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Abstract

Background: The sensitivity of human Burkitt’s lymphoma cells to rituximab (Rtx) and tositumomab (Tst) was assessed on
cells expressing different levels of CD20 on surface. Cells that harbor low CD20 levels may resists against therapeutics
response to CD20-specific antibodies. We postulated that, radiation-induced modulation of CD20 surface levels may play a
crucial and central role in determining the relative efficacy of rituximab and tositumomab in treating Burkitt’s lymphoma
disease. Here, we examined the c-radiation-induced CD20 expression in the Burkitt lymphoma cell line ‘Daudi’ and the
relation of differential levels of CD20 with anti-CD20 mAbs mediated cell death.

Methodology: In this study we examined kinetics of CD20 expression following sub lethal doses ofc-radiation to Daudi cells
and thereafter anti-CD20 mAbs (rituximab and tositumomab) were added in cell suspensions. The correlation of kinetics of
CD20 expression and cells treated with anti-CD20 mAbs/or corresponding isotype Abs with special reference to changes in
mitochondrial membrane potential and reactive oxygen species generation was also examined. Further, we also
investigated the efficacy of anti-CD20 mAbs and possible induction of cell death in relation to levels of CD20 cell surface
expression.

Conclusion: This report provides evidence that CD20 expression can be induced by exposure of cells to c-radiation. In
addition, these findings demonstrated that the efficacy of anti-CD20 mAbs is dependent on the surface levels of CD20.
Based on these findings, we hypothesized (i) irradiation just prior to immunotherapy may provide new treatment options
even in aggressive B cell tumors, which are resistant to current therapies in vivo (ii) The efficacy of induction of apoptosis
varies with type of monoclonal antibodies in vitro.
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Introduction

Over three decades, antibody cancer therapeutics have been

established and used clinically in an effort to appreciate the

potential of targeted therapy. In particular, the use of monoclonal

antibodies have been shown with considerable achievement in the

treatment of lymphoma and breast cancer [1].

CD20 a non-glycosylated transmembrane protein, exclusively

expressed on B cells. It appears during the pre-B cell stage,

however absent during the earlier or later stages of B cell

differentiation such as antibody secreting plasma cells [2,3]. CD20

has received extensive evaluation as an ideal target for immuno-

therapy and radio-immunotherapy, in part because of its

ubiquitous expression, stable localization within the cell membra-

neof target cells (transformed B cells) [4]. Human CD20 has four

membrane-spanning domains with a single extracellular loop and

intracellular N-and C-terminal regions and forms a homo-

oligomeric calcium ion channel complex [5]. Various monoclonal

antibodies (mAbs) have been raised against CD20, which exerts

various effects upon ligation and can be classified into type I and

type II mAbs based on their ability to induce the reorganization of

CD20 molecules into lipid rafts [6]. Type I antibodies, such as

rituximab (Rtx) are distinguished by their ability to redistribute

CD20 into lipid rafts and induce complement-dependent cytotox-

icity (CDC) in vivo [6]. This activity appears to be directly linked

to the translocation of CD20 and anti–CD20 mAbs complex into

lipid rafts. Type II antibodies, such as tositumomab (Tst) do not

considerably change CD20 distribution on ligation and relatively

ineffective in CDC without the concomitant clustering in vivo.

Intriguingly, they evoke far more homotypic adhesions (aggrega-

tions) and direct killing of target cells [7,8,9]. Both type I and II

mAbs are capable of efficient antibody-dependent cellular
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phagocytosis (ADCP), antibody-dependent cellular cytotoxicity

(ADCC) and can directly induce programmed cell death (PCD)

[10,11,12]. It is now emerging that fine specificity differences exist

in the epitope binding site of different anti-CD20 mAbs, formation

of lipid rafts, and thereby initiation of intracellular signalling, may

determine their biologicalefficacy in vitro and in vivo [13].

However, the acquired resistance in B-cell lymphomas following

exposure to anti-CD20 mAbs may also be associated with reduced

surface levels of CD20 and induce modest levels of cell death

[14,15,16,17,18]. A range of signalling events are induced

following ligation of CD20 with mAbs, viz. the activation of

members of the src family of tyrosine kinases, elevation in

intracellular Ca2+, phospholipase Cc activation [19,20], mitogen

activated proteins kinase cascade [21,22] and STAT3 down

regulationof anti-apoptotic proteins like Bcl-XL, Bcl-2, [23,24].

The earlier report suggests that the chimeric anti-CD20 mAb (Rtx)

and cross-linking Fab’2 fragment, on B-cell chronic lymphocytic

leukaemia cells (B-CLL) induce apoptosis through p38 MAP-kinase

activation [21]. It has also been reported that the radiation and the

type II anti-CD20 mAb (Tst) combine to evoke enhanced levels of

cell death compared with either treatment alone through the

MAPK signalling pathway downstream of ERK1/2 [22]. Radi-

ation-induced changes in CD20 expression on B cells were

evidenced first time in 1997 by Philippe et al [25]. Later on,

Kunala et al have studied in more detail on various B

lymphoblastoid cells types viz. Raji, Ramos, IM9 [26] and

recently Gupta et al have investigated that low dose IR exposure

to cells alters intracellular redox status, which determines

expression of CD20 on malignant B cells [27]. The combination

of ionizing radiation (IR) exposure and anti-CD20 mAbs in

relation to therapeutic efficacy at surface levels of CD20 is poorly

understood. Therefore, the ability to selectively control CD20

expression may be of great importance in enhancing therapeutic

value and in optimizing anti-CD20 immunotherapy and radio-

immunotherapy the modulation in CD20 expression may provide

more binding sites for anti-CD20 mAbs and may play a major role

in therapeutic response. Several investigators have demonstrated

that mAbs which trigger direct PCD can stimulate the production

of reactive oxygen species (ROS) and alters intra-cellular redox

balance [28,29,30].

Improvement of antibody mediated cellular cytotoxicity or

programmed cell death by modulation of CD20 surface level

would also be an ideal approach. Since, ionizing radiation

increases the surface levels of CD20 in treatment of Burkitt’s

lymphoma. We have under taken present investigation to compare

the induction of cell death by Rtx and Tst mAbs and their relation

with CD20 cell surface expression in vitro. Moreover, initiation of

the signalling pathways following ligation of anti-CD20 mAbs and

thereby leading to cell death is of considerable interest specifically

in relation to surface levels of CD20 and therefore, we additionally

expanded our investigation on mode of cell death in vitro
following treatment of cells with Rtx and Tst mAbs. In current

investigation, our data strongly suggests that type II antibody is

strong inducer of cell death, which is mediated through p53

pathways in vitro.

Results

CD20 expression
The kinetics of radiation-induced changes in total CD20

expression was measured at different time intervals as shown in

Figure 1A. The increase in CD20 expression was found to be

significantly higher at all-time intervals studied (4–20 hr) with

respect to sham irradiated control (*p,0.001) (Figure 1B).

However, maximum (260.4 fold) increase was observed 20 hr

after irradiation.

Figure 1. The kinetics of changes in CD20 expression on Daudi cells following exposure to 0.5 Gy c-radiation. (A and B) Total CD20
levels: The changes in CD20 expression were measured using anti-CD20 antibodies. Results are expressed as ratio of levels of CD20 (CD20/b-Actin)
with respect to 0 hr control. (C) CD20 expression on cell surface: The levels of CD20 at cell surface levels were calculated using quantiBRITE beads and
expressed as numbers of CD20 molecules/cell. The index histogram is showing levels of CD20 at 20 hr (0.5Gy) with respect to 0 hr. Statistical analysis
was done using Student’s t-test (***p,0.001).
doi:10.1371/journal.pone.0111113.g001
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The Increase of surface levels of CD20 was also found to be

maximum at 20 hr (3.860.1 Lakh/cell) and remained higher till

36 hr and thereafter it reached to near sham irradiated control

(260.2 Lakh/cell) with increase of time (Figure 1C).

Changes in ROS
The changes in intracellular ROS levels following various

treatments viz. radiation (0.5Gy and 1.5Gy), Rtx and Tst and their

combinations (IR+ anti-CD20) were measured as mentioned in

Figure 2A, B and C. Cells exposed to IR (0.5Gy and 1.5Gy)

showed significantly higher levels of ROS with respect to sham

irradiated control (Figure 2B). However, 1.5Gy exposures to cells

were found to be 760.35 fold higher with respect to 0.5Gy

irradiated cells. Cells treated with Rtx and Tst also showed

increased the levels of ROS by 3.960.3 and 2.760.29 folds with

respect to sham irradiated control respectively (Figure 2A, B).

Cells exposed to low dose of radiation (0.5Gy) were further treated

(at +20 hr) with Rtx showed 5.160.62 and 3.960.35 fold increase

in ROS levels with respect to sham irradiated control and 0.5Gy

respectively (Figure 2A, B). However, cells exposed to 0.5Gy (at +
20 hr) +Tst showed 9.560.4 and 760.7 fold with respect to sham

irradiated control and 0.5Gy respectively. Moreover, cells exposed

to 0.5Gy (at +20 hr)+Tst showed 7.260.6 fold increase ROS as

compare to Tst alone. Furthermore, 1.5Gy (at +20 hr) +Rtx and

1.5Gy (at +20 hr) +Tst showed significantly higher levels of ROS

with respect to 1.5Gy radiation as well as 1.5Gy (at +20 hr)+Tst

also showed significant difference respect to 1.5Gy (at + 20 hr) +
Rtx (Figure 2A, B). The changes in generation of ROS were found

to be insignificant when cells treated with corresponding isotypic

antibody (Figure 2C).

Changes in mitochondrial membrane potential (MMP;
Dym)

The change in mitochondrial membrane potential is indicator

of cellular responses in terms of treatment(s). Cells exposed to c-

radiation, treated with mAbs and/or combination of radiation

with mAbs showed significant changes in DYm as compared to

control group (Figure 2D, E). Cells treated with Rtx alone or in

combination of radiation and mAbs showed significant increase in

DmY as compared to sham irradiated control (p,0.05; Fig-

ure 2D), whereas in case of cells exposed to radiation (0.5Gy or

1.5Gy) followed by treatment with Tst showed significant loss of

DYm with respect to Tst alone and sham irradiated control (p,

0.05; Figure 2E). However cells exposed to 0.5Gy or 1.5Gy

and treated with isotype control antibodies alone or in combina-

tion showed no significant changes in DYm with respect to

sham irradiated control or corresponding irradiated groups

(Figure 2D, E).

Induction of cell death and cell cycle distribution
The Fab regions of anti-CD20 mAbs bind to CD20 and Fc

region bind to FccRIIB1. They were exclusively expressed on B

cells and induce Cross-linking and homotypic adhesions (aggre-

gations). As shown in Figure 3A large aggregates of cells were

observed following treatment of cells with Tst alone as compared

to Rtx alone. Cells treated with isotype antibodies showed no

cross-linking or aggregation. However, extra cross-linking was

induced by using corresponding secondary antibodies such as anti-

mouse for Tst and anti-human for Rtx (Figure 3B). An apparent

cell death due to cross-linking or extra cross-linking was measured

flowcytometrically using PI uptake (Figure 3C to F). As shown in

Figure 3C and 3D cells treated with Rtx alone or in combination

(0.5Gy+Rtx and 1.5Gy+Rtx, 20 hr post irradiation) showed

2.560.4 and 4.560.2 increase fold cell death respectively as

compared to Rtx alone (***p,0.001). Whereas, cells treated with

Tst alone or their combination 0.5Gy+Tst (20 hr post irradiation)

showed 1.560.2 fold increase in cell death (**p,0.05) and 1.5Gy+
Tst (20 hr post irradiation) showed 5.760.3 fold increase in cell

death (***p,0.001) compare to Tst alone (Figure 3C, D).

Moreover, cells treated with isotype antibodies showed no cell

death (Figure 3E). Furthermore, cells treated with corresponding

secondary antibody after treatment of Rtx or Tst also showed high

induction of cell death compared to Rtx or Tst treated alone

(Figure 3F).

The changes in cell cycle phase distribution and apoptosis

following radiation and treatment with anti-CD20 mAbs are

shown in Figure 3G and Table 1. With respect to control all

treatments (radiation, mAbs and/or combinations) showed signif-

icant changes in cell cycle phase distribution. Cells exposed to

0.5Gy gamma radiation and further treated with Rtx and Tst

showed significant increased G2/M block with respect to sham

irradiated control. Moreover, the decrease in DNA synthesis phase

in case of combinations (IR + mAbs) found to be significantly less

with respect to corresponding controls (0.5Gy, 1.5Gy and mAbs).

Alkaline comet assay
The genotoxic stress was assessed using alkaline comet assay as

shown in Figure 4 A and 4B. Cells exposed to c-radiation (0.5Gy

and 1.5Gy) showed significant increase of DNA damage. The

radiation induced damage to DNA was found to be dose

dependent. Cells exposed to 0.5Gy or 1.5Gy separately, and

further treated with Tst at 20 hr post irradiation interval showed

higher induction of DNA damage as compare to corresponding

irradiation dose alone or Tst alone (Figure 4A, B). Whereas, cells

treated with Rtx alone or combination with radiation (0.5Gy+Rtx

and 1.5+Rtx, 20 hr post irradiation) did not show significant DNA

damage as compared to sham irradiated control. The greatest

frequency of induction of DNA damage was observed in case of

1.5Gy+Tst (20 hr post irradiation) respect to IR or mAbs.

Immunobloting
Activation of caspase-3 and cleavage of PARP were assessed

following various treatments as a marker of apoptosis. As shown in

Figure 5A exposure of cells with radiation Rtx alone or

combination of radiation with Rtx showed activation of caspase-

3 and cleavage of PARP. However combination of radiation

(0.5Gy/1.5Gy) with Rtx (20 hr post irradiation) showed signifi-

cantly higher levels of active caspase-3 and cleaved PARP with

respect to Rtx alone or sham irradiated control. Treatment of cells

with Tst alone or combinations of radiation with Tst (0.5Gy+Tst

and 1.5Gy+Tst) have shown significant increase of PARP cleavage

(Figure 5A). To further elucidate the mode of cell death induced

by anti-CD20 mAbs, changes in phosphorylation of p38 (Tyr180/

Trp182) and p53 (ser15) were measured as shown in Figure 5B

and C. The potential effect of p38 on cell death induced by anti-

CD20 mAbs with and without radiation was assessed as

phosphorylation of p38 at Tyr180/Trp182. Control, 0.5Gy and

1.5Gy groups showed negligible activation/phosphorylation of

p38 (Figure 5B). Whereas, cells treated anti-CD20 mAbs (Rtx and

Tst) with or without radiation showed significant activation of p38

with respect to control or mAbs or IR alone (Figure 5B). With

respect to 0.5Gy alone, 0.5Gy (20 hr post irradiation) +Rtx and

0.5Gy (20 hr post irradiation) +Tst showed 660.5 and 2.560.5

folds activation. Moreover, corresponding to 1.5Gy, 1.5Gy+Rtx

and 1.5Gy+Tst found to be 1160.5 and 8.560.5 folds activation

of p38 (Figure 5B). The level of phosphorylation of p53 was found

to be increased with radiation dose. However, in case of

CD20 Levels Determines Anti-CD20 mAbs Medicated Efficacy
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combination of radiation with Tst, it was found to be significantly

higher with respect to radiation alone (Figure 3C).

Discussion

In the present investigation, we have evaluated differential

responses of anti-CD20 antibodies (Rtx and/or Tst) on Daudi cells

bearing different levels of CD20. We identified the induction of

cell death induced by mAbs is associated with the CD20 cell

surface expression. Cells exposed to sub-lethal dose of c-radiation

(0.5Gy) significantly increased CD20 expression in time dependent

manner (Figure 1A, B, and C). The results are also correlated with

our previous findings related to redox regulation of CD20

expression, where we studied the expression of CD20 is upto a

threshold and the increase of surface levels of CD20 is

independent of radiation dose and time [27]. Based on hypothesis

of increase in surface levels of CD20 may be beneficial during

immunotherapy/radio-immunotherapy to achieve certain clinical

benefits of the targeted mAbs by assuming more targets-more

association of mAbs, we studied possible changes in intra-cellular

signalling in relation to ligation of mAbs with CD20. Moreover

cells expressing different levels of CD20 (sham irradiated control

and 0.5/1.5Gy irradiated, +20 hr) were treated with anti-CD20

mAbs and changes in levels of ROS, DYm and initiation of cell

death were measured to understand cellular responses following

ligation of anti-CD20 mAbs and its relation with cell surface levels

of CD20. Ionizing radiation is known to induce generation of

reactive oxygen species (ROS) and alters DYm, which may lead to

alterations in cellular redox balance and/or cell death [27,31]. In

the present investigation cells exposed to radiation showed

increases in ROS levels with respect to control, which is found

to be radiation dose dependent (Figure 2A, B). Micro-level

changes (due to 0.5Gy) in generation of ROS may alter cellular

redox balance/ROS mediated signalling, which may be respon-

sible for increased CD20 expression both at total cellular and cell

surface levels as also reported earlier [27]. Cells with increased

expression of CD20 and thereafter treated with anti CD20 mAbs

(Rtx or Tst) showed significant increase in both ROS generation

and DYm, which could be due to increase of interaction of anti-

CD mAbs, as cells possess increase surface levels of CD20

(Figure 2A to E). The interaction/association of anti-CD20 mAbs

is known to induce generation of ROS and thereby alters

Figure 2. The changes in ROS and MMP (DYm). (A, B and C) To measure changes ROS levels, fluorescence of CM-DCF was acquired at Ex l of
488610 nm and Em l 517–527 nm and the results are expressed as the mean fluorescence 6SD of three independent experiments and statistical
analysis was performed using ONE way ANOVA. Significant values are represented as; ***p,0.001 for Rtx vs 0.5Gy+Rtx or 1.5Gy+Rtx, ***p,0.001 for
Tst vs 0.5Gy+Tst or 1.5Gy+Tst, ##p,0.01 for sham irradiated control vs 0.5Gy, ##p,0.001 for sham irradiated control vs 1.5Gy. Corresponding
Isotype controls antibodies were used to measure changes in ROS levels. (D and E) The changes in DYm were expressed from the mean fluorescence
6SD of three independent experiments and statistical analysis was performed using ONE way ANOVA. Significant values represents as; #p,0.05 for
control vs 1.5Gy, *p,0.05 for control vs Rtx or 0.5Gy+RTX or 0.5Gy+Tst or 1.5Gy+Tst, **p,0.01 for control vs 1.5Gy+Rtx. Corresponding Isotypic
controls were used to measure changes in DYm levels [Human IgG1 (for Rtx) and Mouse IGG2a (Tst)].
doi:10.1371/journal.pone.0111113.g002
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intracellular physiology [32]. The fold changes in both ROS and

DYm found to be significantly higher in combination (IR + mAbs)

with respect to corresponding controls and also suggests that the

levels of cell surface CD20 plays major role in anti-CD20 mAbs

mediated cell death.

It is well known that anti-CD20 mAbs can activate classic Fc-

dependent mechanisms such as ADCC, ADCP, CDC under in
vivo condition [6,10,11]. However, certain anti-CD20 mAbs can

eliminate B cells by triggering intracellular signalling on ligation

with antigen and directly induce programmed cell death (PCD) via
cross-linking and homotypic adhesions (aggregations) [12]. In this

report we found that the cross-linking and homotypic adhesions

(aggregations) were higher in combination (IR + mAbs) as

compared to normal CD20 expression (Figure 3A). Cragg et al

distinguished that the rituximab-like mAbs translocate CD20 into

lipid rafts and promote complement-mediated lysis whereas Tst-

like mAbs do not translocate CD20 into conventional lipid

rafts, but encourage programmed cell death [6]. Moreover, The

Figure 3. Cross-linking or homotypic adhesions (aggregations) and cell death. (A–B) The binding of Fab regions of Anti-CD20 mAbs (Rtx
and Tst) on CD20 and Fc region binding to FccRIIB1 thereby induction of cross-linking or homotypic adhesions (aggregations) as well as extra cross-
linking induced by corresponding secondary antibodies were observed microscopically (20x). Isotype control antibodies were taken separately to
measure non-specific cross-linking. (C, D and E) Anti-CD20 mAbs induced cell death was measured using PI uptake by flowcytometrically. PI is
membrane impermeable, generally excluded from viable cells and therefore, commonly used for identifying alterations in biological membrane and
thereby death of cells in a population. The fold induction cell death was measured from mean fluorescence 6SD and statistical analysis was
performed using ONE way ANOVA. Significant values represented as; ***p,0.001 for Rtx vs 0.5Gy+Rtx and 1.5Gy+Rtx. ***p,0.001 for Tst vs 1.5Gy+Tst,
**p,0.01 Tst vs 0.5Gy+Tst. Further, ###p,0.001 for sham irradiated control vs 1.5Gy, and $$$p,0.001 for sham irradiated control vs Tst. Isotype
control antibodies were taken separately to measure non-specific induction of cell death. (F) Induction of cell death by extra cross-linking using
secondary antibodies: Cells expressing different levels of CD20 and treated with monoclonal anti-CD20 antibodies or isotypes (separately) were
further incubated with corresponding secondary antibodies. PI uptake was also measured flowcytometrically to measure extra crosslinking induced
cell death. (G) Cell cycle analysis: For cell cycle analysis, binding of PI with DNA were used as a marker of DNA content which depicts phase of cells in
cell cycle.
doi:10.1371/journal.pone.0111113.g003
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cross-linking of chimeric anti-CD20 mAbs is known to activate,

members of the src family of tyrosine kinases and thereby induces

cell death, [19,20,21,22,23,24].

Earlier it was also reported that the cross-linking Fab’2 fragment

of chimeric anti-CD20 mAb rituximab induce apoptosis and the

influence of complement activation and ADCC was negligible

[21]. In this report, we have shown that in vitro induction of cell

death via cross-linking and homotypic adhesions of Rtx or Tst as

well as extra cross-linking induced by using corresponding

secondary antibodies (Figure 3A, B). Cell death induced by Rtx

on ligation with CD20 found to be via activation of p38 MAP-

kinase (Figure 5B), whereas Tst was found to be potent inducer of

p53 pathway (Figure 5C) and results are corroborated with DNA

damage as measured by comet assay and the damage to DNA was

found to be significantly higher with respect to cells treated with

Rtx alone. These findings are also corroborated with findings of

Deans et al [20], Hofmeister et al [19], Pedersen et al [21] and

Ivanov et al [22].

Cells expressing higher levels of CD20 and further treated with

either Rtx or Tst have shown better induction of cell death with

respect to control cells (sham irradiated) treated with anti-CD20

mAbs (Rtx or Tst). In addition to the recent progress in

understanding of how type I and II mAbs might engage CD20

differently, as detailed above, our findings suggests that there is

unique mode of cell death in response to type II mAbs and it varies

with differential levels of CD20. For many years it has been

appreciated that Rtx and other type I anti-CD20 mAbs can

mediate direct cell killing particularly when hyper–cross-linked

with CD20 or by the use of mAbs oligomer conjugates [33,34].

This process is somewhat controversial but often bears hallmarks

of classical apoptosis and appears largely caspase-dependent;

however, it is not clear whether anti-CD20 mAbs (Rtx) cross-

linking in vivo, for example by FccR, could ever deliver this form

of killing. In contrast to type I (Rtx), Type II CD20 mAb or Tst are

able to induce direct cell death upon binding to CD20 as caspase-

independent manner and found to be potent inducer of p53

pathway and DNA damage (Figure 5A, B, and C).

Present investigations suggest that increase in cell surface CD20

expression is associated with increase cell death induced by anti-

CD20 mAbs as schematic representation in Figure 6. In conclu-

sion, this report provides evidence that CD20 expression can be

induced by low dose c-radiation. Therefore, use of irradiation just

prior to immunotherapy may be beneficial for eradication of B cell

malignancy. Further, it has been described that in vitro cytotoxic

effects of Rtx, is mediated by a caspase-dependent processes that

involves ROS generation, and alteration in DYm, whereas in case

of Tst, cell death occurred by a caspase-independent/non-

apoptotic cell death process that involve ROS generation and

Table 1. Effects of anti-CD20 mAbs on the cell cycle phases.

S.No. Sample % of cells in G1 % of cells in S % of cells in G2/M % Cell death

1 Control 43.7066.5 14.8062.1 34.7764.4 6.7360.6

4 0.5Gy 38.1065.8 9.6061.2 42.7063.2 9.6061.0

3 1.5Gy 40.2064.3 6.7061.4 41.6064.7 11.5060.9

2 Rtx 34.5062.4 11.2661.9 45.4464.9 8.8060.7

5 0.5Gy+Rtx 40.0263.2 6.9861.9 42.9064.9 10.1060.4

6 1.5Gy+Rtx 38.7566.1 2.7561.6 43.4065.4 15.1061.0

3 Tst 40.5565.2 6.5261.8 43.0863.1 9.9061.1

8 0.5Gy+Tst 32.4063.5 3.6361.9 48.4063.5 15.5761.3

9 1.5Gy+Tst 25.6067.3 1.3861.6 53.9064.5 19.1261.04

Rtx = Rituximab, Tst = Tositumomab.
doi:10.1371/journal.pone.0111113.t001

Figure 4. Comet assay. (A) Samples were subjected to alkaline comet assay to monitor DNA damage stained with SYBR Green I and Exl 488 nm,
Eml 520 nm. Images were capture using Olympus BX60 florescence microscope at 20x. (B) Results are expressed as % DNA content in head and tail
region.
doi:10.1371/journal.pone.0111113.g004
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DNA damage/p53 activation. These results may be useful to

establish a theoretical basis to improve the efficacy of immuno-

therapy/radio-immunotherapy in case of cells expressing low

surface levels of CD20.

Materials and Methods

RPMI-1640, Penicillin G potassium salt, streptomycin, N-2-

Hydroxyethyl piperazine N-2-Ethane sulphonic acid sodium

(HEPES sodium), Dimethyl sulfoxide (DMSO), sodium pyruvate,

Bradford reagent, Protease and Phosphatase inhibitor Cocktail

were obtained from Sigma Aldrich Chemicals (St. Louis, MO,

USA). Fetal bovine serum (FBS), 5-(and 6)-chloromethyl-

2979-dichlorodihydrofluorescein diacetate acetyl ester (CM-

H2DCFDA), 3, 39-dihexyloxacarbocyanine iodide (DiOC6) (3),

Propidium Iodide (PI) and dihydroethidium (DHE) were obtained

from was obtained from Invitrogen (USA). Anti-CD20 chimeric

antibodies, such as rituximab (Rtx) were obtained from Genentech

(Genentech, Inc., South San Francisco, CA), and tositumomab

(Tst) from Corixa (Corixa Corporation Seattle, WA). Quanti-

BRITE beads and anti-CD20-PEwas obtained from BD biosci-

ence (USA). Human IgG1 (HuIgG1) and Mouse IgG2a

(MoIgG2a) were obtained from Sigma Aldrich Chemicals (St.

Louis, MO, USA). All other chemical used were of AR grade and

obtained from local manufacturers from SRL and Himedia India.

Cell culture and biochemical purpose related plastic wares were

obtained from BD bioscience (USA), Corning (USA) and Tarsons,

INDIA.

Cell culture
Daudi cells was obtained from the American type culture

collection, (USA) and maintained in RPMI 1640 supplemented

with 10% fetal bovine serum, 10 mM HEPES, 50units/ml

penicillin, 50 mg/ml streptomycin, and 1% non-essential amino

acids at 37uC in a humid atmosphere with 95% air and 5% CO2.

Irradiation and treatment of cells
Exponentially growing cells were exposed with c-radiation,

0.5Gy and 1.5Gy separately using 6uCo-teletherapy unit (Bhabha-

tron-II Telecobalt unit; obtained from Bhabha Atomic Research

Center (BARC), Mumbai, India) at a dose rate of 1.67Gy/min.

Control groups were treated similarly except for irradiation. After

irradiation cells were incubated at 37uC in a humid atmosphere

with 95% air & 5% CO2 for further experiments.

Ionizing radiation (IR) induced changes in expression of CD20

was measured at different time intervals. Cells exposed to low

doses of IR were further treated with anit-CD20 mAbs (5 mg/ml,

Tst and Rtx respectively for all experiments) to measure their

responses in combination as well as HuIgG1 (for Rtx) and

MoIgG2a (for Tst) used to ensure non-specific induction of cell

death induced by anti-CD20 mAbs. Individual sham irradiated

controls and antibodies alone were taken separately.

CD20 expression
The levels of changes in expression of total CD20 were

measured using western blotting techniques (described later). The

changes in levels of CD20 at the surface of cells were measured

flowcytometrically using anti-CD20 antibodies conjugated with PE

at an Ex l 488 nm and Eml 578 nm. The fluorescence was also

acquired using quantiBRITE beads and numbers of CD20 at the

surface of CD20 were calculated from standard curve obtained

from fluorescence of beads.

Reactive Oxygen Species generation and changes
mitochondrial membrane potential

The intracellular reactive oxygen species (ROS) generation was

determined by flowcytometry using CM-H2DCFDA [27,35,36].

Briefly, cells were harvested following different treatments

and incubated with CM-H2DCFDA (20 mM) to determine free

Figure 5. Cell death induced by monoclonal anti-CD20 Abs:
Cell death was measured in cells expressing different levels of
CD20 followed by treatment with monoclonal anti CD20
Antibodies. (A) For measurement of apoptosis cells were lysed and
equal quantity of proteins loaded and resolved in a 12% Tris–HCl gel,
followed by transfer onto nitrocellulose membrane, and immuno-
blotted for (cleavage of both PARP and caspase 3) (B) p38 at site
Thr180/Tyr 182 also were immunoblotted as described in methods
section,(C) Phosphorylation of p53 at site ser15 and b-actin were used
as loading control.
doi:10.1371/journal.pone.0111113.g005

Figure 6. Anti-CD20 mAbs-induced programed cell death.
Schematic diagram illustrating the kinetics of changes in CD20
expression followed 0.5Gy c-radiation and sequence of events in the
proposed possible cell death pathway evoked by type I anti-CD20 mAbs
(Rtx) and type I anti-CD20 mAbs (Tst). Anti-CD20 mAbs ligation results
in cross-linking and homotypic adhesions followed by generation of
ROS and create genotoxic stress which ultimately culminates in
apoptotic and non-apoptotic cell death. *SB = Strand Break.
doi:10.1371/journal.pone.0111113.g006
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radical-mediated oxidation of dye at room temperature in dark

condition. The fluorescence of the oxidized probe was acquired by

FACS-Caliber (Becton, Dickinson, USA) from 20,000 cells at an

Ex l488 nm and Em l 517-527 nm. The mean fluorescence was

measured using FlowJo 7.6.5 (Becton, Dickinson, USA).

The mitochondrial membrane potential (DYm) was measured

as described by Gupta et al [27]. Briefly, cells (56105 per

measurement) were stained with DiOC6 (3), 40 nM for 15 min at

37uC and thereafter fluorescence of DiOC6 (3) was acquired (Ex l
488610 nm and Em l 530610 nm) flowcytometrically. Nonspe-

cific uptake of DiOC6 (3) was measured by treating cells with

gramicidin (20 mg/ml for 30 min at 37uC), to abolish the

membrane potential of stained cells. The data were analysed,

using FlowJo7.6.5, and results are expressed as mean fluorescence

6SD.

Cell death and Cell cycle phase distribution
The binding of Fab’2 domain of anti-CD20 mAbs with CD20

and Fc domain with FccRIIB1 (exclusively expressed on B cells) is

known to initiate cross-linking or homotypic adhesions (aggrega-

tions) as well as extra cross-linking using anti-human IgG (for Rtx)

and anti-mouse IgG (Tst) secondary antibodies was observedmi-

croscopically(20x). Anti-CD20 mAbs induced cell death was

measured as PI uptake by flowcytometrically. PI is membrane

impermeable dye, generally excluded from viable cells and

therefore, commonly used for identifying dead cells in a

population. Briefly, cells were harvested and incubated with PI

(5 mg/ml) at room temperature in the dark to determine death

cells. The results are expressed as fold induction cell death from

mean fluorescence 6 SD of three independent experiments.

The changes in cell cycle phase distribution were measured

flowcytometrically by using PI as previously described by Adhikari

et al [27,35]. Briefly, cells (16106cells/sample) were harvested and

fixed in 70% ice cold ethanol. For cell cycle studies fixed cells were

centrifuged (1500 rpm, 10 min at room temperature) and pellets

were washed with phosphate buffer saline (pH 7.4) twice to

remove traces of ethanol and thereafter treated with 200 mg/ml

RNaseA at 37uC for 30 min. The cells were stained with PI

(50 mg/ml) and % DNA content were measured using fluores-

cence-activated cell sorting (FACS) in a BD SLR II flow cytometer

(BD Bioscience, USA) at Ex l 488610 nm and Eml 617610 nm.

The Acquired results were analysed using FlowJo 7.6.5.

Single cell gel electrophoresis
The damage to DNA was measured using single cell gel

electrophoresis (comet assay) as previously described [35,37,38]. In

brief, single cell suspensions were prepared andsuspended in low-

melting point agarose (0.8%) in phosphate buffer saline (pH 7.4).

The mixture of cells in LM agarose was gently layered on pre-

coated slides (agarose 1% in Milli Q HPLC grade water) and

allowed to form gel at 4uC. After polymerization of gel slides were

merged in for lysis of cells in lysis buffer (2.5M NaCl, 100 mM

EDTA, 10 mM Tris base, 1% Triton X-100, 1% N-Lorylsarco-

sine, pH 10), washed with ice cold MilliQ water and there after

run at 4uC at 1V/cm for 30 min in running buffer (200 mM

NaOH, 500 mM EDTA, pH 13.1). After electrophoresis, slides

were washed with ice cold MilliQ water, dehydrated with 70% ice

cold ethanol (7:3; ethanol: water v/v) and thereafter dried in dark.

The DNA in gel was stained with SYBR Green I and images were

acquired using Olympus BX60 florescence microscope (Olympus

optical Co, Tokyo, Japan), Ex l 488 nm and Eml 520 nmand the

results are expressed as the mean 6SD

Western blotting
To study the induction of cell death, expression and cleavage of

various apoptotic marker proteins were measured as described by

Gupta et al [27,38,39]. Briefly cell lysates were prepared in RIPA

lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5%

Sodium deoxycholate, 0.1% SDS, 1% Nonidat-P40, 5 mM

EDTA, 1 mM EGTA, 1 mM PMSF, protease and phosphatase

inhibitor cocktails) and protein quantity was measured using

Bradford method [40]. Equal quantity of proteins (60 mg/sample)

of different samples were run and resolved on denaturating 12%

bis-acrylamide gel followed by transfer on to a nitrocellulose

membrane. The membranes were blocked in blocking buffer (3%

BSA prepared in tris buffer saline with 0.1% Tween-20) for 4 hrs

followed by overnight incubation with desired primary antibody

viz. anti-cleaved PARP (Ser214); 1:2000, anti-Phospho-P53

(pSer15); 1:1500, anti-Phospho-P38 (Try190/Trp182); 1:1000,

active caspase-3; 1:1000 and anti CD20; 1:2000. After incubation,

membrane were washed and incubated with horseradish perox-

idase-conjugated secondary antibodies (Sigma, St. Louis, MO,

USA) for 4 hr at room temperature. The protein bands were

visualized by using enhanced ECL chemiluminescence Pico. b –

Actin was used to ensure equal loading of proteins.

Data analyses and statistical evaluations
Assays were set up in triplicates and the results were expressed

as the mean 6SD. Changes in ROS and DYm were analysed by

student’s t-test, whereas for multiple the combination groups, one

way ANOVA with Newman-Keuls Multiple Comparison to test

the significance among the groups using the Graph pad Prism 5

(Graph Pad Software, San Diego, CA, USA). Optimas 5.0 comet

assay module was used to analyse comet tail length and % DNA

content in head and tail region. For the graphical representation of

the data, y- axis error bars representing 6SD are depicted and p
values were shown at different levels of significance (*p,0.05,

**p,0.01, ***p,0.001).

Acknowledgments

The author is grateful to UGC for the award of research fellowship. We are

also grateful to Director, INMAS for providing opportunity to carry out

this research work, cooperation of Mrs. NamitaKalra, for help and

cooperation in acquiring data during flowcytometry and Ms. Anjali

Sharma for help and support in radiation exposure of cells using

Bhabhatron II Irradiation facility.

Author Contributions

Conceived and designed the experiments: VS DG RA. Performed the

experiments: VS DG. Analyzed the data: VS DG AA RMM RA.

Contributed reagents/materials/analysis tools: DG RPT AA RMM. Wrote

the paper: VS DG AA RMM.

References

1. Weiner LM, Surana R, Wang S (2010) Monoclonal antibodies: versatile

platforms for cancer immunotherapy. Nat Rev Immunol 10: 317–327.

2. Oettgen HC, Bayard PJ, Van Ewijk W, Nadler LM, Terhorst CP (1983) Further

biochemical studies of the human B-cell differentiation antigens B1 and B2.

Hybridoma 2: 17–28.

3. Stashenko P, Nadler LM, Hardy R, Schlossman SF (1980) Characterization of a

human B lymphocyte-specific antigen. J Immunol 125: 1678–1685.

4. Pohlman B, Sweetenham J, Macklis RM (2006) Review of clinical radio-

immunotherapy. Expert Rev Anticancer Ther 6: 445–461.

CD20 Levels Determines Anti-CD20 mAbs Medicated Efficacy

PLOS ONE | www.plosone.org 8 November 2014 | Volume 9 | Issue 11 | e111113



5. Tedder TF, Engel P (1994) CD20: a regulator of cell-cycle progression of B

lymphocytes. Immunol Today 15: 450–454.

6. Cragg MS, Morgan SM, Chan HT, Morgan BP, Filatov AV, et al. (2003)

Complement-mediated lysis by anti-CD20 mAb correlates with segregation into

lipid rafts. Blood 101: 1045–1052.

7. Dalle S, Reslan L, Besseyre de Horts T, Herveau S, Herting F, et al. (2011)

Preclinical studies on the mechanism of action and the anti-lymphoma activity of

the novel anti-CD20 antibody GA101. Mol Cancer Ther 10: 178–185.

8. Bologna L, Gotti E, Manganini M, Rambaldi A, Intermesoli T, et al. (2011)

Mechanism of action of type II, glycoengineered, anti-CD20 monoclonal

antibody GA101 in B-chronic lymphocytic leukemia whole blood assays in

comparison with rituximab and alemtuzumab. J Immunol 186: 3762–3769.

9. Chan HT, Hughes D, French RR, Tutt AL, Walshe CA, et al. (2003) CD20-

induced lymphoma cell death is independent of both caspases and its

redistribution into triton X-100 insoluble membrane rafts. Cancer Res 63:

5480–5489.

10. Beers SA, French RR, Chan HT, Lim SH, Jarrett TC, et al. (2010) Antigenic

modulation limits the efficacy of anti-CD20 antibodies: implications for antibody

selection. Blood 115: 5191–5201.

11. Lim SH, Beers SA, French RR, Johnson PW, Glennie MJ, et al. (2010) Anti-

CD20 monoclonal antibodies: historical and future perspectives. Haematologica

95: 135–143.

12. Mattes MJ, Michel RB, Goldenberg DM, Sharkey RM (2009) Induction of

apoptosis by cross-linking antibodies bound to human B-lymphoma cells:

expression of Annexin V binding sites on the antibody cap. Cancer Biother

Radiopharm 24: 185–193.

13. Teeling JL, Mackus WJ, Wiegman LJ, van den Brakel JH, Beers SA, et al. (2006)

The biological activity of human CD20 monoclonal antibodies is linked to

unique epitopes on CD20. J Immunol 177: 362–371.

14. Shan D, Ledbetter JA, Press OW (1998) Apoptosis of malignant human B cells

by ligation of CD20 with monoclonal antibodies. Blood 91: 1644–1652.

15. Czuczman MS, Olejniczak S, Gowda A, Kotowski A, Binder A, et al. (2008)

Acquirement of rituximab resistance in lymphoma cell lines is associated with

both global CD20 gene and protein down-regulation regulated at the

pretranscriptional and posttranscriptional levels. Clin Cancer Res 14: 1561–

1570.

16. Ge X, Wu L, Hu W, Fernandes S, Wang C, et al. (2011) rILYd4, a human

CD59 inhibitor, enhances complement-dependent cytotoxicity of ofatumumab

against rituximab-resistant B-cell lymphoma cells and chronic lymphocytic

leukemia. Clin Cancer Res 17: 6702–6711.

17. Golay J, Lazzari M, Facchinetti V, Bernasconi S, Borleri G, et al. (2001) CD20

levels determine the in vitro susceptibility to rituximab and complement of B-cell

chronic lymphocytic leukemia: further regulation by CD55 and CD59. Blood

98: 3383–3389.

18. Takei K, Yamazaki T, Sawada U, Ishizuka H, Aizawa S (2006) Analysis of

changes in CD20, CD55, and CD59 expression on established rituximab-

resistant B-lymphoma cell lines. Leuk Res 30: 625–631.

19. Hofmeister JK, Cooney D, Coggeshall KM (2000) Clustered CD20 induced

apoptosis: src-family kinase, the proximal regulator of tyrosine phosphorylation,

calcium influx, and caspase 3-dependent apoptosis. Blood Cells Mol Dis 26:

133–143.

20. Deans JP, Schieven GL, Shu GL, Valentine MA, Gilliland LA, et al. (1993)

Association of tyrosine and serine kinases with the B cell surface antigen CD20.

Induction via CD20 of tyrosine phosphorylation and activation of phospholipase

C-gamma 1 and PLC phospholipase C-gamma 2. J Immunol 151: 4494–4504.

21. Pedersen IM, Buhl AM, Klausen P, Geisler CH, Jurlander J (2002) The chimeric

anti-CD20 antibody rituximab induces apoptosis in B-cell chronic lymphocytic

leukemia cells through a p38 mitogen activated protein-kinase-dependent

mechanism. Blood 99: 1314–1319.

22. Ivanov A, Krysov S, Cragg MS, Illidge T (2008) Radiation therapy with

tositumomab (B1) anti-CD20 monoclonal antibody initiates extracellular signal-
regulated kinase/mitogen-activated protein kinase-dependent cell death that

overcomes resistance to apoptosis. Clin Cancer Res 14: 4925–4934.

23. Jazirehi AR, Gan XH, De Vos S, Emmanouilides C, Bonavida B (2003)
Rituximab (anti-CD20) selectively modifies Bcl-xL and apoptosis protease

activating factor-1 (Apaf-1) expression and sensitizes human non-Hodgkin’s
lymphoma B cell lines to paclitaxel-induced apoptosis. Mol Cancer Ther 2:

1183–1193.

24. Alas S, Emmanouilides C, Bonavida B (2001) Inhibition of interleukin 10 by
rituximab results in down-regulation of bcl-2 and sensitization of B-cell non-

Hodgkin’s lymphoma to apoptosis. Clin Cancer Res 7: 709–723.
25. Philippe J, Louagie H, Thierens H, Vral A, Cornelissen M, et al. (1997)

Quantification of apoptosis in lymphocyte subsets and effect of apoptosis on
apparent expression of membrane antigens. Cytometry 29: 242–249.

26. Kunala S, Macklis RM (2001) Ionizing radiation induces CD20 surface

expression on human B cells. Int J Cancer 96: 178–181.
27. Gupta D, Crosby ME, Almasan A, Macklis RM (2008) Regulation of CD20

expression by radiation-induced changes in intracellular redox status. Free Radic
Biol Med 44: 614–623.

28. Mone AP, Huang P, Pelicano H, Cheney CM, Green JM, et al. (2004) Hu1D10

induces apoptosis concurrent with activation of the AKT survival pathway in
human chronic lymphocytic leukemia cells. Blood 103: 1846–1854.

29. Alinari L, Yu B, Christian BA, Yan F, Shin J, et al. (2011) Combination anti-
CD74 (milatuzumab) and anti-CD20 (rituximab) monoclonal antibody therapy

has in vitro and in vivo activity in mantle cell lymphoma. Blood 117: 4530–4541.
30. Bras M, Yuste VJ, Roue G, Barbier S, Sancho P, et al. (2007) Drp1 mediates

caspase-independent type III cell death in normal and leukemic cells. Mol Cell

Biol 27: 7073–7088.
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