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Clinical trials with SRC family kinases (SFKs) inhibitors used alone or in a combination with anti-CD20 monoclonal
antibodies (mAbs) are currently underway in the treatment of B-cell tumors. However, molecular interactions between
these therapeutics have not been studied so far. A transcriptional profiling of tumor cells incubated with SFKs inhibitors
revealed strong downregulation of MS4A1 gene encoding CD20 antigen. In a panel of primary and established B-cell
tumors we observed that SFKs inhibitors strongly affect CD20 expression at the transcriptional level, leading to
inhibition of anti-CD20 mAbs binding and increased resistance of tumor cells to complement-dependent cytotoxicity.
Activation of the AKT signaling pathway significantly protected cells from dasatinib-triggered CD20 downregulation.
Additionally, SFKs inhibitors suppressed antibody-dependent cell-mediated cytotoxicity by direct inhibition of natural
killer cells. Abrogation of antitumor activity of rituximab was also observed in vivo in a mouse model. Noteworthy, the
effects of SFKs inhibitors on NK cell function are largely reversible. The results of our studies indicate that development
of optimal combinations of novel treatment modalities with anti-CD20 mAbs should be preceded by detailed preclinical
evaluation of their effects on target cells.

Introduction

Members of the SRC family kinases (SFKs) play a critical role
in the pathogenesis of B-cell tumors by promoting survival and
clonal expansion of malignant B-cells. Some of the SFKs includ-
ing BLK, FYN and LYN have been reported to be uniquely
expressed at high levels in various hematopoietic lineages and

carry out highly specialized functions in the hematopoietic sys-
tem. SFKs expressed in normal and malignant B-cells are found
in association with the B-cell receptor (BCR) complex and are
implicated in signal transduction events promoting tumor
growth and progression.1,2 Both non-Hodgkin’s lymphoma
(NHL) and chronic lymphocytic leukemia (CLL) cells are char-
acterized by anomalously high levels of constitutively active
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LYN, which plays a key role in initiating BCR signaling via tyro-
sine phosphorylation of BCR signal transduction components
(Iga/Igb) and BCR co-receptor (CD19).3,4 BCR signaling is fur-
ther propagated by spleen tyrosine kinase (SYK) through associa-
tion with the adaptor molecule B-cell linker protein (BLNK) and
its downstream signaling components, namely Bruton’s tyrosine
kinase (BTK) and phospholipase Cg2 (PLCg2). Moreover,
LYN-dependent phosphorylation of cytoplasmic domain of
CD19 recruits p85 subunit of phosphoinositide 3-kinase
(PI3Kd). Recruitment of PI3Kd to the plasma membrane leads
to the production of phosphatidylinositol 3,4,5-triphosphate
(PIP3), which is required for robust activation of BTK and
AKT.5

Multiple experimental studies indicate that inhibition of SFKs
blocks cell proliferation and induces apoptosis, thereby implicat-
ing SFKs as attractive molecular targets for anti-lymphoma/leu-
kemia therapy.6 Clinical trials are currently underway to
investigate the effects of bafetinib (BCR-ABL/LYN inhibitor)
and dasatinib (BCR-ABL/SFKs inhibitor) in relapsed and refrac-
tory CLL patients. Moreover, dasatinib is being investigated in
diffuse large B-cell lymphoma (DLBCL) and other NHL, multi-
ple myeloma (MM) and in CLL in combination with chemother-
apy (fludarabine) or anti-CD20 mAb (rituximab) (Phase 1/2
clinical trials NCT00949988 and NCT01173679, respectively).

CD20 is a membrane protein expressed on the surface of nor-
mal and malignant B-cells. It is an excellent molecular target for
mAbs that are widely used in the treatment of NHL and CLL.
Anti-CD20 mAbs are successfully and widely used therapeutic
mAbs. They are routinely incorporated in cyclophosphamide- or
fludarabine-containing combination regimens into all phases of
conventional treatments, including first-line, maintenance and
salvage treatment. Nonetheless, the overall response rates to rit-
uximab have been reported to be 46–67%, and are even lower in
patients relapsing after initial rituximab treatment.7 A number of
mechanisms have been proposed to account for this inefficiency,
including modulation of surface CD20 levels, occurring due to
both transcriptional and posttranscriptional regulations.8-10

Therefore, identification of more effective therapeutic schemes is
constantly being pursued. Before using them in cancer patients,
extensive pre-clinical studies should be performed to better define
interactions between drugs at the molecular level. We have
recently reported that targeted therapeutics inhibiting BCR sig-
naling pathways, including SYK, BTK or PI3K inhibitors down-
regulate CD20 expression resulting in impaired antitumor
activity of anti-CD20 mAbs.11 Furthermore, SFKs being impor-
tant downstream signaling molecules of Fc receptors are crucial
for tumor cell killing via antibody-dependent cell-mediated cyto-
toxicity (ADCC). It has been shown that ADCC and FcR signal-
ing represents one of the essential mechanisms of action for anti-
CD20 therapy in vivo.12 These results, and the recent initiation
of clinical trials of dasatinib with rituximab, a combination for
which no pre-clinical studies have been published, prompted us
to investigate the influence of SFKs inhibitors on antitumor
activity of CD20 immunotherapy in B-cell tumors.

Here, we demonstrate that inhibition of SFKs results in
increased resistance of tumor cells to the antitumor activity

of anti-CD20 mAbs, both in vitro and in vivo. While
impaired complement-dependent cytotoxicity (CDC) is a
direct result of decreased CD20 levels, inhibition of ADCC
is caused by impairment of the cytolytic activity of natural
killer (NK) cells. Our observations strongly imply that CD20
downregulation relies on transcriptional mechanisms and
highlight the role of AKT in SFKs-dependent transcriptional
regulation of CD20. Moreover, we also delineate new per-
spectives in the field of CD20 regulation and identify PI3K/
AKT signaling pathway as an important regulator of tran-
scription factor(s) involved in CD20 transcription in tumor
B-cells.

Results

Global gene expression analysis upon chemical inhibition
of SFKs

A transcriptional profiling of Raji cells incubated with
100 nM dasatinib (a clinically-available multi-target tyrosine
kinase inhibitor) or 10 mM PP2 (a more selective inhibitor of
BCR-associated SFKs) was performed to characterize molecular
changes in lymphoma cells incubated with SFKs inhibitors. The
unpaired t test with Benjamin-Hochberg FDR <5% (false dis-
covery rate) correction (with P value cut-off <0.01) revealed 28
upregulated and 86 downregulated (with at least 3-fold change)
genes in cells incubated with either dasatinib or PP2 (Fig. 1A).
The analysis of microarray data has been deposited in NCBI’s
Gene Expression Omnibus and is accessible via GEO Series
accession number GSE50929. Compared with untreated cells,
these up/downregulated genes were common for each treatment
examined individually. A statistically-significant (with P value of
0.00109) downregulation of MS4A1 (CD20) gene was identified
(fold change ¡6.22) when dasatinib-treated cells were analyzed
along with PP2-treated cells and compared collectively with
untreated cells (Fig. 1B). These results were further confirmed by
quantitative PCR (Fig. S1). Since CD20 is a therapeutic target in
B-cell malignancies and an increasing number of anti-CD20
monoclonal antibodies are approved for clinical use, we decided
to further focus on the outcomes and mechanisms of CD20
expression regulation.

Inhibitors of SRC family kinases downregulate CD20 levels
and impair antitumor activity of anti-CD20 mAbs in Raji cells

Dasatinib and more selective compounds targeting SFKs
(bafetinib and PP2) were studied in more detail to determine
their influence on CD20 levels. Flow cytometry revealed a
severely impaired binding of anti-CD20 (clone L27) mAb to
Raji cells pre-incubated for 48 h with increasing non-toxic con-
centrations of all tested SFKs inhibitors (Fig. 2A, Fig. S2). Like-
wise, binding of ofatumumab and rituximab was impaired in
Raji cells pre-incubated with dasatinib (Fig. S3). Neither imati-
nib, an inhibitor of BCR-ABL, c-KIT and platelet-derived
growth factor receptor (PDGFR), nor tandutinib, a Fms-like
tyrosine kinase 3 receptor (FLT3), PDGFR and c-KIT inhibitor,
exerted significant effects on CD20 levels and antitumor activity
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of rituximab in Raji cells (Fig. S4). To
investigate whether modulation of
CD20 levels results from specific inhibi-
tion of SFKs activity, we used shRNA
to knock-down FYN, LCK and LYN
expression (Fig. S5A). Using flow
cytometry, we observed that SFKs
knock-down significantly decreased sur-
face CD20 levels (Fig. S5B).

To determine the functional conse-
quences of decreased CD20 levels on
effector mechanisms of anti-CD20
mAbs, their ability to induce comple-
ment-dependent cytotoxicity (CDC)
was examined. A dose-dependent
impairment of rituximab- (R-CDC)
and ofatumumab-induced comple-
ment-dependent cytotoxicity (O-CDC)
was observed in Raji cells pre-incubated
for 48 h with all tested SFKs inhibitors
compared with control cells (Fig. 2B,
C). Although binding of rituximab and
ofatumumab was decreased to a similar
extent, the highest tested concentrations
of SFKs inhibitors almost completely
abrogated R-CDC, while O-CDC was
affected to a lesser extent. Collectively,
flow cytometry measurements of rela-
tive surface antigens expression in Raji
cells pre-incubated with SFKs inhibitors
show a substantial decrease in CD20
levels, significant reduction in binding
of therapeutic anti-CD20 mAbs and
induction of strong resistance to antitu-
mor activity of anti-CD20 mAbs in
CDC assay. Moreover, the results of experiments using shRNA
reveal that downmodulation of CD20 occurs selectively due to
inhibition of SFKs.

Influence of dasatinib on other
B-cell surface molecules

Surface levels of complement regulatory proteins (CD46 and
CD55) and other B-cell molecules (HLA-DR, ICAM-1, CD52,
CD38) remained unchanged in dasatinib-treated Raji cells
(Fig. S6). Conspicuously, some of the BCR complex components
were affected by dasatinib. While CD19 expression in cells pre-
incubated with dasatinib remained roughly unchanged (a 20%
decrease compared with controls), both CD21 and CD22 levels
were decreased by approximately 50%, but still to a lesser extent
compared with CD20. The changes in proteins levels correlated
well with the changes in gene expression from microarray data.
The expression of genes encoding CD20 and CD22 appeared to
be strongly downregulated with log fold change (Log FC) below
¡1.584 and P < 0.01 in cells treated with either dasatinib or
PP2. The downregulation of the gene encoding CD21 was less
distinct with Log FC < ¡1.0 (Table S2). In line with previous

findings by Davis et al. we also observed increased surface IgM
expression upon dasatinib treatment likely resulting from
decreased BCR internalization.13 Altogether, our results indicate
that although dasatinib decreases CD20, CD21 and CD22 levels
and modulates various surface antigens, it does not substantially
influence other targets for mAbs-mediated therapy, such as
CD38, CD52 and CD19 (Fig. S6).

Dasatinib impairs rituximab-mediated NK cell cytotoxicity
To determine the effects of SFKs inhibitors on NK effector

cell function we used a model where both target Raji cells and
effector NK cells were co-incubated for 4 h in presence of SFKs
inhibitors and antibodies. Both rituximab-mediated ADCC (R-
ADCC) and ofatumumab-mediated ADCC (O-ADCC)
(Fig. 2D), as well as NK cells activation and degranulation
(Fig. 2E), were severely impaired or even completely blocked at
the highest concentrations of tested SFKs inhibitors. Also, in a
spontaneous NK cell cytotoxicity assay against K562 cells in a
co-incubation model with dasatinib or PP2, significant inhibition
of NK cytotoxic effects (Fig. S7A) and NK cell degranulation
(Fig. S7B) were observed. Dasatinib and PP2 were not toxic to

Figure 1. Transcriptional profiling of Raji cells incubated for 24 h with dasatinib or PP2. (A) Total RNA
from control Raji cells or from cells incubated for 24 h with either 100 nM dasatinib or 10 mM PP2 was
used to generate cRNA for hybridization to human-specific AMADID Release GE 8x60K microarrays.
The volcano plot shows changes in expression of all the Agilent microarray transcripts in cells incu-
bated with dasatinib or PP2. Red spots represent genes for which expression changed significantly
(p< 0.01, Fold Change > 3, unpaired t test and Benjamin-Hochberg FDR< 5% correction) due to dasa-
tinib or PP2 treatment, gray spots represent genes for which expression was not significantly changed.
Arrow indicates MS4A1 gene (blue spot). The plot was made using GeneSpring (Agilent) software.
(B) GeneSpring (Agilent, USA) cluster of genes (containingMS4A1 gene) for which expression changed
similarly in cells upon incubation with dasatinib or PP2. All genes with a fold change cut-off > 3.0
(p value < 0.01 in unpaired t test and Benjamin-Hochberg FDR < 5% correction) were considered as
significantly regulated and are presented in a matrix format: each row represents a single gene, and
each column represents an experimental sample. In each sample, the ratio of the abundance of tran-
scripts of each gene to the median abundance of the gene’s transcript across all sample, is repre-
sented by the color of the corresponding cell in the matrix.
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Figure 2. For figure legend, see next page.
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NK cells within a tested range of concen-
trations. It can be concluded that anti-
CD20 mAbs-mediated ADCC is inhib-
ited by SFKs inhibitors due to suppression
of NK cytotoxicity.

Dasatinib impairs antitumor activity
of rituximab in vivo

Since dasatinib strongly impairs rituxi-
mab- and ofatumumab-mediated CDC
and ADCC in cell culture studies we fur-
ther aimed to assess antitumor efficacy of
the combination treatment in vivo using a
model of EL4 lymphoma cells stably
expressing human CD20 (EL4-hCD20).
In this cell line model CD20 expression,
controlled by CMV promoter, remained
unchanged upon treatment with increas-
ing concentrations of dasatinib for 48 h
(Fig. S8). Noteworthy, we observed in
vivo that while treatment with rituximab
alone significantly inhibited tumor growth
compared with controls, dasatinib signifi-
cantly decreased its antitumor activity (P
D 0.0045 vs rituximab-treated group, Figure 3). These results
suggest that the decrease in anti-tumor activity of rituximab in
vivo could be attributed to the inhibition of ADCC mechanism.

Dasatinib downregulates CD20 levels and impairs activity of
anti-CD20 mAbs in primary tumor cells and in various CD20
positive cell lines

To extend the observations in Raji cells we have used both pri-
mary cells from patients with B-cell tumors and established
CD20 positive tumor cell lines. In a set of 30 primary tumor
samples dasatinib decreased surface CD20 levels (P < 0.0001 vs
control groups) as confirmed with Wilcoxon signed-rank test
(Fig. 4, MFIs from each sample listed in Table S1). In normal B-
cells dasatinib downregulated surface CD20 levels by 30%. In
these B-cells, relatively resistant to R-CDC, dasatinib only mod-
estly impaired O-CDC (Fig. S9A). Although the majority of pri-
mary cells isolated from patients were resistant to mAbs-CDC, in
some sensitive patients we observed inhibited R-CDC and O-

CDC after incubation with dasatinib (Fig. S9B). Dasatinib
strongly decreased surface CD20 levels in the majority of estab-
lished tumor B-cell lines (Fig. S10A). A strong downregulation
of surface CD20 levels was observed in Ly-1, Ly-7, DHL-4,
DHL-6 cells that were reported to be BCR-dependent,14 while
CD20 modulation was relatively modest in Ly-4, Ly-19, Karpas-
422, Pfeiffer and Toledo cells reported to be BCR-independent14

as well as in a single BCR-dependent Ly-10 cell line (Fig. S10A).
These effects correlated with an impaired R-CDC and O-CDC
(Fig. S10B, for cell lines resistant to R-CDC data with O-CDC
is included). Together, these data confirm that CD20 expression
is modulated by SFKs in most CD20 positive tumor cell lines
and primary cells isolated from patients with B-cell malignancies.

Dasatinib modulates CD20 at a transcriptional level
Immunoblotting of protein extracts from Raji cells confirmed

that dasatinib downregulates total CD20 levels (Fig. 5A). A
nearly 10-fold decrease in CD20 mRNA was also observed in

Figure 2 (See previous page). SFKs inhibitors downregulate surface CD20 levels and impair antitumor activity of rituximab and ofatumumab. (A) The
surface CD20 level was determined with FITC-conjugated anti-CD20 antibody (clone L27, BD) in Raji cells pre-incubated for 48 h with increasing concen-
trations of multi-SRC family kinases inhibitors. Results are presented as a percentage of MFI of control cells (§ SD). (B–C) Raji cells pre-incubated for 48 h
with increasing concentrations of multi-SRC kinases inhibitors were washed and incubated for 1 h with rituximab (B) or ofatumumab (C) (1–100 mg/ml)
and 10% human AB serum. Cell viability in CDC assay was measured with PI. The survival of cells is presented as a percentage of control cells without
antibody (§ SD). (D) CFSE-stained Raji cells were co-incubated for 4 h with either rituximab or ofatumumab (100 mg/ml) and NK cells at E:T ratio 6:1 in
presence of dasatinib or PP2. Raji cell survival in ADCC assay was determined with flow cytometry after staining with PI and is presented as a percentage
of control cells without rituximab/ofatumumab. (E) NK and Raji cells were incubated simultaneously at effector to target ratio 1:1 with rituximab
(100 mg/ml) and either dasatinib (100 nM) or PP2 (10 mM) for 4 h at 37�C. For degranulation assay NK cells were co-incubated with GolgiStop and anti-
CD107a antibody. Cells were washed, stained with anti-CD56, anti-CD3 and Fixable Viability Dye. To determine cytokines production, cells were washed,
permeabilized with Cytoperm/Cytofix and stained with anti-interferon (IFN)-g or anti-tumor necrosis factor (TNF) antibodies followed by flow cytometry
analysis. Results are presented as a percentage of CD107a, TNF or IFN-g positive NK cells (§ SD) within the whole NK cell population. Shown is one repre-
sentative of at least 3 independent experiments.

Figure 3. Dasatinib impairs antitumor activity of rituximab in a murine model. Mice were inocu-
lated with 5x105 of EL4-hCD20 cells intravenously and randomized to groups of 6–8. Dasatinib was
given once a day i.p. (50 mg/kg) for 4 consecutive days. Rituximab was given i.p. (10 mg/kg) at
days 3 and 6. Control mice were injected with equal volume of PBS. Luminescence was followed
from day 1 until termination of the experiment at day 9. Data are presented as mean§ SEM, statis-
tical significance was reached by comparison between groups rituximab vs rituximabCdasatinib, p
D 0.0045, t test. Shown is one representative of 2 independent experiments.
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qRT-PCR experiments with 100 and 200 nM dasatinib
(Fig. 5B). Since incubation with cycloheximide, a protein synthe-
sis inhibitor had no influence on dasatinib-induced CD20
mRNA downregulation as determined with qRT-PCR (Fig. 5C),
dasatinib appears to mediate its effects on CD20 mRNA levels
independently of translation. Since protein levels can also be reg-
ulated by the modulation of mRNA turnover, a conventional
actinomycin D chase mRNA decay assay was done and revealed
that in the context of transcriptional blockade dasatinib does not
influence CD20 mRNA half-life (Fig. 5D). Therefore, it can be
concluded that dasatinib-induced decrease in CD20 expression
occurs mainly at the transcriptional level.

Modulation of CD20 expression by dasatinib requires CD20
promoter

To see whether dasatinib requires an endogenous promoter of
CD20 gene to mediate its effects, HeLa cells were transduced
with a vector containing CD20 gene driven by a constitutive
CMV promoter. Although pre-incubation of Raji cells with dasa-
tinib decreased endogenous CD20 levels, a pre-incubation of
HeLa cells with dasatinib did not modulate exogenous surface

CD20 expression (Fig. 6A). To further cor-
roborate this observation Raji cells were sta-
bly transduced with a vector encoding
CD20 His-tagged fusion protein under the
CMV promoter (Raji His-CD20). While
incubation of these cells for 48 h with
increasing concentrations of dasatinib
strongly downregulated endogenous CD20
in total cellular lysates, expression of CD20
His-tagged fusion protein remained
unchanged (Fig. 6B). The activity of lucif-
erase in Raji cells nucleofected with pGL4-
CD20 promoter reporter plasmid (¡431/
C52 bp) decreased approximately 2-fold
after incubation with 100 nM dasatinib
(Fig. 6C, left). To get more detailed insight
into the mechanism of CD20 promoter
modulation, a series of truncated CD20
promoter constructs deprived of binding
sites for selected transcription factors was
generated (Fig. 6D). Incubation with dasa-
tinib decreased the activity of del3 (¡313/
C52 bp) truncated promoter, whereas lack
of the ¡313/¡198 bp region made the
promoter resistant to dasatinib treatment
(Fig. 6C, right). We calculated the fold
change (dasatinib-treated/controls) for each
truncation from 4–7 independent experi-
ments. The results clearly show that both
wild-type and truncated del3 promoter
respond to dasatinib treatment to a similar
extent (fold changes 0.516 § 0.048 and
0.548 § 0.034, respectively), while the
truncated del2, del1 and del0 promoters
are much less susceptible to dasatinib treat-

ment (fold changes 0.843 § 0.105, 0.939 § 0.075 and 1.173 §
0.232, respectively). Since the -313/-198 bp region is known to
contain a putative Oct-1/Oct-2 transcription factor binding site
(BAT-box), we introduced mutations in the BAT-box sequence
reported to abolish binding of transcription factors.15 Although
the basal promoter activity of luciferase in Raji cells transfected
with this construct was decreased when compared with wild type
CD20 promoter (Fig. 6E), somewhat unexpectedly dasatinib
reduced the activity of both wild type and BAT-box mutated
CD20 promoter. Also in EMSA assay we observed no differences
in the migration of protein-DNA complexes between nuclear
extracts from control and dasatinib-treated Raji cells (Fig. 6F).
Collectively, our results indicate that SFKs inhibitors decrease
CD20 expression through inhibition of CD20 promoter activity.
Moreover, we confirmed that transcription factors bound to
BAT-box are important regulators of basal CD20 expression, but
they are not the major mediators of the CD20 downregulation
caused by SFKs inhibitors. The results of our experiments indi-
cate that dasatinib mediates its effects on CD20 promoter and
regulates the activity of the -313/-198 bp region of the promoter
via novel, yet to be identified, transcription factor(s).

Figure 4. Influence of dasatinib on CD20 levels in primary CD20-positive leukemia/lymphoma cells.
Primary human CD20-positive B-CLL/lymphoma cells (total n D 30; CLL n D 25, MCL n D 4, FL n D
1) were incubated for 48 h with increasing concentrations of dasatinib. After washing, cells were
incubated with saturating amount of FITC-conjugated anti-CD20 mAb (clone L27, BD) for 30 min
at room temperature in the dark. Prior to flow cytometry analysis, cells were washed with PBS and
resuspended in PBS with PI. Results are presented as a percentage of MFI of control cells (§ SD).
The differences in CD20 MFI between control and drug-treated groups were statistically significant
(p < 0.0001) as measured using Wilcoxon signed-rank test.
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Effects of SFKs inhibitors on CD20
levels is reversible and could be overcome
by activation of AKT

Flow cytometry of Raji cells incubated
for 48 h with dasatinib followed by wash-
out periods of 0 to 96 h revealed that
downregulation of CD20 levels is reversible
(Fig. 7A). Since SFKs are reported to regu-
late multiple kinases we assessed the influ-
ence of selected signaling pathways
inhibitors on the surface CD20 levels,
including salirasib (RAS inhibitor), U0126
(MEK1/2 inhibitor), Ro 32–0432 (PKC
inhibitor), BAY 11–7085 (NF-kB inhibi-
tor), rapamycin (mTOR inhibitor)
(Fig. S11) and MK-2206 (AKT inhibitor)
(Fig. 7B). Interestingly, of all inhibitors
tested only MK-2206 downregulated sur-
face CD20 levels to the extent similar to
dasatinib (Fig. 7B). We further confirmed
that short incubation with dasatinib apart
from inhibiting phosphorylation of SFKs
at Tyr416 also inhibited AKT phosphory-
lation at Ser473 (Fig. 7C). Upon incuba-
tion with dasatinib the activity of CD20
promoter in Raji cells with a constitutively
active AKT1 was almost 3-fold higher than
in Raji cells co-transfected with control
plasmid (Fig. 7D). PTEN, a negative regu-
lator of AKT, decreased the activity of
CD20 promoter, while expression of C124S-mutated form of
PTEN had no influence on CD20 promoter activity (Fig. 7E).
Given the crucial role of AKT in regulation of CD20 levels we
have overexpressed a constitutively active AKT1 (myrAKT) in
Raji cells (Fig. 7F). Raji pMIG-GFP cells exhibited baseline
AKT phosphorylation that was inhibited by dasatinib, while in
Raji pMIG-myrAKT cells AKT phosphorylation was high and
not affected by dasatinib. Moreover, in Raji pMIG-myrAKT cells
dasatinib failed to downregulate total CD20 levels (Fig. 7G). The
same effects were observed at surface protein levels (Fig. 7H) as
well as mRNA levels (Fig. 7I). Consistently, myrAKT expression
sensitized Raji cells to R-CDC (Fig. 7J). Collectively, these data
indicate that dasatinib causes a reversible, concentration-depen-
dent decrease in CD20 levels, which is mitigated by stimulation
of AKT signaling pathway.

Discussion

The most important finding of this study is that SFKs inhibi-
tors strongly downregulate CD20 levels in tumor cells, leading to
decreased binding of anti-CD20 mAbs to the surface CD20 and
to impaired activation of antitumor effector mechanisms of the
immune system. While impaired CDC mostly results from
decreased CD20 levels, inhibition of ADCC is caused by
impairment of cytolytic activity of NK cells.

Specificity of small-molecule inhibitors usually turns out to be
rather limited, and sometimes even post-registration studies reveal
their interactions with multiple kinases.16,17 This promiscuity is
not necessarily a disadvantage as multi-kinase inhibitors were fre-
quently shown to outperform selective compounds in terms of
their antitumor activity. However, lack of specificity necessitates
additional studies that can reveal unexpected interactions with
approved therapeutic approaches, either positive or antagonistic,
or even aggravating toxicity. SFKs have become particularly prom-
ising therapeutic targets for small-molecule inhibitors. Several
studies revealed that SFKs are important for lymphoma growth in
vitro18 and in vivo in a mouse model.19 LYN accounts for the
majority of cellular SFKs activity in CLL cells,3 and constitutive
BCR signaling in B-cell lymphoma cells is likely due to sustained
activation of LYN. Accordingly, various SFKs inhibitors are cur-
rently being tested in clinical trials. For example, bafetinib (a dual
BCR-ABL/LYN inhibitor) and dasatinib (BCR/ABL and SFKs
inhibitor) are evaluated as single agents in relapsed and refractory
CLL, DLBCL, NHL and MM patients.

Surprisingly, although CD20 has been reported to indirectly
interact with LYN, LCK and FYN,20 the role of SFKs in CD20 reg-
ulation has not been investigated so far. To better characterize
molecular mechanisms of SFKs inhibitors we used microarray anal-
yses of gene expression in lymphoma cells and observed a strong
downregulation of CD20 mRNA levels in cells incubated with
either dasatinib or PP2. Since dasatinib is currently evaluated in the

Figure 5. Dasatinib modulates CD20 levels at a transcriptional level. (A) Western blotting analysis
of CD20 and b-actin in protein extracts from Raji cells pre-incubated for 48 h with increasing con-
centrations of dasatinib. (B) cDNA from Raji cells pre-incubated for 48 h with increasing concentra-
tions of dasatinib was used for qRT-PCR amplification of CD20 and B2M products with
corresponding probes labeled with FAM and DABCYL. (C) cDNA from Raji cells pre-incubated for
24 h with dasatinib (100 nM) and/or cycloheximide (10 nM) was used for qRT-PCR amplification of
CD20, RPL29 and ACTB products. (D) In actinomycin D chase mRNA decay assay cDNA from Raji
cells pre-incubated for 24 h with dasatinib (100 nM) and/or actinomycin (10 mg/ml) was used for
qRT-PCR amplification of CD20, RPL29 and ACTB products. Shown is one representative of at least
3 independent experiments.
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treatment of relapsed/refractory CLL
patients in combination with rituximab,
we decided to analyze the effect of SFKs
inhibitors on CD20 levels in more
detail.

In our study dasatinib was used at
concentrations detected in CML
patients taking FDA-approved doses.18

In flow cytometry an impaired binding
of all tested antibodies was observed
irrespectively of the recognized epitope,
including murine L27 antibody, chi-
meric rituximab and fully human ofa-
tumumab. Intriguingly, although
binding of rituximab and ofatumumab
was diminished to a similar extent,
CDC of ofatumumab was impaired to
a lesser degree when compared with rit-
uximab. Ofatumumab has been widely
reported to activate CDC more effi-
ciently than rituximab, and a recent
study indicates that triggering of CDC
is a major mechanism of ofatumumab-
mediated antitumor effects.21,22 Our
data support the enhanced potential of
ofatumumab to mediate CDC, when
compared with rituximab.

While CD20 levels appear to play an
important role in CDC, they seem to
be less relevant for ADCC.23 In clini-
cally relevant conditions, when both
NK and tumor cells were co-incubated
with dasatinib, we observed a
completely blocked NK cell cytotoxic-
ity, cytokines release and impaired NK
cell function in ADCC mechanism.
Indeed, inhibition of SFKs has been
already shown to impair immune
function via suppression of T-cells, neu-
trophils and spontaneous NK cytotoxic-
ity, both in vitro and in vivo.24,25 We
also confirmed previous observations
that the effect of dasatinib on NK func-
tion is largely reversible.24 Pre-incuba-
tion of NK cells for 24 h with dasatinib
followed by intense washing almost
completely restored cytotoxicity of NK
cells (unpublished observations). In the
same vein, it has been reported that pre-
treatment of NK cells with dasatinib
followed by a washout of the drug leads
to amplification of cytokine production
and NK cell degranulation.26 Moreover,
a significant expansion of large granular
lymphocytes (LGL) (both CD8C cells
and NK cells) has been observed during

Figure 6. Modulation of CD20 expression by dasatinib requires CD20 promoter. (A) HeLa cells stably
transduced to express CD20 (HeLa pLVX-CD20-IRES-PURO) were incubated for 48 h with increasing
concentrations of dasatinib. Surface CD20 levels were determined as described earlier. (B) Protein
lysates from Raji cells modified to express CD20-Histag fusion protein pre-incubated for 48 h with
increasing concentrations of dasatinib were separated in polyacrylamide gel. CD20 and CD20-Histag
proteins were detected with anti-CD20 antibody. (C) Relative luciferase activity was measured in lysates
from Raji cells transfected with either empty vector or pGL4-wild type CD20 promoter or with pGL4-
truncated CD20 promoters and further incubated with dasatinib (100 nM) for subsequent 24 h.
(D) Scheme of truncated CD20 promoters used for reporter assays. (E) Relative luciferase activity was
measured in lysates from Raji cells transfected with either pGL4-wild type or mutated (BAT-box mut)
CD20 promoters incubated with dasatinib (100 nM) for subsequent 24 h. (F) Nuclear lysates from Raji
cells either control or incubated for 24 h with dasatinib (100 nM) were mixed with biotinylated BAT-
box probe in presence or absence of specific competitor. Formed DNA-protein complexes were ana-
lyzed for the binding of the proteins to the putative Oct-2 binding site in the CD20 promoter. Shown is
one representative of at least 2 independent experiments.
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Figure 7. Effect of SFKs inhibitors on CD20 levels is rescued by activation of SFKs and BCR downstream signaling pathways. (A) Raji cells pre-incubated
with 100 nM dasatinib for 48 h were washed and subsequently incubated without dasatinib for indicated times. CD20 levels were determined as
described earlier. (B) Raji cells pre-incubated for 48 h with increasing concentrations of AKT inhibitor (MK-2206) were analyzed for surface CD20 levels as
previously described. (C) p-AKT (Ser473), pan AKT and p-SRC (Tyr416) were detected with corresponding antibodies in protein lysates from Raji cells pre-
incubated with dasatinib. (D) Relative luciferase activity was measured in protein lysates of Raji cells co-transfected with pGL4-wt CD20 promoter and
either pMIG or pMIG-myrAKT and incubated with dasatinib for 48 h. (E) Relative luciferase activity was measured in protein lysates of Raji cells co-trans-
fected with pGL4-wt CD20 promoter and either empty vector, wt PTEN or C124S PTEN and incubated with dasatinib for 48 h. (F) Raji cells stably trans-
duced with either pMIG or pMIG-myrAKT were sorted based on GFP expression. AKT, p-AKT (Thr308, Ser473), CD20, b-actin were detected with
corresponding antibodies in protein lysates from unsorted and sorted cells. (G) p-AKT, AKT, CD20 and b-actin were detected with corresponding antibod-
ies in protein lysates from sorted Raji cells (Raji pMIG or Raji pMIG-myrAKT) pre-incubated with dasatinib for 24 h. (H) Surface CD20 levels in Raji pMIG or
Raji pMIG-myrAKT cells pre-incubated with dasatinib for 48 h were determined as described earlier. Results are presented as PE MFI (§ SD) of GFP-posi-
tive cells. (I) cDNA from Raji pMIG and Raji pMIG mAkt cells pre-incubated for 24 h with dasatinib was used for qRT-PCR amplification of CD20, ACTB and
RPL29 products. (J) CDC assay was performed using Raji pMIG or Raji pMIG-myrAKT cells as previously described. Shown is one representative of at least
2 independent experiments.
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dasatinib therapy in CML patients. Clearly, to better understand
the effects of dasatinib, it seems necessary to study its influence on
NK cell functions in animal models and clinical trials. Since both
CDC and ADCC mechanisms are crucial to mediate antitumor
effects of anti-CD20 mAbs in vivo, we employed a murine model
of EL4 lymphoma cells expressing human CD20 and observed
that a 4-d dasatinib treatment significantly impaired antitumor
activity of rituximab. Considering constitutive expression of
CD20 in this model it can be surmised that dasatinib-mediated
attenuation of antitumor effects of rituximab results from impaired
activity of NK cells.

Flow cytometry clearly demonstrated that levels of various
surface antigens remained roughly unchanged upon dasatinib
treatment. Importantly, complement inhibitors CD46 and
CD55, as well as other B-cell markers (HLA-DR, CD38, CD52,
CD19) were only slightly downregulated. However, we observed
downregulation of CD21 and CD22, of which CD22 is cur-
rently used as a target for toxin-conjugated anti-CD22 mAbs
(inotuzumab ozogamicin). Taken together, our results suggest
that SFKs inhibitors could potentially reduce the activity of ther-
apeutic schemes employing anti-CD38, anti-CD52 or anti-
CD19 mAbs through impairment of ADCC mechanism. More-
over, activity of anti-CD22 immunotoxins could be reduced due
to CD22 downregulation. The significance and mechanisms of
these phenomena require further studies.

Proteomic approaches have demonstrated that dasatinib,
developed initially to target BCR/ABL, can inhibit the activity of
other tyrosine kinases including BTK, CSK, as well as Ser/Thr
kinases like p38 MAPK.27,28 Therefore, we used shRNA to spe-
cifically knock-down LYN, FYN or LCK and demonstrated that
these kinases are important regulators of CD20 levels in B-cell
tumors. Moreover, the results of experiments performed with a
large set of malignant B-cell tumors indicated that dasatinib
downregulated CD20 in a series of Burkitt’s lymphoma (BL) cell
lines, as well as in majority of tested DLBCL cell lines and pri-
mary tumor cells.

Using a series of truncated and mutated CD20 promoters we
revealed that the ¡313 to ¡198 bp region of CD20 promoter is
indispensable for dasatinib effects on CD20 mRNA levels. Sur-
prisingly, none of the transcription factors known to regulate
CD20 expression seemed to mediate dasatinib effects. Given the
role of SFKs in the regulation of PI3K signaling pathway we
focused on AKT and observed that constitutively active myrAKT
largely protected Raji cells from dasatinib-triggered CD20 down-
regulation. Our results highlight the role of AKT in SFKs-depen-
dent transcriptional regulation of CD20. Moreover, we also
hypothesize that PI3K/AKT signaling pathway is implicated in
the regulation of transcription factor(s) important in CD20 tran-
scription in tumor B-cells.

Although anti-CD20 directed therapies constitute a substantial
improvement in the treatment of B-cell tumors, further attempts
to improve rituximab efficacy depend on thorough studies of
CD20 regulation to allow for translation of preclinical findings
into the clinic. An increasing number of studies reveals that
treatment with anti-CD20 mAbs may lead to an antigen-
negative relapses.29-36 Transcriptional37,38 and epigenetics-

dependent36,39,40 downregulation of CD20 has been observed in
B-cell malignancies. Also mutations in MS4A1 gene can lead to
antigen-loss variants in patients treated with rituximab-containing
therapies.36,41,42 Other mechanisms of CD20 regulation include
internalization43 or “shaving”.44 Finally, conformational changes
or altered reorganization of CD20 within lipid rafts can be associ-
ated with impaired binding and reduced antitumor activity of
anti-CD20 mAbs.9,45 All processes that cause CD20 downregula-
tion could potentially impair antitumor activity of anti-CD20
mAbs and lead to resistance to rituximab. Here, we add another
mechanism that seems to be of clinical significance, i.e., a drug-
mediated transcriptional downregulation of CD20 levels.

The outcomes of our experiments shed new light on the regu-
lation of CD20 level in B-cell malignancies. Moreover, in accor-
dance with our previous study, we report here that inhibition of
BCR signaling pathway on nearly every step of signal initiation
and propagation considerably impairs antitumor activity of anti-
CD20 mAbs.11 Our observations are supported by recently pub-
lished data of Kohrt et al., where the combination of ibrutinib
(BTK inhibitor) and rituximab was shown to be antagonistic in
both in vitro and in vivo models.46 Notably, the combination of
idelalisib (PI3Kd inhibitor) and rituximab has been recently
shown to improve progression-free survival, response rate and
overall survival among patients with relapsed CLL in a Phase 3
study.47 However, this combination was compared only with pla-
cebo and rituximab group and antitumor activity of idelalisib as a
single agent treatment was not assessed. Moreover, in this study a
surprising finding of a reduction in rates of infusion-related toxic-
ity from rituximab in the idelalisib plus rituximab group was
reported. It has been already shown that infusion-related side-
effects during rituximab treatment result from complement acti-
vation followed by macrophages and mast cells activation and
cytokine release. Thus, lower frequency of infusion-related cyto-
toxicity may result from CD20 downregulation and impaired
activation of R-CDC by idelalisib as we described earlier.11

In conclusion, our data presented here, together with results
from other groups,46,47 suggest that it is utterly important to elu-
cidate the molecular mechanisms of CD20 regulation and com-
bine new agents with already used anti-CD20 mAbs in a planned
manner tailored for individual patients. These interactions are
particularly important considering an increasing number of
small-molecule inhibitors of signaling pathways undergoing pre-
clinical or clinical development. Many of those new therapeutic
agents will be used in various combinations, pursued to optimize
the therapeutic efficacy and to limit concomitant toxicities. How-
ever, optimal combinations of novel treatment modalities with
already existing ones should take into account potential and yet
to be identified “off-target” activity that could unexpectedly
result in high toxicity or impaired outcomes of treatment.48

Materials and Methods

Cell culture
All cells were cultured at 37�C in a humidified atmosphere of

5% CO2 in appropriate media (Table S3). Primary cells from
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patients with B-cell tumors (CLL, n D 25; mantle cell lymphoma
(MCL), n D 4; follicular lymphoma (FL), n D 1) or healthy
donors PBMC were isolated from blood or bone marrow using
Histopaque-1077 (Sigma Aldrich). Approval for the study was
obtained from the Institutional Review Board of the Medical
University of Warsaw and was conducted according to the Decla-
ration of Helsinki. Each patient signed an informed consent for
the procedures.

Reagents
Rituximab was purchased from Roche. Alemtuzumab (Gen-

zyme) and ofatumumab (GlaxoSmithKline) were purchased
from the hospital pharmacy of the Medical University of
Warsaw, Poland. Dasatinib (LC Laboratories), bafetinib (Adooq
Bioscience), PP2 (Calbiochem), U0126, MK-2206 and everoli-
mus (SelleckChem), Ro 32–0432 and BAY 11–7085 (TOCRIS
Bioscience), Salirasib (Caymanchem) were all dissolved in
DMSO. Propidium iodide (PI), puromycin, mitomycin C and
cycloheximide (Sigma Aldrich) were dissolved in water. Carboxy-
fluorescein succinimidyl ester (CFSE) (Invitrogen) and actino-
mycin D (Sigma Aldrich) were dissolved in DMSO.

Gene expression microarray
RNA was isolated using a Universal RNA Purification Kit

(EurX) according to the manufacturer’s protocol. The samples
were treated with DNaseI to eliminate a possibility of DNA con-
tamination and subsequently purified using RNeasy MiniElute
Cleanup Kit (Qiagen). Labeling, hybridization, acquisition and
analysis were performed as described in Supplementary Informa-
tion. The unpaired t test with Benjamin-Hochberg FDR <5%
(false discovery rate) correction was applied (with P value cut-off
<0.01). Only genes with at least a 3-fold change in the expres-
sion level in all the examined samples were further analyzed. The
data has been deposited in NCBI’s Gene Expression Omnibus
and is accessible via GEO Series accession number GSE50929.

Cytotoxicity assay
Propidium iodide (PI) staining in the CDC assay was per-

formed as described earlier.11 Cell viability was analyzed using a
flow cytometer (FACScan, BD Biosciences, La Jolla, CA, USA).
ADCC, NK cells degranulation and cytokine production was
evaluated in a co-incubation model as described earlier11 and in
Supplementary Information.

Staining of surface antigens
Cells were incubated with saturating amounts of fluoro-

chrome-conjugated Abs (Table S4) for 30 min. Binding of
unconjugated mAbs (rituximab, ofatumumab and alemtuzumab
- final concentration of 100 mg/ml and anti-IgM - final concen-
tration of 10 mg/ml) for 30 min was followed by 30 min incuba-
tion with Alexa Fluor� 488-conjugated AffiniPure F(ab’)2 Goat
anti-Human IgG (HCL) (Jackson ImmunoResearch). Prior to
analysis cells were washed and resuspended in PBS. Cells were
analyzed on a FACScan, BD. The MFI of PI-negative cells served
as a measure for mAb binding on a per-cell basis.

Quantitative Real-time PCR
Cells were washed with PBS, pelleted, and resuspended in 1 ml

of TRIzol Reagent (Invitrogen) to extract total RNA according to
the manufacturer protocol. cDNA synthesis and real-time PCR
were done using either LightCycler� Fast Start DNA Master
PLUS SYBRGreen I (Roche) and specific intron-spanning pri-
mers or LightCycler� Probes Master (Roche) supplemented with
mix of primers (Tables S5–7) and probes labeled with FAM and
DABCYL as described earlier.49 The results were analyzed after 40
cycles of amplification and normalized to the level of the house-
keeping genes (B2M, RPL29 and ACTB for qRT-PCR using
SYBRGreen and B2M for qRT-PCR using hydrolysis probes).

Western blotting
Cells were washed with PBS, pelleted, lysed and separated on

10% SDS-polyacrylamide gel as described elsewhere.11 Anti-
CD20 (polyclonal, Abcam), anti-pSRC family Tyr416, anti-
pAKT Ser473 (D9E) or Thr308 (C31E5E), anti-pan AKT
(11E7) antibodies all from Cell Signaling at 1:1000 or 1:2000
dilutions were used for the overnight incubation at 4�C either in
the presence of 5% BSA or 5% nonfat dry milk. After washing
with TBST, membranes were incubated with anti-rabbit HRP-
coupled secondary antibody (Jackson ImmunoResearch). The
chemiluminescence reaction for HRP was developed using lumi-
nol-based chemiluminescence reagent and visualized with Stella
8300 bioimager (Raytest, Straubenhardt, Germany). The blots
were re-probed with anti-b-actin-peroxidase purified immuno-
globulin (clone AC-15, Sigma Aldrich) at 1:50000 dilution for
45 min.

Plasmids
Wild type CD20 promoter (-431/C52 bp) was synthesized by

Epoch Life Science (Missouri City, TX, USA). The truncated
promoters were generated by PCR amplification from the wild
type promoter (Table S8). Wild type and truncated promoters
were cloned into pGL4 promoter-less Firefly luciferase reporter
plasmid (Promega). Mutated CD20 promoter and CD20-Histag
constructs were generated as described in Supplementary Infor-
mation. The EL4 lymphoma cell line was transduced with the
pMX-hCD20 vector as described earlier.23 A retroviral vector
containing the human CD20 cDNA under the control of the
Moloney murine leukemia virus (Mo-MuLV) LTR was used to
modify EL4 lymphoma cells.50 For introduction of constitutively
active AKT1 isoform into Raji cells pMIG-GFP and pMIG-myr-
AKT1-IRES-GFP (kindly provided by Dr. Kira Gritsman from
DFCI,51 thereafter named pMIG and pMIG-myrAKT, respec-
tively) were used. The pMIG-myrAKT plasmid encodes a consti-
tutively active AKT1 that is fused in-frame with SRC
myristoylation domain and localized to cell membrane. The
pGW1-myc-PTEN constructs encoding human PTEN (wild
type or C124S mutant lacking the phosphatase activity) were
kindly provided by Prof. Jacek Jaworski.52 The mutant PTEN
(C124S) was generated by site-directed mutagenesis. The sequen-
ces of all constructs were confirmed by DNA sequencing.
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Lentiviral/retroviral transduction of target cells
Lentiviruses and retroviruses were produced as described in

Supplementary Information. To select gene of interest-contain-
ing cells either puromycin selection or sorting for GFP-positive
cells on FACSAria III cell sorter (BD Biosciences, La Jolla, USA)
was performed 5 d post transduction. HeLa cells modified with
pLVX-CD20-IRES-PURO construct (HeLa pLVX-CD20) were
cultured in DMEM medium supplemented with 8 mg/ml puro-
mycin. Raji cells modified with pLVX-CD20-Histag-IRES-
PURO (Raji CD20-Histag) were cultured in RPMI medium
supplemented with 2 mg/ml puromycin.

Luciferase assay
Raji cells were nucleofected with the plasmid mix consisting of

CD20 promoter Firefly luciferase reporter and Renilla luciferase
reporter (pRL-TK) using the Cell Line Nucleofector Kit V
(Lonza) and Amaxa Nucleofector Technology (Lonza, Basel, Swit-
zerland). To introduce constitutively active AKT1 isoform the
nucleofection mix was supplemented with pMIG-myrAKT or
control pMIG-GFP vectors. For PTEN overexpression pGW1-
myc-PTEN (wild type or C124S mutant) vectors were used. 12 h
after transfection cells were treated with either dasatinib (100 nM)
or DMSO and lysed with Passive Lysis Buffer (Promega) 24–48 h
later. The relative luciferase activity was measured using a Dual-
Luciferase Reporter Assay System (Promega) and a multilabel
reader (VictorTM X4, PerkinElmer, Waltham, MA, USA).

EMSA
Nuclear proteins were extracted from Raji cells using NE-PER

nuclear and cytoplasmic extraction kit (Pierce Chemical) with a
Complete� protease inhibitor cocktail (Roche Diagnostics). An
oligonucleotide probe containing the BAT-box consensus region
in CD20 promoter (sequence 50- GAA GTT CTT CTA ATT
AAG GTA GC-30) was 50-labeled with biotin by Metabion Inter-
national AG (Planegg-Martinsried, Germany). The biotin-
labeled and unlabeled nucleotides were cooled down in the water
bath from 95 to 25�C for 3 h to form double-stranded probes.
10 fmol of biotin-labeled probe was incubated with 6 mg of the
nuclear extract for 20 min at room temperature. To confirm the
specificity of binding, the extract-probe mixtures were further
admixed with a 200-fold excess of the unlabeled, consensus
probe. All the binding reactions were enriched with poly dI¢dC
nucleotides to eliminate any unspecific interactions between
probe and protein lysate. After 25 min of incubation mixtures
were resolved in 6% polyacrylamide/TBE gel and immediately
transferred onto positively charged nylon membrane (Pierce
Chemical) for 30 min at 380 mA. DNA on the membrane was
then cross-linked using 312 nm UV lamp for 15 min. Detection
of transcription factor-oligonucleotide complexes was performed
using a LightShift chemiluminescent EMSA kit (Pierce Chemi-
cal), according to the manufacturer’s protocol. The position of
the DNA-protein complexes on the membrane was visualized
using streptavidin-HRP conjugate and enhanced luminol sub-
strate with Stella 8300 bioimager.

Mice, CD20 lymphoma model and therapy
For in vivo experiments 7–8-wk-old C57BL/6 female mice

were used. Mice were obtained from the Animal Facility of the
Mossakowski Medical Research Centre, Polish Academy of Sci-
ences (Warsaw, Poland). On day 0 of the experiment, mice were
injected into the tail vein with 5 £ 105 of mouse EL4 lymphoma
cells, stably expressing human CD20 and Firefly luciferase. Mice
were randomized to groups of 6–8 animals that were treated with
dasatinib and rituximab, or to control groups with single-agent
treatment or no treatment (PBS). Mice were intraperitoneally (i.
p.)-administered dasatinib (50 mg/kg) daily from day 3 until day
6 for a total of 4 doses; rituximab was administered i.p. (10 mg/
kg), on days 3 and 6. Bioluminescence of EL4 cells was measured
4 times a week (starting from the day of injection). For in vivo
imaging of EL4 growth, mice were injected (i.p.) with d-luciferin
(150mg/kg), and after 5 min were anaesthetized with isoflurane
and visualized using IVIS� Imaging System (Xenogen, Alameda,
CA, USA). Images were analyzed with the Living Image 4.2 soft-
ware package (Caliper Life Science, Hopkinton, MA, USA). To
quantify the bioluminescence (BLI) of mice, the regions of inter-
est (ROIs) were drawn on the whole body and the results were
used to generate the growth curve of EL4 lymphoma. Lumines-
cence data were presented as average radiance (photons/sec/cm2/
steradian). All in vivo experiments were performed in accordance
with the guidelines and approved by the local Ethics Committee.
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