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Inhibition of Interleukin 10 by Rituximab Results in
Down-Regulation of Bcl-2 and Sensitization of B-cell
Non-Hodgkin’s Lymphoma to Apoptosis1
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These studies demonstrate that one mechanism by which
Rituximab sensitizes NHL to chemotherapeutic drugs is mediated through down-regulation of antiapoptotic IL-10 autocrine/paracrine loops and Bcl-2. The clinical relevance of
these findings is discussed.

INTRODUCTION
ABSTRACT
Treatment of patients with non-Hodgkin’s lymphoma
(NHL) is frequently hampered by development of chemoresistance. Rituximab is a chimeric mouse antihuman CD20
antibody that offers an alternative; however, its mechanism
of action is not clearly understood. Treatment of lymphoma
cell lines with Rituximab sensitizes the cells to the cytotoxic
and apoptotic effects of therapeutic drugs, e.g., cisplatin,
fludarabine, vinblastine, and Adriamycin. This study investigated the mechanism(s) involved in the reversal of drug
resistance by Rituximab therapy. NHL cells synthesize and
secrete antiapoptotic cytokines implicated in drug resistance, including interleukin (IL)-6, IL-10, and tumor necrosis
factor ␣. We hypothesized, therefore, that sensitization by
Rituximab may be due in part to modification of cytokine
production. In this study, examination of cytokine secretion
by NHL 2F7 tumor cells revealed down-regulation of IL-10
by Rituximab treatment. Moreover, cytotoxicity assays using exogenous IL-10 and IL-10-neutralizing antibodies demonstrated that IL-10 serves as an antiapoptotic/protective
factor in these tumor cells against cytotoxic drugs. Furthermore, expression in 2F7 cells of the protective factor, Bcl-2,
was shown to be dependent on IL-10 levels and downregulated by Rituximab. Other gene products such as Bax,
Bcl-x, Bad, p53, c-myc, and latent membrane protein-1
(LMP) were not affected by Rituximab treatment. Drug
sensitization, as well as down-regulation of both IL-10 and
Bcl-2, was corroborated in experiments using the NHL cell
line 10C9. The Ramos and Daudi NHL cell lines were not
sensitizable, nor did their Bcl-2 or IL-10 levels change.
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Current therapies for NHL3 elicit an initial response for
most patients. However, whereas lymphomas are initially susceptible to conventional chemotherapeutic regimens, only a
fraction of aggressive lymphomas are cured. Invariably, most
NHL patients suffer a relapse after an average remission of only
1–3 years. Such patients are very difficult to treat by traditional
means.
Monoclonal antibodies have provided a significant advantage in the treatment of hematological malignancies. The use of
these antibodies provides higher tumor specificity than traditional systemic treatments. CD20, a Mr 35,000 surface membrane phosphoprotein, has become a preferred target of monoclonal antibody immunotherapy. CD20 is expressed specifically
within the B-cell lineage from the early pre-B-cell stage to the
mature B-cell stage and disappears from the cell surface upon
B-cell differentiation into immunoglobulin-secreting plasma
cells (1). Although its function is still unclear, it is believed to
play a role in B-cell proliferation and differentiation during
lymphocyte development.
The chimeric mouse antihuman monoclonal antibody Rituximab (IDEC-C2B8) is specific for the CD20 antigen (2).
Rituximab has been used in clinical trials to treat patients with
NHL (3–7). These clinical trials included both indolent and
aggressive NHL and have demonstrated a 30 –50% overall response rate. The failure to garner higher levels of efficacy with
Rituximab alone led to our studies investigating combination
therapies using chemotherapeutic drugs and the mechanisms by
which they may achieve synergistic activity.
The mechanisms by which Rituximab induces its antitumor
effect are not fully understood. Tumor regression by Rituximab
treatment in vivo is thought to involve complement-dependent
cytotoxicity, antibody-dependent cell-mediated cytotoxicity, inhibition of cell proliferation, or anti-CD20-mediated programmed cell death. However, the mechanisms involved in
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The abbreviations used are: NHL, non-Hodgkin’s lymphoma; ADR,
Adriamycin; IL, interleukin; TNF, tumor necrosis factor; CDDP, cisplatin; LMP, latent membrane protein; XTT, sodium 3’-[1(phenylammocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic
acid hydrate; PI, propidium iodide; FIC, fractional index of cytotoxicity;
RT-PCR, reverse transcription-PCR; IL-10R, IL-10 receptor; vIL-10,
viral IL-10; PARP, poly(ADP-ribose) polymerase; ARL, AIDS-related
lymphoma.
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mediating the observed clinical efficacy may not necessarily be
responsible for causing sensitization to chemotherapeutics. The
means of sensitization is not to be confused with the ability of
Rituximab ability to eradicate tumor cells in vivo. Although
some overlap may exist, the major mechanisms of these phenomena are largely distinct.
Secretion of certain cytokines, particularly IL-6, IL-10, and
TNF-␣ (8 –10), by tumor cells has been shown to render them
resistant to the cytotoxic effects of chemotherapeutic drugs.
These cytokines work in autocrine/paracrine loops to induce
their antiapoptotic effects on a variety of tumors, including
prostatic carcinoma, B-cell NHL, and renal cell carcinoma (8 –
10). Although the regulation of apoptotic and antiapoptotic
factors by protective cytokines has been well documented (11–
15), the underlying mechanisms involved in maintaining drug
resistance by these cytokines are not fully understood. Drug
resistance factors, such as the apoptotic/antiapoptotic Bcl-2 family members, have also been implicated in the drug-resistant
phenotype of many malignancies (16).
To circumvent drug resistance in NHL, we have investigated whether Rituximab can serve as a sensitizing agent against
drug-resistant tumor cells. We theorize that Rituximab modulates the expression of protective factors involved in drug resistance of malignant B cells. The objective of this study was to
delineate the mechanism(s) by which Rituximab modifies 2F7 B
lymphoma cells, rendering them susceptible to certain chemotherapeutic drugs. Specifically, we investigated (a) the modulation of IL-10 secretion by Rituximab, (b) the role of exogenous
and tumor-derived IL-10 on tumor cell susceptibility to cytotoxic drugs, and (c) the effect of Rituximab on the regulation of
genes involved in apoptosis. Elucidating the mechanisms of
chemosensitization may lead to rational development of therapeutic clinical trials.

MATERIALS AND METHODS
Tumor Cell Lines. NHL B-cell lines 2F7 and 10C9 were
derived from patients suffering from AIDS with Burkitt’s lymphoma (17). The Ramos and Daudi cell lines were also of
Burkitt’s lymphoma origin (18, 19). The CD20-negative, CD4positive T-lymphoblastoid leukemia line CEM was used as a
CD20-negative control in Rituximab experiments. The 2F7 and
10C9 cell lines were kindly provided by Dr. Otoniel MartinezMaza (Jonsson Comprehensive Cancer Center, Los Angeles,
CA), whereas the CEM and Ramos cell lines were purchased
from the American Type Culture Collection (Manassas, VA).
The Daudi cell line was provided by Dr. Anahid Jewett (UCLA
Dental Research Institute, Los Angeles, CA). Cells were cultured in RPMI 1640 (Life Technologies, Inc., Grand Island,
N.Y.) with 10% heat-inactivated fetal bovine serum (Gemini,
Calabasas, CA). Cultures were additionally supplemented with
1% bacteriofungicide solution containing 10,000 units/ml penicillin G, 10 mg/ml streptomycin, and 25 g/ml fungizone
(Irvine Scientific, Santa Ana, CA). Supplemented medium is
hereafter referred to as complete medium. Cells were maintained at 37°C in 5% atmospheric CO2.
Chimeric Mouse Antihuman CD20 Antibody, Rituximab (IDEC-C2B8). Rituximab is a mouse antihuman monoclonal antibody specific for human CD20, an antigen found only

on normal and malignant B-cell lymphocytes (2). Rituximab
was genetically engineered by fusing human IgG1 constant
regions to the murine antihuman CD20 antibody (IDEC-2B8)
variable regions. The Rituximab antibody was expressed in
Chinese hamster ovary cells, whereas the IDEC-2B8 antibody
was produced from hybridoma. Both were kindly supplied by
Dr. Nabil Hanna (IDEC Pharmaceutical Inc., San Diego, CA).
Reagents. ADR, CDDP, vinblastine, and emetine were
purchased from Sigma (St. Louis, MO). Fludarabine was kindly
provided by Berlex (Richmond, CA). PBS (pH 7.4; Sigma) was
used to solubilize and store stocks of ADR (1 mg/ml), vinblastine (10 g/ml), and fludarabine (1 mM) at 4°C. CDDP was
dissolved in DMSO (Sigma) at 5 mg/ml before use. [3H]Leucine
was purchased from ICN (Costa Mesa, CA). The XTT cytotoxicity assay kit was purchased from Boehringer Mannheim (Indianapolis, IN).
Monoclonal capture antibodies for IL-6 and IL-10 ELISAs
were purchased from Genzyme (Cambridge, MA) and PharMingen (San Diego, CA), respectively. Antibodies against
TNF-␣ were made in our laboratory from hybridomas. Polyclonal antibodies for all cytokines used for detection in ELISAs
were produced from rabbits in our laboratory and partially
purified by ammonium sulfate. Recombinant IL-10 was obtained from PeproTech (Rocky Hills, NJ).
Bcl-2 antibody was purchased from Dako (Carpinteria,
CA), Bax and p53 antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA), and Bcl-x and Bad
antibodies were purchased from Transduction Laboratories
(Lexington, KY).
Cell Proliferation. To characterize the effects of Rituximab on 2F7 and CEM, cells were cultured at 104 cells/ml (200
l) in 96-well plates (Costar, Cambridge, MA) in the presence
of 0, 4, or 20 g/ml Rituximab for 5 days. Cells were cultured
in the presence of normal mouse serum (1:1000) as a negative
control. Cell number and viability were determined at 24-h
intervals by trypan blue exclusion. Ten percent of the cell
culture in each well (20 l) was added to 20 l of trypan blue
(Life Technologies, Inc.) and counted by microscopy. The percentage of proliferation was calculated as shown below.
% proliferation
⫽

number of viable cells in treated samples
⫻ 100%
number of viable cells in untreated samples

(1)

[3H]Leucine Incorporation Assay. 2F7 cells were
grown in 96-well tissue culture plates (Costar) in 200 l of
complete medium at a concentration of 104 cells/well. Cells
were treated for 24 h at 37°C with Rituximab at 0.2, 2, 20, and
200 g/ml or with medium alone. Emetine (5 M), a protein
synthesis inhibitor, was used as a positive control for inhibition
of [3H]leucine incorporation/protein synthesis. After the incubation, 100 l of fresh medium containing 100 Ci/ml
[3H]leucine were added. Cells were allowed to grow at 37°C for
6 h and then lysed on glass filters. Filters were solubilized in 1.0
ml of Bio-Safe II scintillation fluid (Research Products International Corp., Mount Prospect, IL) and analyzed on a 1211
Rackbeta liquid scintillation counter (Wallac Inc., Gaithersburg,
MD). [3H]Leucine incorporation was defined to be the cpm of
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each sample as a percentage of the cpm from cells grown in
complete medium only.
% [3H]Leucine incorporation
⫽

cpm of treated sample
⫻ 100%
cpm of cells grown in medium only

(2)

PI Analysis for Apoptosis. Cells were stained with PI
and analyzed for DNA fragmentation (20) with an Epics-XL
MCL flow cytometer (Coulter, Miami, FL). Briefly, 106 cells
were treated with complete medium, 20 g/ml Rituximab, 1
g/ml CDDP, a combination of both Rituximab and CDDP, or
varying concentrations of anti-IL-10 (1, 10, and 50 ng/ml) for 24
h. Cells were then washed three times in PBS/0.1% BSA. After
washing, cells were permeabilized by resuspension in 500 l of
cold 75% ethanol and allowed to incubate at ⫺20°C for 1 h.
Cells were washed three times as described before and resuspended in 100 l of PI solution (100 g/ml PI and 50 g/ml
RNase). Incubation in PI solution was performed at room temperature for 30 min while samples were protected from light.
After incubation with PI solution, 500 l of PBS/0.1% BSA
were added to each sample, and then the samples were analyzed
by flow cytometry.
Cytotoxicity Assay. Cytotoxicity assays were performed
using the XTT assay (Refs. 21 and 22; Boehringer Mannheim).
Tumor cells were seeded in a final volume of 200 l at a
concentration of 104 cells/well in 96-well culture plates
(Costar). Berinstein et al. (23) showed that 3 months after
Rituximab treatment, Rituximab serum levels remain at 20.3
g/ml. Thus, tumor cells were treated with Rituximab at 20
g/ml, chemotherapeutic drugs, or a combination of both for
24 h. Drugs and concentrations included CDDP (1 g/ml),
fludarabine (20 M), vinblastine (0.1 g/ml), and ADR (1
g/ml), all of which were used at levels detected in serum or
tissue in vivo (24 –27). CDDP, ADR, and vinblastine were
concomitantly added to tumor cells along with Rituximab when
treated in combination. Fludarabine was added 6 h after the
addition of Rituximab. Control cells, i.e., cells grown in complete medium alone, served as the baseline and negative control
for cytotoxicity. Wells with 200 l of complete medium only
served as the plate blank. All samples were done in triplicate.
After 24 h of incubation, the XTT assay was used to quantitate
cell inhibition in each sample. The cytotoxic effect of each
treatment was calculated as the percentage of viability as compared to the untreated cells.
% of control
⫽

absorbance of sample cells
⫻ 100%
absorbance of untreated cells

(3)

Statistical Analysis. All values are presented as the
mean ⫾ SD of triplicate samples. ANOVA was used to test for
significance. Pairwise analysis was performed by Bonferroni/
Dunn post hoc test. P ⬍ 0.05 was considered to be significant.
Isobolograms for Chemoimmunotherapy Using Rituximab and Therapeutic Drugs. To establish whether the cytotoxic effect of the Rituximab/chemotherapy combination was
more than additive, isobolograms (28) were constructed from a

battery of combinations combining Rituximab at various concentrations (0.1, 0.5, 1, 5, 20, and 50 g/ml) with four therapeutic drugs: (a) CDDP (0.01, 0.05, 0.1, 0.5, 1, and 5 g/ml);
(b) vinblastine (5, 10, 50, 100, 500, and 1000 ng/ml); (c) ADR
(0.01, 0.05, 0.1, 0.5, 1, and 5 g/ml); and (d) fludarabine (1, 5,
20, 50, and 100 M). Combinations yielding a cytotoxicity of
30 ⫾ 5% were graphed as a percentage of the concentration of
single agent alone that produced this amount of cytotoxicity.
FIC ⫽

Asample Bsample
,
A30% B30%

(4)

ELISAs for Cytokine Detection. Briefly, supernatants
were collected from tumor cells treated with Rituximab (20
g/ml) for 24 and 72 h. Cytokine detection and quantification
were accomplished as described previously (29). The absorbance values of each sample were determined with a Titerteck
plate reader (Titertek-Multiscan MCC/340; Titertek, Flow Laboratory, Huntsville, AL) at 405 nm.
Determination of Transcriptional Regulation by Rituximab Using RT-PCR. RT-PCR was used to detect transcriptional regulation of IL-10 and IL-10R messenger in tumor cells
treated with or without Rituximab. Because 2F7 tumor cells are
EBV positive, we also tested for vIL-10, which has been shown
to have effects similar to those of human IL-10. Cells (106) were
treated in 12-well plates (Costar) with Rituximab (20 g/ml) or
medium alone for 4 h at 37°C. Total RNA was extracted from
2F7 cells treated or untreated with Rituximab using the singlestep guanidinium thiocyanate-chloroform method with STAT
60 reagent (Tel-Test “B,” Inc., Friendswood, TX). Between 1
and 3 g of total RNA were reverse transcribed to first-strand
cDNA for 1 h at 42°C using Moloney murine leukemia virus
reverse transcriptase (Life Technologies, Inc.). The RT-PCR
reaction mixture contained 20 M random hexamer primers, 10
M DTT, 125 M each deoxynucleotide triphosphate, and 4 l
of 5⫻ first-strand buffer, all purchased from Life Technologies,
Inc. PCR amplification to determine transcript expression was
performed on 2F7 cDNA using the hot-start technique (30,
31).Amplification conditions for c-myc and LMP-1 involved
denaturation at 95°C for 60 s and annealing at 60°C for 60 s,
followed by extension at 72°C for 3 min. Reactions were amplified for 25 cycles and followed by an extension at 72°C for 10
min. All amplifications were performed with a DNA Thermo
Cycler 480 (PerkinElmer, Norwalk, CT) and analyzed on 1%
agarose (Sigma) gels in Tris-borate EDTA [89 mM Tris base, 89
mM boric acid, and 2 mM EDTA (pH 8.0)].
Immunoblotting Analysis of Protein Expression.
Modulation of Bcl-2 by Rituximab treatment was tested by
immunoblot analysis (32). Cells (1–5 ⫻ 106) were treated in 6or 12-well plates (Costar) at 106 cells/ml with 20 g/ml Rituximab, complete medium alone, or varying concentrations of
anti-IL-10 (1, 10, and 50 ng/ml). Analysis of PARP cleavage
was done by treating 2 ⫻ 106 cells with 20 g/ml Rituximab, 1
g/ml CDDP, a combination of both, or medium alone for 24 h.
After 24 h of treatment, cells were transferred to 1.5-ml microcentrifuge tubes (Fisher Scientific, Pittsburgh, PA) and pelleted
for 10 s at 3,000 ⫻ g in an Eppendorf microcentrifuge 5415
(Eppendorf Scientific Inc., Westbury, NY). Pellets were lysed
on ice in cold radioimmunoprecipitation assay buffer (1% NP40,
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0.1% SDS, 0.5% deoxycholic acid, and 1⫻ PBS) supplemented
with protease inhibitor mixture tablets (Boehringer Mannheim).
Lysates were sheered using 1-ml insulin syringes (Becton Dickinson, Franklin Lakes, NJ) and centrifuged at 14,000 ⫻ g at 4°C
for 10 min. Lysate supernatants were transferred to new microcentrifuge tubes and quantified for protein concentration using
the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules,
CA). Supernatants were then mixed with an equal volume of
sample buffer [6.2 mM Tris (pH 6.8), 2.3% SDS, 5% mercaptoethanol, 10% glycerol, and 0.02% bromphenol blue], boiled
for 10 min, and stored at ⫺80°C until immunoblotting was
performed. Dilutions (1:500) of primary antibodies to Bcl-2,
Bax, Bad, Bcl-x, or p53 were used. Densitometric analysis of
the immunoblots was performed on a Power Mac computer
using the public domain NIH Image program (developed at the
NIH and available on the Internet4).
Gene-specific Primer Sequences for RT-PCR Analysis.
Sequence-specific primers used in this study included: (a) human IL-10 upstream (5⬘-CCAACAGAAGCTTCCATTCC-3⬘)
and downstream (5⬘-CACCGGTCGAACAATAAATATTG-3⬘)
primers; (b) IL-10R upstream (5⬘-CCATCTTGCTGACAACTTCC-3⬘) and downstream (5⬘-GTGTCTGATACTGTGTTGGC3⬘) primers; (c) vIL-10 upstream (5⬘-CTGAGAACCAAGACCCAGACATCAAGG-3⬘) and downstream (5⬘-CAATAAGGTTTCTCAAGGGGCTGGGTC-3⬘) primers; (d) c-myc upstream (5⬘-GTGGCACCTCTTGAGGACCA-3⬘) and downstream (5⬘-TGGTGCTCCATAGGAGACA-3⬘) primers; (e)
LMP-1 upstream (5⬘-CGGAAGAGGTGGAAAACAAA-3⬘)
and downstream (5⬘-GTGGGGGTCGTCATCATCTC-3⬘)
primers; and (f) glyceraldehye-3-phosphate dehydrogenase
upstream (5⬘-GAACATCATCCCTGCCTCTACTG-3⬘) and
downstream (5⬘-CTTGCTGTAGCCAAATTCGTTG-3⬘) primers.

RESULTS
Rituximab Inhibits Cellular Proliferation of the 2F7
B-cell Lymphoma but Does Not Induce Programmed Cell
Death. Treatment of 2F7 with Rituximab resulted in growth
inhibition as determined by the percentage of cells grown in
complete medium alone (Fig. 1A). Normal mouse immunoglobulin (serum) had no effect after 5 days. The fetal bovine serum
was heat inactivated before usage to ensure that the Rituximab
growth inhibition was complement independent. To verify that
the Rituximab antibody was acting specifically through the
CD20 antigen, the CD20-negative T-cell leukemia cell line
CEM was used as a negative control. The Rituximab antibody
had no effect on CEM growth (Fig. 1B).
Cross-linking of surface Fc receptors on B cells has been
shown to induce inhibitory signals as well as apoptosis (33–35).
To illustrate that the antiproliferative effect of Rituximab was
not due to triggering of Fc receptors, the mouse antihuman
CD20 antibody IDEC-2B8, the Fc portion of which is mouse
and does not bind to human Fc receptor, was used in parallel
with Rituximab. Growth inhibition produced by both antibodies
was identical (data not shown), indicating that possible binding

4
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Fig. 1 Rituximab (IDEC-C2B8) inhibits the growth of B-cell lymphoma. A, 2F7 cells (104) were grown in 96-well plates in the presence
of normal mouse serum (F) or Rituximab at 4 (f) and 20 g/ml (Œ).
Treatment with Rituximab resulted in a decrease in cell number as
determined by cell viability over a 5-day period. Normal mouse serum
had no effect on cell growth. Tumor cells grown in complete medium
alone were established as 100% at each time interval. Cell number was
determined by trypan blue exclusion. B, the CD20-negative T-cell
leukemia cell line CEM showed no change in proliferation in the
presence of Rituximab, demonstrating that the antiproliferative effect
was anti-CD20 specific. Results for cell viability number by trypan
exclusion assays are representative of three independent experiments.

to Fc receptors on the surface of tumor B cells by Rituximab did
not contribute to inhibition.
Rituximab-mediated growth inhibition was also shown to
be dependent on the concentration of the antibody, as demonstrated by [3H]leucine incorporation (Fig. 2A). After 24 h, cells
treated with varying concentrations of Rituximab (0.2, 2, 20,
and 200 g/ml) showed a decrease in protein synthesis in a
concentration-dependent manner. Emetine (5 M) was used as a
positive control for inhibition of [3H]leucine incorporation.
Previous studies, both in our laboratory and others, have
revealed that signaling through CD20 by Rituximab can induce
certain lymphoma cell lines to undergo apoptosis (36 –38). 2F7
cells treated with 20 g/ml Rituximab for 24 h, however, did not
undergo programmed cell death, as determined by PI staining
(Fig. 2B) or PARP cleavage (Fig. 2C). Combination treatment
with both Rituximab and CDDP elicited an apoptotic response
in 2F7 cells (Fig. 2, B and C). 2F7 cells were resistant to
Rituximab-induced apoptosis at concentrations up to 200 g/ml.

Downloaded from clincancerres.aacrjournals.org on June 12, 2021. © 2001 American Association for Cancer
Research.

Clinical Cancer Research 713

Cells were also shown not to apoptose after 72 h of treatment
(data not shown). These results were corroborated by acridine
orange staining, which demonstrated an equal percentage of
apoptotic cells in Rituximab-treated cells as compared with
untreated 2F7 cells (data not shown) and a sharp increase in
apoptotic cells in samples treated with drug-Rituximab combinations. Additional experiments confirmed that Rituximab, by
itself, was not apoptotic to the NHL cell lines 10C9, Ramos, and
Daudi by PARP cleavage (Fig. 2C). The ARL cell lines 2F7 and
10C9 were induced to apoptose with the combination of Rituximab and CDDP, but non-ARLs Ramos and Daudi were not.
Rituximab Sensitizes Drug-resistant NHL to Conventional Chemotherapy. To determine the feasibility of Rituximab-drug combinations for NHL treatment, we sought to establish whether Rituximab reverses the resistant phenotype of
the NHL tumor cells to chemotherapeutic drugs. Tumor cells
were concomitantly treated with Rituximab (20 g/ml), chemotherapeutic drugs, or a combination of both for 24 h. The
cytotoxicity results demonstrate that Rituximab potentiates the
effects of various chemotherapeutic agents in the drug-resistant
2F7 and 10C9 cell lines but has little or no effect on the
non-ARL cell lines (Fig. 3A). The extent to which Rituximab
potentiates the cytotoxic effect of drugs varies with each drug.
Furthermore, the combinations of Rituximab with the four chemotherapeutic drugs presented here on 2F7 work in a synergistic
manner, as demonstrated by isobologram analysis (Fig. 3B).
Regulation of IL-10 by Rituximab and Involvement of
IL-10 in Drug Resistance. IL-6, IL-10, and TNF-␣ have been
previously shown to act as drug resistance factors in tumor cells
(8 –10). To analyze whether the drug resistance in 2F7 cells
reversed by Rituximab involved these cytokines, we looked for
their presence and possible regulation by the Rituximab antibody. 2F7 cells were treated with Rituximab (20 g/ml) for 24
and 72 h. ELISAs were performed on supernatants to determine
human IL-10 levels. Treatment with Rituximab dramatically
inhibited the secretion of IL-10 by 2F7 cells (Fig. 4A). After
24 h, IL-10 decreased by 58.8% in the Rituximab-treated culture, whereas a 69.3% decrease was observed after 72 h. IL-6
was not detected in the culture supernatant, and TNF-␣ showed
no change (data not shown).

Fig. 2 Rituximab-mediated growth inhibition was concentration dependent, but not due to induction of apoptosis. A, tumor cells were
treated for 24 h with increasing concentrations of Rituximab (0.0, 0.2, 2,
20, and 200 g/ml). Emetine (5 M) was used as a positive control for
protein synthesis inhibition. After treatment, cells were further grown in
the presence of [3H]leucine for 6 h. [3H]Leucine incorporation was
analyzed by scintillation counter and revealed a proliferative decrease in
2F7 cells treated with Rituximab. All treatments were compared to
medium control and revealed statistical significance: ⴱ, P ⬍ 0.05; ⴱⴱ,
P ⬍ 0.01; and †, P ⬍ 0.001. B, 2F7 tumor cells were treated with
complete medium, Rituximab (20 g/ml), CDDP (1 g/ml), or a combination of Rituximab and CDDP for 24 h. Cells were stained with PI
and analyzed by flow cytometry. Cells treated with Rituximab or CDDP
alone showed almost no change in the number of apoptotic cells above
that of control cells. The combination of Rituximab and CDDP, however, resulted in synergistic apoptosis. C, the PI results were confirmed
by immunoblotting for PARP, which also showed induction of apoptosis
in 2F7 cells. The 10C9 cell line also responded apoptotically to combination treatment, whereas the Ramos and Daudi lines remained resistant to cell death.
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Fig. 3 Rituximab potentiates the cytotoxic effect of chemotherapeutic drugs in
ARLs. A, tumor cells (104) were treated with 20 g/ml Rituximab, drugs
(CDDP, 1 g/ml; fludarabine, 20 M; vinblastine, 0.1 g/ml; ADR, 1 g/ml), or
combinations of both at 37°C for 24 h. Control samples were allowed to grow in
complete medium alone. The XTT assay was used to determine cytotoxicity. The
enhancement of cytotoxicity in Rituximab and drug combinations was determined to be statistically significant when compared with treatment with Rituximab or drug alone in 2F7 and 10C9 cells (P ⬍ 0.05), but not in Ramos or Daudi
cels. B, 2F7 cells were treated with a concentration curve of each drug in
combination with a concentration curve of Rituximab, as described in “Materials
and Methods.” The FIC represents the concentrations from combinations yielding a percentage of cytotoxicity of 30 ⫾ 5%, graphed as a percentage of
single-agent concentrations alone yielding 30 ⫾ 5% (FIC ⫽ Asample/A30%,
Bsample/B30%). Isobolograms clearly show a synergistic effect using Rituximab
with all drugs. The isobolograms are representative of two independent experiments.

To verify that the decrease in IL-10 was due to regulation
by Rituximab and not merely due to the decrease of cell number
in culture, RNA extracts were isolated from 2F7 cells treated
with Rituximab (20 g/ml) or complete medium alone for 4 h.
PCR amplification of IL-10 transcripts revealed a down-regulatory effect by Rituximab (Fig. 4B). Down-regulation was
specific for IL-10 because IL-6 and TNF-␣ transcripts were
visible by RT-PCR but remained unchanged (data not shown).
Additional RT-PCR experiments found that IL-10 transcripts
were also decreased in 10C9 cells but remained unchanged in
Ramos and Daudi cells (Fig. 4C).

vIL-10 has been shown to mimic the activity of IL-10 (39),
as well as induce its secretion in Burkitt’s lymphoma (40, 41).
Cells treated with Rituximab (20 g/ml) for 4 h were analyzed
for vIL-10 gene expression, whereas cells treated for 24 h were
tested for cytokine secretion. RT-PCR revealed no change in
vIL-10 transcription (Fig. 5A). After 24 h, the vIL-10 protein
was not detectable in the 2F7 cell culture, with or without
treatment. (data not shown).
To determine whether a decrease in human IL-10 was
responsible, at least in part, for the reversal of resistance, exogenous IL-10 was used in synergistic experiments with 2F7. Cells
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Fig. 4 Rituximab down-regulates IL-10 secretion and transcription
by tumor B cells. A, 2F7 cells were treated with or without Rituximab for 24 and 72 h. Supernatants were then isolated and assayed
using ELISA to quantitate IL-10 secretion. In the presence of Rituximab, IL-10 decreased by 58.8% after 24 h and 69.3% after 72 h.
The difference in IL-10 secretion at both time points was statistically
significant (P ⬍ 0.001). The IL-10 ELISA data are representative of
four independent experiments. B, 2F7 cells were incubated with or
without Rituximab (20 g/ml) for 4 h. RNA was isolated and reverse
transcribed to cDNA. PCR was performed using primer-specific
sequences for human IL-10 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Transcripts for IL-10 were down-regulated in
the presence of Rituximab, corroborating the regulation of IL-10
secretion in ELISA studies and demonstrating IL-10 control by
Rituximab at the single-cell level. RT-PCR results are representative
of four independent experiments. C, the RT-PCR experiment was
repeated with the additional cell lines Ramos, 10C9, and Daudi.
Down-regulation of IL-10 was again seen in both ARLs (2F7 and
10C9) but did not appear to change in Ramos or Daudi.

were treated with Rituximab (20 g/ml) and drugs, as described
before, in the presence or absence of exogenous IL-10 (1 ng/ml).
Cells were cultured for 24 h and analyzed using the XTT assay.
As described before, Rituximab was shown to sensitize the
tumor cells to the drugs. Results also revealed that the ability of
Rituximab to sensitize tumor cells was abrogated in the presence
of IL-10 (Fig. 6A). IL-10 proved not only to be a growth factor
in these cells but also served as a protective factor because
viability remained high in the presence of IL-10 treatment in all
four combinations of Rituximab and drugs. IL-10 is therefore
shown to be a contributor to drug resistance in this NHL cell
line.
To further test the involvement of tumor-derived IL-10 in
bestowing drug resistance, antibody against IL-10 was used to
neutralize its activity. Alone, anti-IL-10 antibody decreased
tumor cell viability, whereas isotype control had no affect.
Using combinations of drugs and anti-IL-10 or isotype, XTT
assays confirmed the involvement of IL-10 in drug resistance.
Tumor cells were sensitized to chemotherapeutic drugs in the
presence of IL-10-neutralizing antibody after 24 h (Fig. 6B).
Combinations of drugs and isotype were no more cytotoxic than
drugs alone. The antitumor effect of the combination of Rituximab and neutralizing IL-10 antibody was not significantly
different from that of either agent alone (Fig. 6C). This would
imply that down-regulation of IL-10 plays a large part in the
antitumor effect of Rituximab against 2F7 in vitro. If it is
supposed that Rituximab was acting primarily through another
mechanism, neutralizing IL-10 in addition to Rituximab’s additional mechanism(s) would most likely result in a greater effect.
Other mechanisms cannot be entirely excluded, however, because CDDP in triple combination with Rituximab and antiIL-10 showed a slight increase in loss of viability over CDDP in
double combinations (Fig. 6C). Furthermore, a concentration

Fig. 5 Impediment of IL-10 autocrine/paracrine loops did not involve
the down-regulation of vIL-10 or IL-10R in 2F7. Unlike IL-10, treatment of cells by Rituximab (20 g/ml) for 4 h did not induce a
transcriptional regulation in (A) vIL-10 or (B) IL-10R expression, as
determined by RT-PCR. Samples were amplified for 25 and 30 cycles,
respectively, and run on a 1% agarose gel.

range of anti-IL-10 antibody showed that, like Rituximab, it did
not induce apoptosis (Fig. 6D).
Because the disruption of IL-10 autocrine/paracrine loops
may potentiate the cytotoxicity of chemotherapeutic drugs, we
sought to test whether IL-10Rs underwent down-regulation during Rituximab exposure. After a 4-h treatment with or without
Rituximab (20 g/ml), RNA was extracted from tumor cells and
used in RT-PCR of the IL-10R. Unlike the IL-10 cytokine
regulation seen after 4 h of Rituximab treatment, IL-10R demonstrated no change in mRNA levels (Fig. 5B). Therefore, the
impediment of IL-10 to sustain resistance to drugs was achieved
at the level of cytokine secretion and not at the level of the
receptor.
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Fig. 6
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Fig. 6 IL-10 confers resistance to Rituximab-mediated drug sensitization. A, a total of 200 l of 2F7 tumor cells were seeded in 96-well
plates at 104 cells/ml and subsequently treated using synergistic combinations of Rituximab (20 g/ml) and drugs in the presence or absence
of exogenous human IL-10 (1 ng/ml). Drug concentrations remained as
follows: CDDP, 1 g/ml; fludarabine, 20 M; vinblastine, 0.1 g/ml;
and ADR, 1 g/ml. Cells were cultured for 24 h at 37°C, followed by
analysis using the XTT assay. Drug treatment in combination with
Rituximab results in synergistic antitumor activity after only 24 h, as
shown before (Fig. 3); P ⬍ 0.05. XTT assays also show that in the
presence of IL-10, the ability of Rituximab and drugs to synergize is
abrogated. IL-10 acts as a protective factor against all four chemotherapeutic drug combinations. The differential in cytotoxicity between
Rituximab and drugs in the presence or absence of IL-10 was highly
significant (ⴱ, P ⬍ 0.001). B, cytotoxicity assays were done to examine
whether the effects of chemotherapeutic drugs could be potentiated in
the presence of IL-10-neutralizing antibody or its isotype control
(PharMingen). 2F7 cells were treated with combinations of drugs and
antibodies for 24 h at 37°C, as described above. Both antibodies were
used at concentrations of 5 ng/ml. Blocking the activity of endogenous
IL-10 rendered the tumor cells more susceptible to chemotherapeutic
drugs, although only CDDP and ADR were deemed statistically significant (†, P ⬍ 0.05). Results for exogenous IL-10 XTT assays are
representative of five independent experiments, whereas results for
neutralizing IL-10 XTT assays are representative of three independent
experiments. C, 2F7 cells were treated in the presence of Rituximab,
IL-10-neutralizing antibody, and CDDP. The combination of Rituximab
and IL-10-neutralizing antibody did not result in a significant decrease
in cell viability when compared to both agents alone. Both agents were
able to sensitize 2F7 cells to CDDP (ⴱ, P ⬍ 0.05). D, 2F7 tumor cells
were treated with complete medium or a concentration range of IL-10neutralizing antibody for 24 h. Cells were stained with PI and analyzed
by flow cytometry. Cells treated with anti-IL-10 antibody showed little
change in the number of apoptotic cells above that of control cells.

Confirmatory experiments on IL-10 gene regulation demonstrate that, to a lesser extent, 10C9 is induced to express less
IL-10 by Rituximab treatment (Fig. 4C). The Ramos and Daudi
cell lines show no change in IL-10 gene expression. The differential regulatory effects of IL-10 in 2F7 and 10C9 versus Ramos
and Daudi are not clear.
Regulation of Bcl-2 by Rituximab and Involvement of
Bcl-2 in Drug Resistance. The Bcl-2 family of pro- and
antiapoptotic proteins remains a key component in the ability of
B-cells to respond to apoptotic stimuli. Because IL-10 has been
shown to maintain high Bcl-2 levels in hematopoietic cells
(42– 44), and, as shown above, IL-10 down-regulation was
found to occur with Rituximab treatment, 2F7 cells were examined for Rituximab-mediated regulation of Bcl-2. The 2F7 cells
were incubated with Rituximab (20 g/ml) or complete medium
alone for 24 h. Lysates run on SDS-PAGE and immunoblotted
for Bcl-2 demonstrated a decrease in Bcl-2 protein expression in
a concentration-dependent manner (Fig. 7A). Similar blots were
performed for Bcl-x, Bax, Bad, and p53. No changes were
observed in these proteins (Fig. 7B). Thus, regulation of Bcl-2
may be a viable mechanism whereby tumor cell sensitivity to
drugs is modulated. Helping to confirm a regulatory mechanism
for Rituximab in AIDS-related NHL, 10C9 cells also displayed
a decrease in Bcl-2. Ramos and Daudi levels remained unchanged (Fig. 7C).
The mechanisms involved in controlling Bcl-2 expression,
however, are not fully understood. To delineate whether downregulation of Bcl-2 was due to depleted levels of IL-10 or

Fig. 6 Continued.

induced directly by CD20 signaling, exogenous IL-10 (1 ng/ml)
was added to 2F7 cultures in the presence of Rituximab, and
Bcl-2 expression was analyzed. The addition of IL-10 one h
after Rituximab treatment recovered levels of Bcl-2 in the tumor
cells when analyzed after 24 h of treatment (Fig. 7D). The
addition of IL-10 was performed 1 h after treatment with Rituximab to allow uninhibited CD20 signaling to take place
before IL-10 signaling began. Although the expression of Bcl-2
was recovered, the addition of exogenous IL-10 did not induce
higher levels of Bcl-2 than in the control population. This may
be due to the saturation of IL-10Rs with IL-10 after 24 h in cells
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Fig. 7 Rituximab decreases levels of Bcl-2 in 2F7 and 10C9 NHL. Sensitization to
chemotherapeutic drugs by Rituximab is achieved in 2F7 and 10C9 cells after 24 h. A,
Bcl-2 expression was analyzed at this time point after treatment with varying concentrations of Rituximab (0, 2, 20, and 200 g/ml). Bcl-2 was shown to decrease in treated 2F7
and 10C9 cells in a concentration-dependent manner but did not do so in Ramos or Daudi
cells. B, regulation of Bcl-2 was specific because neither Bcl-x, Bax, Bad, nor p53 was
seen to have altered protein expression after 24 h of Rituximab treatment in 2F7 cells. C,
2F7 tumor cells were treated with Rituximab for 1 h and then supplemented with IL-10 (1
ng/ml). After 24 h, cells were lysed and analyzed for Bcl-2 expression. In the absence of
IL-10, Rituximab down-regulated Bcl-2. In the presence of IL-10, the ability of Rituximab
to impair Bcl-2 expression was abolished. Treatment of 2F7 cells with IL-10-neutralizing
antibody also caused down-regulation of Bcl-2 levels. Densitometric analysis was performed, and the density of bands was graphed as a percentage of the Rituximab-untreated
controls. D, the EBV-regulated genes c-myc and LMP-1 are associated with Bcl-2 antiapoptotic activity and expression, respectively. Neither gene was shown to be modulated
after 4 h of Rituximab (20 g/ml) treatment by RT-PCR.

exogenously treated with IL-10 and in untreated cells that constitutively secrete IL-10. Furthermore, treating cells with antiIL-10 antibody decreased Bcl-2 protein levels after 24 h (Fig.
7D). These findings demonstrate that IL-10 is a regulator of
Bcl-2 expression in lymphocytes and that Bcl-2 levels are
largely dependent on IL-10 autocrine/paracrine loops in these
tumor B cells.
EBV controls the levels of c-myc expression, which is
known to work cooperatively with Bcl-2 to protect cells from
apoptotic stimuli (45, 46). EBV encodes LMP-1, which is
known to up-regulate IL-10 and Bcl-2 expression. We examined
whether these Bcl-2-associated genes controlled by EBV were
also subject to Rituximab regulation. After 4 h of treatment with
Rituximab (20 g/ml) or complete medium alone, RT-PCR was
used to detect gene expression in both c-myc and LMP-1. No
obvious difference in expression occurred with Rituximab treatment (Fig. 7E).

These findings demonstrate that the sensitization of 2F7 by
Rituximab to cytotoxic drugs is the result of down-regulation of
IL-10 and, consequently, the down-regulation of Bcl-2.

DISCUSSION
The intent of this study was to delineate the mechanisms
involved in the drug sensitization of NHL tumor cells by the
chimeric mouse antihuman CD20 antibody Rituximab. We hypothesized that protective or trophic factors in NHL tumor cells
conferred a drug-resistant phenotype and that signaling through
the CD20 antigen via Rituximab modified expression of these
protective factors, inducing their drug susceptibility.
We used the B-cell lymphoma 2F7 as a model to study the
mechanisms of Rituximab-mediated sensitization, with corroborative work performed on 10C9, Ramos, and Daudi cell lines.
The evidence we present demonstrates that Rituximab can in-
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hibit ARL cell growth and sensitizes the tumor cells to cytotoxicity by various clinically relevant chemotherapeutic drugs, at
levels shown to be clinically practiced by in vivo studies (24 –
26), by one mechanism involving the selective disruption of
IL-10 autocrine/paracrine loops. This mechanism of downregulation was not seen in the non-ARL tumor cells, and,
correspondingly, no sensitization was observed in these cell
lines to any of the drugs studied by Rituximab treatment. Disruption of IL-10 loops by Rituximab is achieved through the
down-regulation of tumor-derived IL-10 transcription and subsequent down-regulation of the expression of the antiapoptotic
Bcl-2 gene product. The combination treatment of Rituximab
and drugs results in synergistic cytotoxicity and apoptosis.
The events responsible for changes in B-cell behavior and
phenotype on CD20 signaling remain enigmatic. Different antiCD20 antibodies have been shown to induce distinct proliferative responses in B cells. Depending on the epitope specificity of
the antibody, anti-CD20 can signal for G0-arrested B cells to
enter the cell cycle at the G1 phase (47) or to inhibit the
proliferation of stimulated B cells (48, 49). Rituximab, specifically, is shown here and elsewhere to inhibit tumor cell progression. Unlike other reports that show cell death induced by
Rituximab treatment alone (36 –38), we did not detect Rituximab-mediated apoptosis in 2F7, 10C9, Ramos, or Daudi. The
resistance of these cells to Rituximab-induced apoptosis is not
known. The apoptotic cascade induced by Rituximab in other
studies has yet to be defined. Although CD20 signal transduction remains largely uncharacterized, three principal aspects
have been reported. On stimulation with anti-CD20, the CD20
antigen (a) recruits src family members (specifically, Lyn, Fyn,
and Lck) and an undetermined adaptor molecule to its cytoplasmic regions (50, 51), (b) migrates to lipid raft microdomains
(52, 53), and (c) induces transmembrane Ca2⫹ conductance
(54 –56). The relevance of these signaling events to the proliferative and apoptotic variation seen in B lymphocytes by antiCD20 antibody treatment in vitro remains unclear at present.
Several studies have revealed that IL-10 acts as a protective
factor, enhances growth progression, and aids in the pathogenesis of NHL through autocrine/paracrine loops (9, 57, 58). NHL
tumor cells taken from patients maintain higher viability and
increase their proliferation when cultured in the presence of
IL-10 or IL-6 (57). It has also been shown that IL-10 production
by constitutively activated CD4⫹ T cells in mice drives the
proliferation of chronically activated B cells (59 – 61). More
importantly, it is known that serum levels of IL-10 are elevated
in many NHL patients and correlate to a poor rate of survival
(62, 63). Thus, our laboratory examined whether IL-10 was
involved in NHL drug resistance and demonstrated that IL-10
serves as a protective factor in AIDS-related NHLs against such
cytotoxic drugs as CDDP, etoposide, ADR, and diphtheria toxin
(9). We expand our findings here to show that IL-10 not only
protects 2F7 cells from drug cytotoxicity but also abrogates the
ability of Rituximab to sensitize tumor cells to drugs. Moreover,
we illustrate that the sensitization of 2F7 tumor B cells by
Rituximab is mediated through the down-regulation of IL-10
secretion. The ability of Rituximab to sensitize NHL cells to
chemotherapeutic drugs with various cytotoxic mechanisms by
down-regulating IL-10 correlates directly with the ability of
IL-10 to protect cells against a range of apoptotic stimuli.

Additionally, our experiments using antibody to neutralize
IL-10 and sensitize cells to drugs revealed that IL-10 is a key
component in the resistance of NHLs to drugs (Fig. 6C). When
anti-IL-10 and Rituximab are used in combination, the decrease
in viability is not significant. We infer this to be due to the
overlapping effects of the antibodies. Additional effects by
Rituximab in tumor cells must exist, however, because a triple
combination of CDDP, Rituximab, and anti-IL-10 is slightly
more cytotoxic than double combinations of CDDP-Rituximab
or CDDP-anti-IL-10.
The regulation of human IL-10 gene expression is not well
understood. Three transcriptional elements have been identified
as IL-10 inducers in human cells. Recent work has implicated
transcription factor complexes consisting of cAMP-responsive
element binding protein 1 and activating transcription factor 1 in
the cAMP-dependent activation of IL-10 in monocytes (64).
IL-10 transcription was driven by the binding of cAMP-responsive element binding protein 1/activating transcription factor 1
to the cAMP-responsive elements located in the enhancer of the
IL-10 promoter. Activation of the transcription factor nuclear
factor B is associated with higher rates of survival in tumor
cells and has also been shown to activate IL-10 expression in the
Hut78 T-cell lymphoma cell line (65). Factors responsible for
down-regulation of IL-10 have not been reported. Characterization of the IL-10 promoter revealed that DNA segments upstream of the gene possess both positive and negative regulatory
elements (66). Putative IL-10 repressors may serve as a means
by which IL-12 arrests IL-10 expression in Th1/Th2 paracrine
loops. Likewise, they could also play a role in the downregulation of IL-10 by Rituximab-mediated CD20 signaling.
The means by which IL-10 induces its protective effects
are currently not known, although it appears to involve a common pathway diverse drugs use to induce cell death. However,
IL-10 is a known promoter of Bcl-2 expression in hematopoietic
cells (42– 44). Bcl-2 plays an important role in a tumor cell’s
ability to survive cytotoxic stimuli. It is specifically known to
confer resistance to various apoptotic stimuli including UV
radiation, serum starvation, and drug treatment (16, 67, 68). Due
to the ability of Rituximab to regulate endogenous IL-10 levels,
we analyzed Bcl-2 expression on Rituximab treatment. We
demonstrate that expression of Bcl-2 in these NHL tumor cells
is dependent on IL-10 levels and that both are down-regulated
by the Rituximab antibody. Bcl-2 down-regulation could serve
as a possible mechanism for the sensitization of B lymphoma
cells to a variety of chemotherapeutic drugs.
A number of Bcl-2 mechanisms to suppress apoptosis have
been reported. Among them are the ability to act as an antioxidant (69, 70), block caspase activity (71, 72), and regulate Ca2⫹
flux (73, 74). Taken together, these commonalities between
Bcl-2 function, chemotherapeutic drugs, and CD20 signaling
allude to possible mechanisms involved in the reversal of drug
resistance. For instance, although Bcl-2 does not reduce the
amount of DNA damage incurred by a cell when treated with
cytotoxic drugs, it prevents them from undergoing apoptosis by
such mechanism. Through the Rituximab-mediated depletion of
Bcl-2, the block of apoptosis by DNA-damaging drugs, such as
CDDP and fludarabine, may be circumvented. Likewise, prevention of reactive oxygen species accumulation by Bcl-2 can
potentially suppress the effects of ADR, which includes the
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Fig. 8 Schematic diagram representing the mechanism of Rituximabmediated drug sensitization. We illustrate a mechanism whereby signaling
through the CD20 pathway after Rituximab treatment down-regulates the
transcription of IL-10 and most likely factors involved in B-cell proliferation. The disruption of this IL-10 autocrine/paracrine loop leads to lower
levels of expression of IL-10-responsive genes. Reduced levels of IL-10 in
the tumor microenvironment result in diminished Bcl-2 expression in 2F7
lymphoma tumor cells. A decrease in Bcl-2 is thought to lower the threshold of drug tolerance and reverse the drug-resistant phenotype in these cells.

generation of free radicals. Bcl-2 has been shown to prevent
Ca2⫹ fluxes within the mitochondria and endoplasmic reticulum
(73). This may inhibit any Ca2⫹-dependent apoptotic pathway
induced by CD20 signaling.
Our proposed model of sensitization in the 2F7 tumor cells
involves a sequential order of events necessary to turn off
protective factors (Fig. 8). Signaling through the CD20 antigen
via Rituximab down-regulates IL-10 transcription and therefore
secretion. IL-10 is responsible for the overexpression of Bcl-2
protein in these NHL cells. Thus, depletion of IL-10 by Rituximab in the tumor microenvironment leads to the down-regulation of Bcl-2 protein expression and subsequent sensitivity to
conventional chemotherapeutic drugs. Changes in cellular phenotype involve a complex network of factors and invariably
depend on modulation of a multitude of determinants. Therefore, the IL-10/Bcl-2 loop does not exclude the possibility that
other elements involved in drug resistance are also modulated,
through either cytokines or CD20 signal transduction.
What also remains unclear is why the ARL cell lines 2F7
and 10C9 responded to Rituximab by down-regulating IL-10
and Bcl-2, whereas the non-ARLs, Ramos and Daudi, showed
no change. None of the cell lines have a Bcl-2 translocation, all
are of Burkitt’s type, and only 2F7 is EBV positive. The primary
difference that distinguishes the ARL lines from the non-ARL
lines is that the non-ARLs have translocated c-myc genes (75,
76), whereas the ARL lines do not (17). However, treatment in
the 2F7 cell line with Rituximab showed no change in c-myc
expression (Fig. 7D). The presence of c-myc, therefore, does not
appear to be involved in the regulation of drug resistance or the
regulation of IL-10 and Bcl-2.
In previously reported studies (36, 77) and unpublished
work,5 we showed that Rituximab can sensitize the B-cell NHL

5
A. Jazirehi, C. Emmanouilides, S. Alas, and B. Bonavida, unpublished
observations.

lines DHL-4, 2F7, and Ramos, as well as fresh patient tumor
samples, to the lethal effects of a variety of therapeutic drugs.
The Rituximab-mediated drug sensitization model can be applied to patients and has clinical relevance. Information on the
correlation between IL-10 secretion in patients’ NHL tumor
cells and relapse is poorly understood (78 – 80). IL-10 levels
reported in patients are generally assessed using serum levels.
Drug resistance mediated through IL-10 in the tumor microenvironment of these semisolid tumors may not result in enough
oversecretion of IL-10 to elevate serum levels. Of more relevant
interest would be the characterization of IL-10 mRNA levels
and IL-10R expression in refractory NHL. The observation
made here with IL-10, however, does not preclude the fact that
other mechanisms are involved in both resistance and sensitization. For instance, when cells were treated with the combination
of both Rituximab and anti-IL-10 antibodies in the presence of
CDDP, the cytotoxic effect was higher than that seen in cells
treated with anti-IL-10 antibody alone in the presence of CDDP
(Fig. 6C). This suggests that the sensitization effect of Rituximab includes mechanisms independent of IL-10 involvement.
Recent studies using Bcl-2 antisense therapy demonstrate that
the decrease in Bcl-2 renders tumor cells more sensitive to the
human immune system and chemotherapeutic drugs (81– 83).
The decrease, although not necessarily the disappearance, of
Bcl-2 appears to be an important factor in treating B-cell NHL
(84).
The results described in this study delineate a novel mechanism involved in the reversal of drug resistance by the antiCD20 antibody Rituximab. The observations indicate that IL-10
autocrine/paracrine loops play an important role in NHL drug
resistance to therapeutic drugs. The new findings lend reason for
other antitumor modalities combining Rituximab with chemotherapeutic drugs, cytokine therapy, or antisense therapy.
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