions as a store-operated calcium channel (SOCC)



activated by the B cell receptor (BCR), which contributes to sustained elevation of
cytoplasmic free calcium required for B cell activation. [47]

In addition to Rituximab™, several other anti-CD20 MAbs have been investigated. They
recognize distinct epitopes on the CD20 molecule, and they have varying effects on the
cell. Some trigger resting B cells to enter the cell cycle or induce IgM production, while
others prevent cell cycle progression and activation or differentiation, and others cause
cell death. [43] RTX and other anti-neoplastic MAbs belong to the latter group. These
MADs have been classified according to their effect on the location of CD20 in the
plasma membrane, as well as on B cell proliferation and differentiation. One group,
including RTX and 1F5, induce the translocation of CD20 into lipid rafts, a detergent-
insoluble portion of the cell membrane. Another group of MAbs including B1, the MAb
used in Bexxar,™ does not appear to induce this translocation of CD20 within the
membrane. [48] The mechanism of interaction of these MAbs with CD20 is still under
investigation, in the hopes that a more complete understanding of how the MAbs act will
enable development of better treatment strategies for a wide range of diseases and the

design of better MAbs.

Lipid Rafts

The cell membrane is made up of lipids with different physical and chemical properties
that can aggregate to form heterogeneous areas, or domains, some of which have been
termed lipid rafts. [49] Lipid rafts have been originally defined as detergent resistant
membrane (DRM) fractions, which are insoluble in Triton X-100. [50] After extraction,

the lower-density rafts can be separated from other cell membrane components by



ultracentrifugation along a density gradient. Raft domains contain a high proportion of
cholesterol and saturated phospho- and sphingolipids, which allow for tighter packing
and a more ordered structure than that found elsewhere in the cell membrane. [51]
(Figure 2) Certain proteins also preferentially aggregate in lipid rafts, including
glycosylphosphatidylinositol (GPI)-anchored proteins, Src-family tyrosine kinases,
flotillins, caveolins, heterotrimeric G proteins, and annexins. [52-56] Many functions
have been proposed for rafts, including cellular adhesion, endocytosis, the budding of

viral particles, and cell signaling. [49]
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Figure 2. The composition of Lipid Rafts. The membrane can be operationally divided into domains

called lipid rafts (red), which contain a high proportion of cholesterol, saturated phospholipids, and



sphingolipids. Lipid rafts are platforms for signaling. The remainder of the membrane, (green), is soluble in
certain detergents, while rafts are not. Rafts and the soluble fraction can be physically separated by lysing
cells and carrying out density gradient-centrifugation on the cell lysates. (From Pierce, Susan K. Lipid
Rafts and B-Cell Activation. Nature Reviews Immunology, Vol. 2, Feb 2002. Pp. 96-105). CD20 has

been localized in lipid rafts under certain experimental conditions. [57-59]

When Triton X-100 is used to isolate lipid rafts from the remainder of the cell membrane,
CD20 is not localized to the lipid rafts. But when cells are incubated with certain MAbs
(including RTX) prior to treatment with Triton X, CD20 is then found in lipid rafts. It has
been noted by some investigators that when different detergents are used, CD20 is
constitutively present in lipid rafts, even in the absence of MAb treatment. [47, 60] Hence
the lipid rafts are operationally defined by their solubility in different detergents,
although Triton X is the detergent most frequently used. The mechanism(s) underlying
the translocation of CD20 have yet to be elucidated. P-gp is also present in lipid rafts.
[61, 62] Its function as a pump is affected by its lipid environment, though there is some
conflicting information on the effects induced by various changes in the membrane, such
as cholesterol extraction. [63-66] Investigation into the relationship of both CD20 and P-

gp in lipid rafts and their interactions with their lipid environment is ongoing.

HD37 chemosensitizes MDR cells

Previous work in our laboratory investigated the effect of the anti-CD19 MAb, HD37, on
the activity of P-gp in MDR NHL cells.[67] CD19 is another protein found on the surface
of most B cells, which is a target for multiple MAbs. HD37 inhibited the activity of P-gp

in Namalwa/MDR1 cells with ~50% of the efficiency of verapamil, a well-known

inhibitor of P-gp activity. The inhibitory activity of HD37 did not require an Fc portion.
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F(ab’)2 fragments were effective, but Fab’ fragments were not, suggesting that higher
avidity binding and/or cross-linking of CD19 were necessary for the effect. We could
find no evidence that HD37 recognized a cross-reactive epitope on P-gp, modulated P-gp
from the cell surface, or enhanced the ATPase activity of membranes from treated cells.
Further investigation suggested mechanisms responsible for the effect of HD37 on the P-
gp pump. [68] Using fluorescence resonance energy transfer (FRET), CD19 and P-gp
were demonstrated to be constitutively associated in cells. In the absence of treatment
with anti-CD19, 40% of P-gp molecules expressed by Namalwa/MDRI1 cells resided in
lipid rafts. Following treatment of the cells with HD37 and disruption of the interactions
between P-gp and CD19, P-gp translocated out of lipid rafts and CD19 translocated into
lipid rafts. These results suggested that anti-CD19 might chemosensitize P-gp " cells by
interfering with interactions between CD19 and P-gp, rapidly resulting in the
translocation of P-gp into a compartment on the plasma membrane where it is no longer

active.

Aims of this study

The objectives of this study were as follows: 1) to confirm that Namalwa/MDR1 cells
expressed P-gp and CD20 and whether expression changed after time in culture, 2) to
determine the effect of RTX on the growth of Namalwa/MDRI1 and parental Namalwa
cells, 3) to determine the effect of RTX on the killing of Namalwa/MDRI1 cells with and
without chemotherapeutic drugs, 4) to determine the effect of RTX on the activity of the
P-gp pump, 5) to determine whether RTX altered the membrane distribution of P-gp such

that it could no longer function as an active pump. To this end, we studied the distribution

11



of P-gp and CD20 in lipid rafts vs. the soluble fraction of the cell membrane before and

after treatment of MDR1 cells with RTX.
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MATERIALS AND METHODS

Cell lines

The human Burkitt’s lymphoma cell line, Namalwa, was infected with a human MDR1
gene-containing retrovirus (Namalwa/MDRI1), and was a gift from Dr. R. O’Connor at
ImmunoGen (Boston, MA). The human Burkitt’s lymphoma cell line, Ramos (American
Type Culture Collection (ATCC)® Number: CRL-1596™, Manassas, VA), was
purchased. [69] Both the parental P-gp- Namalwa cells and the P-gp+ Namalwa/MDR1
cells were maintained in culture in complete RPMI-1640 medium (Sigma-Aldrich, St.
Louis, MO) containing 7.5% heat-inactivated fetal bovine serum (FBS) (HyClone,
Logan, UT) supplemented with 20 mM HEPES (Sigma, St. Louis, MO), 100 units/ml
penicillin (GIBCO/Invitrogen, Carlsbad, CA), 100 pg/ml streptomycin (GIBCO), and
100 mM L-glutamine (GIBCO) (complete medium). Cells were grown in a humidified
atmosphere of 5% CO, and air, and viability was determined by trypan blue exclusion.
Cells were diluted 1:1 with trypan blue (0.04% in sterile phosphate-buffered saline
(PBS)) and counted using a hemacytometer (Bright-Line, Reichert-Jung, Horshan, PA).
Viability was calculated by the equation 100 x (# viable cells) / (# viable cells + # non-
viable cells). Cell lines were maintained in culture for 6 weeks and were then replaced

with frozen stock. The cellular phenotype was determined by flow cytometry.

Antibodies and Reagents

The following MAbs or hybridomas were used: (a) anti-CD20 (RTX) was purchased
from Genentech (San Francisco, CA); (b) anti-P-gp (UIC2) from Immunotech, Miami, FI.

recognized an epitope on P-gp which interferes with its function; (c) anti-CD22 (RFB4)

13



from Dr. G. Janossy, Royal Free Hospital, London, UK was used as control antibody,
which binds to CD22 on Namalwa/MDRI1 cells but does not chemosensitize them;
UV22-2, a hybridoma generated in our lab was prepared, purified and used as a control
antibody. (d) Fluorescein Isothiocyanate (FITC)-goat anti-mouse IgG (H+L) (GAMIg)
was purchased from Kirkegaard & Perry Laboratory, Inc., Gaithersburg, MD. For
Western Blots (WB) we used the antibodies indicated below and the detection kit

provided by ECI Western Blotting Analysis System, Amersham Pharmacia, UK.

Chemotherapeutic drugs

Doxorubicin (hydrochloride injection, USP) was purchased from Gensia Sicor
Pharmaceuticals, Inc. (Irvine, CA) and Vincristine sulfate (injection, USP) was purchased

from Faulding Pharmaceutical Co. (a Mayne Group Company, Paramus, NJ).

Flow cytometry

Indirect immunofluorescence assays were carried out to evaluate the binding of anti-P-gp
and anti-CD20 MADbs to both the Namalwa and the Namalwa/MDRI1 cell lines. Indirect
immunofluorescence assays were carried out using RTX, UIC2, UV22-2, and RFB4, and
FITC-GAMIg. Cells (10° per sample) were collected in a 50 ml conical tube (BD Falcon,
San Jose, CA) centrifuged (Sorvall RC3C Centrifuge) for 6 min at 419 x g, washed in
phosphate-buffered saline + 0.01% sodium azide (PBSA) at 4 °C, centrifuged again (6
min at 419 x g at 4 °C) and resuspended in PBSA at 10’ cells/ml. All materials were kept
on ice from this point on. 100 pL of the cell suspension was placed in each tube (12 X 75,

round bottom, BD Falcon, San Jose, CA). MAbs (1-10 mg) were added to each tube,
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tubes were vortexed, and then they were incubated in the dark for 15 min on ice,
vortexed, then incubated for 15 more min under the same conditions. Then, 800 uL
PBSA was added to each tube, and tubes were centrifuged (6 min at 419 x g). After
supernatants were aspirated, the cells were washed again with complete medium
containing 0.01% sodium azide, resuspended in 100 ml of medium, and 2—3 ml of FITC-
GAMIg was added to each tube. Tubes were vortexed and then incubated on ice for 30
min. The cells were washed twice in 800 pL. medium with 0.01% sodium azide,
resuspended in 500 pL of the same medium, and analyzed on the FACS (FACScan;

Becton Dickinson, Mountain View, CA).

Growth Inhibition

Namalwa/MDR1 and Ramos cells were grown in the presence of RTX to study the effect
of the antibodies on cell growth. Cells were collected in a 50 mL conical tube (BD
Falcon, San Jose, CA) and centrifuged at 300 x g for 10 min at 4°C (Sorvall Centrifuge,
RC3C, DuPont, Wilmington, DE). The cells were resuspended in complete medium
without fetal bovine serum (FBS), at 2 x 10’ cells/mL and centrifuged again under the
same conditions to wash the cells. Then the cells were resuspended in complete medium
with 10% FBS at 5 x 10’ cells/mL and 5 mL of cells were seeded into a 25 cm® tissue
culture flask (BD Falcon, San Jose, CA), using one flask for each treatment condition.
One flask of untreated cells served as the control. Treatment conditions included
concentrations of RTX varying from 1 - 500 ug/mL or 7 x 10° — 3.4 x 10° M. The MAb
was added from stock solution (12.2 mg/mL RTX) or for lower concentration, stock was

diluted first in a sterile PBS solution. All dilutions were made at high concentration (>1
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mg/mL) so as not to dilute cell medium when MAbs were added. Cells were incubated at
37°C in 5% CO,/95% air for 5-10 days. Cells were counted daily and viability was
determined using Trypan blue exclusion. Cells were replenished daily with RTX to
maintain a steady concentration of antibody. Cells were discarded when viability dropped

to <50%. Experiments were repeated 5 times.

Cellular Influx and Efflux Assays

To study the function of the P-gp pump on Namalwa/MDRI cells, Rhodamine 123 was
used in an efflux assay. Namalwa/ MDRI1 cells (1 x 10%/treatment) were collected,
pelleted (as described in “Flow Cytometry,”) washed once in serum-free medium, and re-
suspended in 1.8 ml of serum-free medium in a clear tube (12 X 75, round bottom, BD
Falcon, San Jose, CA). RTX was diluted from stock (12.2 mg/mL) in medium to 0.15
mg/mL. 200 uL. of RTX was then added to the cells. Two additional samples of cells
were incubated in medium alone during this time as negative controls. To a final sample,
200 pL of Verapamil (100 uM in RPMI 1640, Sigma, St. Louis, MO) was added as a
positive control. All samples were incubated with rotation (50 Hz, LabQuake Shaker,
Berkeley, CA) for 1 h at 37°C. Cells were then pelleted and washed twice with 2 mL of
serum-free medium. They were resuspended in 0.9 mL of serum-free medium.

1. Influx: To the sample previously treated with RTX, 100 uL of RTX (0.15
mg/mL) was added along with 5 pL. Rhodamine 123 (100 pg/mL in sterile saline, Sigma,
St. Louis, MO). To one negative control, 100 pL of serum-free medium was added. To
the second negative control, 100 pL. of medium plus 5 pL of Rhodamine 123 was added.

To the positive control, 100 pL of Verapamil (100 uM in RPMI 1640) plus 5 puL of
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Rhodamine 123 was added. All samples were incubated for 1 hour at 37°C with rotation
(50 Hz, LabQuake Shaker, Berkeley, CA). The cells were pelleted and washed twice with
2 mL/sample of serum-free medium, then resuspended in 0.9 mL of serum-free medium.

2. Efflux: Rhodamine 123 loaded cells were re-cultured at 37°C for 2 h. Cells
were pelleted, washed twice in 2 mL PBSA, and resuspended in 1.5 mL PBSA. Samples
were analyzed on the FACScan by accumulating events in the FL1 channel. The efflux
rate of Rhodamine 123 was determined. After 2 h, efflux was complete. We, therefore,
chose 2 h as the standard conditions for the assay. To quantitate the effect of treatment
with RTX on Rhodamine 123 efflux from Namalwa/MDRI1 cells, we measured the shift
of the histogram to the right as compared with the negative control (Rhodamine 123
only). The effect of Verapamil (positive control) was taken as 100%, and the effect of
RTX was calculated as a percentage of the change induced by Verapamil. The

experiment was repeated 5 times.

Cytotoxicity assay

The cytotoxicities of doxorubicin and Vincristine were tested on both Namalwa and
Namalwa/MDRI1 cells. The effect of MAbs (RTX and RFB4) on doxorubicin- or
Vincristine-mediated cytotoxicity was also evaluated using a "H]-Thymidine
incorporation assay.

Both Namalwa and Namalwa/MDR1 cells were centrifuged for 10 min at 300 x g at 4°C
(Sorvall RC3C centrifuge). The cells were washed with complete medium without FBS
and centrifuged again as above. The cells were resuspended in complete medium without

FBS at 1.4 x 10° cells/mL (Namalwa/MDR1) and 1.7 x 10’ cells/mL (Namalwa). RTX
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(12.2 mg/mL stock) was added to cells to bring concentrations to 0.2 mg/ml.
Concentrated cells (without MAb) were used as the positive controls. Doxorubicin was
diluted in complete medium without FBS via serial dilutions to final concentrations of
10-120 nM. 100 pL of each serial dilution of doxorubicin was added to each well of a 96-
well tissue culture plate (BD Falcon, San Jose, CA). 100 uL of complete medium was
used as a negative control. Then 100 pL of the appropriate cell suspension was added to
each well, giving final concentrations of doxorubicin of 5-60 nM and a final
concentration of RTX of 0.1 mg/mL or 7 x 10”7 M. Plates were incubated at 37°C with
5% C0O2/95% air for 72 hours.

Both Namalwa and Namalwa/MDR1 cells were centrifuged for 10 min at 300 xg at 4°C
(Sorvall RC3C centrifuge). The cells were washed with complete medium without FBS
and centrifuged again as above. The cells were resuspended in complete medium without
FBS at 2 x 10’ cells/mL. Just before plating cells, Vincristine was added to the cells to
bring to a final concentration of 50 nM. Cells were set aside without Vincristine to be
used as a positive control. RTX and UV22-2 were diluted from their stock solutions (13
mg/mL and 5 mg/mL, respectively) in complete medium without FBS to 0.0012- 0.6
mg/mL. Then 100 uL of these MAb solutions was added to each well of a 96-well tissue
culture plate (BD Falcon, San Jose, CA). 100 pL of complete medium without FBS was
used as the negative control. One hundred pL of the appropriate cell suspension, with or
without Vincristine, was added. This gave a final concentration of Vincristine of 25 nM,
and MAD concentrations of 0.0006-0.3 mg/mL. Plates were incubated at 37°C with 5%

C0,/95% air for 24 or 48 hours.
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After incubation, 10 pL of [3H]-thymidine (1 mCi/mL, Amersham Biosciences,
Piscataway, NJ), diluted 1:10 in complete medium without FBS was added to each well
of cells. The cells were incubated as above for four more hours. They were then
harvested onto a FilterMAT (Skatron, Sterling, VA) using a Skatron cell harvester
(Skatron, Sterling, VA) FilterMATs were counted using a B-counter (Wallac 1410,
Pharmacia/Pfizer, New York, NY). Data were calculated as average counts per minute
(cpm) using triplicate wells for each data point. Dose response curves were generated
based on expressing cpm from treated cells as a fraction of cpm from untreated cells. The
% incorporation of [3H]-thymidine by treated cells was calculated using the incorporation
of non-treated cells as 100%. ICy, values (defined as the concentration of drug that
reduced [*H]-thymidine incorporation by 90%) were determined graphically from relative

survival curves. The experiment was repeated 6 times.

Preparation and analysis of lipid rafts for Western Blot.

Namalwa/MDRI1 cells were placed in conical tubes (BD Falcon, San Jose, CA) and
centrifuged for 10 minutes at 419 x g at 4°C (Sorvall RC3C centrifuge). The cells were
washed with complete medium with 10% FBS and centrifuged again as above. The cells
were resuspended in complete medium with 10% FBS at 1 x 10 cells/mL and vortexed,
and they were divided into 10 mL aliquots in conical tubes (BD Falcon, San Jose, CA).
They were then pre-warmed at 37°C for five minutes, rotating (50 Hz) (LabQuake
Shaker, Berkeley, CA). MAbs (115 pL of RTX stock at 13 mg/mL or 203 pL of UV22-2
stock at 7.4 mg/mL) were added to each aliquot and cells were vortexed to bring the final

concentration of antibody to 150 pg/mL. Untreated aliquots were used as controls. The
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cells were incubated for 15, 30, and 60 min at 37°C. Following incubation, cells were
centrifuged for 10 min at 419 x g at 4°C (Sorvall RC3C centrifuge) and were washed
twice in 15 mL PBS, and the supernatant was discarded. In order to fractionate the
cholesterol and sphingolipid-rich membrane microdomains (lipid rafts), the cell pellets,
treated and washed as above, were lysed in 1 ml of 2x lysis buffer containing 20 mM Tris
and 2% Triton X-100 pH 7.5, supplemented just before use with protease inhibitors (2
pg/ml aprotinin, 2 pg/ml leupeptin, 2 mM Na,MoO4, 2 mM Na3;VO,, and 2 mM PMSF).
Lysis buffer was added to the cell pellets, the cells were thoroughly vortexed, incubated
on ice for 60 minutes, and then pelleted by centrifugation for 10 minutes at 900 x g at 4
°C (Sorvall RC3C centrifuge) to pellet nuclei and particulate debris. The pellet was
removed using a glass Pasteur pipette. One mL of a solution of 85% sucrose in 20 mM
Tris buffer (in deionized H,O, pH adjust to 7.5 with HCl) without Triton X-100 was
added to the bottom of a 12 ml ultra-clear ultracentrifuge tube (14 x 85, Beckman, Palo
Alto, CA). One mL of the cloudy supernatant (1:1 volume ratio) was added to the bottom
of the ultracentrifuge tube and carefully pipetted up and down with a graduated plastic
pipette to mix well. Over this layer, 6 ml of 35% sucrose in the same buffer was carefully
added with another plastic pipette, so as to maintain the interface. Finally, 3.5 ml of 5%
sucrose in the same buffer was layered on top. The tubes were centrifuged for 16-20 h at
4° C at 210,053 x g (Beckman ultracentrifuge, L8-M, using a SW 41 Ti rotor). Twelve
fractions of 1 ml each were collected from the top to the bottom of the tube with a I mL
micropipetteman, and fractions were placed in 1.5 mL eppendorf tubes for analysis by
WB. In some experiments, lipid raft fractions (3-6) and soluble fractions (9-12) were

combined into two pools and analyzed by WB. Protein concentration of each fraction and
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of pools was determined using BCA™ protein assay and micro Bicinchoninic Acid

(BCA)™ protein assay reagent kits from Pierce.

BCA protein assay

The BCA protein assay was performed using either the BCA™ Protein Assay Reagent
Kit or the Micro BCA™ Protein Assay Reagent Kit (Pierce Biotechnology, Rockford,
IL). The BSA protein standards were prepared from stock solution of bovine serum
albumin (BSA) (provided in the kit), diluted in tris buffer. The Microplate procedure
detailed in the kit was followed to test the protein concentration of 150 puL of each
fraction and each pool of fractions prepared in the lipid rafts procedure above before
Western Blot analysis was performed. Samples were read using a spectrometer

(SpectraFluor Plus, Tecan, Mannedorf, Switzerland).

WB analysis

The 12 fractions collected from the ultracentrifuge tube and the two pools (3-6) (lipid
rafts) and (9-12) (soluble fractions) were processed for WB analysis as follows:

Buffers were prepared as instructed in the BioRad Mini-Protean II kit, and all were
prepared from reagents purchased from Sigma, St. Louis, MO, unless otherwise noted.
They included 10% sodium dodecyl sulfate (SDS) (in deionized H,0), 10% Ammonium
Persulfate (APS) (in deionized H,0), 10X tris-buffered saline (24g Tris, 87g NaCl, 1 L
deionized H,O, pH adjusted to 7.5 with HCI), 1.5 M Tris (in deionized H,O, pH adjusted
to 8.8 with HCl), 0.5 M Tris (in deionized H,O, pH adjusted to 6.8 with HCl), 10X

electrophoresis stock buffer (30g Tris, 144 g Glycine in 1 L deionized H,O), Running
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buffer (100 mL electrophoresis stock buffer, 10 mL 10% SDS in 890 mL deionized H,0),
Transfer buffer (100 mL electrophoresis stock buffer, 200 mL methanol in 700 mL
deionized H,0), 30% acrylamide/Bis (29.2 g Acrylamide, 0.8 g Bis in 100 mL deionized
H,0), and 2X sample buffer (3.55 mL dionized H,O, 1.25 mL 0.5 M Tris-HCI, pH 6.8,
2.5 mL glycerol, 2.0 mL 10% SDS, 0.2 mL 0.5% bromophenol blue).

Each fraction prepared in the lipid raft separation was collected in a 12 mL
ultracentrifuge tube (Beckman, Palo Alto, CA) and 10 mL of lysis buffer (25 mM MES,
ph 6.5, 150 mM NaCl, 1% Triton X-100, all from Sigma, St. Louis, MO) was added. The
samples were ultracentrifuged for 1.5 hours at 4° C at 210,053 x g (Beckman
ultracentrifuge, L8-M, using a SW 41 Ti rotor). The supernatant was aspirated and
discarded.

200 pl from each sample was mixed with 200 pl electrophoresis reducing buffer
containing 0.5 M Tris at pH 6.8, 2% SDS, and 5% 2-mercaptoethanol. Samples were
boiled for 5 min at 100°C in an oil bath (American Scientific Products, Multi-Blok heater,
H2025-1A). Up to 40 pL of each sample was loaded into a well in the appropriate gel.
Samples were electrophoresed either on 6% acrylamide gels (for 15 mL gel: 8mL
deionized H,0O, 3 mL 30% acrylamide/Bis, 3.8 mL 1.5 M Tris, 0.15 mL 10% SDS, 0.15
mL 10% APS, 0.012 mL TEMED (tetramethylethylenediamine)) to detect of P-gp or on
12 % acrylamide gel (for 15 mL gel: 5 mL H,0, 6.0 mL 30% Acrylamide/Bis, 3.8 mL 1.5
M Tris, 0.15 mL 10% SDS, 0.15 mL 10% APS, 0.006 mL TEMED) to detect CD20. The
gels were transferred to membranes (Immun-Blot PVDF Membrane, Bio-Rad
Laboratories, Hercules, CA) according to the BioRad protocol for the Mini Protein II

Electrophoresis / Transfer Cells, using 100 volts for 60 minutes. Membranes were treated
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with 2% BSA for 2 hours following protein transfer, then mixed with the primary
antibody (rabbit anti-MDR 1 pg/mL (Santa Cruz Polyclonal IgG, Santa Cruz, CA, 35 uL
in 7 mL TBS/Tween) or anti-CD20 0.5 pg/mL (Santa Cruz Polyclonal IgG, Santa Cruz,
CA, 17.5 in 7 mL TBS/Tween)); and incubated overnight at 4°C on a rocker (Rocker II,
260350, Boekel Scientific, Feasterville, PA). Samples were then incubated on a rocker
for 1 hour with the appropriate horseradish peroxidase (HRP)-labeled secondary antibody
(e.g. HRP-anti-rabbit Ig, Amersham Pharmacia, UK; HRP- anti-mouse Ig, Amersham
Pharmacia, UK). The membranes were covered with a chemiluminescence buffer
(Amersham Pharmacia) for one minute, then placed in a sample size Ziploc bag and
developed on hyperfilm ECI (Amersham Pharmacia, UK) in the dark room using a
Kodak m35Ax OMAT Processor. The bands on the WB corresponding to the size of
proteins of interest (e.g. 170 kDa for P-gp; 33 - 37 kDa for CD20) were scanned with the
Photo suite program (version 4, Platinum, MGI Software Corp/Roxio). The experiment

was repeated 8 times.
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RESULTS

Namalwa/MDRI1 Cells Expressed P-gp and CD20

The expression of P-gp and CD20 on Namalwa/MDR1 and parental Namalwa cells was
determined by indirect immunofluorescence staining using the primary antibodies UIC2
(to detect P-gp) and RTX (to detect CD20) and the secondary antibody FITC-GAMIg.

Both parental Namalwa and Namalwa/MDRI1 cell lines expressed similar levels of CD20

(Table 1).
Cells Surface Marker %o Positive Cells MFI*
CD20 94 93
Namalwa P-ap 51 15
CD20 98.1 79

Namalwa/MDR1 P-gp 98.6 320

Table 1. The expression of CD20 and P-gp on the surface of Namalwa/MDR1 and parental (MDRI")

Namalwa cells. FACS analysis demonstrated that both Namalwa and Namalwa/MDRI1 cell lines expressed
similar levels of CD20. 1 x 107 cells/ml were incubated with 100 pg/ml RTX or UIC2. Only
Namalwa/MDRI1 cells expressed P-gp (98.6% vs. 2.1% for parental Namalwa cells). *Mean Fluorescence

Intensity

CD20 was expressed at a low density on both Namalwa/MDR1 and Namalwa cells
(MFT’s of 79 and 93 respectively), but, in both cases, greater than 90% of cells were
positive. Greater than 95% of the Namalwa/MDRI1 cells expressed P-gp (98.6% positive
cells), while only 2.1% of the parental Namalwa cells were positive.

In addition, indirect immunofluroescence was used to investigate the expression of P-gp
on the surface of Namalwa/MDRI cells that had been maintained for 8 weeks in culture.
After 8 weeks in culture, 83% of the cells expressed P-gp with an MFI of 26. These

results suggested that with prolonged culture, the expression of P-gp by Namalwa/MDR1

24



cells decreased. Therefore we maintained Namalwa/MDRI1 cells in culture for 6 weeks,
when we thawed a new batch of cells. Hence, while both parental Namalwa cells and
Namalwa/MDRI1 cells expressed CD20, P-gp was expressed only by the
Namalwa/MDRI1 cells.

RTX modestly inhibited the srowth of both P-gp—and P-gp- cells

To determine the effect of RTX on cell growth, both Namalwa/MDR1 and P-gp™ cells
(Ramos, parental Namalwa) were cultured in the presence of MAbs, and their viability
was determined by trypan blue exclusion. Several concentrations of RTX were used in
order to determine the optimal concentrations of the MADb to use in the cytotoxicity
experiments. P-gp" and P-gp cells cultured in medium grew exponentially in culture for
5 days without MAbs (Figure 3). When cells were cultured with 100 pg/mL RTX, their
growth was modestly inhibited. (~30%) The effect of RTX on tumor cell growth was
dose-dependent, with 100 pg/mL, 250 pg/mL, and 500 pg/mL reducing growth by 30%,
50%, and 68%, respectively, after 5 days (data not shown). These results demonstrate that
5 days of incubation with RTX modestly inhibited the growth of tumor cells regardless of

whether the cells expressed P-gp on their surface.
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Figure 3. The growth of P-gp+ and P-gp- cells cultured with and without RTX. P-gp+ and P-gp- cells
cultured without MAbs (black bars) grew exponentially in culture for 5 days. When cells were cultured
with RTX (white bars) their growth was modestly inhibited. (~30%) The graph is one representative
experiment of five experiments performed to determine the optimal concentrations of RTX to use in the

cytotoxicity experiments. This is one representative experiment of 2 performed.

RTX chemosensitized Namalwa/MDRI1 cells

[*H]-thymidine incorporation was used to determine the effect of RTX on the
proliferation of Namalwa and Namalwa/MDRI cells cultured with chemotherapeutic
agents. Both cell lines were cultured with different concentrations of doxorubicin or
Vincristine for 72 hours and pulsed with “H]-thymidine for four hours. As shown in
Figure 4A, the parental Namalwa cells were killed by incubation with doxorubicin alone
(ICgp of 5.5 nM). The presence of RTX had no effect on the cytotoxicity of doxorubicin

on the P-gp™ cells. Incubation with doxorubicin alone was much less effective in killing
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Namalwa/MDRI1 cells (ICyy of 17.5 nM). However, when the Namalwa/MDRI1 cells were
incubated with RTX plus doxorubicin, the ICyy of doxorubicin decreased to the level
observed in Namalwa cells (7.5 nM). Therefore, RTX chemosensitized P-gp " cells to
doxorubicin.

As shown in Figure 4B, RTX alone had little cytotoxicity with the Namalwa/MDRI1 cells
over the 72 hour incubation period. When the killing assay was performed in the presence
of 25nM Vincristine, a steady cytotoxic effect was observed in Namalwa/MDRI cells.
However, adding different concentrations of RTX to the Vincristine in the same assay
demonstrated that the cytotoxic effect of vincristine increased proportionally with the
concentration of RTX. No increase in cytotoxic activity was observed when UV22, an
anti-CD22 MADb, was used with Vincristine. From these results, it can be concluded that
RTX and Vincristine together were more effective in killing P-gp” cells than either agent
alone, and that this synergy did not occur when a reactive but unrelated MAb was used.
Together, the cytotoxicity experiments demonstrate that RTX chemosensitizes
Namalwa/MDR1 cells.

Figure 4. The cytotoxic effect of RTX on P-gp" and P-gp” Namalwa cells. Cells were incubated at 1.2 x
10°/well in 96-well microtiter plates for 72 hours at 37°C, followed by a 4-hour pulse with [*H]-Thymidine.

A. [’H]-Thymidine incorporation in Namalwa cells: P-gp” cells incubated with doxorubicin (e)
doxorubicin + RTX (10”7 M)(o) and P-gp cells incubated with doxorubicin (V) doxorubicin +

RTX (107 M) (V) This was one representative experiment of 3 performed.

B. [*H]-Thymidine incorporation in P-gp" Namalwa cells incubated as described above with
different concentrations of RTX (e); RTX + Vincristine (25 nM) (constant concentration)( 'V );
different concentrations of an anti-CD22 MAb (UV22) + Vincristine (25 nM) (m); Vincristine (25

nM) alone (¢). This was one representative experiment of 2 performed.
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RTX inhibited the cellular efflux of Rhodamine-123 as effectively as Verapamil

It was hypothesized that RTX chemosensitized P-gp " cells by blocking the action of the

P-gp pump. A Rhodamine-123 efflux assay was therefore used to determine the activity

of the P-gp pump in the cell membrane of Namalwa/MDR1 cells (Figure 5). The effect

of RTX on the activity of the pump was compared to the effect of Verapamil. Verapamil
is a drug known to inhibit the activity of the P-gp pump. [70] The cells were incubated

with Rhodamine-123, washed, and the efflux of the dye was determined.
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Figure 5. The Rhodamine-123 dye efflux assay to measure P-gp activity. The assay was used to assess
the efflux of Rhodamine-123 by the P-gp pump. In cells that did not express P-gp, the Rhodamine-123 dye
diffused into the cell and remained. Rhodamine-123" cells were detected on the FACS. When cells
expressed P-gp, the dye diffused into the cell, but it wes then actively pumped out by the P-gp pump.
Hence, the dye was not detected in the cells by FACS analysis. In the presence of an inhibitor of P-gp, in
this case Verapamil, the dye did not efflux, and Rhodamine " cells were detected by FACS analysis. We

used this assay to test the effect of RTX vs. Verapamil on the activity of the P-gp pump.

Namalwa/MDRI cells effluxed Rhodamine-123 (Figure 6), whereas the parental P-gp’

Namalwa cells retained the dye (data not shown). Incubation of Namalwa/MDRI1 cells
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with Verapamil at 10 pM blocked the activity of the P-gp pump and the cells retained
Rhodamine-123 (Figure 6). Incubation with RTX at 107 M inhibited the activity of the
P-gp pump such that the Namalwa/MDR1 cells retained Rhodamine-123. In addition, an
anti-CD22 MAb (RFB4) had no effect on the efflux of Rhodamine-123 (data not shown).
These data indicate that RTX inhibited the activity of the P-gp pump as effectively as did

the well-known P-gp inhibitor, Verapamil.
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Figure 6. The effect of RTX on P-gp-mediated Rhodamine-123 efflux by MDR1 cells. 5 x 10° / ml
Namalwa/MDRI1 cells were incubated for one hour at 37° C with 3 uM Rhodamine-123 alone or in
combination with the other reagents as indicated. Cells in media (1); Verapamil (10 uM) (2); 10 7 M RTX
(3). Cells were washed twice with RPMI-1640 without FBS, resuspended in FBS-free medium, and
incubated for 2 hours at 37°C to measure the efflux of Rhodamine-123. This is one representative

experiment of 10-15 performed.
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RTX induced the translocation of P-gp out of lipid rafts

After previous experiments demonstrated that RTX chemosensitized Namalwa/MDR1
cells and inhibited the activity of the P-gp pump, a possible mechanism for the action of
RTX was sought. It had been postulated that the lipid phase of the plasma membrane is
important for the activity of P-gp. [24] Experiments with an anti-CD19 MAb indicated
that in Namalwa/MDRI1 cells cultured without MAbs and then lysed, ~40% of the P-gp
was located in lipid rafts, while the other 60% was located in the soluble fraction of the
membrane following cell lysis. [68] It had been shown previously that following sucrose
gradient ultracentrifugation of the cell lysates, lipid rafts were present in fractions 3-6 and
the detergent-soluble fraction of the membrane was present in fractions 9-12. Therefore,
this method of separating rafts from the soluble fraction of the cell membrane was used to
follow the proportion of CD20 and P-gp in the lipid rafts vs. the soluble fraction of the
membrane (Figure 7).

Other detergents have been used to separate rafts from non-rafts by other investigators.
[60] [47] Each detergent, and even a different concentration of the same detergent,
generated a slightly different pattern of protein partitioning in raft and non-raft fractions.
Though several detergents have been used to study the position of CD20 in the
membrane, the standard in the field continues to be Triton-X. Recently, detergent-free
methods of separating rafts from non-rafts have been introduced and refined. [71-73]
These methods involved mechanical disruption of membranes by sonication and/or
shearing resulting in protein partitioning between rafts and non-rafts. This partitioning is
similar to that found in detergent-dependent protocols for raft isolation, but theoretically

eliminated the detergent-dependent variability of those methods. However, detergent-free
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methods have their own problems, including low yield and potential disruption and
mixing of membrane lipids. There was also some variability in protein partitioning based
upon duration of sonication. None of these detergent-free methods has been applied to
CD20 research, but this could potentially be a useful tool for carrying out functional
assays that are detergent-sensitive. For our experiments, Triton X was chosen because it
is the standard method in the field.

Following ultracentrifugation of the cell lysates, fractions were electrophoresed and WBs
were carried out with the relevant or control MAbs (Figure 8, A and B). When MDR
cells were cultured in medium, a significant proportion of P-gp was found in the raft
fractions. Following incubation of the cells with 150 pg/mL RTX, the P-gp molecules
present in lipid rafts translocated into the soluble fraction of the membrane. Culturing
cells with an anti-CD22 MAb had no effect. Translocation was rapid and occurred after
exposing the cells to RTX for 15 min. From these experiments, it can be concluded that
RTX induced P-gp to translocate out of lipid rafts and into the detergent-soluble fraction

of the cell membrane.
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Figure 7. Preparation of Lipid Rafts for WB Analysis. Namalwa/MDRI1 cells were incubated with

MADbs (at 10”7 M /10° cells for one hour at 37° C), then washed twice with RPMI, pelleted and lysed on ice
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for one hour with lysis buffer containing 20 mM Tris, 2% Triton X-100 pH 7.5, 2 pg/ml aprotinin, 2 pg/ml
leupeptin, 2 mM Na,MoQ,, 2 mM Na;VO,, and 2 mM PMSF. The cell lysate was ultracentrifuged at
210,053 x g through a sucrose gradient (5 — 42.5%) for 16-20 hours at 4° C and twelve fractions of one ml
were collected from the top to the bottom of the tube. Individual fractions or pooled fractions were

analyzed by WB as indicated.
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Figure 8. WB analysis of the distribution of P-gp in lipid rafts in Namalwa / MDR1 cells before and

after incubation with MAbs.

A. The distribution of P-gp in the 12 fractions separated on sucrose gradients before and after
incubation of cells with MAbs followed by cell lysis. This is one representative experiment of 5-7

performed.

B. The distribution of P-gp in the pools of fractions, 3-6 (lipid rafts), and 9-12 (soluble fraction).

This is one representative experiment of 5—7 performed.
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RTX induced the translocation of CD20 into lipid rafts

WBs were also used to follow the location of CD20 in the cell membrane after incubation
of the cells with RTX. In Namalwa/MDRI1 cells cultured without MAbs, virtually all the
CD20 was present in the soluble membrane fraction (Figure 9, A and B). Following
incubation with RTX, a significant portion (but not all) of the CD20 molecules
translocated into lipid rafts. In contrast, incubation with an anti-CD22 antibody did not
alter the distribution of CD20 in the membrane. These results suggest that the
translocation of CD20 out of the detergent-soluble fraction of the membrane and into

lipid rafts took place concurrently with the translocation of P-gp out of lipid rafts.
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Figure 9. WB analysis of the distribution of CD20 in lipid rafts in Namalwa/MDRI1 cells before and

after incubation with MAbs
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A. The distribution of CD20 in the 12 fractions separated on sucrose gradients before and after
incubation of the cells with MAbs followed by cell lysis. This is one representative experiment of

5-7 performed.

B. The distribution of CD20 in the pools of fractions, 3-6 (lipid rafts), and 9-12 (soluble fraction).

This is one representative experiment of 5—7 performed.
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DISCUSSION

General

There is still no cure for NHL, and treatments that currently prolong life have severe
adverse effects and can become ineffective following the development of MDR. Targeted
therapies that will minimize damage to healthy cells and eliminate malignant ones are
needed. Targeted therapies to overcome MDR are similarly lacking. MAbs represent a
major advance in effectively treating many cancers, including NHL. RTX, in particular,
has induced lasting remissions in patients as a single agent and when combined with
chemotherapeutic drugs, and it has chemosensitized MDR cells in vitro. Understanding
the mechanism of action of RTX in chemosensitizing MDR cells would provide valuable

insights into future drug design and therapy.

Objectives and Major Findings

The objectives of this study were as follows: 1) to confirm that Namalwa/MDRI1 cells
express P-gp and CD20 and to determine whether expression changes after time in
culture, 2) to determine the effect of RTX on the growth of Namalwa/MDR1 and parental
Namalwa cells, 3) to determine the cytotoxic effect of RTX plus chemotherapy on
Namalwa/MDRI cells, 4) to determine the effect of RTX on the activity of the P-gp
pump, 5) to determine whether RTX altered the membrane distribution of P-gp such that
it could no longer function as an active pump. To this end, we studied the distribution of
P-gp and CD20 in lipid rafts vs. the soluble fraction of the cell membrane before and

after treatment of MDR1 cells with RTX.
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The major findings to emerge from this study were as follows: 1) We confirmed that
Namalwa/MDRI1 cells expressed P-gp and CD20, and that expression of P-gp changed
with time in culture; 2) RTX modestly inhibited the growth of both Namalwa/MDR1 and
parental Namalwa cells; 3) RTX chemosensitized Namalwa/MDRI1 cells; 4) RTX
inhibited the activity of the P-gp pump; 5) RTX induced the translocation of P-gp out of

lipid rafts and the translocation of CD20 into lipid rafts.

RTX modestly inhibited the srowth of P-gp~ and P-gp> B-NHL cells in vitro

In this study, in vitro culture with 100 pg/mL RTX modestly inhibited the growth of
Namalwa/MDRI1 cells, parental (P-gp’) Namalwa cells, and Ramos (P-gp°) cells.
Additional experiments showed that growth inhibition of Namalwa/MDRI1 cells by RTX
was dose-dependent. These results suggested that the modest anti-proliferative effects of
RTX in vitro were not mediated by ADCC or CDC and that this anti-proliferative effect
was not affected by the expression of P-gp.

The hypothesis that the anti-tumor activity of RTX and other anti-CD20 MAbs resulted
from direct effects on the ligation of CD20 was demonstrated in experiments using
several B-NHL cell lines. The mechanism(s) responsible for these direct effects were
debated in the literature, and they included inhibition of DNA synthesis, cell cycle arrest,
translocation of phosphatidylserine to the outer membrane, induction of apoptosis,
activation of serine/threonine protein tyrosine kinases, caspase activation, increased
intracellular calcium and down-regulation of anti-apoptotic proteins. [74] Recently,
Bezombes et al. proposed that it is the direct anti-proliferative effect of RTX that was

primarily responsible for its in vivo anti-tumor effect. [75] The authors demonstrated that
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Daudi cells (P-gp” Burkitt’s lymphoma) treated with 10 pg/mL RTX exhibited growth
inhibition, arrest of cells in G; phase, and loss of clonogenic potential but did not undergo
apoptosis. The mechanism proposed by the authors for this anti-proliferative effect
involved activation of acid sphingomyelinases and a ceramide-triggered signaling
pathway. The most striking effect of treatment with RTX that we observed,
chemosensitization of Namalwa/MDRI1 cells by inactivation of the P-gp pump, was not
evident in our growth inhibition experiments with Namalwa and Namalwa/MDRI1 cells.
The effect of anti-sphingomyelinase was tested in Namalwa/MDRI1 cells in combination
with RTX treatment to determine if the reversal of MDR would be affected by blocking
the acid sphingomyelinase pathway. Neither the chemosensitization nor the inactivation
of P-gp by RTX were altered (data not shown). Rose et al. demonstrated that in P-gp’
human B-NHL cell lines, RTX had an in vitro, dose-dependent anti-proliferative effect
that was synergistic with a similar effect mediated by glucocorticoids. [76] The authors
demonstrated that incubation of cells with RTX resulted in significant dose-dependent
growth inhibition in 7 of 9 cell lines tested (Daudi, Ramos, DHL-4, Granta 519, NCEB-1,
OCI Ly8, and Tab). The mean percentage of growth inhibition at a dose 10 pg/mL of
RTX ranged from 18% to 83%. A previous study by Ghetie et al. [28] investigated the in
vitro anti-proliferative effect of RTX monomers (1-100 pg/mL) or homodimers on P-gp
DHL-4 and Ramos cells. The experiments demonstrated a modest anti-proliferative effect
of RTX monomers, and a greater anti-proliferative effect of homodimers of RTX on both
cell lines. Several other studies demonstrated similar inhibition of B-NHL cell growth by
anti-CD20 MAbs, [77, 78] though none directly compared the anti-proliferative effects of

RTX on P-gp" and P-gp’ cell lines. Experiments using RTX or other anti-CD20 MAbs

39



may have used antibody preparations containing homodimers, and these dimers may have
been partially responsible for the more substantial anti-proliferative effect of RTX that
was observed with some cell lines.

The goal of our investigation of the anti-proliferative effect of RTX on Namalwa and
Namalwa/MDRI1 cells was to determine what that effect was and whether it changed
based on the presence or absence of P-gp expression by the cell. RTX exerted an anti-
proliferative effect on B-NHL cells in vitro, and in our studies, this effect did not vary

with the expression of P-gp on the cells.

RTX Chemosensitized Namalwa/MDR1 Cells

In this study, incubation with RTX chemosensitized Namalwa/MDRI1 cells to Vincristine
and doxorubicin. In the absence of RTX, these cells were resistant to killing by these
chemotherapeutic agents, but when RTX was added, the cells became as sensitive to
killing as the parental, P-gp’, Namalwa cells.

The debate over the mechanisms of chemosensitization by RTX continues in the
literature. NHL B cell lines were studied and shown to be chemosensitized to many
chemotherapeutic agents by treatment with RTX, even when those cells did not express
P-gp. [37] The binding of RTX to CD20 on the B cell affects several signaling pathways
mediated by CD20, and these pathways were shown to intersect those utilized by
chemotherapeutic agents. [79] Several studies proposed that RTX chemosensitized P-gp
cells that were resistant to chemotherapeutic agents by inhibiting anti-apoptotic pathways
that were constitutively activated in the cancer cells. These anti-apoptotic pathways
protected cancer cells from drug-induced apoptosis by various mechanisms. It was shown

that when RTX bound to CD20 on the surface of the B cell, CD20 translocated into lipid
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rafts and there it was associated with the Src family of tyrosine kinases. [80, 81] The
resultant activity of these Src kinases was linked with down-regulation of the expression
of Bcl-2 and inhibition of Bel-xL, two anti-apoptotic proteins that were over-expressed in
many cancers, including NHL. These proteins acted by inhibiting the release of
cytochrome ¢ from mitochondria, thus halted the activation of caspases (3, 8, 9) that
would lead to apoptosis. [79] The details of these pathways continue to be investigated.
The intracellular signaling pathways affected by RTX addressed chemosensitization of
NHL cells in the absence of P-gp. P-gp was an important component of MDR that was
not linked with these pathways. It is possible that the chemosensitization observed in our
studies is due, in part, to an effect of RTX on these signaling pathways. We found that
RTX chemosensitized Namalwa/MDRI1 cells such that they were killed by
chemotherapeutic agents as efficiently as the P-gp™ parental Namalwa cells. In addition,
RTX had no effect on the killing of parental Namalwa cells. These results suggested that
in this cell line, resistance was primarily mediated by the P-gp pump and that the effect of
the pump was inhibited by RTX. It is possible that the signaling events described in P-gp
cells involve intracellular pathways that were also involved in the chemosensitization of

P-gp” cells. This remains to be explored.

RTX Inhibited the Activity of the P-gp Pump

RTX inhibited the activity of the P-gp pump in vitro as effectively as the well-known P-
gp inhibitor, Verapamil. Hence, Namalwa/MDRI cells did not efflux Rhodamine-123
after treatment with RTX. Additional experiments were conducted with other anti-CD20

MADbs, 1F5, 2H7, and B1. [82] None of these MAbs inhibited the activity of P-gp, even
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though they did bind to the cells and cross-link their target antigens. In addition, all had
similar Kds, and one of the MAbs, B1, cross-blocked the binding of RTX to cells. Even
so, none had any effect on the activity of the P-gp pump. Other reports demonstrated that
RTX can chemosensitize NHL cells, but there were no reports of its activity on the P-gp
pump. [79] Another MAD, anti-CD19 or HD37, was reported to block P-gp activity. [67]

The implications of a non-toxic modulator of P-gp activity are important.

There are toxicities associated with the use of virtually all P-gp inhibitors resulting in
damage to normal cells in the heart, kidney, brain, intestine, liver, etc. In addition there
can be toxicities related to the altered pharmacokinetics of chemotherapeutic agents that
cannot be cleared efficiently from the body. The most recent generation of MDR
modulators, which included derivatives of Cyclosporine A as well as novel compounds
with greater activity against the P-gp pump and less toxicity, have not yet been successful
in clinical trials. [83] Using a MAD that was directed only against cells that express CD20
on their surface (normal and malignant B cells, but not including hematopoetic stem cells
or plasma cells) eliminates its side effects in other normal tissues. In addition, because
resistant cells became chemosensitized, there would be no need for the higher dosages
and more aggressive regimens of chemotherapeutic agents often employed in patients
with relapsed or refractory lymphomas.

The synergy of RTX with chemotherapy was initially observed in relapsed NHL patients
who responded to a combination of RTX and the cyclophosphamide, doxorubicin,
vincristine, prednisone (CHOP) regimen. [32] It is conceivable that this synergy could be
due, at least in part, to the effect of RTX on cells in the tumor that have up-regulated P-gp

after initial rounds of chemotherapy. The use of RTX in both newly diagnosed and
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relapsed patients may prevent selection of such P-gp-expressing cell clones and

chemosensitize those that are already present.

RTX induced the translocation of P-gp out of lipid rafts and the translocation of

CD20 into lipid rafts

Incubation of Namalwa/MDRI1 cells with RTX induced the translocation of CD20 into
lipid rafts and induced the translocation of P-gp out of rafts. CD20 was localized to the
lipid rafts fraction of the cell membrane after treatment with anti-CD20 MAbs, including
RTX. [57] In contrast, prior to incubation with MAbs, most of the CD20 molecules were
not present in rafts. This translocation was not dependent on the activity of kinases, the
supply of ATP, the integrity of the cytoskeleton, or hypercrosslinking of the MAb. [60,
84] Some experiments using different methods of isolating the lipid rafts from the rest of
the membrane argued that the localization of CD20 in the membrane is dependent upon
which detergent was used to solublize the membrane. [47]. Hence, other investigators
have found that CD20 was present in lipid rafts prior to treatment with MAb when
detergents other than Triton X-100 were used, and they suggested that MAD treatment
strengthened the constitutive association between CD20 and rafts rather than actively
translocating CD20 into rafts. [60] Treatment with MAb, specifically RTX, altered the
association between CD20 and lipid rafts, possibly by inducing a physical translocation
into rafts which then caused a change in its conformation such that it is less soluble in
detergent. Although this might indeed be the case, the use of Triton X to operationally
define the effects of RTX on the presence or absence of CD20 in rafts is still meaningful

with regard to possible changes in its function and interaction with other membrane
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molecules following antibody treatment. CD20 functioned in the cell membrane as a
store-operated calcium channel (SOCC), regulating the flux of calcium through the cell
membrane based upon the status of intracellular calcium stores. [47] Its activity as a Ca*’
channel was altered by its association with lipid rafts. When the residues in the CD20
protein necessary for raft association were deleted, calcium influx across the membrane
decreased. [47] This alteration in the activity of CD20 based upon its location in rafts was
further investigated by manipulation of the cholesterol content of rafts. Unruh et al [85]
demonstrated a decrease in RTX-induced calcium mobilization and apoptosis in B cells
after removal of cholesterol with methyl beta cyclodextrin (MBCD). RTX induced
resistance to solublization of CD20 by Triton X-100, but this effect was diminished with
cholesterol removal by MBCD. Janas et al [86] reported similar findings. Removal of
cholesterol from the cell membrane may have influenced the conformation of CD20 in
the cell membrane For example, Polyak et al [87] noted that the anti-CD20 MAb, FMC7,
bound to an epitope on B cells that was sensitive to the cholesterol content of the
membrane. Depletion of cholesterol decreased the binding of this MAb, while restoration
of cholesterol restored binding. Both the function of CD20 as an SOCC and the RTX-
mediated translocation of CD20 into lipid rafts were sensitive to the microenvironment of
CD20 in the cell membrane. Changes in rafts affected CD20, and binding of RTX to
CD20 also affected rafts.

Different anti-CD20 MAbs demonstrated differing abilities to effect translocation of
CD20 into lipid rafts. 1F5 and RTX translocated CD20 into rafts with or without
antibody hyper crosslinking. B1 did not translocate CD20 into lipid rafts. [84] We

confirmed these results, and another anti-CD20 MAb, 2H7, was also shown to translocate

44



CD20 into rafts. Interestingly, B1 cross-blocked RTX, suggesting that they both bound to
the same or spatially close epitope on CD20 yet B1 did not induce translocation of CD20
into rafts. The significance of the ability of a given MAD to translocate CD20 into lipid
rafts is still under investigation. It was proposed that this translocation correlated with the
ability of the MAbs to activate complement. [84] From our work, the translocation of
CD20 into rafts by RTX did not distinguish RTX from several other anti-CD20 MAbs.
However, of the tested MAbs, only RTX translocated P-gp out of lipid rafts, and only
RTX inactivated P-gp. [82]

The relationship of P-gp to lipid rafts is complex and not yet fully understood. Bacso et
al. [62] investigated the association of P-gp with lipid rafts and the cytoskeleton in colon
carcinoma cells and fibroblasts transfected with MDR 1. One third of P-gp was associated
to the cytoskeleton via lipid rafts, while 15% was directly associated with the
cytoskeleton. The activity of P-gp was limited when cells were depleted of cholesterol
with MBCD. [62] In a review of the effects of lipids on P-gp, [24] the authors noted that
the removal of lipids associated with P-gp during its purification was associated with its
total loss of activity, as measured by ATP hydrolysis capacity. In addition, P-gp was
sensitive to the physical state of surrounding lipids, although reports concerning the ideal
phase of lipids (gel or liquid crystal) to produce P-gp activity were conflicting. [24] The
activity of P-gp was dependent upon its microenvironment in the plasma membrane, and
perturbations of that environment decreased both the ATPase activity of the pump and
drug binding. Because ~40% of P-gp was present in lipid rafts [61] we hypothesized that
the P-gp molecules in rafts were the “active” molecules while those in the soluble

membrane fraction were inactive.
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P-gp was not only affected by its lipid environment in the membrane, but according to the
literature, it also affected the lipids around it. Whether P-gp transported natural long-
chain lipids from the inner to the outer leaflet of the membrane continued to be debated in
the literature. [24] Studies demonstrated it was a broad-specificity transporter of short-
chain lipid analogues, and some suggested that it was involved in sterol transport from
the plasma membrane to the endoplasmic reticulum, and thereby controlled cholesterol
esterification and biosynthesis in cells. In addition, it was suggested that P-gp transports
short-chain analogs of sphingomyelin and glucosylceramides, components of lipid rafts.
[24]

Because the activity of P-gp was so sensitive to its lipid environment, it was possible that
alterations in cholesterol levels were responsible for the chemosensitization observed
after treatment with RTX. In experiments performed by Ghetie et al, incubation of cells
with MBCD to remove cholesterol from the membrane did decrease the activity of P-gp
(data not shown). [82] However, this effect did not approach the level of
chemosensitization caused by incubation with RTX. In addition, treatment of cells with
MPBCD did not affect the ability of RTX to chemosensitize the cells. This would suggest
that chemosensitization by RTX worked via a mechanism independent of alterations in
the lipid environment.

Experiments performed in our laboratory suggest that there was no direct association
between P-gp and CD20 in the cell membrane of Namalwa/MDRI1 cells. [82] Co-
precipitation experiments did show that P-gp and CD20 resided in the same membrane
patches on the cell surface. However, this finding was not confirmed by Ghetie et al

using Fluorescence Resonance Energy Transfer (FRET) analysis, using PE-anti-P-gp as
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the donor dye and Cy5-anti-CD20 as the acceptor dye (data not shown). This could have
been due to a distance larger than 100 A between the two molecules on the cell surface
resulting in their failure to transfer energy. It could also have been due to the fact that the
interaction was weak (as was the case with the interaction between P-gp and CD19).
However, if we assumed that there was no direct contact between the two molecules,

several other possibilities existed to explain their interaction. (Figure 10)
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Figure 10. Model of the effect of RTX binding to CD20 on P-gp and lipid rafts. Red represents lipid
rafts, while green represents the detergent-soluble remainder of the cell membrane of a Namalwa/MDR1

cell. 1. Prior to exposure to RTX, CD20 resided in the detergent-soluble portion of the membrane.
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Approximately 40% of P-gp resided in lipid rafts. These P-gp molecules were actively pumping
chemotherapeutic drugs out of the cell, making the cell drug-resistant. Inactive P-gp molecules resided in
the detergent-soluble portion of the membrane. 2. RTX bound to CD20 and caused it to translocate from
the detergent-soluble portion of the membrane into lipid rafts. 3. P-gp translocated out of lipid rafts. 4. P-gp

was inactivated, reversing MDR by allowing chemotherapeutic drugs to accumulate within the cell.

Indirect effects of the interaction between RTX and CD20 may have been responsible for
the effect on P-gp. The literature demonstrated that CD20 was associated with several
proteins in the membrane, and it was possible that one of these was associated with P-gp.
The B cell antigen-specific receptor (BCR) was functionally associated with lipid rafts
and CD20 in the cell membrane. A transient association between the BCR and CD20 was
evident by immunofluorescence confocal microscopy after B lymphoma cells were
incubated with anti-CD20 MAD. [58] The molecules dissociated upon stimulation, but
prior to internalization, of the BCR. A further association was inferred from experiments
showing that the CD20 molecule became more accessible to binding by anti-CD20 MAbs
on the surface of Burkitt’s lymphoma cells after engagement of the BCR. [88] The
signaling function of the BCR was reported to be enhanced by co-ligation of CD19/CD21
and the BCR. [58] These indirect interactions between CD20 and the BCR suggested that
it was possible for binding of anti-CD20 MAbs to specific epitopes on CD20 to affect P-
gp by either interfering with the ability of these molecules to interact with P-gp or by
altering molecular cross-talk within the lipid raft by some as yet undefined mechanism.
The binding of CD20 by RTX changed the interaction between CD20 and lipid rafts.
Perhaps the interaction made rafts a less favorable environment for P-gp, which was

sensitive to its lipid environment. We hypothesized that as RTX binding with CD20
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translocated P-gp out of lipid rafts and inactivated P-gp. The mechanism of this
interaction among CD20, RTX, lipid rafts, and P-gp remains to be investigated.
The cell signaling pathways that involve CD20 are still being elucidated. Their
complexity and far-reaching consequences throughout the cell suggest possible
downstream interaction with molecules involved in the action of P-gp. This downstream
interaction may indirectly cause P-gp to translocate out of rafts and become inactivated,

though the intersection has not yet been identified.

Future Directions

Future research will be aimed at refining regimens for the clinical use of RTX in
combination with chemotherapy. The next step is to confirm the chemosensitization of
Namalwa/MDR1 tumor cells in SCID mice and determine the optimal dose regimens of
chemotherapeutic agents and RTX to achieve chemosensitization in vivo. If successful in
mice, this approach would then be further evaluated in clinical trials. The development
and testing of other CD20", P-gp" lymphoma cell lines, as well as the use of other
chemotherapeutic agents would also provide more insights into both the mechanisms
underlying RTX-mediated chemosensitization and the use of RTX in patients. Finally,
defining the optimal timing of treatment with RTX and chemotherapy may help prevent

the development of MDR cells in early disease.

Conclusions

While clinical experience with RTX has shown that it improves the outcome of

chemotherapy, the mechanism(s) underlying this synergy remain unknown. The
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discovery of a specific inhibitor of the P-gp pump in MDR tumor cells represents an
important advance in designing future strategies to prevent or reverse MDR. Insights into
the mechanisms underlying the interaction between P-gp and CD20 as well as Pg-p and
CD19 [68] might facilitate the development of other targeted chemosensitizing agents,
which would decrease the morbidity and mortality of patients with NHL. Optimization of
therapeutic regimens that include RTX might also reduce the doses, and hence the side
effects, of chemotherapeutic drugs necessary to achieve remission in patients. All these

areas remain to be explored.
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