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a b s t r a c t

CLL remains an incurable disease, making it crucial to continue searching for new therapies efficient in all
CLL cases. We have studied the effect of combining arsenic trioxide (ATO) with fludarabine, a frontline
drug in CLL. We have found a synergistic interaction between 1 mM ATO and 5 mM fludarabine that
significantly enhanced the cytotoxic effect of the individual drugs. Importantly, ATO sensitized
fludarabine-resistant cells to the action of this drug. The mechanism behind this effect included the
downregulation of phospho-Akt, phospho-ERK, and the Mcl-1/Bim and Bcl-2/Bax ratios. The combina-
tion of ATO and fludarabine partially overcame the survival effect induced by co-culturing CLL cells with
stromal cells. Therefore, low concentrations of ATO combined with fludarabine may be an efficient
therapeutic strategy in CLL patients.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Chronic lymphocytic leukemia (CLL) is characterized by the
accumulation of CD5þ B-lymphocytes in peripheral blood and
lymphoid tissues [1,2]. Albeit being a common type of leukemia,
CLL remains uncurable. Current therapies include the use of the
purine analogue fludarabine, alone or combined with anti-CD20
monoclonal antibodies or kinase inhibitors [3e5]. Although these
treatments control the disease in many cases, patients carrying bad
prognostic markers (del17p13, unmutated IgHV) do not respond
well to therapy, making it crucial to continue searching for new
compounds, efficient in CLL patients who have indication for
treatment.
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this work.
Arsenic trioxide (ATO) is a successful treatment for acute pro-
myelocytic leukemia and it is being trialed for its possible use in
other hematologic and non-hematologic malignancies, generally in
combined therapies [6e8]. We and others have shown that ATO, at
2e4 mM concentration or higher, effectively induces in vitro
apoptosis of CLL cells, including those cases with unfavorable
prognosis [9e11]. It is not known whether the combination of low
doses of ATO with the frontline therapeutic agent fludarabine,
could be an efficient treatment for CLL, particularly in those cases
with known resistance to fludarabine. In the present report we
show that 1 mM ATO synergistically interacts with fludarabine and
enhances the cytotoxic effect of fludarabine on all CLL cases studied.
We further show that this is due to the down-regulation of
important survival pathways and that the combination of ATO and
fludarabine partially overcomes the CLL cell survival effect induced
by stroma.
2. Materials and methods

2.1. Patients, cells and cell cultures

Approval was obtained from the Hospital Puerta de Hierro and
the CSIC Bioethics Review Boards for these studies. All patients
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signed an informed consent before blood was drawn. B-lympho-
cytes were purified from the 35 CLL samples listed in Table 1 by
centrifugation, using Ficoll gradient (Rafer, S.L. Zaragoza, Spain).
The resulting B cell population was >90% CD19þ, determined on a
BD FACScalibur flow cytometer (San Jose, CA, USA). The human
stromal cell lines HS-5 (fibroblastoid) and HS-27A (epithelioid) [12]
were purchased from ATCC (Manassas, VA, USA) and cultured in
RPMI/10% FBS. For CLL-stromal cell co-culture, stromal cells were
seeded onto gelatin-coated wells for 4e6 h and stimulated with
15e20 ng/ml TNFa overnight at 37 �C, 5% CO2. CLL cells were added
to the confluent stromal cell monolayers or cultured in suspension
for comparison. After 2 h at 37 �C,1 mMATO, 5 mM fludarabine, both
drugs together, or vehicle was added and cells further incubated for
48 h. CLL cells were gently collected with culture medium for
further analyses.

2.2. Antibodies and reagents

Rabbit polyclonal antibodies (RpAbs) to Mcl-1 (sc-819), Bax (sc-
526) and mouse monoclonal Ab (mAb) to Bcl-2 (sc-509) were from
Santa Cruz Biotechnology (Santa Cruz, CA). RpAb to Bim (559685)
was from BD Pharmingen (Franklin Lakes, NJ). Anti-vinculin mAb
(V9131) was from SigmaeAldrich (St. Louis, MO). Anti-phospho-Akt
(Thr308) and phospho-ERK1/2 (Thr202/Tyr204) RpAbs were from
Cell Signaling Technology Inc. (Beverly, MA). HRP-labelled Abs to
rabbit or mouse immunoglobulins were from Dako (Glostrup,
Denmark). Arsenic trioxide (ATO) and fludarabine were from
SigmaeAldrich.
Table 1
Clinical characteristics of CLL patients.

Patient Sex/Age Stagea IGHV status CD38/ZAP70b TP53

P1 Male/57 A/0 M �/ND ND/d
P2 Female/54 A/0 M �/ND WT/d
P3 Male/67 B/II UM �/þ WT/d
P4 Male/67 A/0 UM �/þ WT/d
P5 Male/54 A/I M �/þ ND/d
P6 Male/43 B/II UM �/þ WT/d
P7 Female/53 A/0 UM �/þ WT/d
P8 Female/52 A/0 M ND/ND ND/d
P9 Male/58 A/I UM �/þ ND/d
P10 Male/74 A/0 M þ/þ ND/d
P11 Female/42 B/I M �/þ WT/d
P12 Female/59 A/0 M �/þ WT/d
P13 Male/73 A/0 UM �/þ M/de
P14 Male/57 B/II UM �/þ WT/d
P15 Male/64 B/II UM �/ND M/de
P16 Female/55 B/II M �/þ M/de
P17 Male/47 A/0 ND �/� WT/d
P18 Male/75 A/I ND �/� ND/d
P19 Female/72 A/0 M �/þ WT/d
P20 Female/69 B/II ND �/þ ND/d
P21 Male/65 A/II ND �/ND ND/d
P22 Female/72 A/0 M �/þ WT/d
P23 Male/44 B/I UM þ/þ M*/d
P24 Female/68 A/0 UM �/þ WT/d
P25 Female/67 A/II UM þ/ND WT/d
P26 Female/65 A/I M �/� M/de
P27 Male/50 A/0 M �/þ ND/d
P28 Male/68 A/0 M �/� WT/d
P29 Female/53 A/0 UM �/ND M*/d
P30 Male/46 A/0 UM þ/þ WT/d
P31 Male/49 A/I UM þ/þ WT/d
P32 Male/46 A/II M þ/þ WT/d
P33 Male/64 B/I UM �/ND WT/d
P34 Male/69 B/II UM �/þ ND/d
P35 Male/65 A/0 UM þ/� WT/d

IGHV, inmunoglobulin heavy variable gene; WT, wild type; M, Mutated; M*, acquired m
FC, Fludarabine þ Cyclophosphamide; FCR, Fludarabine þ Cyclophosphamide þ Rituxim

a Clinical stage according to references [1,2].
b The coexpression of CD38 and ZAP-70 has clinical prognostic value [1,2].
2.3. Analysis of cell viability

2� 105 CLL cells, cultured for 48 h in suspension or with stroma,
and with or without drugs, were suspended in 300 ml binding
buffer (Immunostep, Salamanca, Spain) containing 1 ml FITC-
Annexin V and 1.5 mg/ml propidum iodide (PI). Cell viability was
determined using a five-color flow cytometer (FC 500; Beckman
Coulter Inc., Fullerton, CA, USA). Data were analyzed using the
CompuSyn software (BioSoft, Cambridge, UK), which allows the
calculation of the combination index based on the algorithm of
Chou and Talalay [13]. Combination index values <1 indicate syn-
ergism, values ¼ 1 indicate additivity, and >1, antagonism.

2.4. Western blotting

These assays were performed exactly as previously described
[11]. Protein bands were developed using the enhanced chem-
iluminiscent detection method (GE Healthcare Europe GmbH,
Barcelona, Spain) and quantitated using the MultiGauge V3.0 pro-
gram (Fujifilm Global Lifescience, Düsseldorf, Germany). Protein
load was corrected using vinculin as internal standard.

2.5. Mutational analysis

ATM (exons 2e63) and BIRC3 genes (exons 6e9) were analyzed
by High-resolution melting (HRM) analysis using the LightCycler
480 plataform (Roche Diagnostics, Mannheim, Germany) and
Sanger sequencing using the BigDye Terminator Chemistry and an
ATM BIRC3 SF3B1 NOTCH1 11q Therapy

el- UM UM UM UM del- No
el- UM UM UM UM del- No
el- UM M UM UM del- No
el- UM UM UM UM del- No
el- UM UM UM UM del- No
el- UM UM UM UM del- No
el- UM UM UM UM del- No
el- UM UM UM UM del- No
el- UM UM UM UM delþ No
el- UM UM UM UM del- No
el- UM UM UM UM del- No
el- M UM UM UM del- No
l- M UM UM UM del- No
el- UM UM UM UM del- No
l- ND ND UM UM del- No
l- ND ND UM UM del- No
el- ND ND UM UM del- No
el- ND ND UM UM del- No
el- UM UM UM UM del- No
el- ND ND UM UM delþ No
el- ND ND ND ND del- No
el- UM UM UM UM del- CH
el- UM UM UM UM del- F
el- UM UM UM UM del- CH
el- UM UM UM UM del- FC
l- UM UM M UM del- Benda
el- UM UM UM UM del- FCR þ Rm
el- UM UM M ND del- FC
el- UM UM M UM del- FC
el- UM UM UM M del- FC
el- M UM UM M delþ CH
el- M UM UM M del- FC-Alem
el- M M UM UM delþ FC
el- UM UM UM UM delþ FCR
el- ND ND UM UM del- F

utation; UM, unmutated; CH, Chlorambucil; F, Fludarabine; Benda, Bendamustine;
ab; Rm, Rituximab maintenance; Alem, Alemtuzumab; ND, Not determined.
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ABIPrism 3130 automated DNA sequencer (Applied Biosystems,
Foster City, CA). NOTCH1 (p.P2515fs*4) and SF3B1 genes (p.K700E)
were studied by qbiomarker somatic mutation PCR assay (SABio-
sciences, Qiagen, Hilden, Germany) using 7500 RT-PCR (Applied
Biosystems) [14].

2.6. Statistical analyses

Statistical significance of the data was determined using the
two-tailed Student's t-test. A p value of �0.05 was considered
significant. Analyses were performed using the GraphPad InStat
v3.06 software (GraphPad Software, San Diego, CA, USA).

3. Results

3.1. 1. ATO enhances the cytotoxic effect of fludarabine in CLL cells

To determine whether ATO enhanced the cytotoxic activity of
drugs currently used for the treatment of CLL, CLL cells from pre-
viously untreated (UT, n ¼ 14) or treated (T, n ¼ 13) patients
(Table 1) were incubated with 1 mM ATO alone or combined with
increasing doses of fludarabine. After 48 h, cell viability was
measured by flow cytometry using Annexin V and PI. The average
constitutive viability of these samples was 86% (UT patients) and
84% (T patients) and was normalized to 100. Fig. 1A shows for both
cases that ATO alone had a limited effect, reducing viability by 25%
and 21%, respectively. Fludarabine alone decreased viability in a
dose-dependent manner leading to 50% (UT patients) and 51% (T
patients) at 5 mM concentration. The combination of ATO and flu-
darabine significantly increased their individual effect at all con-
centrations of fludarabine tested, resulting in 26% (UT patients) and
42% (T patients) at the highest dose of fludarabine tested.

We next analyzed whether the interaction of ATO and fludar-
abine was synergistic or additive by calculating the combination
index using the CompuSyn software. In samples from UT patients,
the interaction of both drugs was additive for 1 mM fludarabine and
synergistic for the higher concentrations of 3 and 5 mM (Fig. 1B).
However, in samples from T patients, the combination of ATO with
1 or 3 mM fludarabine was synergistic while the combination with
5 mM fludarabine was additive (Fig. 1B), reflecting the differential
response of the two groups of patients.

To then determine whether ATO was able to sensitize
fludarabine-resistant cells to the action of this drug, we selected
samples from both UT (P3, P5, P9, P10, P11) and T patients (P23, P26,
P27, P29, P31) that responded poorly to fludarabine. Fig. 1C shows
that fludarabine alone was highly inefficient as at the highest con-
centration cell viability remained at 81% and85%, respectively, forUT
and T samples. Likewise, 1 mM ATO alone rendered cell viability
values of 77% and 86%, respectively, for UT and T samples. Combi-
nation of several doses of fludarabine with 1 mM ATO significantly
decreased cell viabilityat all points tested, reaching36% (UTsamples)
and 69% (T samples) at 5 mM fludarabine (Fig. 1C). For T samples, the
most efficient combination was 1 mM ATO/1 mM fludarabine. The
interaction of ATO and fludarabine in these groups of patients fol-
lowed the same synergistic or additive pattern described above,
except that for UT samples, the combination of 1 mM ATO/1 mM flu-
darabine was also synergistic (Fig. 1D). Altogether these results
indicated that low concentrations of ATO potentiated the effect of
fludarabine, both inUTandTsamples, leading to increased cell death.

3.2. The combination of ATO and fludarabine down-regulates
survival pathways in CLL cells

To gain some insights on the mechanisms accounting for the
synergistic cytotoxic effect of ATO and fludarabine, we analyzed the
possible regulation of well-known molecules involved in CLL sur-
vival. CLL cells from several UT patients were treated with either
1 mMATO, 5 mM fludarabine or both drugs together. After 48 h, cells
were lysed and analyzed by Western blotting. Fig. 2 shows the re-
sults of two representative samples and the quantitation of all
samples studied. As observed, the phosho-Akt kinase was not
down-regulated by ATO or fludarabine alone, but it was reduced
1.9-fold by combining both drugs (Fig. 2A, B). Likewise, ATO or
fludarabine alone decreased phospho-ERK levels 1.5-fold, but the
combination of both drugs led to a significant 4.2-fold reduction
(Fig. 2A, B).

We also analyzed the regulation of Bcl-2 family proteins, which
are major players in survival/apoptosis [15]. The anti-apoptotic
proteins Mcl-1 and Bcl-2 were clearly down-regulated when ATO
and fludarabine were used together, although the effect was not
statistically significant in the case of Mcl-1, compared to the effect
of fludarabine alone (Fig. 2C). The pro-apoptotic members Bim and
Bax were not modulated by ATO or fludarabine alone or combined
(Fig. 2C). Because regulation of cell apoptosis/survival by Bcl-2
family proteins is determined by the balance of anti-apoptotic
and pro-apoptotic members [15], we also measured the ratios of
well-known partners of this family. Fig. 2D shows that the Mcl-1/
Bim and Bcl-2/Bax ratios were significantly down-regulated by
the combination of ATO and fludarabine, compared to the effect of
the individual drugs. These results therefore indicated that ATO
enhanced the effect of fludarabine by further inactivating kinases
and Bcl-2 proteins involved in CLL cell survival.

3.3. The combination of ATO and fludarabine partially overcomes
the CLL drug-resistance effect induced by stromal cells

Given the relevant role of the microenvironment in inducing
survival pathways and drug resistance in CLL cells [16,17], we
studiedwhether the synergistic combination of 1 mMATO and 5 mM
fludarabine overcame this resistance. CLL cells were cultured alone
or in the presence of HS-5 or HS-27A stromal cells and treated with
ATO, fludarabine or both drugs together. After 48 h CLL cell viability
was determined by flow cytometry. The viability of control, un-
treated, cells in all cases was normalized to 100. In the absence of
stroma, the combination of both drugs significantly enhanced the
cytotoxic effect of ATO or fludarabine alone, reducing the average
viability to 28% (Fig. 3A). Co-culturing with stromal cells clearly
protected CLL cells to the individual action of ATO or fludarabine,
rendering viability values of 80e90% for both types of stromal cells
(Fig. 3B and C). Combining both drugs significantly reduced these
percentages to 70% (HS-5 cells) and 74% (HS-27A cells), indicating
that the synergistic interaction of ATO and fludarabine partially
overcame the survival effect induced by stroma.

4. Discussion

CLL remains an incurable disease and current therapies and
clinical trials mostly rely on the use of combined therapies [1e4].
ATO may be a good compound to use in these therapies, due to its
demonstrated effectiveness in all CLL cases, regardless of their
prognostic markers [9e11]. Indeed, a previous study showed that
ATO, at 2e4 mM, preferentially induced apoptosis in CLL samples
from patients with unfavorable prognosis, including those that
were resistant to fludarabine [9]. Using a different strategy, con-
sisting in combining ATO and fludarabine, we now show for the
first time that 1 mM ATO was synergistic with certain concentra-
tions of fludarabine and sufficient to sensitize fludarabine-resistant
CLL cells to this drug. Interestingly, samples from previously un-
treated or treated patients responded well to this drug combina-
tion, although the effect on treated patients was moderate. Another



Fig. 1. Increased cytotoxicity against CLL cells by the combination of ATO and fludarabine. (A) 2 � 105 CLL cells from untreated (UT) or treated (T) patients were incubated with
medium (control, Ctl), vehicle (Veh) or 1 mM ATO plus the indicated concentrations of fludarabine (Fluda). After 48 h, cell viability was determined by flow cytometry. Cell viability
in the presence of 1 mM ATO alone (UT: 75%; T: 79%) is indicated by the dotted line. (B) Combination index values were calculated using the CompuSyn software. Graphs for UT and T
samples represent the means of the indicated number of CLL samples, each with duplicate determinations. (C) CLL cells from UT and T patients that responded poorly to fludarabine
were selected and treated with 1 mM ATO and the indicated concentrations of fludarabine. After 48 h cell viability was measured as explained. (D) Combination index analyses of the
samples studied in (C) were calculated as above. *, p � 0.05; **, p � 0.01.
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difference between the two groups of patients was the dose of ATO
at which synergism with fludarabine was observed. These differ-
ences probably reflect the more advanced disease (genetic modi-
fications, clonal evolution, etc.) in the case of treated patients. In
agreement with this, we mostly observed NOTCH1 and SF3B1
mutations, relevant for CLL pathology [18], within the group of
treated samples (see Table 1).

Our results are in agreement with previous in vitro studies in
which ATO was tested in combined therapies in several
malignancies. These include the combination with interferon-a for
aggressive T-cell leukemia/lymphoma [19], or with phytosphingo-
sine for myeloid leukemia cells [20]. ATO has also been tested in
combination with kinase inhibitors, oxidative stress modulators
and chemotherapeutic drugs, generally with good results [21,22].
Perhaps the best established is the combination of ATO and all-
trans retinoic acid, already in clinical trials and shown to be
extremely effective for the treatment of acute promyelocytic leu-
kemia [23,24]. In line with these studies, we now report that the



Fig. 2. Survival pathways affected by the combination ATO-fludarabine in CLL cells. (A) 10 � 106 CLL cells from two representative samples were treated with or without 1 mM ATO,
5 mM fludarabine or both drugs together for 48 h. Cells were lysed and lysates analyzed by Western blotting, using vinculin as internal standard. (B) Relative expression levels of
phospho-Akt and phospho-ERK, quantitated by chemiluminiscence after normalizing control values to 1. (C) Quantitation of the protein bands corresponding to the Bcl-2 family
proteins shown in (A). (D) Quantitation of the indicated ratios. *, p � 0.05; **, p � 0.01.
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novel combination of very low concentrations of ATO and fludar-
abine may constitute a promising and effective alternative for the
treatment of either naïve or relapsed/refractory patients with CLL.

Analysis of the possible mechanisms accounting for the
enhanced cytotoxic effect of ATO þ fludarabine revealed the
involvement of the Akt and ERK pathways. Indeed, phosphorylation
of both kinases was significantly down-regulated when both drugs
were used together. Akt has been linked to the action of ATO since
several reports have shown that inhibitors of this kinase increase
the cytotoxic effect of ATO in myeloid and other cell types [25e27].
In the case of CLL, we have shown that 3 mM ATO downregulated
phospho-Akt, facilitating apoptosis [10]. Although the regulation of
ERK by ATO appears to be more complex [28], it is clear from our
present results that 1 mM ATO combined with fludarabine
Fig. 3. The combination of ATO and fludarabine partially overcomes the survival effect of
without 1 mM ATO, 5 mM fludarabine or both drugs together. After 48 h, CLL cells were recov
cells in each case was normalized to 100. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
significantly dephosphorylates ERK. Therefore, the observed
enhancement of CLL cell apoptosis when both drugs are present is
likely due to the down-modulation of the Akt and ERK survival
pathways.

Additional mechanistic insights were obtained by studying the
possible regulation of some Bcl-2 family members known to be
important for CLL cell survival [29]. Our results show that the
expression of the anti-apoptotic proteins Mcl-1 and Bcl-2 clearly
decreased upon treatment with ATO and fludarabine. Interesting,
Mcl-1 (and possibly Bcl-2) is a downstream target of Akt [30].
Additionally, the ratio with their corresponding pro-apoptotic
partners Bim and Bax, was also downregulated by the combina-
tion of ATO and fludarabine. These results strongly suggest that the
enhanced cytotoxicity observed upon combining ATO and
stroma. 2 � 105 CLL cells were incubated in suspension or with stromal cells, with or
ered and their viability mesured by flow cytometry. Cell viability of control, untreated,
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fludarabine involves down-regulation of crucial survival pathways.
Importantly, modulation of these pathways was not achieved by
the individual drugs, further demonstrating the synergistic action
of ATO and fludarabine.

A crucial component to take into account when studying the
action of drugs in CLL and other cells is the effect of the microen-
vironment, which activate survival signals on the malignant cells
that favor drug resistance [16,17]. Using co-cultures of CLL and
stromal cells we show in this report that the combination of ATO
and fludarabine partially overcomes the survival effect of the
stroma. Although these conditions would have to be further studied
so that the stroma effect can be completely suppressed, our results
are very encouraging, considering the low concentration of ATO
employed in our study. In summary, our current findings indicate
that ATO in combination with fludarabine may be an efficient and
novel therapeutic strategy for all cases of CLL, including those with
unfavorable prognosis.
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