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Complement-mediated cell death induced by rituximab in B-cell

lymphoproliferative disorders is mediated in vitro by a caspase-independent

mechanism involving the generation of reactive oxygen species

Beatriz Bellosillo, Neus Villamor, Armando Lopez-Guillermo, Silvia Marcé, Jordi Esteve, Elias Campo,

Dolors Colomer, and Emili Montserrat

Mechanisms involving the in vitro effect
of rituximab in cells from 55 patients with
B-cell lymphoproliferative disorders were
investigated. No cytotoxic effect was ob-
served when cells were incubated with
rituximab alone, but in the presence of
human AB serum rituximab induced
complement-dependent cell death (R-
CDC). A cytotoxic effect was observed in
cells from 9 of 33 patients with B-cell
chronic lymphocytic leukemia, 16 of 16
patients with mantle-cell lymphoma, 4 of
4 patients with follicular lymphoma, and 2
of 2 patients with hairy-cell leukemia.
R-CDC was observed in cells from pa-

tients expressing more than 50 x 108

CD20 molecules per cell, and directly
correlated with the number of CD20 mol-
ecules per cell. Preincubation with anti-
CD59 increased the cytotoxic effect of
rituximab and sensitized cells from non-
sensitive cases. Neither cleavage of poly-
ADP ribose polymerase (PARP) nor activa-
tion of caspase-3 was observed in R-CDC.
In addition, no cells with a hypodiploid
DNA content were detected and R-CDC
was not prevented by a broad-spectrum
caspase inhibitor, suggesting a caspase-
independent mechanism. Incubation with
rituximab in the presence of AB serum
induced a rapid and intense production of
reactive oxygen species (ROS). R-CDC

was blocked by the incubation of cells
with N-acetyl-L-cysteine (NAC) or Tiron, 2
ROS scavengers, indicating that the cyto-
toxic effect was due to the generation of
superoxide (O 7) radicals. In conclusion,
the results of the present study suggest
that CD20, CD59, and complement have a
role in the in vitro cytotoxic effect of
rituximab, which is mediated by a
caspase-independent process that in-
volves ROS generation. (Blood. 2001;98:
2771-2777)

© 2001 by The American Society of Hematology

Introduction

Rituximab is a chimeric monoclonal antibody directed againgterformed in cell lines suggest that rituximab binding to CD20
CD20, an antigen present both on normal B lymphocytes and oauld induce apoptosis, mainly through caspase activ&tiart,
cells from most B-cell lymphoproliferative disordérRituximab other pathways, such as activation of the Src-family kintses
is currently employed in the treatment of follicular lymphomand antibody-dependent cell-mediated cytotoxicity (ADCC),
(FL) either aloné® or in combination with chemotherapyore- have also been described.
over, there is an increasing interest in using rituximab in other Complement-mediated cell lysis involves a cascade activation
CD20" B-cell lymphoproliferative disorders, such as mantle-cethf proteins leading to the formation of the membrane attack
lymphoma (MCL) or B-cell chronic lymphocytic leukemia (B-complex, which produces a direct lysis of the target cells. This lysis
CLL).>8 A direct relationship between the clinical efficacy and thés regulated by membrane-bound regulatory proteins, among which
intensity of CD20 expression has been proposed, suggesting t8&55 and CD59 seem to be the most important. CD55 binds to
patients with high CD20 expression are more likely to respor@3b and C4b and accelerates the decay of C3 and C5 convertases,
to rituximab. whereas CD59 binds to C8 and C9 and prevents pore formation by
The signaling pathways involved in the effect of rituximab aréhe membrane attack compl&khe final step of complement lysis.
not clearly established. Recently, complement-mediated cell lygiscording to recent studies, these proteins could be implicated in
has been proposed as the major and most-efficient effectbe cytotoxic effect of rituximaB:1t
mechanism of rituximab?” However, the signal transduction  The aims of this study were to correlate the cytotoxic effect of
pathways activated by complement, which precede cell deathuximab with CD20 expression in a variety of CD2®B-cell
have not been fully determined. Moreover, in vitro studielymphoid malignancies, and to analyze the signaling pathways
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involved in complement-dependent cell death (CDC), focusing dtiopidium iodide DNA staining

complement regulatory proteins. Quantification of apoptosis by PI staining and fluorescence-activated cell

sorting (FACS) analysis was performed as previously descitbBdefly,

cells were harvested and fixed in 70% ethanol. Cells were centrifuged,

washed in phosphate-buffered saline (PBS) and resuspended in 0.5 mL PBS

containing Pl (5ug/mL) and RNase (1Q0g/mL) (Boehringer Mannheim,

Mannheim, Germany). Tubes were incubated for 30 minutes at 37°C and

placed at 4°C in the dark overnight prior to flow cytometry analysis.

Fifty-five patients (35 men and 20 women) with a median age of 64 years

(range, 32 to 88 years) who were diagnosed with B-cell chronic |ymph0prﬂ'ssessment of mitochondrial transmembrane potential and

liferative disorders (33 B-CLL, 16 MCL, 4 FL, and 2 hairy-cell IeUkemiareactive oxygen species production

[HCL]) were included in the studyThe diagnosis was established

according to the World Health Organization classificafi®Ratients with Changes in mitochondrial transmembrane potenfiah{) were evaluated

B-CLL entering this study were selected according to CD20 expressioni#y staining with 1 nM 3,3dihexyloxacarbocyanine iodide (DiQ3];

conventional flow cytometry. All patients were informed of the investigamolecular Probes, Eugene, OR). Reactive oxygen species (ROS) produc-

tional nature of this study and informed consent was obtained from eagén was determined by staining with @M dihydroethidine (DHE;

patient in accordance with Hospital @ic ethical committee guidelines.  Molecular Probes). Cells were incubated with the dyes for 15 minutes at
37°C, washed, resuspended in PBS and analyzed by flow cytometry. A

Reagents decrease in the signal of DiQ[3] (FL1) was indicative of abnormalities in
AW, and appearance of FL2 signal was indicative of ROS production. Ten

Rituximab was obtained from Roche (Hertfordshire, United Kingdom}ihousand cells were acquired in a FACScan flow cytometer. All experiments

4,5-dihydroxy-1,3-benzene disulfonic (Tiron) was obtained from Sigmaere performed in duplicate.

Chemical (St Louis, MO). N-benzyloxycarbonyl-Val-Ala-Asp-fluoro-

methyl ketone (Z-VAD.fmk) was obtained from Bachem (Bubendoerinetic studies of ROS generation

Switzerland). N-acetyl-L-cysteine (NAC) and PP2 were purchased from

Calbiochem-Novabiochem (La Jolla, CA). Antibodies against CD20 (LeGells were preincubated for 5 minutes with B@/mL rituximab, and

16), CD19-phycoerythrin (PE) (Leul12), and CD3-PE (Leu 4) were obtaingg|l acquisition in a FACScan was started after incubation with DHE for

from Becton Dickinson (San Jose, CA); against CD59 (clone MEM 43)ne minute. AB serum was added after the first minute of cell acquisition

from CLB (Amsterdam, The Netherlands); and against CD55 (clorend ROS production was recorded for 15 minutes. Kinetics of ROS

Bric216) from Serotec (Oxford, United Kingdom). Antibodies againsgeneration were analyzed using the free software WinMDI 2.8 version

CD59 (clone 193-27) and CD55 (clone 143-30) were kindly provided by Qinttp://archive.uwcm.ac.uk/uwecm/hg/hoy/software.html).

R. Vilella from the Immunology Department of the Hospital Clinic,

Barcelona, Spain.

Patients, materials, and methods

Patients

Flow cytometric detection of the active form of caspase-3

Cells were fixed and permeabilized using the Cytofix/Cytoperm kit
(Pharmingen, San Diego, CA) for 20 minutes at 4°C, pelleted and washed
Mononuclear cells were isolated from peripheral blood samples lhyith Perm/Wash buffer (Pharmingen). Cells were then stained with the
centrifugation on a Ficoll/Hypaque (Seromed, Berlin, Germany) gradiepblyclonal antibody against the active form of caspase-3 (Pharmingen)
and cryopreserved in liquid nitrogen in the presence of 10% dimethg0.25 wg/L X 1C° cells) for 20 minutes at room temperature, washed in
sulfoxide (DMSO). Cells from 5 cases (1 B-CLL, 3 MCL, and 1 FL) werePerm/Wash buffer, stained with goat anti—rabbit-FITC (SuperTechs, Be-
obtained from lymph node biopsy or spleen after repetitive infiltration witthesda, MD), and analyzed in a FACScan.

RPMI 1640 culture medium (GibcoBRL, Paisley, Scotland).

Isolation of cells

Quantification of CD20, CD55, and CD59 membrane proteins

Cell culture . . .
Cells from patients or healthy donors £n19) were incubated with

Lymphocytes were cultured immediately after thawing at a concentrationsditurating amounts of monoclonal antibodies against CD20 (Leul6), CD55
5 X 10 cells/mL in RPMI 1640 culture medium supplemented with 10%143-30), and CD59 (MEM 43) for 45 minutes at 4°C, washed twice in PBS
heat inactivated fetal calf serum (BioWhittaker, Verviers, Belgium), 2 mMnd incubated with goat anti-mouse-FITC (Dako, Globstrub, Denmark) in
glutamine, and 0.04 mg/mL gentamicin at 37°C in a humidified atmosphettee same conditions. The beads of QIFKIT (Dako) were processed in
containing 5% carbon dioxide. Factors were added at the beginning prallel following the manufacturer’s recommendations. The mean FL1
the culture. channel for every bead population was used to calculate a standard curve
and the number of molecules per cell was obtained by interpolation of the
mean FL1 channel value for each patient. To quantify the number of
complement regulatory proteins on B cells, samples stained with CD55 and
Exposure of phosphatidylserine residues was quantified by surface anne3id59 were subsequently incubated with normal mouse serum (Dako) for 5
V staining as previously describégBriefly, cells were washed in binding minutes, followed by CD19-PE monoclonal antibodly.

buffer (10 mM HEPES, pH 7.4, 25 mM Cagl140 mM NacCl),

resuspended in 200L and incubated with 0.p.g/mL annexin V—fluores- Western blot

cein isothiocyanate (FITC) (Bender Medsystems, Vienna, Austria) for 15

minutes in the dark. Cells were washed again and resuspended in bindBels were lysed in 80 mM Tris HCI pH 6.8, 2% sodium dodecyl sulfate
buffer. A quantity of 5ug/mL propidium iodide (PI) (Sigma Chemical) was (SDS), 10% glycerol, 0.1 M dithiothreitol (DTT) and equal amounts of
added to each sample prior to flow cytometric analysis (FACScan; Bectprotein were separated by electrophoresis on 12% polyacrylamide gel and
Dickinson). Ten thousand cells were acquired per sample using CELLquésinsferred to Immobilon-P (Millipore, Bedford, MA) membranes. The
software and data were analyzed with the Paint-a-gate Pro software (Beatwembranes were incubated with polyclonal antibody against poly-ADP
Dickinson). All experiments were performed in duplicate. In some expenitbose polymerase (PARP) (Boehringer Mannheim). Antibody binding was
ments, cells were labeled simultaneously with annexin V-FITC argetected using a secondary antibody (mouse anti—rabbit immunoglobulin;
anti-CD3-PE, in order to separately analyze the cytotoxic effect on B andd&ko) conjugated to horseradish peroxidase and an enhanced chemiluminis-
lymphocytes. cence (ECL) detection kit (Amersham, Buckinghamshire, United Kingdom).

Analysis of cell viability by annexin binding
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A case was considered sensitive to rituximab when cell death assessed by
exposure of phosphatidylserine residues was more than or equal to 15% of
cell death observed in control cells. Comparison of CD20, CD55, and CD59
cell levels between healthy donors and patients, and between sensitive and
nonsensitive cases were performed using the nonparametric Mann-Whitney
test. The effect of blockage with anti-CD55 and/or anti-CD59 was analyzed 50 _J__
by means of linear regression models with random effects using a panel data 25

structure, adjusted by normalized values of CD55 and CD59 molecules per %

cell, with STATA Statistical Software, Release 6.0 (Stata, College No Yes
Station, TX). Sensitivity

100
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Results

150
Rituximab induces cell death of tumor B cells in the presence
of complement

125

100
To analyze the in vitro effect of rituximab on the viability of tumor
cells from patients with B-cell lymphoproliferative disorders, a
dose-response study was first performed in cells from 3 patients.
No cytotoxic effect was observed when cells were incubated with
rituximab alone (with doses ranging from 10 to 1@@/mL) for o o = e e
increasing periods of time (up to 5 days). However, when normal

human AB serum (AB) was added as a source of complement, R-CDC (%)

rituximab produced a cytotoxic effect after 24 hours of incubatioffrigure 2. Relationship between CD20 expression and R-CDC. (A) Histograms of
This effect was dose dependent for both rituximab and AB (wif]"en (2121 umbere CO20 molstes por e ccortng o e sy
quantities ranging from 1% to 40%) and could be detected Usiagh the percentage of R-CDC obtained, in cells from nonsensitive (M) and sensitive
doses as low as 1g/mL rituximab and 1% AB. A discriminant (O) patients.

cytotoxic effect was observed with 50g/mL rituximab in the

presence of 10% AB. Thus, this was the combination used in all ) ) ) )
subsequent experiments. Incubation of cells with AB alone did not induce cell death but, to

The cytotoxic effect of rituximab in the presence of Agthe contrary, produced a protective effect when compared with cells
(rituximab+AB) was characterized by a reduction in the forwardncubated with medium alone (data not shown).
scatter (FSC) and an increase in the side scatter (SSC), indicative ofl "€ In vitro effect of rituximats AB was analyzed on cells from
cell shrinkage (Figure 1A), as well as an exposure of phosphatidy® Patients. In the above-mentioned conditions, R-CDC was
serine residues, as shown by the increase in annexin V_labeRigerved in cells from 31 of the 55 patients (56%). The distribution
cells (Figure 1B), and loss af¥,, determined by staining with of R-CDC among the different lymphoproliferative disorders was
DIOC[3] (Figure 1C). as follows: 9 of 33 in B-CLL (27%), 16 of 16 in MCL (100%), 4 of

Inactivation of the complement by heating AB at 56°C for 3¢ in FL (100%), and 2 of 2 in HCL (100%).

minutes completely abolished the cytotoxic effect of rituximab. R-CDC was not observed on CDXells from 20 cases as
assessed by multiparametric flow cytometry analysis (data not

shown), with this indicating that the cytotoxic effect of rituximab
A Control R AB R+AB was restricted to B cells.

75

50 o

CD20 (x 10° molecules/cell) [0

25 r=0.8; p<0.0001
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R-CDC depends on CD20 expression
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Transformed SSC

LT e e 0 e s STE TR TR R In order to analyze the differences between cases that are sensitive
(cytotoxicity = 15%) and nonsensitive (cytotoxicity. 15%) to
rituximab+AB, we quantified the expression of the CD20 antigen.
As shown in Figure 2A, a significant differenci € .0001) was
e e s found between the CD20 mean values of sensitive cases
rrrrT Annexin - (100.7= 41 x 10® molecules per cell; & 31) and nonsensitive
cases (18.7= 12 X 1 molecules per cell; &= 24). All the cases
expressing more than or equal to 80L0° molecules of the CD20
antigen on the cell membrane surface (CD20(n = 29) showed
R-CDC, whereas no cytotoxic effect was observed in cases with
Figure 1. Cell death induction by the combination of rituximab and normal CD20 levels leSS_ than 4@-1@ mOIGCL”_es per cell (CDM)
human AB serum. Cells from a representative CD20"* patient with follicular (n=22). Interestingly, a direct correlation was found between

lymphoma (FL) were incubated in the presence or absence of 50 pg/mL rituximab ~ R-CDC and the number of CD20 molecules per cel=(©.8,

and 10% AB (R+AB) for 24 hours and analyzed by flow cytometry. (A) Flow P< 0001) (Figure ZB)

cytometric plots showing FSC/SSC pattern. (B) Flow cytometric plots showing ’ - . ) . .
annexin V binding. (C) Histogram showing mitochondrial transmembrane potential No modifications were observed in the FSC/SSC pattern or in

after staining with DIOCe[3]. annexin V binding when cells from 4 CD%0 cases were
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Table 1. Quantification of the expression of CD20, CD55, and CD59 in cells
from patients with B-lymphoproliferative disorders and healthy donors

Molecules/cell (X 103)

BLOOD, 1 NOVEMBER 2001 - VOLUME 98, NUMBER 9

Induction of R-CDC in CD20 *+ cells is not mediated by caspase
activation and does not induce DNA cleavage

We investigated the implication of caspases in R-CDC in 4

n CD20 CD55 CD59 :
oL -~ - P 216 CD20"* cases (3 B-CLL and 1 MCL). Incubation of cells for 24

’ g e C T hours with rituximab-AB did not activate caspase-3, as deter-

Nonsensitive 24 18.7 = 12* 9.4 = 5* 128 =7 i h b fth ti f f thi t by fl

Sensitive™ 9 670 = 20 104+ 4% loz+e Mined byt e absence o the active form of this protease y flow
MCL 16 113.2 = 39 11.9+5 90+g  Cytometry (Figure 4A). Furthermore, R-CDC was not associated
FL 4 96.0 = 38 103 = 4 165+~ 10 With caspase-mediated nuclear features of apoptosis such as PARP
HCL 2 162.2 = 7 21+1 98+11 proteolysis or DNA cleavage (appearance of the hypodiploid DNA
Healthy donors 19 94.9 = 37 13.6 = 29 122 =4  peak) after 48 hours of incubation (Figure 4B,C). Finally, addition

of 200 uM Z-VAD.fmk, a broad-spectrum caspase inhibitor, did
not prevent phosphatydilserine exposure, cell shrinkage, and loss
of AW, induced by rituximab-AB (Figure 4D). To discard the
possibility that caspase activation occurred at earlier time points,
incubated with rituximab-AB for longer periods of time (up to 5 we analyzed caspase-3 activation in 3 B-CLL sensitive cases
days) (data not shown). following treatment with rituximak-AB for 1, 2, and 4 hours. No

As shown in Table 1, the number of CD20 molecules wasvidence of caspase activation was observed, whereas cells at these
significantly lower in B-CLL cells than in normal B cells, whereagime points showed the typical features of cell death (data not
no difference was observed in the other types of B-lymphoproliferahown). All these results indicate that the mechanism involved in
tive disorders analyzed. Of note, cells from nonsensitive B-CLR-CDC may occur in the absence of caspase activation.
cases had significantly lower CD20 levels than cells from sensitive
B-CLL cases. R-CDC induces production of ROS

*P < .02 versus healthy donors.
**P < 001 sensitive B-CLL versus nonsensitive B-CLL.

Since the cytotoxic effect of rituximabAB was accompanied by a
loss inAV,,,, we tested whether this phenomenon was associated

. - with the production of ROS. As seen in Figure 5A, incubation for
To StUdY the role of the complement in R-CDC, we quantified t.hf4 hours of CD20* cells from a representative MCL patient with
expression of CD55 and CD59, 2 complement regulatory pmte'r}ﬁ'uximaMAB induced the production of ROS, as assessed by
The number of CD55 molecules per cell was significantly lower igtainin with DHE. a compound converted b Qo hiahl
B-CLL and HCL cells than in normal B cells, whereas n 9 ' b Y2 ghty

. . . . . c%Iuorescent ethidium. Similar results were obtained in all the
difference was observed in other B-lymphoproliferative disorders

(Table 1). Regarding the number of CD59 molecules, only the

Regulation of R-CDC by CD55 and CD59

subgroup of sensitive B-CLL cells expressed lower CD59 mol- A 200

ecules per cell than normal B cells. No correlation was found 3 s, -

between R-CDC and the number of CD55 or CD59 molecules on S 150 . .

the cell surface. Among 4 B-CLL samples that expressed between < -

40 X 1 molecules per cell and 58 10° CD20 molecules per cell iﬁ %] a a® m "

(CD20"), only 2 of them were sensitive to rituximab. Interestingly, E ® .

these 2 cases expressed lower CD59 levels than the 2 nonsensitive T Bl mwms

cases (Figure 3A). S o=t T
To better understand the role of CD55 and CD59, the effect of § 25 o oo .

rituximab+AB was analyzed in the presence of anti-CD59 and/or o o e ©

anti-CD55 in cells from 9 B-CLL patients (Figure 3B). No 0 10 20 30 40
. . . CD59 (x 10 molecules /cell)

cytotoxic effect was observed when cells were incubated with these

monoclonal antibodies alone, or combined with AB, indicating that .

they cannot activate the complement by themselves. The statistical

analysis of the mean values obtained for these 9 patients showed

that the viability of cells incubated with rituximabAB was

80 = 7% (95% confidence interval [CI]: 67-93). The addition of

w
—
o
o

]

=]
o

D
I=3

anti-CD59 produced a significant decrease in cell viability by 48
units (95% CI: 38-57P < .001), whereas addition of anti-CD55
only produced a decrease of 8 units (95% CI: 0R% .078). The
combination of the 2 monoclonal antibodies produced an additional
decrease in cell viability of 7.4 units (95% CF5.7-20.5), this not

Viability (%)

40

20

=

— T T

© FTI T I T T I I IITIIFIITITITIIZD

3 4 5 6 7 9
being significantly different from the decrease observed with CD59 Patient
alone P = .269). Finally, the cytotoxic effect produced when DAB  OIR+AB  NIR+AB+CDSS

blocking with anti-CD59 directly correlated with the number of
CD59 molecules per celP(< .001).

E R+AB+CD59

M R+AB+CD55+CD59

Figure 3. Role of CD59 expression in R-CDC.

(A) Expression of CD20 and CD59 in

Thus, in B-cell lymphoproliferative disorders, the cytotoxigells from nonsensitive (CJ) and sensitive (M) patients. (B) Effect of CD55 and CD59
effect of rituximab is mediated. at least in part by the Comp|emeHPckage on R-CDC. Cells from 9 B-CLL patients were incubated for 24 hours with 50

and is regulated by the number of CD20 and CD59 moIecuI§
per cell.

/mL rituximab and 10% AB (R+AB) alone or combined with anti-CD55 and/or
i-CD59. Cell viability was determined by annexin V binding as described in
“Patients, materials, and methods.”
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Cc R R+ AB . 100
E o
K 14% 15% 10%
E 1 e e — 80t -
=2 4 —_~
2 & & O Control
3 g £ z 80 E1 NAC
A 2 H W Tiron
100 10° 10% 100 10 100 10@ 10 e G0 e 1o = ® 40}
o >
Active caspase-3 expression 20}
[+ R AB R+AB 0=
B Dihydroethidine Alone R+AB
W e e e  +—16kd PARP
e ol < - 86 kd )
C . Control R+AB . RrAB+NAC R+AB+Tiron
(] c A R+AB 5
¥ B 4 X
2 1 10% 15% 4 5% g 1 .
E P—t — g 2] : =
2 1 1 R 9% | . |
3 T e T TR e T T .
10° 10" 107 10° 10° 1E 10 1 1¢ 10 1P 10° 1¢F 10° 10° Dihydroethidine
Propidium iodide Figure 5. ROS production induced by rituximab ~ +AB and effect of ROS
scavengers. (A) Cells from a representative CD20** patient with MCL were
D incubated for 24 hours in the presence (dashed line) or absence (solid line) of 50

pg/mL rituximab and 10% AB serum (R+AB) and stained with DHE. (B) Cells from a
representative CD20** patient with B-CLL were incubated for 20 hours with ROS
scavengers (NAC, 25 mM; Tiron, 5 mM) in the absence or presence of rituximab and
AB (R+AB). ROS scavengers were added one hour prior to the addition of rituximab
and AB serum. Cell viability was determined by staining with annexin V binding.
* Indicates P < .05. (C) The effect of ROS scavengers on A¥Ym and ROS generation
was quantified after 20 hours by dual staining with DIOC[3] and DHE.

Viability (%)

Control R+ AB Z-VAD.fmk Z-VAD.fmk
+R+AB

Figure 4. Complement-mediated R-CDC is not mediated by caspase activation. DiSCUSSion
Cells of a representative CD20* * patient with B-CLL were incubated in medium alone

(C), orwith 50 pg/mL rituximab in the absence (R) or presence (R+AB) of 10% AB  Tha resylts presented in this study show that the cytotoxic effect of
serum. (A) Analysis by flow cytometry of the active form of caspase-3 after 24 hours

of incubation. (B) Analysis of PARP cleavage by Western blot after 48 hours of rituximab on primary malignant B cells iS, at least in part,
incubation. (C) Analysis of DNA content by staining with propidium iodide after 48  complement mediated and that this process mainly occurs through
hoqrs of inlcubation. (D) Effect of 209 M Z-VAD.fmk on cell yiability after 24}'hours the production of ROS. The generation of cytotoxic ROS in cells is
of incubation. Z-VAD.fmk was preincubated for 1 hour prior to the additon of o4 the nartial reduction of oxygen that leads to the generation of
the indicated factors. Cell viability was quantified by exposure of phosphatidyl-
serine residues. 0. To avoid toxic cellular effects, this stable radical is enzymati
cally converted to other radicals such as hydroxyl (Qkand

CD20"+ cases sensitive to rituximab, with no differences aceordydrogen peroxide (§0),*° or rapidly reacts with nitric oxide
ing to the histology of the tumor. (NO) yielding peroxynitrite (ONOO).1® The production of ROS

To determine the implication of ROS in R-CDC, we incubatefas arole in signal transduction and has been associated with many
cells with rituximab+AB in the presence of 2 ROS scavengers. Afrms of apoptosid as well as with the cell death that occurs in
shown in Figure 5B, incubation of cells from a representativeerebrovascular accidents and neurodegenerative diséases.
CD20"* patient with Tiron, a pharmacologic cell-permeable
scavenger of @, or the antioxidant NAC completely abolished the B e
generation of ROS and reverted R-CDC, as analyzed by exposure aot 2leNET R
of phosphatidylserine residues, changes in FSC/SSC pattern, ah
loss of AWV, Similar results were obtained in cells from 5

6ofi

additional patients. Moreover, we observed a dose-dependent R+AB “°,_ .
inhibitory effect of Tiron (from 5 mM to 15 mM) and NAC (from AB f TR st T
25 mM to 100 mM) that correlated with the number of CD20

molecules per cell (data not shown). . Contro!

Finally, in order to establish the sequence of cellular changes
induced by rituximab-AB, the kinetics of R-CDC were investi- #
gated in 4 CD20* cases (1 B-CLL, 1 FL, 2 MCL). Addition of AB

in cells preincubated with rituximab resulted in a rapid and intense; : P "
detection of ROS, with maximal levels being achieved in less than Time (min) 0
15 minutes (Figure 6A). As seen in Figure 6B, ROS production was e Z;mej‘:nin)“" ©o@

accompanied by loss Ay, which was detected as early as 2

: p : - Figure 6. Kinetics of R-CDC—-induced ROS production, loss of A, and
minutes after the addition of AB. Exposure of phothatldylsenH;%qosphatidylserine exposure.  (A) The kinetics of ROS generation were analyzed in

residues was detected simultaneously to these changes in cells fE@rom a patient with MCL with CD20** expression (119 x 10° CD20 molecules/
CD20"* patients with high expression of CD20 molecules (Figurepll) as described in “Patients, materials, and methods.” (B) Time-course of ROS
6B upper panel) but in cells from CD26 patients with lower production (solid line), loss of AV, (dashed line), and annexin V exposure (dotted

' ! . . _line) in cells from a patient with MCL with very high levels of CD20 (137 x 103
numbers of CD20 molecules (Flgure GB‘ lower panel)* annexin S?olecules/cell) (top panel) and a CD20* * patient with B-CLL with high levels of CD20

binding was observed later. (70 % 10° molecules/cell) (lower panel).
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In the present study, we found a rapid and selective generatigimo infusion of rituximab3* therefore additional mechanisms
of ROS after the addition of rituximab and AB serum, since onlgould be involved in in vivo caspase activation. Although it has
specific scavengers of ;0 such as Tiron, and NAC completely been described that some anti-CD20 antibodies can promote the
reverted the production of ROS and all changes associated with @adtivation of the Src-family kinas€sno implication of these
death. Other ROS scavengers selective fgOH(glutathiome kinases has been observed in our study. In fact, incubation with a
[GSH], catalase) and ONOO(L-NAME, uric acid) produced a selective inhibitor of this family of kinases (PP2) did not prevent
partial or no reversion on R-CDC (data not shown). InterestinglR-CDC in cells from 4 of our cases (data not shown). Altogether, it
the specific involvement of Dhas been recently described in thas likely that many different pathways of cell death both dependent
cytotoxic effect of estrogen derivates in B-CLL célland in the and independent of apoptosis could mediate the elimination of
apoptosis of rat mesangial cells treated with tumor necrosismoral B cells in vivo.
factora.24 We have observed that R-CDC directly correlates with the

Consistent with previous reporisrituximab alone was unable expression of the CD20 antigen in malignant B cells and a certain
to induce a cytotoxic effect on primary malignant B cells, thamount of antigen is required to trigger R-CDC. Therefore, the
addition of a source of complement being necessary to obtain suginical differences in responses among patients with different
an effect. Another mechanism that has been involved in thgpes of B-lymphoproliferative disorders could be related, at least
cytotoxic effect of rituximab is ADCG:” However, a previous in part, to CD20 expression. Another factor influencing the
report comparing specific rituximab-induced ADCC and CDC iresponse to rituximab is complement regulatory proteins. The
several cell lines showed that CDC is more effective than ABCOhlockage of CD59 with specific antibodies sensitized cells to
Although CDC could be the major mechanism accounting for thétuximab, indicating that CD59, the protein controlling the mem-
elimination of circulating B lymphocytes following rituximab brane-attack complex, may have an important role in R-CDC.
infusion, ADCC may contribute to the elimination of B cells inSimilar results have been obtained in previous stutliegontrast
tissues where interaction between target and effector cells is higherothers that proposed a major role for CO%Fhese differences

Incubation of cells with rituximab and AB serum induced theould be related to the different clones of monoclonal antibodies
typical cytoplasmic features of apoptosis: flow cytometric changesed to block cellular antigens.
in FSC and SSC indicative of cell shrinkage, exposure of phospha- The present results, obtained in primary malignant B cells, can
tidylserine residues, and decrease\ifi,. Neither caspase activa serve as the basis for new therapeutic approaches that may improve
tion nor caspase-mediated nuclear features of apoptosis wegie efficacy of rituximab in lymphoid malignancies. In this regard,
observed and R-CDC was not blocked by the presence of thiéas been suggested that the up-regulation of CD20 on malignant
caspase inhibitor Z-VAD.fmk, indicating that R-CDC observed iB cells could enhance the effect of rituxim#®? Additional
primary malignant B cells occurred in the absence of caspasgategies could involve the control of complement regulatory
activation. A caspase-independent cell death has been describegfoteins on the surface of neoplastic B cells either by using
treatment with several monoclonal antibodig®land particularly, bispecific monoclonal antibodies against both CD20 and CD59, to
in B-CLL cells by CD47 ligatior?” There are no extensive analysesvoid side effects of a wide CD59 blockage, or by down-regulating
of the pathways accounting for this sort of cell death buthe expression of CD59 with pharmacologic agéhes.
interestingly, in some studies cell death was associated with ROS|n conclusion, this report provides evidence that CD20, CD59,
production and loss af¥,,%>?8as we have observed in R-CDC. Inand complement contribute to the in vitro cytotoxic effect of
addition, it has been described that caspases are inhibited rByximab, with this being mediated by a caspase-independent
oxidantg®3°because, presumably, when the level of cytosolic ROgrocess that involves ROS generation and loss of mitochondrial
becomes too high, the essential cysteine in the active center of thghsmembrane potential. These results may be useful to establish a

caspases becomes oxidized or blocked. theoretical basis to improve the efficacy of therapy with rituximab.
It has been described that rituximab induces a caspase-

dependent apoptosig:33 However, in all these studies in vitro

crosslinking of rituximab with secondary antibodies was per-

formed. The production of antibodies against rituximab has ngicknowledgment

been described in patients treated with rituximab; therefore, this

mechanism is unlikely to occur in viviiNevertheless, preliminary We thank L. Quintdrom the Unidad de Epidemiol6gly Bioesta-
studies have suggested that caspases may be activated followindistica, Hospital Chic, for his help in statistical analysis.
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