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Abstract. Treatment of patients with relapsed or refractory low
grade follicular B-NHL lymphoma with rituximab (chimeric
anti-CD20 mAb) has resulted in ~50% response rate. The
mechanism underlying the failure of rituximab to affect
the remaining 50% of the patients is not clear, though their
tumors express CD20. The in vivo effector functions of
rituximab include ADCC, CDC and seldom apoptosis. In
addition, we have reported that rituximab signals the cells
and inhibits several intracellular cell survival pathways that
are responsible for the immuno and chemo-sensitizing effects
of rituximab on resistant B-NHL cell lines. The objective
of this study was to develop novel and fully humanized
anti-CD20 monoclonal antibodies with enhanced effector
functions and molecular signaling that may potentiate their
therapeutic efficacy. Novel humanized anti-CD20 monoclonal
antibodies were derived from a chimerized form of murine
anti-CD20 1K11791, shown to exert a more potent ADCC,
CDC and apoptotic activities compared to rituximab. A
representative humanized monoclonal antibody, BM-ca was
used to examine its biological effect and molecular signaling
using Ramos B-NHL cell line as a model. The studies were
also performed in parallel with rituximab treatment for
comparison. Ramos cells were treated with various
concentrations of BM-ca monoclonal antibody. Inhibition of
cell proliferation was observed in a concentration-dependent
manner, suggesting cell signal perturbations must have
occurred. Compared to untreated cells, treatment with BM-ca
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inhibited both the constitutively activated NF-κB and p38
MAPK pathways, as assessed by inhibition of both phosphop65 and phospho-IκB· and phospho-p38, respectively, but not
the unphosphorylated forms. BM-ca significantly induced the
expression of the metastasis suppressor and immune
surveillance cancer gene product, Raf-1 kinase inhibitor
protein (RKIP). These alterations resulted in inhibition of antiapoptotic gene products and sensitized Ramos cells to
apoptosis by CDDP. In comparison with rituximab, BM-ca
showed qualitative and quantitative differences in the above
analyses. These findings demonstrate that BM-ca triggers
CD20 expressing B-NHL cells resulting in a significant
alteration of several gene products that regulate cell growth
and chemoresistance.
Introduction
The anti-CD20 chimeric monoclonal antibody (mAb) rituximab
is the most widely used therapeutic antibody for B-cell malignancies (1,2). CD20 is a member of the membrane-spanning
4A gene family (MS4A). The size of the molecule is 33-35 kDa
but with only about 43 amino acids exposed on the extracellular
surface. It is highly expressed on the plasma membrane of
almost all plasma B cells but not on hematological stem cells;
it is not shed from the surface after antibody binding and is
not shed into the circulation (3). The exact function of the
CD20 molecule is unknown. It has no known ligand and is
purported to act as an ion channel to facilitate re-entry of
intracellular calcium following BCR-induced efflux (4). The
importance of CD20 as a target for mAb immunotherapy is
irrefutable, and anti-CD20 monoclonal antibodies appear to
be ideal for B-cell diseases.
It has been reported that rituximab can mediate antibodydependent cellular cytotoxicity (ADCC), complementdependent cytotoxicity (CDC) and apoptosis both in vitro
and in vivo, and the target epitope is critical in determining
which of these various mechanisms predominates (1,5,6). In
the case of anti-CD20, evidence suggests that Fc/Fc-receptor
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(FcR) interactions are critical, as determined in both animal
models and humans (7). However, determining whether
such interactions are required for classical ADCC-mediated
by NK or myeloid cells or whether they provide cross-linking
which promotes apoptosis has been difficult to resolve (8).
The role of complement in the depletion of malignant cells
is less convincing and a number of anti-tumor mAbs appear
to operate in the absence of lytic complement (9-11). A
strong correlation between the level of CD20 expression
and therapeutic outcome for rituximab has been reported,
although there is also contrary evidence where no correlation
was found (12,13). Chan et al (14) have reported a CD20
mAb which is potent in CDC and less effective in apoptosis,
whereas a different antibody was ineffective in CDC with
potent induction of apoptosis. Both were equally effective in
ADCC. Rituximab is currently being used in the management
of NHL patients as a single agent or in combination with
CHOP. It also shows clinical response in patients with chronic
lymphocytic leukemia (15). Rituximab is also used in autoimmune diseases such as rheumatoid arthritis and has recently
been approved for treatment of patients with moderate to
advanced rheumatoid disease (16).
In addition to ADCC and CDC, when CD20 is engaged
by mAb, it can trigger transmembrane signaling directly and
inhibit cell growth and trigger cell death in certain tumors.
Further, it has also been shown to sensitize tumor cells to both
chemotherapy and immunotherapy (17). Different anti-CD20
mAbs have been reported to have different properties and
epitope specificities, and mediate differential effects on CDC
and cell death. All of the monoclonal antibodies described
to date recognize the extracellular loop and partially or
completely cross-block each other's binding (18-20).
The overall response rate (complete response plus partial
response) of B-NHL patients treated with rituximab was ~50%.
It is not clear why the remaining patients, though their tumors
express CD20, do not sufficiently respond to treatment. In a
recent study, we have reported on the generation of several
murine anti-CD20 mAbs and demonstrated that many exhibited
higher functional activities compared to 2B8 (the murine
parental mAb for rituximab) or rituximab (21). We hypothesized that such novel anti-CD20 mAbs with enhanced
effectors functions and different biological activities might
potentiate the clinical response. One in particular, murine
mAb 1K1791 showed a significant inhibition of growth in
several malignant B-cell lines. We assumed, therefore, that
the generation of chimeric and humanized mAbs forms of
1K1791 would maintain or exceed the superior activities
observed with murine 1K1791. Humanized mAbs derived
from 1K1791 such as BM-ca were designed using four
different humanization techniques and characterized. In
contrast to rituximab or 2F2 (human anti-CD20 mAb), several
of these exhibited superior ADCC, CDC, inhibition of cell
growth and cell death (6).
The objective of the present study was to investigate the
effect of BM-ca mAb on cell signaling modification in B-NHL
cells, in particular, on the constitutive activity of the NF-κB
and p38 MAPK cell survival/anti-apoptotic pathways and its
comparison with rituximab.
Based on the superior activity of BM-ca in ADCC, CDC
and apoptosis over those observed by rituximab, we hypo-

thesized that BM-ca may be more effective in inhibiting the
NF-κB and p38 MAPK pathways, which are responsible, in
part, for the regulation of cell growth and the response to
cytotoxic therapy. We used the drug-resistant Ramos B-NHL
cells as a model and the comparisons between BM-ca and
rituximab were investigated in the following: i) cell growth
survival and proliferation; ii) inhibition of the constitutively
activated NF-κB and p38 MAPK pathways; iii) modulation
of gene products that regulate apoptosis and resistance;
and iv) sensitization to apoptosis of Ramos cells by CDDP.
The findings herein demonstrate that BM-ca is superior to
rituximab in the above studies.
Materials and methods
Cell line and reagents. The CD20+ human Burkitt's lymphoma
B-cell line Ramos was obtained from the American Type
Culture Collection (Bethesda, MD). The cells were propagated
and maintained in RPMI-1640 supplemented with 10% (v/v)
heat-inactived fetal bovine serum (FBS). Cultures were
incubated in a controlled atmosphere incubator at 37˚C with
saturated humidity and 5% CO2.
The humanized mAb derived from 1K1791 was designed
using four different humanization techniques and characterized.
The resultant mAb BM-ca was used in this study (1 mg/ml)
and was kindly provided by Biomedics Inc., Tokyo, Japan.
Rituximab (10 mg/ml) was obtained commercially. Cisplatin
(CDDP) was purchased from Sigma (St. Louis, MO) and
was diluted in DMSO. The concentration of DMSO did not
exceed 0.1% in any experiment. Rabbit anti-p65, anti-phosphop65, anti-IκB·, anti-phospho-IκB·, anti-p38, anti-phosphop38 MAPK, anti-Mcl-1, anti-Bax mAbs were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA), anti-RKIP
(antibody) was purchased from Zymed Laboratories (South
San Francisco, CA) and anti-Snail was purchased from
Abcam (Cambridge, MA).
Assessment of cell growth proliferation (XTT). Inhibition of
proliferation was assessed using the XTT assay kit (Roche,
Indianapolis. IN). This measures the metabolic activity of
viable cells. The percentage of proliferation was calculated
using the background-corrected reading as follows: Proliferation (%) = [(absorbance of sample wells/absorbance of
untreated cells)] x 100.
Western blot analysis. Whole cellular protein was extracted by
incubation in lysis buffer (Cell Signaling Technology, Danvers,
MA) for 30 min in ice and then centrifuged to remove cellular
debris. The protein in the resulting supernatant was quantified
using the Bio-Rad protein assay (Bio-Rad, Hercules, CA).
Gel loading buffer (Bio-Rad) was added to the cell lysates
at a 1:2 ratio. Samples were boiled for 5 min separated on
12% SDS-polyacrylamine minigels, and transferred to nitrocellulose membrane Hybond ECL (Amersham Biosciences,
Sunnyvale, CA) in a Trans-Blot SD semidry transfer cell
system (Bio-Rad). The blots were developed by the LumiGlo
reagent and peroxide (Cell Signaling Technology).
Determination of apoptosis by activation of caspase-3.
Apoptosis was assessed using the active caspase-3 assay.
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Figure 1. Inhibition of Ramos cell growth by BM-ca. Ramos cells were treated with various concentrations of BM-ca or rituximab for 24 h. The cells were
then tested for cell growth inhibition by the XTT assay as described in Materials and methods. Cell growth inhibition was calculated as follows: cell growth
without mAb (100%) - cell growth rate (%) in the presence of mAb. *p<0.05 compared with treatment with rituximab (A). Time kinetic analysis of treatment
of Ramos cells with BM-ca or rituximab with two different concentrations (20 and 40 μg/ml) and incubated for 6-72 h. Inhibition of cell growth was
determined by the XTT assay and percentage inhibition was calculated as above. *p<0.05 compared with treatment with rituximab (B).

The cells were stained for intracellular active caspase-3 with
PE-conjugated anti-caspase-3 mAb (Pharmingen, San Jose,
CA) and analyzed by flow cytometry. As a negative control,
the cells were stained with pure (Isotope) IgG. Population
data were acquired on a Flow Epics XL-MCL (Coulter) with
System II Software, and the percentage of apoptotic cells was
recorded.
Statistical analysis. All results were expressed as the mean
± SD of data obtained from three or four independent and
separate experiments. The statistical significance of differences
between group means was determined using One-way ANOVA
to compared variance, using Graphpad Prism for Windows
(GraphPad Software, San Diego, CA USA). Significant differences were considered when P-value was ≤0.05.
Results
The novel humanized anti-CD20 BM-ca mAb was examined
for its biological and cell signaling effects using the CD20
positive Ramos B-NHL cell line as model. For comparison,
rituximab was analyzed in parallel with BM-ca.
BM-ca-induced inhibition of cell growth. The effect of BM-ca
on Ramos cell growth was determined by treating the cells
with various concentrations of the antibody or control isotype
for 24 h. Cell recovery was determined by the XTT assay.
Shown in Fig. 1A, treatment of Ramos with BM-ca resulted in
significant inhibition of viable cell recovery in a concentrationdependent manner. At the concentration of 10 μg/ml <25%
inhibition of cell growth was observed. By comparison,
treatment with rituximab resulted in less inhibition of cell
growth and at the concentration of 10 μg/ml there was about
10% inhibition of cell growth and higher concentrations did
not augment the inhibition and a plateau was achieved. These
findings demonstrate that BM-ca inhibits cell growth and its
inhibition is more pronounced than rituximab when used at
equal concentrations.
We then determined the time kinetics of BM-ca-mediated
inhibition of cell growth. Ramos cells were treated with two

concentrations of BM-ca, 20 and 40 μg/ml, for different
periods of time (0-72 h) and cell growth was determined by
the XTT assay. The data in Fig. 1B show that beginning of
12 h treatment, significant inhibition of cell growth is observed
with BM-ca and the inhibition was more pronounced at 24 h
and a plateau was observed thereafter. At the concentration
of 40 μg/ml there was significant inhibition at 12 and 24 h.
Rituximab, however, was not as a potent inhibitor of cell
survival as BM-ca and there was steadily increase in cell
growth inhibition as a function of time from 12 to 48 h for
both the 20 and 40 μg/ml concentrations (Fig. 1B). These
findings demonstrate that treatment of Ramos cells with
BM-ca exerts its inhibitory activity on cell growth that is
maintained for longer periods of time.
Inhibition of constitutively activated NF-κB and p38 MAPK
cell survival pathways by BM-ca. The above findings demonstrated that BM-ca inhibits Ramos cell growth, suggesting
that the antibody must have signaled the cells and perturbed
the cell survival pathways. We have previously reported that
rituximab inhibits both the constitutively activated NF-κB and
p38 MAPK survival pathways in B-NHL cells (17,22) (see
pathways in Fig. 2A). Hence, we examined the effect of BM-ca
treatment on the NF-κB and p38 MAPK-activated pathways.
Ramos cells were treated with BM-ca (25 μg/ml) or rituximab
(25 μg/ml) for 24 h and cell lysates were prepared as described
in Materials and methods. Western blot analysis was performed
to determine the effect of treatment on key mediators of the
NF- κ B and p38 MAPK pathways. The NF- κ B-mediated
activation occurs through the phosphorylation of p65 (RelA)
and IκB· and resulting in the proteasome degradation of
phospho-IκB· and translocation of NF-κB from the cytosol
to the nucleus where it binds to corresponding DNA-binding
sites in the promoter of various gene products, namely, antiapoptotic gene products. Inhibition of p65 and IκB· phosphorylation results in the inhibition of NF-κB translocation
and hence, inhibition of NF-κB-mediated gene transcription.
Treatment of Ramos cells with BM-ca resulted in significant
inhibition of phospho-p65 and phospho-IκB· and no effect
on the unphosphorylated forms (Fig. 2B). By comparison,
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Figure 2. Inhibition of the constitutively activated NF-κB and p38 MAPK pathways in Ramos cells by BM-ca. (A) Schematic diagrams of the NF-κB and p38
MAPK pathways. (B) Ramos cells were treated with BM-ca or rituximab (25 μg/ml) for 24 h and total cell lysates were treated for various gene products by
Western blot analysis and by densitometric analysis for the inhibtion of NF-κB. (C) Inhibition of p38 MAPK by BM-ca analyzed by both Western blotting
and densitometry.

rituximab mediated less inhibitory activity. The p38 MAPK
pathway, when activated, exhibits its downstream effects on

the phosphorylation of various kinases and results in gene
activation for inflammation, apoptosis, growth, and
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differentiation (23). Inhibition of phosphorylation inhibits
these various manifestations. Treatment with BM-ca resulted
in significant inhibition of phospho-p38 and no effect on the
unphosphorylated p38 (Fig. 2C). Both BM-ca and rituximab
exerted similar inhibitory activity on phospho-p38. These
findings demonstrate that BM-ca inhibits both the NF-κB and
p38 MAPK survival pathways and these effects may be
responsible, in part, for the observed anti-proliferative
activity shown above in Fig. 1.
Induction by BM-ca of the metastasis suppressor/immune
surveillance cancer gene product, RKIP. The above findings
demonstrated that BM-ca inhibits NF-κB activity in Ramos
cells. The mechanism by which BM-ca inhibits the constitutively activated NF- κ B pathway is not clear. Previous
findings by Yeung et al (24) reported that Raf-1 kinase
inhibitor protein (RKIP) inhibits the NF-κB pathway by
the direct physical association with NF-κB-inducing kinase
(NIK), tumor growth factor-B activating kinase 1 (TAK1)
and I κB kinase (IKK), thus rendering them incapable of
relaying the signal to downstream molecules. Most tumor
cells express low levels of RKIP as one underlying mechanism
to maintain tumor cell survival and growth through the
constitutive activation of the Raf-1/MEK/ERK1-2 and NF-κB
pathways. We hypothesized, therefore, that BM-ca-mediated
inhibition of NF- κ B activity may be due, in part, to the
induction of RKIP expression. This hypothesis was tested
by treating Ramos cells with BM-ca for 24 h and cell lysates
were examined by Western blot analysis for RKIP expression.
The data in Fig. 3 show that, indeed, treatment with BM-ca
significantly induced the expression of RKIP in Ramos cells.
By comparison, rituximab also induced RKIP expression
although at a much lower level than BM-ca.
The transcription regulation of RKIP has not been studied
in detail. A recent report by Beach et al (25) demonstrated
that the transcription factor and metastasis-inducer Snail
negatively regulates RKIP transcription. Further, Snail was
reported to be transcriptionally regulated, in part, by NF-κB
(26). Thus, it was possible that BM-ca-induced inhibition of
NF-κB results downstream in the inhibition of Snail and
consequently, depression of RKIP transcription leading to
upregulation of RKIP expression. Upregulation of RKIP, in
turn, will inhibit NF-κB and regulates the NF-κB-Snail-RKIP
loop. Indeed, treatment with BM-ca resulted in the inhibition
of Snail expression (Fig. 3). Like BM-ca, rituximab also
inhibited Snail expression. The above findings demonstrate
that one potential mechanism by which BM-ca inhibits
NF-κB is through the inhibition of the RKIP transcriptional
repressor Snail.
Chemosensitization of CDDP-resistant Ramos cells by BM-ca
monoclonal antibody. The above findings demonstrated that
BM-ca inhibits the cell survival and anti-apoptotic NF-κB
and p38 MAPK pathways. These pathways regulate the
transcription of many genes that regulate the apoptotic
pathways. Thus, it was possible that dysregulation of such
apoptotic pathways by BM-ca may reduce the anti-apoptotic
threshold and sensitizes the cells to drug-induced apoptosis.
This hypothesis was tested by using the chemotherapeutic
drug CDDP as model since Ramos cells were resistant to

Figure 3. Induction of RKIP and inhibition of Snail by BM-ca. Ramos cells
were treated with BM-ca or rituximab (25 μg/ml) for 24 h and cell lysates
were tested for RKIP and Snail expression by Western blotting. Actin was
used as loading control. The Western blot was analyzed for expression by
densitometric analysis.

CDDP-induced apoptosis at higher concentrations. The cells
were treated with BM-ca (25 μg/ml) for 24 h and then treated
with various concentrations of CDDP (0-40 μg/ml) for an
additional 24 h. The cells were harvested and analyzed for
apoptosis by flow cytometry for activated caspase-3 as
described in Materials and methods. The findings in Fig. 4A
demonstrate that treatment with BM-ca sensitizes cells to
CDDP apoptosis and the extent of apoptosis was a function
of the CDDP concentration used. Significant apoptosis was
initially observed at the concentration of 5 μg/ml of CDDP
and the level of apoptosis increased up to 25 μg/ml CDDP
and a plateau reached at 40 μg/ml of CDDP. By comparison,
rituximab also sensitized the cells to CDDP apoptosis, although
at lesser levels, at CDDP concentrations of 5-20 μg/ml.
However, at 40 μg/ml of CDDP, rituximab sensitizes cells to
the same maximum level achieved by BM-ca at a 10 μg/ml
CDDP.
The chemosensitization of Ramos cells to CDDP apoptosis
by BM-ca may have resulted from BM-ca-induced dysregulation of gene products involved in apoptosis under the
regulation of both NF-κB and p38 MAP kinase signaling
pathways. We examined the expression of representative
anti-apoptotic (example Mcl-1) and pro-apoptotic (example
Bax) gene products that might have been regulated by BM-ca.
The data in Fig. 4B demonstrate that BM-ca-induced inhibition
of Mcl-1 and induction of Bax. Rituximab also modified the
expression of these gene products to a lower extent consistent
with the above findings with rituximab.
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Figure 4. Chemosensitization of Ramos cells to CDDP apoptosis by BM-ca
and underlying mechanisms. (A) Chemosensitization of Ramos cells to
CDDP. Ramos cells were treated with BM-ca or rituximab (25 μg/ml) for
24 h and then treated with various concentrations of CDDP (2-40 μg/ml) for
an additional 18 h. The cultures were then examined for apoptosis by flow
cytometry for activated caspase-3 as described in Materials and methods.
(B) Modulation of gene products that regulate apoptosis by BM-ca. Ramos
cells were treated with BM-ca or rituximab (25 μg/ml) for 24 h and total cell
lysates were tested for various gene products by Western blot analysis. The
Western blot was also analyzed for expression levels by densitometric
analysis.

Discussion
This study provides evidence that the novel humanized antiCD20 BM-ca monoclonal antibody is able to inhibit significantly cell proliferation and the constitutively activated NF-κB
and p38 MAPK survival/anti-apoptotic pathways. These
effects resulted in the dysregulation of gene products involved
in apoptosis and thus, treatment with BM-ca sensitized the
B-NHL cells to drug-induced apoptosis. The BM-ca-induced
inhibition of NF-κB activation was the result, in part, of the
downstream inhibition of the RKIP transcription repressor
Snail and subsequently induction of RKIP. Thus, BM-ca

disrupts the regulation of the NF-κB-Snail-RKIP loop, which
is dominated in cancer cells by overexpression of NF-κB
and Snail activities and downregulation of RKIP expression.
Hence, through BM-ca-induced inhibition of NF-κB and
Snail, RKIP is induced, which in turn inhibits NF-κB and
Snail in the regulatory loop. Thus, BM-ca treatment results
in the dominant RKIP induction and inhibition of NF-κB and
Snail. These events lead to downstream inhibition of antiapoptotic gene products and upregulation of pro-apoptotic gene
products, all of which result in the sensitization of B-NHL cells
to drug-induced apoptosis. The BM-ca-induced effects were
superior to those obtained with rituximab, both qualitatively
and quantitatively. We suggest that BM-ca might have superior
activity in the treatment of patients with B-NHL and other
B-cell-mediated diseases, used alone or in combination with
therapeutics.
BM-ca is a novel humanized monoclonal antibody that was
generated from a murine anti-CD20 monoclonal antibody,
1K1791, and humanized due to its superior ADCC, CDC and
apoptosis activities when compared to rituximab (6). BM-ca
induced a significant inhibition of cell growth following
treatment and the inhibition was noticeable at 12 h post
treatment. The inhibition of cell proliferation was maximal for
Ramos B-cells at 20-40 μg/ml of BM-ca and was maintained
up to 48 h following treatment and no more inhibition was
observed thereafter. The mechanism of inhibition of cell
proliferation by BM-ca is not clear and will be the subject of
another report. It is possible that BM-ca treatment affected
one or more survival pathways and inhibited several gene
products that regulate cell proliferation. A prominent cell
survival pathway that regulates cell growth and proliferation
is the NF-κB pathway, which is constitutively activated in
most B-NHL tumors (27). Therefore, we examined whether
BM-ca interferes with the NF-κB activated pathway through
analysis of key gene products in the NF-κB activation cascade.
Constitutive activation of the NF-κB/Rel transcription
factors has been observed in various malignancies including
B-cell lymphoma (28). Likewise, the NF- κB pathway is
constitutively activated in Ramos and Daudi cells (17).
Constitutive activation of NF- κB/Rel either through the
amplification of Rel genes or through aberrant activation of
the upstream regulators contributes to pathologic conditions
including cancer (29). In mammals, the NF-κB family contains
five members: RelA (p65), RelB, c-Rel, NF-κB1 (p50 and its
precursor p105), and NF-κB2 (p52 and its precursor p100),
the most abundant form being the p65/p50 heterodimer. In
normal cells, NF-κB activity is tightly controlled by IκB
inhibitory proteins. NF-κB activation can be induced by a
plethora of extracellular stimuli resulting in phosphorylation
of IκB at two conserved serines in the NH2-terminal regulatory
region, which in IκB· correspond to Ser32/36. This phosphorylation step is rapidly followed by polyubiquitination and
I κB degradation by the 26S proteasome, allowing stable
translocation of NF-κB to the nucleus and activation of gene
transcription. I κ B phosphorylation is catalyzed by the
multiprotein IKK complex, which is phosphorylated and
activated by the upstream NIK (29).
Our findings demonstrate that BM-ca inhibited the phosphorylation of both p65 and IκB· and thus, interfered with
the activation of NF-κB and these led to inhibition of NF-κB
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Figure 5. Schematic diagram on the potential mechanism by which BM-ca inhibits NF-κB and p38 MAPK and reverses resistance. This schematic diagram
demonstrates that Ramos cells constitutively express activated NF-κB and p38 MAPK pathways. These pathways regulate cell growth and survival and
through the transcription of various anti-apoptotic gene products, regulate the resistance to apoptotic stimuli. In addition, constitutively activated NF-κB
induces the expression of Snail which, in turn, represses RKIP expression. Treatment with BM-ca results in the inhibition of both the NF-κB and p38 MAPK
pathways, resulting downstream in the inhibition of Snail and gene products that regulate apoptosis. In addition, inhibition of Snail derepresses RKIP
transcription and results in the upregulation of RKIP which in turn inhibits NF-κB. These resulted in the inhibition of cell growth and survival and
sensitization of tumor cells to apoptotic stimuli.

translocation from the cytosol into the nucleus. In addition,
BM-ca inhibited upstream the p38 MAPK which is involved
in the activation of NF-κB (30). We have reported using the
AIDS-derived B-NHL cell line, 2F7, that rituximab treatment
resulted in significant inhibition of the p38 MAPK and NF-κB
pathways and in the selective inhibition of the anti-apoptotic
gene products Bcl-2 and Bcl-xl and resulted in the sensitization
to apoptosis by various chemotherapeutic drugs (22). The
present findings with BM-ca corroborate these findings in
the Ramos B-NHL cell line. Inhibition of p38 MAPK and
NF-κB activities has been shown to be mediated by upstream
inhibition of Src kinases (22,31). The present findings
corroborate these studies and demonstrate that treatment of
Ramos cells with BM-ca inhibited the phosphorylation of
p38 and inhibited the transcription factor NF-κB leading to
inhibition of Mcl-1 and induction of Bax.
Treatment of Ramos cells with BM-ca sensitizes the cells
to CDDP-induced apoptosis. Previous findings by us and
others have reported that inhibition of NF-κB activity reverses
drug resistance when used in combination with subtoxic
levels of drugs (32). BM-ca-induced inhibition of NF-κB and
sensitization, thus, corroborate these findings and establish
BM-ca as a chemosensitizer of drug-resistant B-NHL cells.
The sensitization was the result, in part, of BM-ca-induced
downregulation of genes that regulate apoptosis. Various
studies demonstrated that inhibition of the anti-apoptotic
Bcl-2 family members (example Bcl-2, Bcl-xl, Mcl-1, and
survivin) or upregulation of pro-apoptotic family members
(example Bax and Bad) result in the perturbation of the

mitochondrial membrane potential and its depolarization
and the release of cytochrome c and Smac/DIABLO into the
cytosol, leading to activation of caspases-9, -7, and -3 and
resulting in apoptosis (33). In this study, we show that BM-ca
inhibited Mcl-1 through upstream inhibition of NF-κB and
p38 MAPK. Inhibition of the expression of these anti-apoptotic
gene products might have been responsible, in part, for BM-camediated sensitization to CDDP apoptosis.
The findings obtained with BM-ca were compared with
those obtained by rituximab under similar conditions and
concentrations. In all of the reported findings herein, BM-ca
was superior over rituximab. For instance, there was ~2-fold
less concentration of BM-ca to achieve the same level of
cell growth inhibition. Likewise, BM-ca was more potent in
inhibiting NF-κB and p38 MAPK activities than rituximab.
BM-ca-induced significantly higher level of RKIP than
rituximab. The level of induction of RKIP by BM-ca may
explain, in part, the higher NF-κB inhibitory activity observed
with BM-ca as compared to rituximab. RKIP inhibits both
the Raf/MEK and NF-κB pathways (24,34). The induction
of RKIP by BM-ca was due, in part, to inhibition of its
transcription repressor factor Snail. Clearly, Snail which is
downstream of NF-κB was downregulated by BM-ca and
established Snail as a target for BM-ca-induced sensitization.
The present findings establish BM-ca in targeting the NFκB-Snail-RKIP loop, which is normally present in cancer
cells in the form of high NF-κB and Snail and low RKIP.
This dominance is maintained for tumor cell maintenance of
survival and growth and for the regulation of mechanisms of
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resistance to apoptotic stimuli. BM-ca interferes with this
loop and through inhibition of NF-κB and Snail and induction
of RKIP, the cells are inhibited for growth and replication
and a sensitive phenotype is established to respond to a variety
of apoptotic stimuli. Schematically diagramed in Fig. 5, the
NF-κB and p38 MAPK pathways are constitutively activated
in B-NHL cells. Activation of these pathways results downstream in the induction of Snail and repression of RKIP.
Anti-apoptotic gene products are transcribed and regulate the
resistance to drug-induced apoptosis. Following treatment
with BM-ca, the P38 MAPK and NF- κ B pathways are
inhibited resulting downstream in the inhibition of Snail
transcription and derepression of RKIP. Derepression of
RKIP, in turn, accentuates the inhibition of NF-κB and Snail,
manifested by the inhibition of anti-apoptotic gene products
and/or induction of pro-apoptotic gene products, leading to
sensitization to apoptosis by drugs. In addition, the present
findings unravel a new set of therapeutic targets that can be
explored in cases whereby tumor cells become resistant to
CD20 antibodies.
Acknowledgements
This work was supported by the Jonsson Comprehensive
Cancer Center (MV), the UCLA AIDS Institute (MV) and
Fogarty International Center Fellowship (D43 TW00013-14)
(MIV), UC-MEXUS-CONACYT (SH-Y). This work was
supported by various donors. The authors acknowledge the
assistance of Erica Keng in the preparation of the manuscript.
References
1. Coiffier B: Monoclonal antibodies in the management of newly
diagnosed, aggressive B-cell lymphoma. Curr Hematol Rep 2:
23-29, 2003.
2. Maloney DG, Grillo-Lopez AJ, White CA, et al: IDEC-C2B8
(Rituximab) anti-CD20 monoclonal antibody therapy in patients
with relapsed low-grade non-Hodgkin's lymphoma. Blood 90:
2188-2195, 1997.
3. Cragg MS, Walshe CA, Ivanov AO, et al: The biology of CD20
and its potential as a target for mAb therapy. Curr Dir Autoimmun
8: 140-174, 2005.
4. Deans JP, Schieven GL, Shu GL, et al: Association of tyrosine
and serine kinases with the B cell surface antigen CD20. Induction
via CD20 of tyrosine phosphorylation and activation of phospholipase C-gamma 1 and PLC phospholipase C-gamma 2. J
Immunol 151: 4494-4504, 1993.
5. Glennie MJ and Johnson PW: Clinical trials of antibody therapy.
Immunol Today 21: 403-410, 2000.
6. Nishida M, Teshigawara K, Niwa O, et al: Novel humanized
anti-CD20 monoclonal antibodies with unique germline VH and
VL gene recruitment and potent effector functions. Int J Oncol
32: 1263-1274, 2008.
7. Bannerji R, Kitada S, Flinn IW, Pearson M, Young D, Reed JC,
et al: Apoptotic-regulatory and complement-protecting protein
expression in chronic lymphocytic leukemia: relationship to
in vivo rituximab resistance. J Clin Oncol 21: 1466-1471,
2003.
8. Byrd JC, Kitada S, Flinn IW, Aron JL, Pearson M, Lucas D, et al:
The mechanism of tumor cell clearance by rituximab in vivo in
patients with B-cell chronic lymphocytic leukemia: evidence of
caspase activation and apoptosis induction. Blood 99: 1038-1043,
2002.
9. Dyer MJ, Hale G, Hayhoe FG, et al: Effects of CAMPATH-1
antibodies in vivo in patients with lymphoid malignancies:
influence of antibody isotype. Blood 73: 1431-1439, 1989.
10. Isaacs JD, Greenwood J and Waldmann H: Therapy with monoclonal antibodies. II. The contribution of Fc gamma receptor
binding and the influence of C(H)1 and C(H)3 domains on in vivo
effector function. J Immunol 161: 3862-3869, 1998.

11. Weng WK and Levy R: Expression of complement inhibitors
CD46, CD55, and CD59 on tumor cells does not predict clinical
outcome after rituximab treatment in follicular non-Hodgkin's
lymphoma. Blood 98: 1352-1357, 2001.
12. Cragg MS and Glennie MJ: Antibody specificity controls in vivo
effector mechanisms of anti-CD20 reagents. Blood 103: 2738-2743,
2004.
13. Manches O, Lui G, Chaperot L, et al: In vitro mechanisms of
action of rituximab on primary non-Hodgkin's lymphomas. Blood
101: 949-9454, 2003.
14. Chan HT, Hughes D, French RR, et al: CD20-induced lymphoma
cell death is independent of both caspases and its redistribution
into Triton X-100 insoluble membrane rafts. Cancer Res 63:
5480-5489, 2003.
15. Cheson BD: Monoclonal antibody therapy of chronic lymphocytic
leukemia. Cancer Immunol Immunother 55: 188-196, 2006.
16. Summers KM and Kockler DR: Rituximab treatment of refractory
rheumatoid arthritis. Ann Pharmacother 39: 2091-2095, 2005.
17. Jazirehi AR, Huerta-Yepez S, Cheng G, et al: Rituximab (chimeric
anti-CD20 monoclonal antibody) inhibits the constitutive nuclear
factor-{kappa}B signaling pathway in non-Hodgkin's lymphoma
B-cell lines: role in sensitization to chemotherapeutic druginduced apoptosis. Cancer Res 65: 264-276, 2005.
18. Perosa F, Favoino E, Caragnano MA, et al: Generation of
biologically active linear and cyclic peptides has revealed a
unique fine specificity of rituximab and its possible crossreactivity with acid sphingomyelinase-like phosphodiesterase 3b
precursor. Blood 107: 1070-1077, 2006.
19. Polyak MJ, Tailor SH and Deans JP: Identification of a
cytoplasmic region of CD20 required for its redistribution to
a detergent-insoluble membrane compartment. J Immunol 161:
3242-3248, 1998.
20. Polyak MJ and Deans JP: Alanine-170 and proline-172 are
critical determinants for extracellular CD20 epitopes; heterogeneity in the fine specificity of CD20 monoclonal antibodies is
defined by additional requirements imposed by both amino acid
sequence and quaternary structure. Blood 99: 3256-3262, 2002.
21. Nishida M, Usuda S, Okabe M, et al: Characterization of novel
murine anti-CD20 monoclonal antibodies and their comparison
to 2B8 and c2B8 (rituximab). Int J Oncol 31: 29-40, 2007.
22. Vega MI, Huerta-Yepaz S, Garban H, et al: Rituximab inhibits
p38 MAPK activity in 2F7 B NHL and decreases IL-10 transcription: pivotal role of p38 MAPK in drug resistance. Oncogene
23: 3530-3540, 2004.
23. Gaestel M: MAPKAP kinases - MKs - two's company, three's a
crowd. Nat Rev Mol Cell Biol 7: 120-130, 2006.
24. Yeung KC, Rose DW, Dhillon AS, et al: Raf kinase inhibitor
protein interacts with NF-kappaB-inducing kinase and TAK1
and inhibits NF-kappaB activation. Mol Cell Biol 21: 7207-7217,
2001.
25. Beach S, Tang H, Park S, et al: Snail is a repressor of RKIP
transcription in metastatic prostate cancer cells. Oncogene 27:
2243-2248, 2008.
26. Dong R, Wang Q, He XL, et al: Role of nuclear factor kappa B
and reactive oxygen species in the tumor necrosis factor-alphainduced epithelial-mesenchymal transition of MCF-7 cells. Braz
J Med Biol Res 40: 1071-1078, 2007.
27. Cerhan JR, Liu-Mares W, Fredericksen ZS, et al: Genetic
variation in tumor necrosis factor and the nuclear factor-kappaB
canonical pathway and risk of non-Hodgkin's lymphoma.
Cancer Epidemiol Biomarkers Prev 17: 3161-3169, 2008.
28. Gilmore TD, Kalaitzidis D, Liang MC, et al: The c-Rel transcription factor and B-cell proliferation: a deal with the devil.
Oncogene 23: 2275-2286, 2004.
29. Karin M and Lin A: NF-kappaB at the crossroads of life and
death. Nat Immunol 3: 221-227, 2002.
30. Chen G, Hitomi M, Han J, et al: The p38 pathway provides
negative feedback for Ras proliferative signaling. J Biol Chem
275: 38973-38980, 2000.
31. Kefaloyianni E, Gaitanaki C and Beis I: ERK1/2 and p38MAPK signalling pathways, through MSK1, are involved in
NF-kappaB transactivation during oxidative stress in skeletal
myoblasts. Cell Signal 18: 2238-2251, 2006.
32. Melisi D and Chiao PJ: NF-kappa B as a target for cancer therapy.
Expert Opin Ther Targets 11: 133-144, 2007.
33. Danial NN and Korsmeyer SJ: Cell death: critical control
points. Cell 116: 205-219, 2004.
34. Yeung K, Seitz T, Li S, et al: Suppression of Raf-1 kinase
activity and MAP kinase signalling by RKIP. Nature 401:
173-177, 1999.

