
Cholesterol depletion inhibits src family kinase-dependent calcium
mobilization and apoptosis induced by rituximab crosslinking

Introduction

Therapeutic depletion of neoplastic, autoimmune or allo-

reactive B cells has been made possible in recent years

through the development and application of monoclonal

antibodies (mAb) directed against the CD20 antigen.1

Although CD20 antibodies are clinically effective, resist-

ance occurs or develops in a significant fraction of patients,

emphasizing the importance of defining the mechanisms

that mediate in vivo depletion by these reagents.2 Studies

from numerous laboratories have collectively yielded com-

plex and sometimes conflicting results, probably indicating

the involvement of multiple mechanisms of depletion

operating at variable potency under different conditions.2,3

The situation is complicated further by the diversity of

effects elicited by mAbs directed against different CD20

epitopes.4,5 In the case of rituximab, a human immuno-

globulin G1 (IgG1)-mouse chimeric anti-CD20 mAb, con-

siderable evidence supports a major role for complement-

mediated cytotoxicity6–12 yet a requirement for IgG Fc

receptors13,14 indicates the additional involvement of anti-

body-dependent cellular mechanisms and possibly direct

(antiproliferative and apoptotic) effects of crosslinking the

target antigen. Crosslinking cell-bound rituximab in vitro

with either a secondary antibody or with fibroblasts ecto-

pically expressing FcRs activates intracellular signalling

events that can lead to apoptosis.15–21 Apoptosis occurring

in vivo has also been described22,23 and may be more signi-

ficant than currently appreciated. It would likely be medi-

ated by hypercrosslinking via FcR-bearing cells within

tissues, and therefore difficult to detect.

A remarkable property of most CD20 antibodies is

their ability to induce a profound change in the solu-

bility of the CD20 protein in the non-ionic detergent
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Summary

The monoclonal antibody (mAb) rituximab produces objective clinical

responses in patients with B-cell non-Hodgkin’s lymphoma and antibody-

based autoimmune diseases. Mechanisms mediating B-cell depletion by

rituximab are not completely understood and may include direct effects

of signalling via the target antigen CD20. Like most but not all CD20

mAbs, rituximab induces a sharp change in the solubility of the CD20

protein in the non-ionic detergent Triton-X-100, reflecting a dramatic

increase in the innate affinity of CD20 for membrane raft signalling

domains. Apoptosis induced by rituximab hypercrosslinking has been

shown to require src family kinases (SFK), which are enriched in rafts. In

this report we provide experimental evidence that SFK-dependent apop-

totic signals induced by rituximab are raft dependent. Cholesterol

depletion prevented the association of hypercrosslinked CD20 with deter-

gent-insoluble rafts, and attenuated both calcium mobilization and apop-

tosis induced with rituximab. CD20 cocapped with the raft-associated

transmembrane adaptor LAB/NTAL after hypercrosslinking with CD20

mAbs, regardless of their ability to induce a change in the affinity of

CD20 for rafts. Taken together, the data demonstrate that CD20 hyper-

crosslinking via rituximab activates SFKs and downstream signalling

events by clustering membrane rafts in which antibody-bound CD20 is

localized in a high-affinity configuration.
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Triton-X-100.4,11,24 As we recently described, this change

in Triton-solubility does not require cell signalling or

crosslinking, and probably reflects a sudden conforma-

tional shift in CD20 that dramatically increases its innate

affinity for detergent-resistant membrane rafts.25 Rafts are

membrane signalling domains enriched in dually acylated

signalling proteins like src-family tyrosine kinases (SFK)

and it is known that CD20 hypercrosslinking activates

SFKs upstream of a calcium-dependent signalling pathway

leading to apoptosis.16,17 Importantly, there is a correla-

tion between the ability of antibodies to elicit CD20’s

translocation to Triton-insoluble rafts and their ability

to initiate SFK-dependent calcium mobilization upon

hypercrosslinking (4, 11, 16, 26 and data in this report).

These observations predict that CD20 hypercrosslinking

with rituximab delivers apoptotic signals that are raft-

dependent.27 Here, we provide experimental evidence in

support of this conclusion.

The integrity of rafts is compromised by depletion of

membrane cholesterol; therefore, we examined the effect

of cholesterol depletion on calcium mobilization and

apoptosis induced by rituximab hypercrosslinking. We

first confirmed the basic observations that underpin this

study, namely that calcium signalling and apoptosis

induced by CD20 hypercrosslinking are SFK dependent.

Then we show that rituximab induced calcium mobiliza-

tion is inhibited by cholesterol depletion, indicating a

requirement for the integrity of rafts in initiating SFK-

dependent intracellular signals. Using annexin V and pro-

pidium iodide staining for phosphatidylserine exposure

and cell viability, respectively, we show that cholesterol

depletion significantly reduces apoptosis induced by

hypercrosslinking CD20 with rituximab. CD20 cocapped

with the raft-associated transmembrane adaptor LAB/

NTAL after hypercrosslinking with CD20 antibodies,

regardless of their ability to induce a change in the affin-

ity of CD20 for rafts. These findings are consistent with

the conclusion that activation of calcium mobilization

and apoptotic signalling downstream of hypercrosslinked

CD20 is a consequence of clustering SFK-containing rafts

in which antibody-bound CD20 is localized in a high-

affinity configuration.

Materials and methods

Cells and antibodies

Ramos Burkitt’s lymphoma B cells were maintained in

7�5% fetal bovine serum (FBS)/RPMI-1640. BJAB B cells

stably expressing transfected human LAB-GFP, established

in this laboratory, were maintained in 10% FBS/RPMI

with 1 mg/ml geneticin (Life Technologies, Gaithersburg,

MD). Hybridoma SFM medium (Grand Island, NY)

was used in apoptotic experiments requiring serum free

culture.

CD20 mAbs 2H7 (IgG2b) and 1F5 (IgG2a) were provi-

ded by Dr J. Ledbetter (Bristol-Myers Squibb, Seattle,

WA). Rituximab (hIgG1) was obtained from IDEC Phar-

maceuticals (San Francisco, CA), B1 (IgG2a) from Coul-

ter (Hialeah, FL), FMC7 (IgM) from Serotec (Raleigh,

NC), human IgG1 and fluoroscein isothiocyanate (FITC)-

conjugated antimouse IgM from Caltag (Burlingame, AL),

anti-CD45 from Transduction Laboratories (Lexington,

KY), and IgG2b and IgM isotype control mAbs from

Sigma (St. Louis, MO). Goat anti-human F(ab0)2 IgG

Fcc-specific (GAH), rabbit anti-mouse IgG (RAM), goat

anti-human F(ab0)2 IgM Fcl-specific, goat anti-human

F(ab0)2 IgGCy3 and goat antimouse F(ab0)2 IgGCy3 were

from Jackson Immunoresearch (West Grove, PA). Anti-

CD20 rabbit serum was generated as described.28 Horse-

radish peroxidase conjugates of Protein A and rabbit anti-

mouse IgG were purchased from Bio-Rad (Hercules, CA)

and Southern Biotechnology Associates (Birmingham,

AL), respectively.

Generation of LAB-GFP construct

LAB fused to the amino-terminus of green fluorescent

protein (GFP) was expressed using the pEGFPN1 expres-

sion vector from Clonetech. The entire human LAB

sequence (including 50 UTR and excluding stop codon)

was cloned from BJAB cDNA using the forward primer

AGTCAGATCTTCACCAGGCCACGCATCACAAG and

reverse primer GACTAAGCTTGGCTTCTGTGGCTGCC

ACCTC. The forward primer led to the incorporation of

a BglII restriction site and the reverse primer led to the

incorporation of a HindIII restriction site that allowed

the amplified sequence to be inserted into the multiclon-

ing site of pEGFPN1. BJAB cells expressing LAB-GFP

were generated by electroporation at 340 V and 950 lF
(Gene Pulser II; Bio-Rad) with 20 lg of DNA. GFP-posit-

ive cells were sorted by flow cytometry (FACStar cyto-

meter; BD Biosciences).

Calcium mobilization

Cells were incubated in RPMI containing 20 lm fluo-3

AM (Molecular Probes, Eugene, OR) for 30 min at room

temperature, then further incubated for 15 min with

rituximab, 2H7, 1F5 or B1 mAbs (1 lg/106 cells). Cells

(2 · 106) were resuspended in 2 ml buffer (20 mm

HEPES, pH 7�4, containing 150 mm NaCl, 1�5 mm CaCl2,

3 mm KCL, 10 mm glucose, and 250 lm sulphinpyra-

none). Cells were excited at 480 nm and emission was

measured at 530 nm. A baseline was obtained for 60 s

before stimulation with the relevant secondary antibody

at concentrations indicated in the figure legends. The data

were acquired using a Becton Dickinson FACScan and

analysed using the FlowJo program (Tree Star Inc, San

Carlo, CA).
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Induction and analysis of apoptosis

1�5 · 106 cells/well were loaded into a 24-well plate with

2 ml 7�5% FBS/RPMI or Hybridoma SFM medium. Cells

were incubated at 37� for the times indicated with either

25 lg 2H7 or IgG2b and 50 lg RAM, or with 2 lg rituxi-

mab or hIgG and 20 lg GAH. At the end of the assay,

cells were washed once with RPMI, stained with annexin

V (Molecular Probes) and propidium iodide (PI; ICN,

Irvine CA), and analysed on a Becton Dickinson FACScan

cytometer. Cells staining positive for annexin V and neg-

ative for PI were considered apoptotic. Groups of data

were analysed using a Student’s paired t-test with Bonfer-

roni’s correction for multiple comparisons. All values are

mean ± SEM. Statistical significance was set at P < 0�05.

Pharmacological inhibitors

For inhibition of SFKs, Ramos cells were pretreated with

either 10 lm PP2 (Calbiochem, La Jolla CA) or 2�5 lm
SU6656 (Calbiochem), for 30 min at 37� before the addi-

tion of antibodies. PP3, an inactive analog of PP2, was

used as a control. For inhibition of PLCc, Ramos cells

were pretreated with 5 lm U73122 (Calbiochem), for

30 min at room temperature before the addition of anti-

bodies. All inhibitors were maintained throughout the

experiments.

Cholesterol modulation

For cholesterol depletion, cells were treated in RPMI

containing 10 mm methyl-b-cyclodextrin (MbCD; Sigma,

Oakville, ON) for the indicated times at room tem-

perature.

For cholesterol repletion, cholesterol-depleted cells were

washed and treated in RPMI containing MbCD/choles-
terol complex (1�4 mm cholesterol in 10 mm MbCD)
(Sigma) for the indicated times at room temperature, fol-

lowed by washing.

Isolation of lipid rafts

Lipid rafts were isolated as low density, detergent-resistant

membranes (DRMs) by sucrose density gradient centrifu-

gation as described29 using 1% Triton-X-100. Briefly, 108

cells were lysed for 15 min in ice-cold lysis buffer (25 mm

morpholineethanesulphonic acid (MES), 150 mm NaCl,

1 lg/ml leupeptin, 1 lg/ml aprotinin, 1 mm phenylmethyl-

sulphonyl fluoride, 1 mm ethylenediaminetetra-acetic acid,

1 mm Na2MoO4, 1 mm Na3VO4, and 1% Triton-X-100).

Lysates were mixed with an equal volume of 80% sucrose

in MBS (25 mm MES and 150 mm NaCl), overlaid with

5 ml of 30% sucrose and 5 ml of 5% sucrose in MBS, and

centrifuged at 200 000 g for 17 hr in a SW41 Ti rotor in

a Beckman XL-70 ultracentrifuge (Fullerton, CA). Eight

fractions (1�5 ml each) were collected from the top to the

bottom of the gradients and an aliquot of each fraction

was mixed with sodium dodecyl sulphate (SDS) sample

buffer. The pellets were solubilized in SDS sample buffer by

repeated freeze–thaw cycles. Samples were resolved by SDS-

polyacrylamide gel electrophoresis and processed for im-

munoblotting using the antibodies indicated. Images were

acquired using a Fluor-S MAX MultiImager (Bio-Rad).

Immunofluorescence microscopy and digital
deconvolution

BJAB LAB-GFP cells were incubated either with 2H7, rit-

uximab, or B1 mAbs (1 lg/106 cells) at 37� for 20 min in

RPMI. CD20 was crosslinked and labelled by the addition

of GAMCy3 for B1 and 2H7, and GAHCy3 for rituximab,

at 37� for 30 min (1 lg/106 cells) and washed. Cells were

fixed by incubation for 15 min in 4% paraformaldehye

(Electron Microscopy Sciences Hatfield, PA), at times

indicated in the figure legend. The cells were washed and

mounted on microscope slides coated with poly L-lysine

(Sigma-Aldrich) with no. 1�5 coverslips (Fisher), and

visualized using a DeltaVision Restoration Microscopy

System (Applied Precision, Issaquah, WA). Stacks of opti-

cal sections were acquired using an Olympus 60·/1�40
NA oil immersion objective with sequential recording of

fluorescent and DIC images. GFP was visualized using

the standard FITC filter set (Ex 490/20; Em 528/38) and

Cy3 was visualized using the standard RD filter set (Ex

555/28; Em 617/73). Single-labelled control samples were

imaged separately to confirm minimal bleed-through of

fluorophores by non-specific filter sets (data not shown).

Digital deconvolution was performed on the stacks of

fluorescent optical sections using SoftWoRx constrained

iterative deconvolution (Applied Precision).

Results

Signaling and apoptosis induced by CD20
hypercrosslinking are SFK dependent

Dramatic differences are found in the ability of different

anti-CD20 mAbs to induce insolubility of CD20 in Tri-

ton-X-100. At opposite ends of the spectrum, the 2H7

and B1 mAbs, respectively, induce almost complete or no

translocation of CD20 from the soluble to the insoluble

fraction, and a 3rd mAb, 1F5, falls between the two

extremes.4,24,25 As shown in Fig. 1(a), this property of

CD20 mAbs correlates well with their ability to elicit cal-

cium mobilization upon hypercrosslinking with a secon-

dary antibody. Ramos B cells were loaded with fluo-3 and

incubated with 2H7, 1F5, or B1. No calcium flux was

induced by ligation of CD20 in the absence of hypercross-

linking (not shown), but the addition of RAM elicited a

robust calcium flux in 2H7-bound cells, a small flux with
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1F5 and none with B1. The correlation with the ability to

induce CD20 insolubility in Triton, which reflects high

affinity association with SFK-containing rafts25 suggests

that SFKs are involved in activation of the signalling

pathway leading to calcium mobilization. To test this,

cells were treated with the SFK inhibitor PP2 or its inac-

tive analogue, PP3, prior to and during CD20 crosslink-

ing with 2H7/RAM. PP2, but not PP3, completely

abolished the calcium flux, indicating that crosslinking

CD20 with 2H7/RAM activates SFK-dependent calcium

signals (Fig. 1b). Cells were then incubated with 2H7/

RAM for 24 hr in the presence or absence of PP2 or PP3,

and apoptosis was measured using annexin V/PI staining.

Apoptosis was reproducibly detected after 2H7 hypercross-

linking and was attenuated by PP2 (60 ± 3%), whereas

PP3 had no significant effect (Fig. 1c).

Rituximab, like 2H7, strongly induces CD20 insolubil-

ity4 and was therefore predicted to elicit a robust calcium

flux upon hypercrosslinking. Indeed, the kinetics and

amplitude of the response to rituximab were slightly fas-

ter and higher than that elicited by 2H7 (Fig. 2a). The

calcium response obtained by stimulating the B-cell

receptor (BCR) with F(ab0)2 anti-IgM is shown for com-

parison. To further investigate the calcium flux induced

by rituximab, the concentration of the secondary anti-

body used for crosslinking, GAH, was titrated from 50 lg
down to 0�625 lg. Figure 2(b) shows that the highest

concentrations of GAH induced the most rapid mobiliza-

tion of Ca2+, but as the concentration was decreased the

amplitude of the Ca2+ flux increased, peaking at 5 lg.
This concentration of GAH (5 lg) was therefore used for

subsequent experiments.

As with 2H7, PP2 but not PP3 completely abolished

the Ca2+ flux induced by rituximab crosslinking (Fig. 2c).

To further examine the SFK-dependence of the calcium

response we used another inhibitor, SU6656, which was

reported to inhibit SFK with over sixfold greater selectiv-

ity relative to many other kinases tested.30 We found that

SU6656 inhibited the rituximab-induced calcium response

at concentrations as low as 2�5 lm (supplementary

Fig. 1a). Calcium release from intracellular stores is typic-

ally a downstream consequence of activated phospho-

lipase C (PLC) and we have previously shown that

hypercrosslinking CD20 activates tyrosine phosphoryla-

tion of PLC-c.26 As shown here, the PLC inhibitor,

U73122, completely inhibited calcium mobilization by

rituximab crosslinking (supplementary Fig. 1b); U73122

had no effect on thapsigargin-mediated calcium release,

indicating the integrity of the internal calcium stores

(supplementary Fig. 1c). Together, these data indicate

that rituximab-mediated CD20 hypercrosslinking activates

a SFK-dependent PLCc signalling pathway leading to

release of calcium from intracellular stores.

Rituximab crosslinking clusters stable CD20 rafts

Recently, we showed that CD20 is constitutively associ-

ated with lipid rafts even though the affinity of the

association does not withstand lysis in 1% Triton-X-

100.25 Unligated CD20 is found in the soluble fraction

of Triton lysates but moves into the buoyant insoluble

fraction upon ligation with 2H7, due to an in situ

increase in its affinity for the raft environment. How-

ever, 2H7 or rituximab alone is insufficient to induce

SFK activation leading to calcium mobilization, which
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Figure 1. Calcium mobilization and apoptosis induced by 2H7

hypercrosslinking is SFK-dependent. (a) Ramos B cells were loaded

with fluo-3AM and then preincubated with 2H7, 1F5, or B1 as indi-

cated. After establishing the baseline cells were stimulated with 50 lg
RAM (arrow). (b) As in (a) except that cells were untreated or trea-

ted with PP2 or PP3 before incubation with 2H7. Data in (a) and

(b) are representative of three independent experiments. The scales

on the y-axes show arbitrary units assigned by the FlowJo analysis

program and are only comparable for samples run in the same

experiment. (c) Ramos B cells were untreated or preincubated with

PP2 or PP3. Cells were plated and either received no further treat-

ment or were incubated with 2H7 or IgG2b and RAM for 24 hr at

37�, then labelled with AnnV and PI. Data shown represent the aver-

age and standard error of three independent experiments. Significant

differences between mean results are indicated (**P < 0�0178).
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requires further crosslinking with secondary antibodies.

The effect of hypercrosslinking on CD20-raft affinity was

therefore examined in Ramos cells treated with the indi-

cated antibodies before lysis and sucrose density gradient

centrifugation. The gradient fractions were probed by

blotting for CD20 and the non-raft marker CD45

(Fig. 3a). In lysates from untreated cells, CD20 was

found in the high density soluble fractions (fractions 7

and 8). Ligation with rituximab induced redistribution

of CD20 to the buoyant (raft) fractions, as expected.

Hypercrosslinking with GAH had no significant effect on

the rituximab-induced shift to the buoyant fractions.

Importantly, cholesterol depletion using methyl-b-cyclo-
dextrin (MbCD) caused the majority of CD20 to remain

in the soluble fraction, whether it was hypercrosslinked

or not. Replenishment of cholesterol with MbCD/

Figure 2. Rituximab hypercrosslinking induces SFK-dependent cal-

cium mobilization. (a) Ramos B cells were loaded with fluo-3AM

and then incubated with rituximab or 2H7. After establishing the

baseline, samples were stimulated with 50 lg GAH or GAM (arrow).

Unligated cell samples were stimulated with anti-IgM for comparison

(solid line). (b) Cells incubated with rituximab were stimulated with

concentrations of GAH ranging from 0�625 to 50 lg, as indicated.

(c) Cells were untreated or treated with 10 lm PP2 or PP3, then

incubated with rituximab. After establishing the baseline, cells were

stimulated with 5 lg of GAH. Data are representative of at least

three independent experiments. The scales on the y-axes show arbi-

trary units assigned by the FlowJo analysis program and are only

comparable for samples run in the same experiment.

Figure 3. Association of hypercrosslinked CD20 with Triton-insol-

uble rafts is cholesterol sensitive. (a) Cells were untreated or incuba-

ted with rituximab alone or with rituximab/GAH; where indicated,

cells were pretreated with MbCD or with MbCD followed by

MbCD/cholesterol before incubation with rituximab. Cells were lysed

in 1% Triton X-100 and fractionated on sucrose density gradients.

Fractions 1–8 were collected from the top to the bottom of the gra-

dients; P represents the solubilized pellets. Proteins in each fraction

were probed by immunoblot for CD20 and CD45 as indicated.

(b) Cells were labelled with FMC7 mAb and FITC-conjugated anti-

IgM, before and after treatment with MbCD and MbCD/cholesterol.
The dashed line, indicating FMC7 staining after MbCD treatment,

was coincident with the isotype control.
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cholesterol after cholesterol depletion restored the buoy-

ancy of CD20 on the gradients. To monitor changes in

membrane cholesterol following treatment with MbCD
and/or MbCD/cholesterol, we took advantage of the

FMC7 mAb, which detects an epitope on CD20 that is

exquisitely sensitive to the level of cholesterol in the

plasma membrane.31 FMC7 expression fell dramatically

after MbCD treatment, but was fully recovered by reple-

tion of cholesterol (Fig. 3b). In conclusion, the data

shown in Fig. 3 indicate that CD20 hypercrosslinked

with rituximab/GAH retains strong raft association that

is sensitive to cholesterol depletion.

To examine the distribution of CD20 at the cell sur-

face in relation to lipid rafts we used the raft-localized

transmembrane adaptor LAB/NTAL32,33 fused to GFP.

LAB-GFP was expressed in BJAB cells and was observed

predominantly at the plasma membrane with a relatively

uniform distribution (Fig. 4). In the absence of hyper-

crosslinking, incubation with 2H7 or rituximab induced

no obvious change in the distribution of either CD20 or

LAB-GFP (Fig. 4, compare panel 1 to panel 2 and panel 4

to panel 5), consistent with our previous data using the

GPI-linked protein CD59 as a marker of rafts;25 this

result supports our conclusion that antibody-induced

Triton-insolubility reflects a sharp in situ increase in

CD20-raft affinity rather than clustering of rafts. In con-

trast, hypercrosslinking caused clustering of CD20 and

coclustering with LAB-GFP, regardless of the primary

antibody used (Fig. 4, panels 3, 6 and 9). Even though B1

does not induce a change in the affinity of CD20 for rafts,

hypercrosslinking with B1 induced CD20 coclustering

with LAB-GFP, consistent with the constitutive raft local-

ization of CD20. Taken together, the data in Figs 1–4

suggest that in order to activate SFK and induce calcium

mobilization, an anti-CD20 mAb must be able to induce

both increased CD20-raft affinity and clustering of the

rafts; neither alone is sufficient.

Calcium mobilization and apoptosis induced by
CD20 hypercrosslinking is cholesterol dependent

To determine if raft localization is necessary for calcium

mobilization, cells were incubated in the absence or pres-

ence of MbCD before CD20 ligation. MbCD attenuated

the calcium flux induced with either rituximab/GAH or

2H7/RAM, and cholesterol repletion restored the response

(Fig. 5, top and middle panels). As previously repor-

ted29,34 MbCD did not inhibit the initial peak of calcium

flux induced by crosslinking the BCR with F(ab0)2 anti-

IgM (Fig. 5, lower panel), demonstrating that signalling

pathways were intact in MbCD-treated cells. Together

with the data shown in Figs 1–3, these results dem-

onstrate the cholesterol-dependence of SFK-activated cal-

cium mobilization when specifically induced by

crosslinking CD20 with rituximab or 2H7.

1·
CD20 LAB Merged

2·

3·

4·

5·

6·

7·

8·

9·

Figure 4. Hypercrosslinking induces cocapping of CD20 with LAB/

NTAL. BJAB cells expressing LAB-GFP were incubated with rituximab

(panels 1–3), 2H7 (panels 4–6), or B1 (panels 7–9) and bound mAb

was detected with Cy3-conjugated F(ab0)2 anti-mouse or -human IgG.

Cells were fixed before labelling (panels 1, 4, and 7), or after incuba-

tion with the primary antibody (panels 2, 5, and 8), or after incubation

with the Cy3-conjugated F(ab0)2 anti-mouse IgG (panels 3, 6, 9).

In panels 3, 6, and 9 the merged image is overlaid with a DIC image.

Images shown are representative of at least 12 cells analysed in three

independent experiments.

228 � 2005 Blackwell Publishing Ltd, Immunology, 116, 223–232

T. L. Unruh et al.



Calcium mobilization has previously been shown to be

essential for apoptosis induced by 2H7/GAM,16,17 and

disruption of lipid rafts reduces the Ca2+ flux (Fig. 4);

therefore, it was predicted that MbCD treatment would

also attenuate apoptosis. Because extended incubation of

MbCD-pretreated cells in cholesterol-free culture medium

is incompatible with cell viability, we needed to first

establish appropriate conditions for these experiments.

First, a time-course experiment in standard conditions

determined that the minimum incubation time for clear

and reproducible detection of apoptosis, as measured by

annexin V/PI staining, was 15 hr. Second, we identified a

serum-free culture medium that supported Ramos cell

viability (see Materials and methods). Incubation for

15 hr in serum-free medium still compromised cell viabil-

ity when the cells were pretreated with MbCD. Therefore,
serum was added at varying times after the initiation of

culture to support the MbCD-treated cells after a serum-

free period. We found that MbCD-treated cells were fully

viable after 15 hr if serum was added to the cultures after

4 hr in serum-free medium (data not shown); these con-

ditions were therefore used for subsequent experiments.

To test the effect of cholesterol depletion on the apop-

totic response, Ramos cells were incubated in the

absence or presence of MbCD, with some samples fur-

ther incubated with MbCD/cholesterol. The cells were

cultured in serum-free medium in the presence of ritux-

imab/GAH or 2H7/RAM for 4 hr and then FBS was

added for the remaining 11 hr. MbCD pretreatment

attenuated apoptosis as determined using annexin V and

PI; apoptosis was inhibited by 41 ± 8% in cells treated

with 2H7/RAM (Fig. 6a) and by 47 ± 7% in cells treated

with rituximab/GAH (Fig. 6b). MbCD-treated samples that

were cholesterol-replenished exhibited normal amounts of

apoptosis.

Discussion

In this study we investigated a potential role for lipid rafts

in rituximab-induced intracellular signalling and apopto-

sis. CD20 is constitutively associated with membrane rafts

at an affinity that is too low to withstand lysis in 1%

Triton-X-100, but most CD20 mAbs, including 2H7 and

rituximab, induce translocation of CD20 into Triton-

Figure 5. Calcium mobilization by CD20 hypercrosslinking is cho-

lesterol-dependent. Ramos B cells were loaded with fluo-3 and then

incubated in the presence or absence of MbCD; some MbCD treated

samples were further incubated with MbCD/cholesterol. Cells were

then incubated with rituximab or 2H7. After establishing the base-

line, cells were stimulated with either 5 lg GAH or 50 lg RAM (top

and middle panels). Bottom panel, cells were stimulated with 10 lg
F(ab0)2 anti-human IgM. Data shown are representative of at least

three independent experiments.

Figure 6. Apoptosis induced by CD20 crosslinking is cholesterol-

dependent. Ramos B cells were incubated in the absence or presence

of MbCD; some MbCD treated samples were further treated with

MbCD/cholesterol. Cells were washed and incubated in serum-free

medium with the antibodies indicated. After 4 hr FBS was added to

each well and incubation continued for an additional 11 hr. Cells

were stimulated with (a) 2H7 or (b) rituximab and stained with

AnnV and PI. Data shown are the average and standard error of at

least three independent experiments. Significant differences between

mean results are indicated (**P < 0�0049; *P < 0�0241).
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insoluble rafts.4,24,25 Here, we show that CD20 transloca-

tion into Triton-insoluble rafts is essential to activate SFKs

and subsequent calcium mobilization and apoptosis. How-

ever, translocation is not sufficient to activate SFKs and a

second essential step involves hypercrosslinking. These

conclusions are supported by several observations:

(1) The B1 mAb, which has higher affinity for CD20 than

rituximab35 does not translocate CD20, or activate

calcium mobilization even though hypercrosslinking

with B1 clusters lipid rafts. This indicates that trans-

location is essential.

(2) Rituximab and the 2H7 mAb efficiently translocate

CD20 and also activate SFK-dependent calcium

mobilization and apoptosis; however, SFK-dependent

calcium mobilization and apoptosis both additionally

require hypercrosslinking.

(3) Calcium mobilization and apoptosis induced by rit-

uximab or 2H7 were both significantly and specific-

ally reduced by cholesterol depletion, demonstrating a

requirement for the integrity of lipid rafts.

Because the induction of calcium signalling by rituximab

hypercrosslinking is abolished by SFK (and PLC) inhibi-

tion, it is probably unrelated to the normal function of

CD20 in store-operated calcium entry34 but is rather a ser-

endipitous consequence of its localization to membrane

rafts. Supporting this conclusion is that crosslinking other

raft-associated proteins, such as GPI-linked proteins CD24

and CD48, can also induce intracellular signalling leading

to apoptosis.36

A pressing question is whether CD20 hypercrosslinking

occurs in vivo. Although there is currently no clear answer,

it is possible that the Fc regions of cell-bound rituximab

are cross-linked by binding to Fc receptors on myeloid lin-

eage cells. Accordingly, there is in vitro evidence that cros-

slinking can be mediated by FcR-bearing cells15 and that

apoptosis does occur in vivo after rituximab infusion.22,23

It is not known precisely why mAbs like rituximab and

2H7 induce CD20 translocation, while others, like B1, do

not. Translocation appears to be an epitope-dependent

phenomenon that can occur independently of crosslinking

(highly purified Fab fragments of 2H7 are effective),

signalling, cytoskeletal reorganization and microscopic

clustering.25 B1 recognizes an epitope expressed on

monomeric CD20 whereas the epitope detected by 2H7

requires quaternary interactions.4 Ligation of mAbs like

2H7 might induce altered conformation or re-organiza-

tion of CD20 molecules within an oligomeric complex,

in such a way that increased affinity for cholesterol-rich

raft domains is induced. The existence of a cholesterol-

dependent epitope on CD20, detected by the FMC7

mAb31 indicates that such structural changes are likely.

Unfortunately, it was not possible to test whether accessi-

bility of this epitope is altered after CD20 translocation

since FMC7 binding is blocked by prior ligation of other

CD20 mAbs. One scenario that could account for the

findings reported here would place unligated CD20 in

peripheral regions of rafts that are more accessible to Tri-

ton and therefore solublized more readily. If core regions

of rafts are less accessible to Triton and also concentrate

SFKs, as previously suggested37 this could offer a possible

explanation for both antibody-induced Triton-insolubility

of CD20 and the requirement for translocation of CD20

to the core of rafts in order to activate signalling by rit-

uximab and 2H7. Hypercrosslinking rituximab would

induce transactivation of SFKs by first moving CD20 into

the SFK-rich cores of rafts, whereas hypercrosslinking

with an antibody like B1 would cluster the rafts without

inducing CD20 association with SFK-rich raft cores.

Cragg et al. reached a different conclusion regarding

the role of rafts in CD20-induced apoptosis;38 however,

there are essential differences between the two studies.

First, their observations were primarily related to the B1

mAb, which does not induce CD20 translocation and,

interestingly, induces apoptosis in the absence of further

crosslinking.35,38 We had previously identified a short

membrane-proximal cytoplasmic region in CD20 (resi-

dues 219–225) that reduced antibody-induced transloca-

tion by 75% when expressed in the Molt-4 T-cell line.39

Cragg et al. expressed a similar deletion mutant (residues

216–226) in 293T cells and found that it did not affect

apoptosis induced by B1.38 Although it is possible that

there is sufficient raft association retained by the 216–226

deletion mutant to mediate raft-dependent signals, their

conclusion that B1-induced apoptosis is raft-independent

is consistent with the lack of translocation induced by B1

and the lack of any requirement for hypercrosslinking.

Second, their experiments with rituximab did not involve

hypercrosslinking. A low level of apoptosis can be

induced by rituximab in some B cell lines without addi-

tional crosslinking, and this was also shown to be raft-

independent using the 216–226 deletion mutant in 293T

cells.38 New evidence for signalling mediated by rituximab

without additional crosslinking was recently provided

by Cittera et al. using gene expression profiling.40 The

membrane-proximal, raft-independent signalling events

activated by B1, or rituximab in the absence of hypercross-

linking, have not been defined but are expected to be

independent of SFK activation.

We attempted to determine the effect of the 219–225

deletion on apoptosis induced by rituximab hyper-

crosslinking. Apoptosis was efficiently induced in Molt-4

cells expressing wild-type CD20 but not the 219–225

mutant; however, the mutant was expressed at a lower level

than wild-type CD20. We generated a new cell line expres-

sing wild-type CD20 at a lower level to match that of

219–225, but found that apoptosis could no longer be

detected. Thus, this line of investigation was inconclusive.

Rituximab-induced CD20 translocation has been repor-

ted to alter the organization of raft components without
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affecting the overall protein or lipid composition of

rafts.41 Functional consequences of this appear to include

decreased lyn kinase activity in the presence of the high

concentrations of Csk binding protein/phosphoprotein

associated with glycolipid enriched membranes (Cbp/

PAG) found in Raji cells, and increased susceptibility to

phospholipase-mediated cleavage of the GPI-linked com-

plement defence protein, CD55. Rituximab is more effect-

ive than B1 at initiating the complement cascade and this

also appears to be related to differential effects of mAbs

on CD20 translocation.11 An interesting explanation for

this unexpected finding is that early components of the

complement cascade may insert preferentially into raft

domains, although it may also be due to a particular

organization of antibody clusters accompanying transloca-

tion.11 Rituximab-induced CD20 translocation has now

also been linked to sphingomyelinase activation with cer-

amide production in rafts, raising interesting new avenues

for investigation into direct effects of antibody ligation.42

While this manuscript was under revision a paper

reporting similar effects of MbCD on rituximab-induced

calcium flux and apoptosis was published.43 The only

substantial difference from our study is that activation of

intracellular signalling pathways was not examined. These

authors conclude that the calcium flux is caused by open-

ing of the calcium channel; however, there is no experi-

mental evidence to support this. On the contrary, we

have previously shown that CD20 hypercrosslinking acti-

vates calcium mobilization in the absence of extracellular

calcium26 and several studies, including those repor-

ted here, show that CD20 ligation activates intracellular

signalling.

In summary, we have shown here that both transloca-

tion and hypercrosslinking of CD20 are necessary for

rituximab to activate SFK-dependent signalling and apop-

tosis. These effects are probably unrelated to CD20’s func-

tion in store-operated calcium entry but instead are a

consequence of its association with cholesterol-dependent

membrane rafts.

Acknowledgements

These studies were supported by an operating grant from

the Alberta Cancer Board to J. P. D. and by personnel

awards from the Canadian Institutes of Health Research

(CIHR) Training Program in Immunology, Immuno-

pathogenesis and Inflammation at the University of

Calgary (T. L. U.), the Alberta Heritage Foundation for

Medical Research (J. P. D. and C. M. M.), and the

Natural Sciences and Engineering Research Council of

Canada (C. M. M.). The Live Cell Imaging Facility at the

University of Calgary is supported by CIHR. The authors

gratefully acknowledge the expert assistance of Laurie

Robertson and Fusun Turesin, Flow Cytometry Facility,

and Dr Pina Colarusso, Live Cell Imaging Facility.

Supplementary material

The following supplementary material for this article is

available online:

Figure S1. Calcium mobilization by rituximab hyper-

crosslinking is SFK- and PLCc-dependent. (a) Ramos cells

were loaded with fluo-3AM and then either untreated or

treated with 2�5 lm SU6656 or DMSO. The cells were incu-

bated with rituximab. After establishing the baseline, cells

were stimulated with 5 lg of GAH (arrow). (b) As in (a)

except cells were treated with 5 lm U73122 or DMSO

before rituximab incubation (c) As in (b) except after

U73122 incubation cells were immediately analysed: 1 lm
thapsigargin was added after establishing the baseline.
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