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The role of complement in the therapeutic activity of
rituximab in a murine B lymphoma model homing in
lymph nodes

Rituximab (Mabthera®, Rituxan®) is a
chimeric unconjugated monoclonal IgG1

antibody extensively used for the treat-
ment of low- and high-grade non-Hodgkin’s B
lymphomas (B-NHL) and with therapeutic
activity also in other B-cell neoplasms such as
B-cell chronic lymphocytic leukemia, hairy cell
leukemia and Waldenström's macroglobuline-
mia.1-6 More recently its B cell depleting activi-
ty has found an application for the treatment of
several autoimmune diseases, such as rheuma-
toid arthritis and immune thrombocytopenia.7,8

A clear understanding of the mechanism of
action of rituximab is a key issue for the devel-
opment of new more active therapeutic mono-
clonal antibodies. The activity of rituximab in
vivo has been proposed by several groups to
depend, at least in part, upon its interaction
with immune cells, in particular through anti-
body dependent cellular cytotoxicity (ADCC)
and phagocytosis.9,10 Indeed the FcγR γ chain,
which is required for signaling from the acti-
vating FcγRI and FcγRIII receptors present on
the surface of macrophages, neutrophils and
natural killer (NK) cells, has been shown to be
required for the full therapeutic activity of rit-
uximab in a subcutaneous xenograft model of
lymphoma.11 More recently a role for both NK
cells and neutrophils has also been demonstrat-
ed in a disseminated xenograft model in severe
combined immunodeficiency (SCID) mice.12

In man, the role of ADCC is supported by the

reported correlation between FcγRIIIA and IIA
polymorphisms and clinical response to ritux-
imab in patients with follicular lymphoma and
Waldenström’s macroglobulinemia,6,13,14

although this finding has not been confirmed
in B-cell chronic lymphocytic leukemia.15 Much
disagreement does, however, remain on the
role of complement in the therapeutic activity
of rituximab. We and others have shown that
rituximab lyses lymphoma cells and primary
samples very efficiently in vitro16-19 in the pres-
ence of complement, suggesting that this
mechanism may also be important in vivo.
Furthermore, complement activation has been
shown to take place rapidly in vivo following
rituximab administration,20,21 although this acti-
vation has been linked by some authors to the
infusion-related effects of the antibody.21 We
have recently reported on a new CD20+ lym-
phoma model in immunocompetent mice gen-
erated by stably introducing the human CD20
cDNA in a murine T lymphoma cell line, EL4.
Rituximab could fully cure mice inoculated i.v.
with EL4-CD20+ cells, and depletion of NK
cells, polymorphonuclear cells (PMN) or both,
or that of T cells did not affect the therapeutic
activity of the antibody. In contrast rituximab
was inactive in syngeneic C1q knock-out ani-
mals lacking the first component of the com-
plement cascade.22 These data unequivocally
showed that complement is required for the
therapeutic activity of rituximab, whereas cell-
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Background and Objectives. We have set up a murine B lymphoma model stably expressing
human CD20 and homing in lymph nodes in immunocompetent mice to study the mecha-
nism of action of rituximab. 

Design and Methods. The B lymphoma line 38C13 was stably transduced with the human
CD20 cDNA by retroviral infection and injected into syngeneic mice.

Results. The transduced 38C13-CD20+ cells stably expressed human CD20 on 100% of
cells. Rituximab alone did not inhibit 38C13–CD20+ cell growth but relocalized the human
CD20 into lipid rafts and induced complement-mediated lysis in vitro. Inoculation of 4×103

38C13–CD20+ intravenously into syngeneic mice led to the development of tumor masses
in the spleen, bone marrow and lymph nodes, detectable from day 15 by polymerase chain
reaction (PCR) analysis, and with a median survival of 21-24 days. Treatment with 250 µg
rituximab i.p. given 1-10 days after tumor inoculation cured 100% of animals, with disappear-
ance of tumor documented by immunohistochemistry and PCR analysis. Depletion of both
NK cells and neutrophils did not affect the therapeutic activity of rituximab in vivo. Similarly,
removal of phagocytic macrophages using clodronate-liposomes did not modify the capacity
of rituximab to control tumor growth. In contrast, the protective activity of the antibody was
completely abolished after complement depletion with cobra venom factor. Complement was
also required when cells were inoculated subcutaneously in nude mice.

Interpretation and Conclusions. These data demonstrate that complement is required for the
therapeutic activity of rituximab in vivo in a murine model of B-cell lymphoma, independent-
ly of its localization in lymph nodes or subcutaneously.
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mediated mechanisms were not, at least in this metastatic
T lymphoma model. An important role for complement
has also been shown in a xenograft model in SCID mice, in
which complement depletion with cobra venom factor
(CVF) nearly abolished the therapeutic activity of ritux-
imab.23 However, more recently, the role of complement
has been questioned by Uchida et al. who used a complete-
ly murine model in which the mechanism of normal B-cell
depletion in vivo was studied using murine anti-mouse
CD20 antibodies.24 B-cell depletion in these mice was effi-
cient even in the absence of complement but did require
FcγRs.24 In order to try and resolve this issue and with the
idea that fully immunocompetent models may more ade-
quately represent a naturally occuring human lymphoma,
we have set up a new syngeneic B lymphoma model that
homes into lymph nodes, unlike the previously character-
ized EL4 lymphoma, which is of T-cell origin and rapidly
metastasizes into the liver.22 For this purpose, the murine B
lymphoma cell line 38C13 was stably transduced with
human CD20 cDNA and injected into syngeneic mice. We
then investigated the therapeutic activity of rituximab at
different time points in this model as well as the role of
complement and immune cells.

Design and Methods

Infection and selection of 38C13–CD20+ cells
38C13 murine B lymphoma cells were kindly provided

by Prof. J. Haimovich (Department of Human Micro-
biology, Sackler School of Medicine, Tel Aviv University,
Israel) and were cultured in RPMI 1640 medium (Seromed,
Berlin, Germany) supplemented with 10% fetal calf serum
(HyClone, Steril System, Logan, UT, USA), 2 mM gluta-
mine (Life Technologies, Paisley, Scotland), 50 µM β-mer-
captoethanol and 100 IU/mL penicillin/streptomycin (here-
after called complete RPMI1640). 38C13 cells were infect-
ed with the lentiviral vector pRRLsin.PPTs.EFα CD20pre
containing the human CD20 cDNA, as previously
described.25 Briefly 293T cells were grown in Iscove’s mod-
ified Dulbecco’s medium (Life Technologies) supplement-
ed with 10% fetal calf serum and glutamine and transfect-
ed with 3.5 µg of envelope plasmid pMD.G, 6.5 µg of
packaging construct pCMVdR8.74 and 10 µg of transfer
construct pRRLsin.PPTs.EF1α.CD20pre, by standard Ca+

phosphate precipitation.26 The medium was replaced after
24 hours and finally collected after an additional 24 hours
and filtered in the presence of Polybrene. Exponentially
growing 38C13 cells (0.5×103) were exposed overnight to 1
mL of viral supernatant, washed and expanded in complete
RPMI1640.  CD20 positive cells were sorted on a
FACSorter (Becton Dickinson, San Josè, CA, USA) to
98.8% purity after staining with phycoerythin-labeled
anti-CD20 monoclonal antibody (Becton Dickinson).
38C13-CD20+ cells were expanded and frozen in aliquots.
CD20 expression levels, determined by direct immunoflu-
orescence and FACS analysis were found to be stable for at
least 2 months in continuous culture.

In vivo tumor growth 
C3H/HeN female mice (4-5 weeks of age) were pur-

chased from Charles River, Calco, Italy. 38C13-CD20+ cells

(4×103) were inoculated on day 0 in 200 µL of saline by tail
vein injection. In parallel groups of mice, 250 µg of ritux-
imab (Roche Italia, Monza, Italy), or saline only, were inoc-
ulated intraperitoneally (i.p.) on day 1. In some experi-
ments the same dose of rituximab was given on day 3, 5,
7, 10 or 15. In experiments to test the role of NK cells and
neutrophils, groups of mice were inoculated i.p. every 4
days with both the anti-NK cell antibody TM-β1, recogniz-
ing the murine interleukin-2 receptor β chain, and anti-GR1
antibody RB6-8C5, specific for murine neutrophils, starting
2 day before tumor cell inoculation, as described else-
where.22 In order to test the role of complement, mice were
treated with 25 U of cobra venom factor (Quidel
Corporation, San Diego, CA, USA) or saline only on days
0, 2 and 5 after tumor cell injection.23 Clodronate for the
preparation of clodronate liposomes was a kind gift from
Roche Diagnostics (Mannheim, Germany). Clodronate
liposomes were prepared as described previously.27 In
experiments to test the role of macrophages, groups of
mice were treated i.p. with three injections of 150 µL, 60
µL and 60 µL of clodronate-liposomes or phosphate-
buffered saline (PBS)-liposomes on day 0, 7, 14, respective-
ly, after tumor inoculum.28 This procedure has been shown
to deplete phagocytic macrophages from spleen, liver and
lymph nodes.29-32 All procedures with animals were carried
out in conformity with the institutional guidelines that
comply with national and international laws and policies.
In some experiments, athymic mice (CD-1 nu/nuBR,
Charles river) were inoculated subcutaneously with the
standard dose of 4×103 38C13-CD20+ cells. Rituximab (250
µg) was then given i.p. one day after the tumor and tumor
size was measured three times weekly.

Immunohistochemistry of tumor
Lymph nodes from rituximab-treated and untreated

mice excised 20 days following tumor cell inoculation
were frozen in liquid nitrogen. Seven-micron sections were
cut, fixed in 100% acetone and mounted on poly-L-lysine
coated slides. The slides were pretreated with citrate buffer
in a microwave for 10 minutes and then immunostained
using the DAKO ARK Kit (Dako Corporation, Glostrup,
Denmark). The primary antibody was the anti-CD20 7D1
clone (Novocastra, Newcastle, UK), used at a 1:25 dilu-
tion.22 The slides were developed with 3,3-diaminobenzi-
dine, counterstained with Mayer hematoxylin, dehydrated
through graded alcohol series, clarified in xylene and
mounted in EUKIT Balsam (Bioptica, Milan, Italy).

PCR analysis
We collected whole lymph nodes, spleens and bone mar-

row cells from pairs of rituximab-treated and untreated
mice at days 5, 10, 15 and 20 following tumor inoculation.
The tissues were homogenized and genomic DNA was
immediately purified according to standard SDS/proteinase
K extraction procedures. Genomic DNA (500 ng) was
amplified by PCR as previously described.22 Briefly, 30
cycles of amplification (95°C- 64°C- 72°C) were carried out
using CD20 forward (5’-AATTCAGTAAATGGG
ACTTTCCCG-3’) and reverse primers (5’-ACTATGTTA
GATTTGGGTCTGGAG-3’). PCR products were separated
on a 0.8% agarose gel, denatured in 0.4M NaOH, 0.6 M
NaCl followed by treatment in 0.25M Tris-HCl pH 7.5, 1.5
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M NaCl, and blotted onto a Genescreen membrane (NEN
Life Science Products, Boston, MA, USA). A 0.9 kb fragment
carrying the entire human CD20 cDNA sequence was
labeled with 32P using the Megaprime DNA Labeling kit
(Amersham Biosciences, Little Chalfont, England) and used
for hybridization following standard procedures. Mem-
branes were washed in 0.5×SSC and exposed to X-ray films
(XAR5, Kodak). To control the quality and quantity of
DNA, the endogenous gene ptx3 was amplified from the
same DNA preparations, as described previously.22 Briefly
DNA was amplified with the forward 5’-AGCAATGCAC-
CTCCCTGCGAT-3’ and reverse 5’-TCCTCGGTGGGAT-
GAAGTCCA-3’ ptx3 primers for 28 cycles. PCR products
were run in an ethidium bromide/1.5% agarose gel.

38C13-CD20+ cell growth in vitro
Exponentially growing 38C13-CD20+ cells were plated

at 5×103/well  in 96-well plates in complete RPMI1640 and
in the presence or absence of 10 µg/mL rituximab. After 24,
48 or 72 hours, 1/10 volume alamar blue solution
(Biosource, Camarillo, CA, USA) was added in triplicate
wells. Incubation was carried out for a further 16 hours and
the plates were read in a fluorescence plate reader
(Cytofluor 2300, Millipore, Bedford, MA, USA) with exci-
tation at 530 nm and emission at 590 nm.33 Medium with-
out cells was used to determine background fluorescence,
which was substracted from the values obtained in the
presence of cells.

Relocalization of CD20 into detergent insoluble rafts
CD20 was relocalized into lipid rafts essentially as

described previously.34 Briefly 2×106 38C13-CD20+ cells
were incubated for 15 minutes at 37°C in the presence or
absence of 10 µg/mL rituximab. Cells were then pelleted
and lysed in 20 mM TrisHcCl pH 7.5, 1% Triton X-100, 5
mM EDTA and protease inhibitors for 15 minutes at 4°C.
The lysate was centrifuged at 13000 rpm for 15 minutes at
4°C. The supernatant was diluted 1:1 in 2× concentrated
SDS loading buffer. The pellet was washed in lysis buffer
and resuspended in SDS loading buffer by 2 cycles of boil-
ing for 5 minutes, vortexing and freezing. Samples were
run in a 12% SDS polyacrylamide gel under reducing con-
ditions and blotted onto a nitrocellulose membrane
(Schleicher & Schuell, Dassel, Germany). Homogeneous
transfer of proteins in all lanes was verified by Ponceau red
staining. Blots were blocked in PBS with 5% low fat milk
and incubated with 1 µg/mL goat anti-human CD20 poly-
clonal antibody (Santa Cruz Biotechnology, CA, USA) and
anti-goat-peroxidase conjugated antibody diluted 1:500
(Santa Cruz). Blots were developed using an electrochemi-
luminescence kit according to the manufacturer's instruc-
tions (Amersham).

CDC assay in vitro
Exponentially growing 38C13-CD20+ cells were plated

at 1×106/mL in 96-well plates in complete RPMI1640 and in
the presence or absence of 10 µg/mL rituximab or the
mouse IgG2a anti-CD20 monoclonal antibody 1F5. Rat
serum was added at a final concentration of 5-20% and
plates were incubated at 37°C for 3 hours. Lysis was meas-
ured by staining with propidium iodide and flow cytome-
try analysis, according to standard procedures.17

Results

Establishment and characterization of the CD20+

B lymphoma model
In order to study the mechanism of action of rituximab

in vivo in a model most closely mimicking human B-NHL,
we used the murine mature B-cell lymphoma cell line
38C13, which metastasizes into lymph nodes.35,36 We
chose the intravenous route to allow rapid localization of
neoplastic cells into hematopoietic organs, including
lymph nodes. In order to test the activity of rituximab,
which recognizes human, but not mouse CD20,37 38C13
cells were transduced with a lentiviral vector containing
human-CD20 cDNA under the control of a EF1α promot-
er.25,26 Ninety percent of transduced 38C13 cells expressed
CD20 one week after infection (data not shown). These
were stained with phycoerythin-labeled anti-CD20 anti-
body and FACS sorted. Selected cells were expanded and
stably expressed the CD20 surface antigen on 100% of
the cells, even after 2 months in continuous culture
(Figure 1A). 

Mean fluorescence intensity for CD20 on the 38C13-
CD20+ cell line was similar to that observed in human pri-
mary follicular lymphoma cells: the mean fluorescence
intensity with phycoerythin-labeled anti-CD20 antibody
was 800-850 for 38C13-CD20+, compared to a mean of
1220 for ten follicular lymphoma samples tested (data not
shown). 

We next investigated the in vivo growth characteristics
of the wild type and CD20-transduced 38C13 cell lines
after injection of 4×103 cells i.v. in syngeneic animals. Both
cell lines led to death of 100% of the animals within a
median of 21 days with no difference in terms of animal
survival and tumor localization (data not shown). In both
cases, the cells were observed to home to the lymph
nodes, as shown by macroscopic examinations of animals
at necropsy (Figure 1D and data not shown). Immuno-
histochemistry analysis of lymph nodes obtained 20 days
after inoculation of animals with 38C13-CD20+ cells
showed that lymphoma cells expressing the CD20 anti-
gen had indeed expanded in the lymph nodes of these
animals (Figure 1C).  

The therapeutic activity of rituximab was then tested:
4×103 38C13-CD20+ cells were inoculated i.v. on day 0
and a single dose of 250 µg rituximab injected i.p. on day
1. Groups of ten animals were analyzed. As shown in
Figure 1B, control animals died a median of 23 days after
tumor inoculation, whereas rituximab treatment led to
long-term survival of 100% of the animals. This result
was highly reproducible. Animals were kept alive for at
least three months after tumor cell inoculation and did not
show any sign of tumor at necropsy. In contrast, a control
IgG1 antibody (anti-CD25 antibody daclizumab) had no
therapeutic activity, as expected (data not shown). The
lymph nodes of tumor-inoculated animals treated with
rituximab appeared macroscopically normal (Figure 1D)
and did not contain detectable human CD20+ cells as
determined by FACS analysis (data not shown) or by PCR
analysis using human CD20 cDNA specific primers
(Figure 1D).22
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Rituximab does not have a direct effect on 38C13-
CD20+ growth in vitro but induces relocalization of
human CD20 into lipid rafts and complement-
mediated lysis 

In order to determine the mechanism of action of ritux-
imab, we first investigated whether rituximab had any
direct effect on the growth and viability of 38C13-CD20+

cells in vitro. 38C13-CD20+ cells were plated in the pres-
ence or absence of rituximab and cell growth was meas-
ured at different times using the alamar blue vital dye. As
shown in Figure 2A, rituximab did not alter the growth
curve of the cells. These results were confirmed by a man-
ual count of the cells (data not shown). We conclude that rit-
uximab does not inhibit 38C13-CD20+ cell proliferation or
induce apoptosis. 

We next determined whether rituximab activates
rodent complement in vitro. Mouse serum is known to be
poorly lytic in vitro, so rat serum was used. 38C13-CD20+

cells were incubated in the presence or absence of 10
µg/mL rituximab or the mouse IgG2a anti-CD20 mono-
clonal antibody 1F5. Rat serum was added at a final con-
centration of 5-20%. The percentage of lysed cells with
respect to control samples incubated with serum alone
was measured. The data show that rituximab activates rat

complement to a similar level as the murine anti-CD20
antibody 1F5, leading to lysis ranging from 22% to 54%
at different serum concentrations (Figure 2B). 

The capacity of different anti-human CD20 antibodies
such as rituximab to activate complement has been
shown to correlate with relocalization of the target anti-
gen into detergent insoluble lipid rafts.38 We therefore
investigated whether rituximab could redistribute human
CD20 into lipid rafts also when expressed in a mouse B-
cell background. Incubation of 38C13-CD20+ cells with
rituximab led to rapid redistribution of CD20 into lipid
rafts, as shown by an increase in CD20 protein present in

Figure 1. Establishment of the  38C13–CD20+ B lymphoma model.
(A) Wild type 38C13 cells were infected with a lentiviral vector car-
rying the complete human CD20 cDNA. The FACS histogram of
CD20+ selected and expanded cells is shown after staining with phy-
coerythin-labeled CD20 antibody (blue profile) or control antibody
(pink profile). (B) Survival curves of ten C3H/HeN mice inoculated
i.v. with 4×103 38C13-CD20+ cells and then given 250 µg rituximab
i.p. one day after. (C) Lymph nodes from animals which received
38C13-CD20+ cells but no rituximab treatment were excised at day
20 and analyzed by immunohistochemistry with an anti-human
CD20 antibody. (D) Lymph nodes from control mice or from 38C13-
CD20+ injected animals treated or not with rituximab on day 1 were
collected at day 20 and photographed. DNA was then extracted and
analyzed for the presence of the human CD20 cDNA by PCR and
Southern blotting with a human cDNA probe.22 The ethidium bro-
mide stained gel of the amplified mouse gene (ptx3) is shown as a
control in the lower panel.

Figure 2. Effects of rituximab in vitro. (A) Effect on cell growth:
38C13-CD20+ cells were plated in the presence or absence of 10
µg/mL rituximab. After 24, 28 and 72 hours, the number of live
cells was evaluated with the vital dye alamar blue and measure-
ment of fluorescence at 590 nm. The results are the mean fluores-
cence units and standard deviations of triplicate wells in the pres-
ence (open squares) or absence (closed triangles) of rituximab. (B)
Activation of complement: 38C13–CD20+ cells were plated in the
presence of increasing concentrations of rat serum and 10 µg/mL
of either rituximab (open squares) or mouse anti-CD20 monoclonal
antibody 1F5 (closed squares). Percentage cell lysis with respect to
controls in the presence of rat serum only was determined after 3
hours by FACS analysis of propidium iodide stained cells. (C)
Relocalization of human CD20 into detergent insoluble lipid rafts:
38C13-CD20+ cells were incubated in the presence (lanes 2,4) or
absence (lanes 1,3) of 10 µg/mL rituximab for 15 minutes at 37°C.
Cells were lysed in 1% Triton-X100. Detergent-insoluble pellets
(lanes 1-2) and solubilized cellular components (supernatant, lanes
3-4) were separated in a 12% SDS-PAGE gel, and CD20 analyzed by
western blotting using an anti- human CD20 antibody. The results
are representative of two independent experiments.
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the detergent-insoluble pellet and a decrease in the solu-
ble fraction (Figure 2C). Similar results were obtained
using a human B lymphoma cell line (DHL4) whereas the
wild type 38C13 cell line showed no detectable band, as
expected (data not shown). These data show that the trans-
duced human CD20 protein in a mouse B-cell background
shows the same physical properties as endogenous CD20
in human B cells in response to rituximab. 

Role of immune cells and complement in the therapeutic
activity of rituximab

We next investigated the mechanism of action of ritux-
imab in vivo. We had previously that depletion of NK cells,
polymorphonuclear cells (PMN) or both together with
specific antibodies did not affect the therapeutic activity of
rituximab in the metastatic EL4-CD20+ T lymphoma
model.22 We therefore investigated whether these cells
played a role in the mechanism of action of rituximab in
the 38C13-CD20+ B lymphoma model. We first verified
that the anti-NK (IL-2Rβ) and anti-PMN (GR1) antibodies
intended to be used for NK and PMN depletion did not
bind to the 38C13-CD20+ cell line by standard immunoflu-
orescence analysis (data not shown). The effect of cell deple-
tion in vivo was then analyzed. Groups of mice were treat-
ed every 4 days with both anti-NK and anti-PMN antibod-
ies starting 2 days before tumor inoculation, as described
previously.22,39,40 Rituximab was then administered at the
standard dose one day after the tumor inoculation. As
shown in Figure 3A, treatment with the two antibodies in
the absence of rituximab did not significantly affect tumor
growth, the median survival being 21 days without anti-
bodies and 24 days with the anti-NK/PMN treatment
(p=0.5). In the presence of rituximab, 100% of both groups
of animals showed long-term survival (Figure 3A). Thus
rituximab retained full efficacy even in NK and PMN
depleted mice. 

Macrophages express FcγRs and may be involved in
antibody-mediated tumor cell destruction. In order to
investigate the role of macrophages in the therapeutic
activity of rituximab, these cells were depleted by weekly
clodronate-liposome i.p. treatment, starting on day 0. Mice
then received the standard dose of 38C13-CD20+ cells on
day 0 and rituximab on day 1. As shown in Figure 3B, clo-
dronate-liposomes did not alter tumor growth rate or
localization in the absence of rituximab (median survival
22 days with clodronate compared to 24 days without)
(p=0.3). More importantly, rituximab remained fully active
in mice groups treated with either PBS-liposomes or clo-
dronate-liposomes, with long-term survival in 100% of
both groups (Figure 3B). In order to determine the role of
complement in vivo in this B lymphoma model, comple-
ment was depleted using CVF, since C1q knock-out ani-
mals were not available for this strain of mice. Mice were
inoculated with the standard dose of 4×103 38C13-CD20+

cells and different groups of animals were treated with
25U of CVF or control saline on days 0, 2 and 4 after tumor
injection. Rituximab was administered with the standard
schedule on day 1. As shown in Figure 3C, CVF treatment
alone did not alter the survival curve of tumor-inoculated
mice. The median survival of CVF-treated mice was 22
days compared to 21 for the controls. The effect of CVF on
rituximab activity was then evaluated. CVF treatment

completely abolished the therapeutic activity of rituximab.
Indeed 100% of mice treated with CVF and rituximab
died within 25 days (median survival 23 days), whereas all
mice treated with rituximab and saline showed long-term
survival (Figure 3C). Examination of sacrificed animals
confirmed the presence of enlarged lymph nodes and
spleens in rituximab-and CVF-treated animals in contrast
to the macroscopically normal organs in mice treated with
rituximab only. These results demonstrate that comple-
ment, but not immune cells, is required for the therapeutic
activity of rituximab in this B lymphoma model.

Kinetics of tumor growth and rituximab treatment 
In order to further characterize the 38C13-CD20+ tumor

model, we analyzed the therapeutic effect of different rit-
uximab schedules. The standard dose of 4×103 38C13-
CD20+ cells was given, and rituximab was inoculated i.p.
either  3, 5, 7, 10 or 15 days following tumor cell inocula-
tion (groups of 5 mice). As shown in Figure 4A, rituximab

Figure 3. Complement, but not immune cells, is required for the
therapeutic activity of rituximab.38C13–CD20+ cells (4×103) were
inoculated i.v. in C3H/HeN mice and 250 µg rituximab was given
i.p. one day after. Some groups of animals were pretreated with
both anti-NK and anti-PMN antibodies (panel A)(n=5), some with
clodronate-liposomes (Clod) (panel B)(n=5), and some with CVF
(panel C)(n=10). The survival curves obtained with the different
treatments, as indicated in each panel, are shown. The results are
representative of at least two independent experiments.
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showed full therapeutic activity (100% of animals suriviv-
ing) when given up to 10 days following tumor cell inocu-
lation. At day 15, rituximab treatment still gave a thera-
peutic response although it was incomplete (80% long-
term survival). 

We then studied the kinetics of tumor growth in vivo,
using PCR analysis and human CD20 cDNA specific
primers.22 As shown in Figure 4B, CD20+ cells could be
detected in the spleen, lymph nodes and bone marrow
only around 15 days after tumor inoculation. The cells rap-
idly expanded thereafter, resulting in a strong PCR signal,
corresponding to the grossly enlarged spleen and lymph
nodes observed. On the other hand, in animals treated
with rituximab a significant CD20 signal was not observed
in any organ at any time (Figure 1D and data not shown).
Amplification of a control murine endogenous gene
(ptx3)22 confirmed that all samples carried equivalent
amounts of DNA which could be amplified with the same
efficieny (Figure 4B, lower panel). Furthermore standard
curves performed in parallel with serial dilutions of 38C13-
CD20+ DNA showed that the limit of detection of CD20+

cells was approximately 1 in 105 (data not shown). Thus
these data suggest that inoculated 38C13-CD20+ cells
migrate to different hematopoietic organs and start
expanding to reach detectable levels of 1 in 105 cells by
about day 15. The cells proliferate rapidly thereafter to
form macroscopic tumor masses leading to death of the
animals 6-10 days later. Rituximab has full therapeutic
activity if administered when cell numbers remain below
or around the level of detection but starts to lose effective-
ness once the tumor mass begins expanding exponentially. 

Since rituximab was still fully effective when injected 10
days after the tumor cells, we also verified the role of com-

plement in these conditions. In order to do this animals
were inoculated with 38C13-CD20+ cells and treated with
CVF and rituximab at days 9 and 10 following tumor cell
inoculation, respectively. CVF treatment abolished the
therapeutic activity of rituximab, as previously observed
with the day 1 schedule (data not shown).

Complement is required for the therapeutic activity of
rituximab in subcutaneous tumors in athymic mice

One possible cause for the differences obtained with
this model with respect to some previously published
lymphoma xenografts is that in the latter tumors were
injected subcutaneously and athymic or SCID mice were
used.11,12 We have therefore also investigated whether
tumor cell localization and/or the mouse strain could lead
to different results with regard to the role of complement.
The standard dose of 4×103 38C13-CD20+ cells was inject-
ed subcutaneously into athymic mice and the animals
were treated with rituximab one day after. Tumor growth
was recorded three times a week. As shown in Figure 5,
rituximab treatment led to complete eradication of the
tumor also in the subcutaneous location, with no sign of
tumor growth up to 10 weeks following tumor inocula-
tion. Furthermore, CVF treatment again completely abol-
ished the antibody's therapeutic activity (Figure 5). These
results demonstrate that complement is required also in a
subcutaneous B-cell tumor and in a different mouse strain.

Discussion

In this report, we have characterized a new in vivo model
to study the mechanism of action of rituximab, which is
centered on the murine B lymphoma cell line 38C13-
CD20+ that homes to lymph nodes, spleen and bone mar-
row after i.v. inoculation. Using this model we showed
that complement is required for the therapeutic activity of
rituximab, whereas immune cells are dispensable.
Furthermore we showed the fundamental role of comple-
ment even if rituximab treatment was delayed to the tenth
day after tumor cell inoculation or if the tumor cells were

Figure 4. Kinetics of tumor growth and rituximab therapeutic activity.
(A) C3H/HeN mice were inoculated i.v. with 4×103 38C13-CD20+ cells
on day 0, followed by 250µg rituximab i.p. given on day 3, 5, 7, 10 or
15 (n=5). The survival curves are shown and are representative of two
experiments. (B) C3H/HeN mice were inoculated i.v. with 4×103

38C14-CD20+ cells on day 0. On days 5, 10, 15 and 20, pairs of ani-
mals were sacrificed, and lymph nodes (LN), spleen (SPL) and bone
marrow (BM) excised for DNA extraction. The presence of CD20+ cells
was assayed by PCR and hybridization of the PCR products with a
human CD20 cDNA probe.22 The same DNA were amplified with an
endogenous mouse gene (ptx3) to control their quantity and quality
and were run in an ethidium bromide-agarose gel (lower panel). The
results are representative of two experiments.

Figure 5. Complement is required for the therapeutic activity of ritux-
imab on subcutaneous 38C13–CD20 tumors. 38C13–CD20+ cells
(4×103) were inoculated subcutaneously into athymic mice (day 0)
and rituximab inoculated i.p. one day later (day 1). CVF was given i.p.
on days 0, 2, 4 and 9. Tumor growth was measured from day 12
onwards. The curves are the mean and standard deviations of six ani-
mals/group.
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injected subcutaneously in athymic mice. The demonstra-
tion of the requirement for complement is consistent with
our previously described CD20+ T lymphoma model, in
which wild type or C1q knock-out animals of the
C57/BL6 strain were used.22 Furthermore they are consis-
tent with the data of Cragg and Glennie,23 who showed
that complement is required for the therapeutic activity of
rituximab in human lymphoma xenografts in immunode-
ficient mice. Indeed we have confirmed the data of these
latter authors in our own xenograft lymphoma model after
complement depletion with CVF.41 Thus, put together,
these results demonstrate the role of complement in the
mechanism of action of rituximab in vivo in two syngene-
ic lymphoma models, one of which homes into lymph
nodes as well as in three xenograft models after either sub-
cutaneous or i.v. injection and using four different mouse
strains (this report and work by Di Gaetano22  Cragg23). In con-
trast, Uchida et al. recently demonstrated that murine anti-
mouse CD20 antibodies do not require complement in
order to deplete normal B cells in vivo.24 This result is
intriguing. A possible explanation for the difference
between these results and ours is that Uchida et al. inves-
tigated depletion of normal B cells, not that of a lym-
phoma. Perhaps more importantly they used mouse anti-
bodies directed against the mouse CD20 molecule. Also in
man, different anti-CD20 antibodies have been shown to
have very different properties in vitro and in vivo according
to the epitope that they recognize. Indeed complement
activation in vitro and the role of complement in vivo have
been shown to depend dramatically upon the capacity of
the therapeutic antibody to translocate CD20 into lipid
rafts.23,38 Here we have shown that rituximab activates
rodent complement after binding to 38C13–CD20+ cells.
Furthermore we have demonstrated that the human CD20
molecule in the murine 38C13 background behaves in the
same way as endogenous human CD20 in that it rapidly
relocates into lipid rafts after rituximab binding. Whether
the murine anti-mouse CD20 antibodies used by Uchida et
al. are capable of translocating murine CD20 into lipid
rafts and have similar properties as rituximab is not clear
at present.24 

In contrast to our data showing that immune cells are
dispensable for the in vivo therapeutic activity of rituximab
in the syngenic mouse models, other authors have point-
ed to the importance of ADCC rather than complement.
They used FcγR knock-out animals11 or depleted NK cells
and PMN by antibody treatment as performed here,12 in
the context of xenograft lymphoma models. These
authors did not, however, investigate the role of comple-
ment, so conclusions cannot be drawn on the role of com-
plement in these settings. Here we showed the lack of
requirement for NK cells, PMN as well as macrophages for
the therapeutic activity of rituximab, as previously
described in the EL4-CD20+ model.22 It is possible that the
different subsets of leukocytes analyzed, NK, PMN and
macrophages, play redundant functions so that depletion
of either NK/PMN or macrophages individually may not
result in a detectable decrease in therapeutic activity.
Another possibility is that residual NK cells, PMN or
macrophages remaining after antibody/clodronate treat-
ment, particularly within tissues, participate in tumor cell
destruction.28,29 Finally, it is also conceivable that the

human Fc portion of rituximab does not interact optimal-
ly with mouse Fc receptors. We, however, have evidence
that these are unlikely to be valid explanations for our
results, since we showed that the same depletion protocol,
performed in parallel, was functionally efficacious in
another tumor model studied in a mouse background.41

The characterization of the 38C13-CD20+ model present-
ed here may, however, offer another explanation for the
differences observed between our syngeneic models and
the previously published xenografts. Indeed, the analysis
of the kinetics of  tumor growth showed that rituximab
was active up to 10-15 days after tumor cell inoculation
and therefore after the tumor had become established.
However the 38C13-CD20+ lymphoma is extremely
aggressive, with a very rapid proliferation rate in vitro and
exponential tumor growth measurable from around day
15 onward. Thus we determined that rituximab was still
active up to the time at which tumor cells started to reach
a PCR-detectable level in different tissues, corresponding
to about 1 tumor cell in 105 normal cells. The 38C13-CD20
model may, therefore, represent the effect of rituximab in
a situation of minimal residual disease of an aggressive
lymphoma. In contrast, xenograft models are slow grow-
ing and require a large cellular inoculum to engraft. They
may be more representative of larger indolent tumors.
Indeed we have evidence in our own bulky lymphoma
xenograft model, that not only complement, but also
immune cells, are required in this case for tumor control
by rituximab.41 The central and perhaps exclusive role of
complement in the control of minimal residual disease is
of particular interest in the light of the proposed use and
efficacy of rituximab in this kind of clinical context,42 such
as in patients receiving high dose chemotherapy for dis-
ease control and stem cell transplantation and who may,
therefore, have low numbers and/or ineffective immune
cells to enable ADCC.43 

Altogether these considerations suggest that comple-
ment is required universally for the therapeutic activity of
rituximab in different lymphoma models showing differ-
ent localizations, and may be sufficient by itself to control
minimal residual disease. The importance of complement
activation should not, therefore, be undervalued in the
design of novel therapeutic monoclonal antibodies, for
which modifications to increase their capacity to induce
ADCC have been attempted.44 Although rapid comple-
ment activation in vivo is also likely to be the major cause
of the commonly observed infusion-related side-effects of
rituximab,20,21 these potentially severe complications are
efficiently counteracted by slower or fractionated drug
administation as well as by adequate pre-medication.3
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