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Complement-Induced Cell Death by Rituximab Depends on
CD20 Expression Level and Acts Complementary to
Antibody-Dependent Cellular Cytotoxicity
Tom van Meerten, Rozemarijn S. van Rijn, Samantha Hol, Anton Hagenbeek, and Saskia B. Ebeling

Abstract

Purpose:The use of the CD20-specific antibody rituximab has greatly improved the response to
treatment of CD20+ follicular lymphoma. Despite the success of rituximab, resistance has been
reported and prognostic markers to predict individual response are lacking. The level of CD20
expression on tumors has been related to response, but results of several studies are contradictory
and no clear relationship could be established. Complement-dependent cytotoxicity (CDC) and
antibody-dependent cellular cytotoxicity (ADCC) are thought to be important effector mechanisms, but the exact mechanism of rituximab-mediated cell kill is still unknown. Importantly,
no data have been reported on the combined contribution of CDC and ADCC.
Experimental Design: We have developed a system of clonally related CEM-CD20 cells by
retroviral transfer of the human CD20 cDNA (n = 90). This set of cells, with the CD20 molecule
as the only variable, was used to study the importance of CD20 expression level on rituximabmediated CDC, ADCC, and the combination.
Results: We show a sigmoidal correlation of CD20 expression level and rituximab-mediated
killing via CDC but not ADCC. On both high and low CD20-expressing cells, all CD20 molecules
were translocated into lipid rafts after rituximab binding. Furthermore, CDC and ADCC act simultaneously and CDC-resistant cells are sensitive to ADCC and vice versa.
Conclusions:These findings suggest that CDC depends on CD20 expression level and that both
CDC and ADCC act complementary.These data give new insights into novel strategies to improve
the efficacy of CD20-specific antibodies for the treatment of CD20+ tumors.

The CD20-specific monoclonal antibody (mAb) rituximab has
been widely proven to be a successful treatment of a variety of
B-cell malignancies and B-cell-related diseases (1, 2). However,
resistance against rituximab occurs and there is no prognostic
marker to predict individual response (3 – 5).
Various in vitro and in vivo experiments have shown that
elimination of CD20+ cells is effected by the IgG1 chain of
rituximab, which triggers complement-dependent cytotoxicity
(CDC), and induces the recruitment of effector cells, leading to
antibody-dependent cellular cytotoxicity (ADCC; refs. 6 – 13).
On the other hand, the complement regulatory proteins (CRP)
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CD46, CD55, and CD59 have been shown to inhibit rituximabmediated cell kill by interfering with complement activation
(10, 11, 13). However, despite these current understandings,
the exact mechanism of rituximab-mediated cell kill is still
unknown. Importantly, no data have been reported on the
combined contribution of CDC and ADCC. Consequently, the
differential susceptibility of CD20-expressing tumors to rituximab is incompletely understood.
In general, follicular lymphoma cells can be killed effectively
by rituximab, whereas B-cell chronic lymphocytic leukemia
(CLL) cells show a poor response. A major difference between
these cell types is the higher level of CD20 expression on
follicular lymphoma cells compared with B-cell CLL cells
(7, 11, 14). This suggests that rituximab sensitivity depends on
CD20 expression. Therefore, several studies have addressed the
question whether the CD20 expression level may be used to
predict progression of disease and response to treatment
(5, 10 – 13). The results are conflicting. In vitro analysis of
follicular lymphoma cells revealed no correlation between
CD20 expression level and CDC sensitivity (10, 12). In another
study, rituximab-mediated CDC in vitro did not correlate with
clinical response (13). In a comparison of B-cell CLL samples,
no significant correlation was found between CD20 expression
level and rituximab response in vivo (5). In contrast, a marked
correlation was reported in two other studies involving a variety
of B-cell malignancies (7, 11). This significant variability in the
reported sensitivity to rituximab-mediated CDC among B-cell
lines and primary tumor samples may have been affected
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Fig. 1. CD20 transduction of CEM Tcells. A, CD20-encoding
retroviral vector. LTR, long terminal repeat. B, fluorescenceactivated cell sorting analysis of transduced (i) and purified
(ii) CD20+ CEM cells. C, examples of the CEM-CD20
transgenic clones, with low (/+), low-intermediate (+),
high-intermediate (++), and high (+++) CD20 expression
profiles.

by biological variables other than CD20 expression level.
Moreover, within primary tumor samples, not all cells may
express CD20 (11).
To unequivocally define the role of CD20 expression level in
rituximab-mediated killing, a controlled experimental setting is
required, in which CD20 expression level is the only variable.
Importantly, the relationship between CD20 expression level
and the combined activity of CDC and ADCC requires investigation.
In this study, we present a unique experimental model
consisting of a set of clonally related CD20+ transgenic cells
that collectively cover a wide spectrum of CD20 expression
levels. Using this model, we investigated the relationship
between CD20 expression level and rituximab-mediated cell
kill and the separate and combined contribution of CDC and
ADCC. Our results show that rituximab-induced CDC, but not
ADCC, clearly depends on the CD20 expression level.
Moreover, we show that the activity of rituximab significantly
increases when CDC and ADCC act simultaneously. Importantly, we found that CDC-resistant cells are still susceptible to
ADCC and vice versa, which leads us to conclude that these
effector mechanisms act complementary.

Materials and Methods
Generation of CD20+ CEM cells. The human CD20 cDNA was
amplified by PCR from the pCMV-CD20 expression vector by using the
following primers: CD20-FW 5¶-GGGCCGCGGCCGCCGCCATGACAACACCCAGAAATTCAGTA-3¶ and CD20-SalI RV 5¶-GGGGTCGACAAAT-
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TCACTTAAGGAGAGCTGTCAT-3¶ (15). The amplified CD20 fragment
was ligated into a pCRII TOPO cloning vector (Invitrogen, Paisley,
United Kingdom), according to the manufacturer’s instructions,
resulting in the pCRII-CD20 vector. The CD20 cDNA was released
from the pCRII-CD20 vector with BamHI and SalI endonuclease
restriction enzymes. The CD20 cDNA was then inserted into the
BamHI and SalI sites of the pMX retroviral vector (16). Generation of
virus particles, transduction of the CEM and Jurkat CD20 T-cell lines,
and purification of CD20+ cells with paramagnetic beads was done
as described previously (17, 18). Clonal CEM-CD20 and Jurkat-CD20
cells were generated by limiting dilution culture of the selected cells
in a 96-well flat-bottomed tissue culture plate (Nunc, Roskilde,
Denmark).
Cells and cell culture. The CEM T-cell line, Jurkat T-cell line, and
Raji lymphoma cells (18) were cultured in culture medium consisting
of RPMI (Life Technologies, Paisley, Scotland), 10% FCS (Integro,
Zaandam, the Netherlands), 100 units/mL penicillin and 100 Ag/mL
streptomycin (Life Technologies), and 5  105 mol/L 2-mercaptoethanol (Merck, Darmstadt, Germany). Peripheral blood mononuclear
cells were isolated by density centrifugation through Ficoll (Amersham
Pharmacia, Uppsala, Sweden) and stimulated with 300 units/mL
human recombinant interleukin (IL)-2 (Proleukin, Chiron, Amsterdam,
the Netherlands) and IL-12 (Peprotech, London, United Kingdom) for
24 hours. All cells were cultured at 37jC in a 5% CO2 atmosphere.
CLL (6) and lymphomas (6) were stored in liquid nitrogen. On
thawing, they were used directly to determine the absolute number of
CD20 molecules per cell and compared with the clonal CD20
transgenic cells.
Flow cytometric analysis. Expression of CD20 and CRPs was determined by fluorescence-activated cell sorting (Becton Dickinson,
Mountain View, CA). Antibodies used were anti-CD20-phycoerythrin
(PE; BD Biosciences, San Jose, CA), anti-CD46-phycoerythrin
(Immunotech, Marseilles, France), and anti-CD55-phycoerythrin and
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anti-CD59-phycoerythrin (CLB, Amsterdam, the Netherlands). Rituximab was obtained from Roche (Basel, Switzerland). The absolute
numbers of CD20 molecules per cell were determined with QuantiBRITE CD20 PE (Becton Dickinson, San Jose, CA) kit according to the
manufacturer’s instructions. The antibodies bound per cell (ABC)
represent the absolute number of CD20 molecules per cell.
Measurement of raft-associated antigen by Triton X-100 insolubility.
To study the presence of CD20 in cholesterol-rich microdomains
before and after rituximab ligation, we used a rapid flow cytometry
method based on Triton X-100 insolubility at low temperatures as
described previously (19). Briefly, cells were washed in PBS and
resuspended at 2.5  106/mL. Cells were incubated with 10 Ag/mL
rituximab or control anti-CD7-FITC mAb (Becton Dickinson, Mountain View, CA) for 15 minutes at 37jC. Next, the samples were
washed in cold PBS and then divided in half. One half was
maintained on ice and stained later with rituximab to calculate the
100% surface antigen expression. The other half was treated with
0.5% Triton X-100 for 15 minutes on ice to determine the proportion
of antigens remaining in the Triton X-100 (Riedel de Haen, Seelze,
Germany) insoluble fraction. Cell fragments were spun down and the
pellet, containing the lipid rafts, was stained with rituximab. Next, the
rituximab-ligated pellet of the Triton X-100 – treated and nontreated
cells was stained with anti-human IgG1-FITC antibody. The mean
fluorescence intensity (MFI) was determined by fluorescence-activated
cell sorting as described above.
Rituximab-mediated cytotoxicity assays. For CDC assays, 1  106
cells were resuspended in 500 AL human serum and 500 AL culture
medium with or without 10 Ag/mL rituximab at 37jC for 30 minutes.
Dead and viable cells were discriminated by addition of 1 Ag/mL
propidium iodide (PI). Measurement of ADCC and the combination

of ADCC and CDC was based on a recently described fluorescenceactivated cell sorting – based assay (20). In brief, CD20+ cells were
washed in PBS and resuspended at 1  106/mL. Next, the cells were
stained with 5 Amol/L carboxyfluorescein diacetate succinimidyl
ester (CFSE; Molecular Probes Europe BV, Leiden, the Netherlands)
for 10 minutes at 37jC. The reaction was stopped by adding an
equal volume of FCS. Cells were washed twice with PBS and 2,500
cells per well were plated in a 96-well round-bottomed microtiter
plate (Nunc) in the absence or presence of 10 Ag/mL rituximab.
Stimulated peripheral blood mononuclear cells were added at 1:10
target/effector ratio without (ADCC) or with (ADCC + CDC) human
serum (50%). The optimal conditions for rituximab-mediated ADCC
to obtain maximum cell kill have been determined previously (21).
After incubating the plates for 4 hours at 37jC, the cells were
harvested and 1 Ag/mL PI and 5,000 Flow Count Fluorospheres
(Coulter Corp., Miami, FL) were added. To determine the absolute
number of surviving cells, data acquisition was stopped after
measurement of 2,500 fluorospheres and the CFSE+ and PI cells were
counted. The fraction of rituximab-mediated cell kill was calculated
as follows:
% Rituximab survival ¼

þRTX absolute no: viable CFSEþ PI cells
100
þ 
RTX absolute no: viable CFSE PI cells

in which +RTX absolute no. viable CFSE+ PI cells represents the
absolute number of CFSE+ PI cells after rituximab treatment and RTX
absolute no. viable CFSE+ PI cells represents the absolute number of
CFSE+ PI cells without rituximab treatment.
Statistical analysis. Sigmoidal dose-response equation or linear
regression was used to compare the rituximab-mediated CDC and

Fig. 2. Rituximab-mediated CDC and
ADCC assays on CEM-CD20 clones. A, MFI
of individual CD20-expressing CEM clones
(n = 90). B, range of CD20 and CRP
(CD46, CD55, and CD59) expression of
CEM-CD20 clones (n = 12). Clones were
selected that covered a wide range of CD20
expression. C, relationship between the level
of CD20 expression and CDC-mediated cell
kill in the presence of rituximab and human
serum. The MFI of CD20 expression level
of individual CEM-CD20 clones was
determined and plotted against the fraction
of cell death induced by rituximab and
human serum. Experiments were done in
duplicate. D, relationship between the level
of CD20 expression and CDC-mediated cell
kill in the presence of rituximab and human
serum. The MFI of CD20 expression level of
individual Jurkat-CD20 clones was
determined and plotted against the fraction
of cell death induced by rituximab and
human serum. Experiments were done in
duplicate. E, CEM-CD20 cells were
incubated with 10 Ag/mL rituximab or
anti-CD7 and the samples were divided in
half.White columns, directly stained with
anti-IgG1-FITC; hatched columns, first
treated withTriton X-100 and then stained
with anti-IgG1-FITC; black columns,
percentage CDC of the clones in the
presence of rituximab and serum as
described previously. Experiments are done
in duplicate. F, relationship between the
CD20 expression level and ADCC-mediated
cell death in the presence of rituximab. The
CD20-MFI was plotted against the % ADCC
after incubation with effector cells and
rituximab. Experiments were done in
triplicate. Points, mean; bars, SD.
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ADCC versus CD20 expression level by using SPSS 11.5 or GraphPad
Prism 4.0 software. A two-way ANOVA test was used to show
the significance of CDC and ADCC compared with the combined
activity. Three or four replicate killing assays per clone were averaged,
and the mean and SD were calculated and used for statistical
comparison.

Results
To define the effect of CD20 expression level on rituximabmediated cell kill, a system is required in which the CD20
molecule is the only variable. To obtain such a system, we
chose to generate CD20+ clones of the CD20 T-cell lines CEM
and Jurkat. This collection of clones, expressing variable levels
of the CD20 molecule, was then used to evaluate rituximabinduced cytotoxicity. For stable expression of the CD20
molecule on CD20 cells, we constructed a CD20-encoding
retroviral vector (Fig. 1A). After transduction, CD20+ cells were
selected with CD20 antibody-conjugated paramagnetic beads
and were purified to >95% homogeneity (Fig. 1B). To obtain a
panel of CD20+ cells with different intensities of CD20
expression, we generated CD20 transgenic clones by limiting
dilution culture of the purified cells. Figure 1C shows an
example of the diversity in CD20 expression level of the CEMCD20 transgenic clones with low, low-intermediate, highintermediate, and high CD20 expression profiles. Figure 2A
shows the MFI of the CD20 expression level of all clones. The
MFI of individual CD20+ clones ranged from 256 to 693 with
a mean MFI of 505 (n = 90). Twelve clones were selected
that cover a wide range of CD20 expression levels and the
level of expression of CRPs was determined. As shown in
Fig. 2B, a similar expression level of CD46, CD55, and CD59
was observed in all clones (MFI of 421 F 17, 201 F 22, and
441 F 24, respectively). The same results were obtained with
transduced CD20+ Jurkat clones (data not shown). This
collection of clones provided a unique set up to analyze the
effect of the CD20 expression level on rituximab-mediated
killing by both CDC and ADCC.
First, 50 CEM-CD20 clones with low, intermediate, and high
CD20 expression levels and the nontransduced CEM cells were
subjected to rituximab-induced CDC. Figure 2C displays the
correlation between CD20 expression level, indicated by the
MFI of CD20 expression, and rituximab-mediated CDC. A
minimum CD20 MFI of f450 was required to induce
rituximab-specific CDC. Maximum CDC was obtained with a
MFI of >600. These data show a significant correlation between
the CD20 expression level and rituximab-induced CDC
(r 2 = 0.83; n = 51). Similar results were obtained with CD20
transgenic Jurkat clones as shown in Fig. 2D (r 2 = 0.88; n = 42).
Induction of CDC by rituximab is dependent on the translocation of CD20 into Triton X-100 – insoluble cholesterol-rich
microdomains (lipid rafts; ref. 19). Therefore, we addressed the
question whether the low level of CDC at low CD20 expression
was associated with incomplete translocation of CD20 into
lipid rafts after rituximab ligation.
Figure 2E shows the redistribution of CD20 into lipid rafts
after rituximab binding of five different clones with different
CD20 expression levels. In all clones, CD20 was completely
reorganized in the plasma membrane after binding with
rituximab independent of the number of CD20 molecules
expressed. No significant amount of CD20 antigen was detected
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Fig. 3. Correlation of CD20-ABC and rituximab-mediated CDC and ADCC assays
on CEM-CD20 clones. The absolute numbers (ABC) of CD20 molecules of
individual CEM-CD20 clones were determined and plotted against the extent of
CDC (A) or ADCC (B). Points, CD20-ABC of CLL and lymphoma samples.

in rafts before rituximab binding and hyper-cross-linking of
rituximab by anti-human IgG F(ab¶)2 did not increase raft
formation (data not shown). The percentage CDC of the clones
to rituximab and complement is also shown. Again, high CD20
expressors are very sensitive to rituximab and the low expressors
are not despite the lipid raft formation. As a negative control,
CD7, expressed on CEM cells, is not completely Triton X-100 –
insoluble after antibody binding.
We next investigated the relationship between CD20
expression level and ADCC by incubation of CEM-CD20
clones with rituximab and effector cells. Again, clones with
different CD20 expression levels were used. We found an
average cell kill of 49.3 F 14.2% (Fig. 2F). In contrast to CDC,
there was no significant correlation between the number of
CD20 molecules per cell and rituximab-mediated cell kill by
effector cells (r 2 = 0.19; n = 13). Maximum ADCC was already
achieved at the lowest MFI tested (300).
In several studies, tumor samples have been used in which
the absolute number of CD20 molecules per cells (CD20-ABC)
was determined (7, 11). To quantitatively compare our CD20
transgenic cells with those tumor samples, we also determined
the CD20-ABC of our CD20 transgenic cells and of 6 CLL and 6
lymphoma samples. Figure 3A shows again the correlation
between the absolute number of CD20 molecules per cell and
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the rituximab-mediated CDC (r 2 = 0.87; n = 21). In contrast,
maximum ADCC was already achieved at a CD20-ABC of
15,889 (Fig. 3B). In both figures, the range of CD20-ABC of the
CLL and lymphoma samples is plotted.
To obtain additional proof of the effect of the CD20
expression level on CDC sensitivity, we transduced the CD20+
Raji Burkitt’s lymphoma cell line with the CD20 retroviral
vector (Fig. 4A). Figure 4B shows that the additional CD20
molecules on the cell surface made the Raji cells more sensitive
to rituximab-mediated CDC, because 15% more cells were
killed in the presence of rituximab and human serum
compared with nontransduced cells. This was also observed
for CD20-transduced EBV-transformed B cells (data not
shown). Thus, the CD20 expression level is of critical
importance for rituximab-mediated CDC.
Next, we investigated the effect of both CDC and ADCC on
rituximab-mediated cell kill on eight different CEM-CD20
clones in three independent experiments (Fig. 5A-C). These
clones were selected because their CD20 MFI was within the
linear range of the rituximab-mediated CDC. Figure 5D
summarizes these results. Again, there was a significant
correlation between the CD20 expression level and cell kill by
CDC (P = 0.002; r 2 = 0.82). These results also show that the
correlation of CD20 expression and rituximab-induced kill is
donor (serum) independent. Again, no correlation was
observed between the level of CD20 expression and rituximab-induced ADCC (P = 0.74; r 2 = 0.02).
The combined activity of CDC and ADCC correlated with the
level of CD20 expression (P < 0.02; r 2 = 0.62) and was
significantly higher than the activity of ADCC alone, except for

two clones with a very low CD20 expression (clone 4, MFI 423;
clone 17, MFI 462). Hence, no activation of complement was
induced by rituximab with these clones. In addition, the
combined activity of CDC and ADCC was significantly stronger
than CDC alone, except for the clones with very high CD20
expression (clone 19, MFI 662; clone 21, MFI 683), because
virtually all cells were killed by CDC alone. Apoptosis is a third
mechanism of action described for rituximab, but we did not
observe any apoptosis in this 4-hour assay or after 24 or 48
hours. In addition, binding of rituximab did also not result in
growth arrest (data not shown).
These data suggested that cells not sensitive to CDC could
be sensitive to ADCC and vice versa. To test this hypothesis,
we first subjected a CEM-CD20 clone with high CD20
expression to CDC alone and observed 5.3 F 0.5% cell survival
(Fig. 6A). These surviving, CDC-resistant, cells were still
rituximab positive as measured with an antihuman IgG1 goat
antibody after 48 hours of culture (data not shown). Subsequently, the CDC-resistant cells were cultured for another
4 hours in the presence of effector cells. Only 1.0 F 0.7 of
the CDC-resistant cells survived this ADCC (Fig. 6B), whereas
addition of serum had no effect. In the reciprocal experiment, the same CEM-CD20 clone was first subjected to ADCC
(35.8 F 8.5% cell survival). Human serum was then added
to the remaining ADCC-resistant cells. Only 0.4 F 0.1% of
the ADCC-resistant cells survived this treatment. Together,
these data show that CDC and ADCC act complementary in
mediating rituximab-induced cell death. Moreover, this suggests that resistance to CDC and ADCC is mediated by separate
mechanisms.

Fig. 4. Rituximab-mediated CDC assay on Raji
cells. A, CD20+ (i) nontransduced and (ii)
transduced Raji cells. B, CDC assay on (i)
nontransduced and (ii) CD20-transduced Raji cells.
Dead cells were stained with PI.
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Fig. 5. Rituximab-mediated killing assays. A to C, eight individual CEM-CD20 clones with different CD20 expression levels were used and their sensitivity to rituximabmediated CDC and ADCC was compared. Results of three different experiments with effector cells and serum from three different donors. Experiments were done in triplicate.
Columns, mean survival; bars, SD. D, correlation between CD20 expression level on CEM-CD20 clones and sensitivity to rituximab-induced cell kill. w , rituximab alone
without effector cells or serum (control); 5, ADCC induced by rituximab and effector cells; o, CDC induced by rituximab and complement; y, combination of ADCC and CDC
induced by rituximab.

Discussion
Clinical data with respect to the efficacy of rituximab have
shown variable response rates of different CD20+ malignancies
(5, 22 – 24). The in vivo mechanisms of action of rituximab are
not completely understood. Moreover, the mechanisms underlying the resistance to rituximab treatment are unresolved (25).
The most important effector mechanisms of rituximab are
activation of the complement system and the recruitment of Fc
receptor (FcgR) – bearing effector cells. In addition, some
reports showed that cross-linking of the CD20 molecule could
lead to apoptosis and even a vaccinal effect of rituximab has
been proposed (3, 26 – 29). It probably depends on the cellular
microenvironment and the phenotype of the tumor cells of
which these effector mechanisms is/are dominant in vivo. At
this stage, there is insufficient understanding with respect to the
interaction of the multiple mechanisms of action of rituximab.
The efficacy of rituximab has often been correlated with
CD20 expression. In contrast to a widespread belief, this issue is

Clin Cancer Res 2006;12(13) July 1, 2006

still open, because the results of the various studies addressing
this question are conflicting (5, 7, 10 – 12). Moreover, these
studies only concern CDC but not ADCC or the combined
contribution of CDC and ADCC to effectuate cell kill. In our
experimental model, the level of CD20 expression is the only
variable. The clones collectively cover a wider range of CD20
expression than the samples in other studies, which mainly
involved low expressors (10 – 13). Our data clearly show that
the sensitivity to rituximab-induced CDC correlates well
with the level of CD20 expression, confirming several studies
(7, 11). However, in contrast to these studies, our data indicate
that the correlation is characterized by a sigmoidal rather than a
linear curve. Of note, those studies mainly involved low-CD20
expressing samples and the lack of a sigmoidal relationship
may have been caused by the paucity of high expressors. As a
consequence, the curves did not reach a maximum plateau
level. The sigmoidal shape of the curve implicates a minimum
threshold number of CD20 molecules for induction of CDC.
This observation may well explain the poor response of B-cell
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CLL that express only low levels of CD20 (14). The effect of
CD20 expression level was further strengthened by the
observation that an enforced increase in CD20 expression level
on Raji cells resulted in an increase in CDC susceptibility.
The activation of the complement system by CD20 antibodies
has been correlated to the ability of these antibodies to
translocate CD20 into lipid rafts (19). In our hands, rituximab
ligation also translocates all CD20 molecules into lipid rafts
independent of the number of CD20 antigens present on the
cells. This creates a complex for the binding of C1q and initiates
the classic pathway of the complement system. These data
indicate that low CDC sensitivity of low CD20 expressors does
not result from incomplete lipid raft formation. Rather, low CDC
sensitivity likely results from insufficient complement fixation.
The clearly established relationship between a high CD20
expression level and high rituximab-mediated CDC in our model
remains in contrast to some in vitro studies involving primary
lymphomas (10, 12). Apparently, other biological characteristics
beside CD20 expression critically affect rituximab susceptibility
of these tumors even if they highly express CD20. An obvious

Fig. 6. Complementary activity of CDC and ADCC in rituximab-induced cell kill.
A, rituximab-mediated killing of a CEM-CD20 clone with high CD20 expression by
CDC, ADCC, and the combination. Columns, mean of experiments in triplicate; bars,
SD. B, in a second experiment, the ADCC-resistant cells from the first experiment
were subjected, after 48 hours of culturing, to CDC through addition of human
serum (light gray columns). Conversely, the CDC-surviving cells from the first
experiment were subjected to ADCC through addition of effector cells (dark gray
columns).

www.aacrjournals.org

candidate is CRP expression. Although CRP-blocking antibodies
could enhance rituximab efficacy in vitro, CRP expression did not
influence rituximab-induced CDC (7, 11, 13). In addition,
neither clinical outcome nor in vitro CDC sensitivity correlated
with CD20 expression level in a study involving rituximab
sensitivity of primary follicular lymphoma cells (13). In both
responding and nonresponding patients, high CD20 expression
was found. However, in relation to clinical outcome, several
factors, such as type of tumor and/or localization, tumor load, or
tumor vascularization, play an additional role.
Although ADCC has often been implicated as a rituximab
effector mechanism, only few studies have addressed the extent
of cell death by ADCC thus far. These studies confirm our
findings of partial ADCC-induced cell kill by rituximab in vitro
irrespective of CD20 expression level (11, 12, 30). Various in vivo
models have shown the significance of immune activation
through FcgR for IgG (8, 31). Uchida et al. (31) showed that
only the innate immune system was responsible for depleting B
cells in mice. They showed that anti-CD20 mouse mAbs
primarily deplete B cells through FcgR-dependent and C3-, C4-,
and C1q-independent mechanisms. B cells were also cleared in
natural killer cell- or T-cell-deficient mice by the different types
of anti-CD20 mAbs. In contrast, B cells were not significantly
eradicated in mice treated with liposome-encapsulated clodronate or in mice with CFS-1 deficiency that completely lack
macrophages. Altogether, these results favor the depletion of B
cells through macrophages in this model. Of note, in this study,
mouse anti-CD20 mAbs were used, including the IgG1 subtype.
Mouse IgG1 does not activate mouse complement (32). In
contrast, rituximab, which contains a human IgG1 chain, does
trigger the human complement system in vitro and in vivo
(9, 33). Moreover, others have reported the essential role of
complement and rituximab in a mouse model (9). Nevertheless, a pivotal role of cells expressing FcgR for the efficacy of
rituximab was proven in studies with patients who differed in
expression of distinct FcgRIIa and FcgRIIIa polymorphisms.
FcgRIIa (only expressed by macrophages) and FcgRIIIa polymorphisms correlated with the efficiency of tumor or B-cell
depletion during rituximab treatment (34 – 36). In addition,
in vitro experiments confirmed the importance of polymorphisms rituximab-induced ADCC (37). In our experiments, we
used total peripheral blood mononuclear cells from healthy
donors stimulated for 24 hours with IL-2 and IL-12, resulting in
a very strong natural killer cell activity (38). Although we did not
check for FcgR polymorphisms, no significant differences between the different donors were found (data not shown; ref. 21).
The relative contribution of both CDC and ADCC on
rituximab-induced cell kill has often been questioned. We here
show that CDC and ADCC can act both independently and
simultaneously and significantly enhance cell kill when
combined. As with CDC alone, the efficiency of the combined
activity of CDC and ADCC also depends on CD20 expression
level. The C1q-binding site of the complement system is located
within the CH2 domain of the IgG1 chain of rituximab (39).
Mutations within the CH2 domain of rituximab resulted in
impaired CDC and ADCC activity. This can be explained by the
close proximity of the C1q-binding site of IgG1 to the binding
site involved in binding to most FcgR subtypes (39 – 42). We
show that CDC and ADCC act cooperatively. Thus, binding of
C1q does not fully inhibit FcgR binding and vice versa.
Alternatively, complement components deposited on target
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cells can act as ligands for their specific receptors on effector
cells (complement-dependent cellular cytotoxicity; ref. 43). The
relative contribution of CDC and ADCC in vivo is unclear, but
complement activation has been shown to trigger the release of
inflammatory cytokines and therefore the activation of effector
cells (44, 45). Importantly, we show that cells resistant to CDC
are still sensitive to ADCC and vice versa. The observation that
(tumor-associated) CDC or (host-associated) ADCC resistance
can be overcome by the complementary effector mechanism
indicates that different mechanisms underlie CDC and ADCC
resistance, which is most likely a reflection of the different
molecular mechanisms of ADCC and CDC (induction of
apoptosis and lysis, respectively).
In these studies, CD20 transgenic T cells were used and no
apoptosis or growth inhibition was observed. In contrast,
binding of rituximab to endogenous CD20 on B cells could
lead to direct killing of the target cells and cross-linking of
rituximab with secondary antibodies even increased apoptosis.
Rituximab translocates the CD20 molecules into lipid rafts and
reportedly activates protein tyrosine kinases of the CD20
molecule and increases intracellular Ca2+ concentrations,
caspase activation, and subsequent cleavage of caspase substrates (26, 27, 46). At this moment, we do not know whether
rituximab could induce these caspases in our CD20 transgenic
T cells, but studies addressing this issue are under way.
Within this in vitro model, we have studied the effect of
CD20 expression as the only variable and have shown a clear

correlation between CD20 expression and CDC sensitivity.
Because high CD20-expressing lymphoma cells are not always
sensitive to rituximab in vivo, other variables likely affect
rituximab efficacy. Nevertheless, this model shows that reduced
CD20 expression leads to impaired CDC and that both CDC
and ADCC can act simultaneously. To further understand the
relative in vivo contribution of both effector mechanisms
related to the CD20 expression level, these clones are currently
employed in in vivo mouse studies. These experiments give us
useful information of the importance of CD20 expression level
and the efficacy of different anti-CD20 mAbs (30).
These studies add ADCC resistance to the list of potential
mechanisms of rituximab resistance. Enhancing ADCC activity
with, for example, IL-2 or IL-12, could enhance the susceptibility of CD20+ cells to FcgR-bearing effector cells (47).
Alternatively, ADCC could indirectly be enhanced by changing
the microenvironment of tumor cells, for example, with CpG
DNA sequences. These immunostimulatory sequences induce
secretion of numerous cytokines (IL-12, IL-18, IFN-a, and
IFN-h) by macrophages and dendritic cells (25, 48 – 50). On
the other hand, strategies that enhance complement fixation of
anti-CD20 antibodies or that induce an up-regulation of CD20
expression, such as cytokine treatment, or the use of immune
modulator agents, such as bryostatin-1, may improve CD20targeted cell kill of low CD20-expressing cells (30, 51, 52). In
addition, blocking of the CRPs CD55 or CD59 may increase the
sensitivity to complement (7, 11).
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