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Abstract:

Background: The heterogeneity of chronic lymphocytic leukemia (CLL) is thought to be due to differences in the expression of fac-
tors that regulate apoptosis and cell cycle, giving rise to diverse apoptotic disturbances and tumor properties. Therefore, the primary
goal in CLL treatment is to overcome resistance to apoptosis and efficiently trigger this process in leukemic cells.
Methods: Mononuclear cells were obtained from the blood of CLL patients by Histopaque-1077 sedimentation. CLL cell samples
from the blood of drug treated patients, (cladribine or fludarabine with cyclophosphamide; CC or FC), as well as the cell samples of
untreated patients exposed to the used drug combinations (CM, FM) or mafosfamide alone for 48 h were fractionated into nuclear
and cytoplasmic fractions or were lysed. DNA fragmentation was evaluated by agarose electrophoresis and also cytometrically as
sub-G1 population. The expression of apoptosis related proteins and H1.2 histone translocation were evaluated in lysates and nuclear
and cytoplasmic fractions, respectively with appropriate antibodies.
Results: Cladribine (C) and fludarabine (F) combined with cyclophosphamide/mafosfamide in vivo, as well as ex vivo trigger apop-
tosis in CLL cells. These drug combinations (CC; FC/CM; FM) induce leukemic cell apoptosis confirmed by DNA fragmentation,
sub-G1 cell number, down-regulation of anti-apoptotic proteins (Mcl-1, Bcl-2), and H1.2 histone translocation in comparison with
appropriate control cells, however, to a different degree.
Conclusions: The kinetics and rate of drug-induced apoptosis in leukemic cells under ex vivo experiments differ between patients,
mirroring the differences noticed during in vivo treatment. Individual model cell samples indicate comparable susceptibility to the
used drug combinations under in vivo and ex vivo conditions.
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Abbreviations: C/2-CdA – cladribine/2-chloro-2’-deoxy-
adenosine, CC – cladribine + cyclophosphamide, CLL – chronic
lymphocytic leukemia, CM – cladribine + mafosfamide, CR –

complete remission, F – fludarabine monophosphate (the solu-
ble form of fludarabine: 9-b-D-arabinosyl-2’fluoroadenosine;
F-ara-A), FC – fludarabine + cyclophosphamide, FISH – fluo-
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rescence in situ hybridization, FM – fludarabine + mafosfa-
mide, ORR – overall response rate, PR – partial remission,
SDS-PAGE – sodium dodecyl sulfate – polyacrylamide gel
electrophoresis

Introduction

Chronic lymphocytic leukemia (CLL) is the most fre-
quent B-cell malignancy of adults in the western
hemisphere which manifests a remarkably diverse
clinical course [22]. In majority of patients, the ther-
apy should aim at obtaining complete remission as
well as prolonging disease-free survival and overall
survival. New therapeutic approaches, mainly immu-
nochemotherapy, enable the improvement of the
above parameters. However, this leukemia is still an
incurable disease [27]. In the course of CLL an accu-
mulation of immunologically incompetent B lympho-
cytes in the blood, bone marrow, and lymphoid organs
takes place. This accumulation of leukemia cells may
be caused by some disturbances in their apoptotic ma-
chinery [35, 36], deregulation of cross-talk between
cells and microenvironment [47] as well as by an im-
pairment in the cell proliferation [29, 46]. Defects in
the cell death pathways contribute not only to disease
pathogenesis, but also to the development of resis-
tance to cytotoxic drugs [16, 33]. Apoptosis in CLL
cells is mainly driven through mitochondrial pathway
[28]. Fas receptor expression, and apoptosis induction
via an extrinsic pathway practically does not occur
[50]. Apoptosis induction provokes some changes in
the cells including the chromatin condensation, frag-
mentation of DNA, down- or upregulation of apopto-
sis modulators, activation of proteases, and prote-
olytic degradation of a large number of proteins [1, 3,
10, 19, 28, 42]. Cleavage of factors supporting the in-
tegrity of cells leads to their fragmentation into apop-
totic bodies, which are subsequently engulfed by
phagocytic cells. Purine analogs – cladribine (C;
CdA) or fludarabine (F; the soluble monophosphate
of F-ara-A) in conjunction with alkylating agent – cy-
clophosphamide are still important in the current
management of CLL [32, 38, 40]. Both these purine
analogs and the alkylator have been reported as potent
agents when used in apoptosis induction and cell cy-
cle inhibition [2, 28, 43, 52].

Little is known about the comparison of biological
and clinical activity in vivo and ex vivo of cladribine

or fludarabine in combination with cyclophosphamide
/mafosfamide (active form of cyclophosphamide ex

vivo [2]). In the current study, we aimed to evaluate
apoptotic events and clinical activity in primary tumor
cells isolated from blood of CLL patients treated with
cladribine + cyclophosphamide or fludarabine + cy-
clophosphamide. The blood samples were isolated
from the patients at four points during the course ther-
apy; firstly, before the therapies were administered,
then, after the first and third day of drug administra-
tion, and finally, two weeks after the end of the first
cycle of treatment. Additionally, these values for ex

vivo cytotoxicity and proapoptotic potential of the ex-
amined drugs were compared with those cells ob-
tained from blood samples of patients before therapy.

Materials and Methods

Patients

For in vivo research, mononuclear cell samples ob-
tained from fresh peripheral blood samples of 54 CLL
patients treated with CC (cladribine + cyclophospha-
mide) or FC (fludarabine monophosphate + cyclo-
phosphamide) regiments were taken. The group in-
cluded eligible patients (from central Poland) who un-
derwent randomization procedure [37]. The study was
approved by the Local Ethics Committee of the Medi-
cal University of £ódŸ (No RNN/237/03KE) and all
patients enrolled in the trials signed a consent form.
CLL was diagnosed on the basis of standard clinical
and immunological criteria and classified by Rai stag-
ing [8, 34]. All the patients showed the expression of
CD5, CD19 and CD23 antigens on the surface of leu-
kemic cells and monoclonality for the light chains of
their immunoglobulins.

Protocol of CC treatment (32 patients) includes
cladribine administered iv at dose of 0.12 mg/kg/day
over 2 h daily for 3 days and cyclophosphamide ad-
ministered at a dose of 250 mg/m2 as continuous infu-
sion for 3 days [38, 39].

The protocol of FC treatment (22 patients) includes
fludarabine monophosphate administered iv at a dose
of 25 mg/m2 over 2 h daily for 3 days and cyclophos-
phamide administered at a dose of 250 mg/m2 as con-
tinuous infusion for 3 days [40].
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Cladribine (Biodrybin) was obtained from the In-
stitute of Biotechnology and Antibiotics Bioton (War-
saw, Poland). Fludarabine monophosphate and cyclo-
phosphamide were purchased from Schering AG
(Berlin, Germany) and Asta Medica (Frankfurt, Ger-
many), respectively.

Response criteria

The efficacy of treatment was assessed according to
NCI-WG criteria [8]. A complete response (CR) was
defined as the disappearance of tumor masses and
disease-related symptoms and organomegaly, as well
as normalization of initially abnormal parameters (abso-
lute lymphocyte count < 4 × 109/l; neutrophil count >

1.5 × 109/l; hemoglobin concentration > 110 g/l, and
platelet count > 100 × 109/l; bone marrow that con-
tained < 30% of lymphocytes for at least 2 months).
Partial response (PR) was defined as a decrease ³

50% of measurable lesions. Patients not fulfilling the
above criteria were considered as non-responders
(NR).

Isolation of CLL cells

The mononuclear cells of peripheral blood were iso-
lated by Histopaque-1077 (Sigma-Aldrich, St. Louis,
MO, USA) sedimentation. Peripheral blood samples
(collected to EDTA) were obtained 1 day before the
introduction of the treatment (day 0), during drug ad-
ministration, i.e., after 1 and 3 days of CC and FC
regiment. Additionally, blood samples were taken
from patients 2 weeks after the last dose of drug ad-
ministration as described previously [21, 41]. The
CLL cell pellets obtained from blood of untreated or
treated patients were then resuspended in phosphate
buffered saline (PBS) and divided into the parts
needed for the planned experiments.

Fluorescence in situ hybridization (FISH)

analysis

FISH analysis was performed on interphase nuclei of
leukemic cells on blood smears collected from pa-
tients before the introduction of the treatment as de-
scribed previously [37]. Commercial probes (Vysis,
Bergish-Gladbach, Germany) were used including the
microsatellite chromosome 12 probe D12Z3 and the
unique sequence – or region-specific DNA probes p53
(17p13.1.1. locus), ATM (11q 22.3 locus), and

D13S319 (13q14.3 locus). Signals were counted in at
least 200 interphase nuclei for each sample. To estab-
lish the cut-off level for the deletions and trisomy 12,
experiments were made on peripheral blood smears
from 10 healthy donors. The deletion was considered
to occur if the specimen under study was greater than
a mean value ± standard deviation of 3 nuclei with
only 1 signal (referring to deletions) or with 3 signals
(referring to trisomy 12).

Cell fractionation

The cell pellets were rinsed with cold PBS and then
suspended in isotonic sucrose containing 5 mM
MgCl2, 0.5% Triton X-100, 50 mM Tris-HCl (pH 7.4)
and protease inhibitors as described previously [41].
Cells were homogenized in a Potter homogenizer for
3 min at 80 V and filtered through several layers of
gauze. A part of homogenate was left and kept at
–20°C for further analysis and the rest was spun down
at 800 × g for 7 min resulting in the crude nuclear pel-
let. The nuclear pellet was purified by sucrose method
[4]. The post-nuclear fraction supernatant was desig-
nated as a crude cytoplasmic fraction.

Cell culture and ex vivo drug sensitivity testing

CLL cell samples isolated from blood of patients prior
to the introduction of the therapy were taken for ex

vivo research. Freshly obtained leukemic cells were
left untreated (in RPMI medium; control cells) or
were exposed to purine analogs: cladribine or fludara-
bine monophosphate (purine analogs) or mafosfamide
(an alkylator) alone, or were exposed to combinations
of cladribine with mafosfamide (CM) and fludarabine
monophosphate with mafosfamide (FM) for 24 and
48 h. The concentrations of cladribine (C; 0.175 µM),
fludarabine monophosphate (F; 20 µM) and mafosfa-
mide (M; 2.5 µM) were used as described previously
[1, 2, 6, 20]. All cell cultures were maintained for 24
and 48 h in RPMI 1640 medium containing 10% (v/v)
heat-inactivated fetal calf serum and antibiotics
(streptomycin 100 µg/ml, penicillin 100 U/ml) at
37°C, 5% CO2, fully humidified atmosphere. Mafos-
famide was kindly donated by Baxter Oncology
GmbH (Frankfurt, Germany).

The numbers of living cells were determined by
flow cytometry (BD LSR II) using Vybrant Apoptosis
Assay kit #4 according to manufacturer’s instructions
(Invitrogen Molecular Probes Inc., Eugene, USA).
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The distinction between living (YO-PRO+/PI�), apop-
totic (YO-PRO+/PI�) and dead (YO-PRO+/PI+) cells
was based on differences in the permeability of their
cellular membranes for fluorescent dyes. The results
of analysis by Vybrant Apoptosis Assay kit #4 are
shown as the percent of viable cells in the mononu-
clear cell population. The measurement was carried
out before the exposure as well as after 24-h and 48-h
exposure of cell samples to the tested agents.

DNA fragmentation

Apoptotic cell fragmentation was evaluated on the ba-
sis of DNA content in cell nuclei in the population of
CLL cells isolated from blood of patients [13, 15, 18,
31, 49]. Ethanol-fixed mononuclear cells were stained
with propidium iodide (450 µl PI solution at concen-
tration of 50 µg/ml per 1 × 106 cells) in the presence
of RNase (50 µl RNase solution at concentration of
100 µg/ml per 1 × 106 cells) and analyzed by flow cy-
tometer (FACS Calibur BD, San Jose, CA, USA)
equipped with 488 nm light source. Leukemic cells
with oligonucleosomal DNA fragmentation were
visualized on DNA content histograms as a hypo-
diploid DNA peak (“sub-G1 population”). Number of
sub-G1 cells was evaluated using Cell Quest Pro Soft-
ware (Becton Dickinson). Ten thousand events were
examined for each analysis.

DNA fragmentation was also evaluated by agarose
electophoresis performed according to a slightly
modified procedure described previously [2, 21].
Briefly, after washing with PBS, 6 × 106 CLL cells
were lysed and treated with proteinase K (0.2 mg/ml)
in a buffer containing 5 mM Tris-HCl, pH 8.0, 20 mM
EDTA, 0.5% Triton X-100 for about 12 h at 37°C.
DNA was extracted twice with buffered phenol/chlo-
roform/isopentanol (25:24:1, v/v/v), and precipitated
with 0.1 volume of 3 M sodium acetate and 2 volumes
of ethanol at –20°C, overnight. DNA precipitates
were washed twice with 75% ethanol, dissolved in
triple-distilled water, and digested with RNase A
(1 mg/ml) for 2 h at 37°C. Finally, DNA samples were
electrophoresed by standard agarose gel (2.0%) elec-
trophoresis. Puc 18 DNA Hae III digest samples (used
as marker) were run in the same gels. The gels were
stained with 10 µg/ml ethidium bromide. To visualize
apoptotic alterations in DNA integrity, the gels were
observed under UV.

Preparation of whole cell lysates

Control and drug-treated CLL cells were lysed (4°C;
20 min) in a buffer containing 10 mM Tris-HCl (pH
7.5), 300 mM NaCl, 1% Triton X-100, 2 mM MgCl2,
0.1 M DTT, and protease inhibitors as described pre-
viously [52]. Protein content was estimated color-
imetrically [26].

SDS-polyacrylamide gel electrophoresis and

immunoblotting assay

Homogenates, cellular fractions and whole lysates of
CLL cells were prepared for subsequent western blot-
ting analysis as previously described [20]. Protein
samples (50 µg/lane) were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) on
8.0 or 12.5% slab gels and electrotransfered onto Im-
mobilon P [23, 48]. Equal protein loading and com-
pleteness of the transfer were checked by membrane
staining with 0.5% Ponceau S solution. The mem-
branes were saturated in 5.0% skim milk in TBS
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl) for 1 h at
ambient temperature and then incubated overnight
with antibodies specific to Mcl-1 (1 : 1000), Bcl-2
(1 : 1000), Bax (1 : 1000), procaspase-9 (1 : 4000),
histone H1.2 (1 : 1000), lamin B (1 : 1000), PARP-1
(1 : 1000) as well as Bak (1 : 1000) and histone H1.2
(1 : 1000) from Santa Cruz Biotechnology Inc. CA,
USA and Abcam Ltd. Cambridge, UK, respectively.
In some experiments antibodies to Mcl-1 and pro-
caspase-9 were from Oncogene Research Products,
CA, USA. Subsequently, antigen recognition was per-
formed with proper secondary antiserum conjugated
with alkaline phosphatase. The immune-complexes
were detected after incubation with substrates as pre-
viously described [24]. Moreover, antibody to actin
(1 : 1000) (Abcam Ltd. Cambridge, USA) was used as
additional loading control.

Statistical analysis

The experimental data were expressed as the means
± standard deviations. U Mann- Whitney test and Wil-
coxon signed rank test were carried out to determine
significant differences. Probability values p < 0.05
were considered to be statistically significant.
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Results

The blood samples of 54 patients with diagnosed CLL
[39 men (72.2%) and 15 women (27.8%)] were used
in in vivo study. Table 1 summarizes the clinical char-
acteristics of the patients. All the patients had under-
gone a course of therapy (after randomization proce-
dure) based on a combination of cladribine or fludara-
bine monophosphate with cyclophosphamide, i.e., CC
(22 men and 10 women) or FC (17 men and 5 women)
38, 40]. Most of the patients received 6 cycles of che-
motherapy; in 6 cases the treatment had to be stopped.
Additionally, we carried out the experiments ex vivo

in which CLL cells were obtained from the same pa-
tients before the therapy (Tab. 1, bolded cases with as-
terisks), when such materials were available. CLL cell
samples isolated from blood of 33 patients before drug
administration (day 0) were exposed to cladribine,
fludarabine monophosphate, mafosfamide (active form
of cyclophosphamide ex vivo) alone as well as to CM
and FM combinations at pharmacological concentra-
tion for 24 and 48 h as was described previously [52].
Simultaneously, CLL cell samples were incubated in
the culture medium without any drugs (control).

Cell viability and apoptosis induction ex vivo

For ex vivo analyses, the blood samples were obtained
from CLL patients before the administration of anti-
cancer agent(s). The viability and the numbers of
apoptotic cells in leukemic cells isolated from blood
and exposed to tested drugs ex vivo were studied cy-
tometrically by Vybrant Apoptosis Assay #4. The re-
sults of drug cytotoxicity for patients (19 and 14, who
received CC or FC on the next day, respectively) are
presented in Figure 1. A 24-hour exposure of model
cells to the tested drugs used solely did not change es-
sentially the viability of the model cells (data not
shown). After 48 h, both cladribine and fludarabine
monophosphate, as well as their combinations with
mafosfamide, significantly influenced cell viability
and the number of apoptotic cells in the tested popula-
tion of CLL cells. However, the differences in the cy-
totoxic and apoptotic potential of drugs individually
introduced to culture media and their combinations
were clearly observed. The combined action of purine
analogs and mafosfamide caused a decrease of viable
cell number at a statistically significant level (p <

0.0001; U = 202 and p < 0.0001; U = 201 for CM and
FM, respectively; U Mann-Whitney test) in compari-
son to the control. However, the differences in the cy-
totoxic and apoptotic potential of drugs individually
introduced to culture media and their combinations
were clearly observed. FM and CM provoked the
highest decline of cell viability, which was also ac-
companied by the growth of apoptotic cell numbers
(Fig. 1). The percentage of dead cells (YO-PRO+/PI+)
rose proportionally to the degree of apoptosis induc-
tion (data not shown).

Sub-G1 cell population and DNA ladder forma-

tion in vivo and ex vivo

To investigate the proapoptotic and clinical activity of
the CC and FC regimens on CLL cells in vivo, the
populations of primary tumor cells isolated from blood
of 32 CC-treated and 22 FC-treated CLL patients were
examined. The blood samples were obtained prior to
the introduction of the therapy (0), after day 1 and 3 of
treatment, as well as two weeks after the first cycle of
drugs administration (day 17). The methodology used
was based on cytometric assessment of DNA content
histograms, and electrophoretical analysis of DNA
fragmentation in tested leukemic cells.

A number of hypodiploid events, later called “sub-
G1 cell population” were studied, among all the
events noticed on DNA content histograms derived
from lymphocyte-gated plots. It is believed that
“sub-G1” population corresponds with the population
of apoptotic cells characterized by oligonucleosomal
DNA fragmentation.

Our results (Fig. 2A) revealed that both CC and FC
therapeutic options induce small increase of sub-G1
cell count in drug-treated cells versus control – CLL
cells isolated from blood of the patients prior to the
therapy (statistic significance was only noted after FC
therapy; the Wilcoxon signed-rank test, p < 0.05). As
shown in Figure 2A, the highest effect was observed
two weeks after the last dose of the initial cycle of the
CC and FC therapy (day 17), when the number of
sub-G1 cells increased to over 2.4 and 8.7 times, re-
spectively, in relation to the control.

To confirm whether DNA fragmentation caused by
the examined drug combinations resulted from cleav-
age between nucleosomes, DNA samples were sepa-
rated by agarose gel electrophoresis. As it is shown in
Figure 3A, agarose gel electrophoregrams of DNA
obtained from equal number of examined cells indi-
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Tab. 1. Characteristic and outcome of treatment with CC and FC in individual patients

Protocol CC

No. Patient initials Age Leukocytosis ´ 109/l Stage of disease FISH results Response to treatment

Male

1 TH 81 62 I 12 PR

2 KM 51 140 II N CR

3 KD 59 59 II – PR

4 WR 63 27 I 11 CR

5 KK 73 190 II N STOP

6 WS 51 44 I 11 PR

7 KK 76 191 I 13 CR

8 GA* 53 330 IV 11 NR

9 CA 60 100 IV N PR

10 NG 60 46 IV 12 PR

11 KM* 72 111 I 12 CR

12 KS* 64 117 I 11 CR

13 KH* 77 117 II 12 PR

14 MJ* 67 180 0 13 CR

15 BK* 76 160 IV 11, 13 NR

16 KR* 56 160 IV 13 NR

17 £J* 62 256 II 11 CR

18 SA* 55 138 IV N CR

19 GA* 52 110 II 11, 13 CR

20 KM* 69 207 II 13 CR

21 BM* 51 120 IV 11, 12 CR

22 ŒJ* 69 300 IV – CR

Female

1 NL 70 300 IV 11, 12 PR

2 PK 55 27 I – PR

3 PK* 72 122 0 – PR

4 PK 76 69 III 11 CR

5 PA* 75 130 III 11, 17 PR

6 JZ* 79 135 III N CR

7 RB* 50 180 IV 11 CR

8 SI* 52 105 I 11, 12, 13 PR

9 SG 49 319 II – NR

10 JB* 55 129 II – CR

Tab. 1 – continued on the next page
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Tab. 1. Characteristic and outcome of treatment with CC and FC in individual patients – continued  from the previous page

Protocol FC

No. Patient initials Age Leukocytosis x109/l Stage of disease FISH results Response to treatment

Male

1 WS 47 37 IV – STOP

2 SS 72 102 IV 12 NR

3 ŒW 52 91 IV N PR

4 WM 46 176 I – PR

5 PK 47 45 III – STOP

6 £S* 60 142 II 17 CR

7 OJ* 65 100 IV N STOP

8 KS 55 80 III N NR

9 RK* 56 82 IV – CR

10 OE* 76 100 IV – CR

11 BM* 66 80 I 12 CR

12 KM* 61 200 II 11 PR

13 LH* 62 70 I 11, 13 CR

14 CJ 58 68 I N CR

15 ZJ* 65 91 III 11 STOP

16 UZ* 63 300 IV 11 STOP

17 SS* 71 180 IV 11 CR

Female

1 RR 71 106 II 12 CR

2 JE* 40 88 II 12, 13 CR

3 DG* 78 140 I 13 CR

4 RG* 75 75 IV N CR

5 DT* 65 100 0 11 PR

The clinical staging of CLL was determined according to the Rai et al. [34]; FC – fludarabine monophosphate + cyclophophamide; CC –
cladribine + cyclophosphamide; CR – complete response, PR – partial response, NR – nonresponder, – = not determined. Bolded cases with
asterisks – CLL cell samples evaluated in vivo and ex  vivo

Fig. 1. Viability and apoptosis rate of
CLL cells isolated from the blood of
patients before therapy exposed to
cladribine (C), mafosfamide (M), fluda-
rabine monophosphate (F) and combi-
nations of above purine analogs with
mafosfamide – CM and FM as well as
the cells incubated in culture medium
without any agents (control, Ctr) for
48 h. The data represent the mean
values ± SD from 13-16 experiments
of CLL cell exposure to C, M, F, and
12-14 to CM and FM combinations,
respectively. Asterisks indicate statisti-
cal significance: * p < 0.002, ** p <
0.001, *** p < 0.0005, and **** p <
0.0001
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cate increasing amounts of oligonucleosomal DNA
fragments (apoptotic ladder) after the drug treatment.
Interestingly, the formation of the ladder was noticed
after day 1 of drug administration, and was enhanced
during the application of drugs.

The results of DNA content analysis, illustrated in
Figure 2B indicated elevated numbers of sub-G1 cells
in leukemic cells exposed to drug combinations, in
comparison with the control cells. Interestingly, ex-
tensive oligonucleosomal DNA fragmentation was
noticed in the electrophoregrams of DNA mainly
from CLL cells that had been incubated with CM and
FM (Fig. 3B).

Expression of apoptosis-related proteins and

histone H1.2 translocation

To further examine the other apoptotic events, the ex-
pression of chosen apoptosis-related proteins in CLL
cells was determined by western blot technique. Sam-
ples of the nuclear and cytoplasmic fractions of the
blood of patients who were treated according to CC or
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Fig. 2. Level of sub-G1 cells in CLL
samples after in vivo and ex vivo treat-
ment with cladribine or fludarabine
monophosphate combined with cyclo-
phosphamide/mafosfamide. Numbers
of sub-G1 cells in CLL cell samples
obtained from blood of patients before
therapy (0), and after the first (1), and
third day (3), as well as 14 days (17) af-
ter the initial chemotherapy cycle with
CC and FC (A), and in the cell samples
isolated from blood of patients before
drug treatment and exposed to CM
and FM for 48 h (B). Control cells (Ctr)
were incubated in RPMI culture me-
dium without any drugs. The data rep-
resent the mean values ± SD from 15
(CC) and 17 (FC), experiments carried
out in vivo and 15 (CM) and 14 (FM)
experiments ex vivo, respectively. As-
terisks indicate statistical significance:
* p < 0.05, ** p < 0.002, and *** p <
0.0001

Fig. 3. DNA ladder formation in CLL cell samples after in vivo (A) and
ex vivo (B) treatment with cladribine or fludarabine/fludarabine
monophosphate combined with cyclophosphamide/mafosfamide as
well as with all the drugs used alone. DNA was isolated from CLL
cells of exemplary patients before therapy (0) and administered with
CC (KM, male, No. 11) and FC (LH, male, No. 13) and from the cell
sample (patient No. 13 before therapy) after exposure to cladribine
(C), mafosfamide (M), fludarabine (F), CM and FM combinations (B).
Lane M* DNA markers; Ctr, DNA from PBMC incubated in RPMI cul-
ture medium without any drugs
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FC protocol were examined. The expression level was
evaluated before therapy (day 0), after day 1 and 3 of
the first cycle of chemotherapy and 14 days (day 17)
after the final drug application. Several apoptosis-
related proteins were analyzed in almost all studied
cases. The immunoblotting results of two exemplary
patients, who received the CC and the FC and re-
sponded to therapy (Tab. 1, patients No. 11, male, KM
and No. 13, male LH) are presented in Figure 4. Both
CC and FC treatment caused clear changes in the ex-
pression level of two anti-apoptotic regulatory Bcl-2
family members – Mcl-1 and Bcl-2. A significant
drop in Mcl-1 expression was noticed in the cells of
drug administered patients after day 1. On the con-
trary, the expression level of Bcl-2 did not signifi-
cantly change after day 1 and 3, but a decreased level
of this inhibitory protein was usually observed 2
weeks after the initial cycle of therapy. Interestingly,
simultaneously with the decrease of the antiapoptotic
polypeptide level, an increase in the expression of
Bax and Bak, the proapoptotic members of Bcl-2
family, was seen (Fig. 4). The panel of apoptotic ma-
chinery proteins, including procaspase-9 and the nu-
clear proteins PARP-1 and lamin B was extended. It

was revealed that the level of the caspase-9 precursor
that was seen as an intensive band before the course
of therapy, dropped quickly after day 3 of the drug ad-
ministration. In the cells from the blood of the pa-
tients receiving CC and FC combinations, consider-
able proteolysis of chosen nuclear proteins occurred,
although to a different degree. A deeper analysis of
a large number of immunoblots revealed intrapatient
differences in the expression of the investigated pro-
teins in the samples after drug treatment.

The expression and proteolysis profile of the cho-
sen apoptosis-related proteins were examined to iden-
tify molecular changes underlying the ex vivo apopto-
sis of drug-treated CLL cells. After the incubation
(48 h) of leukemic cells with the tested agents and
their combinations, cell lysates were assessed by im-
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Fig. 4. In vivo changes in expression level of selected apoptosis-
related proteins. Protein samples (40 µg) of cytoplasmic (C) and nu-
clear (N) fractions isolated from CLL cells of exemplary patients (KM,
male, No. 11; protocol CC) and (LH, male, No. 13, protocol FC) were
separated on 8.0 or 12.5% SDS-PAGE gels, transferred to a Immobi-
lon P membrane, and analyzed for Bax, Bak, Bcl-2, Mcl-1,
procaspase-9, PARP-1 and lamin B by western blotting. Actin ex-
pression was used as loading control. For details see Figure 2A

Fig. 5. Ex vivo changes in expression level of selected apoptosis-
related proteins. CLL cell samples from blood of exemplary patient
before therapy (BM, male, No. 21), who responded to CC therapy,
were exposed to C, M, F, CM, and FM for 48 h. Protein lysates (40 µg)
from untreated (Ctr) and drug-treated CLL cells were separated on
8.0 or 12.5% SDS-PAGE gels. After electrophoretic separation and
transfer, proteins immobilized on Immobilon P were analyzed for Bax,
Bak, Mcl-1, procaspase-9, PARP-1 and lamin B by western blotting.
Actin expression was used as loading control



munoblotting. As is illustrated in Figure 5 (exemplary
patient No. 21, male, BM, who achieved CR after CC
treatment) Mcl-1, and in a lower extent, Bcl-2 protein,
were down-regulated following treatment with both
purine analogs, and their combinations with mafosfa-
mide, in comparison with the control cells. The de-
crease of the Mcl-1 precursor was accompanied by an
escalation of its 30 kDa C-terminal cleavage product.
The expression level of the proapoptotic proteins Bax
and Bak was usually elevated after drug treatment, es-
pecially after the exposure of cells to the drug combi-
nations. Additionally, the expression level/cleavage of
procaspase-9, apical enzyme of the mitochondrial
apoptosis pathway, was determined in the lysates of
cells incubated in the presence of the investigated
drugs. The immunoblot results demonstrated the oc-
curence of the proteolytic cleavage of procaspase-9
(47 kDa), accompanied by the appearance of 35/37
kDa product, which was intensively immunostained
by probes incubated with fludarabine monophosphate,
CM and FM compared with the untreated cells. The
data presented in Figure 5 revealed that in drug-
treated cells, considerable proteolysis of PARP-1 and
lamin B was also occured. The precursor of PARP-1
(116 kDa) diminished or almost disappeared (CM and
FM), and proteolytic product of 89 kDa emerged.
A full length lamin B (67 kDa) was intensively prote-
olysed in drug-exposed cells, especially in the case of
fludarabine monophosphate, CM and FM.

In this study, the translocation of histone H1.2 sub-
type between cellular fractions obtained from CLL
cells was evaluated in the blood of the cured patients.
This translocation has been recently described as
a key event for apoptosis [12, 25]. It was confirmed
that histone H1.2 was released from the cell nuclei to
the cytoplasm in the cells of drug administered pa-
tients. The above histone H1 subtype was detected in
leukemic cell nuclei (or homogenate, data not shown),
whereas no (or slight) staining was noticed in cyto-
plasmic samples before therapy (Fig. 6A). Interest-
ingly, in the cytoplasmic fraction of the studied cells
from blood of patients who had undergone the ther-
apy, the band stained with anti-histone H1.2 antibody
had a different intensity (Fig. 6A).

The presence of histone H1.2 in the cytoplasmic
fraction of leukemic cells exposed to apoptosis induc-
tors was also observed. Figure 6B illustrates the pres-
ence of histone H1.2 in the nuclear and cytoplasmic
fractions obtained from the blood of an exemplary pa-
tient (No. 22, male, ŒJ) who was administered CC and

reached CR (Tab. 1). As is shown in Figure 6B,
a slight stained band recognized by anti-histone H1.2
antibody was seen in the cytoplasmic fraction of the
examined cell samples treated with C, M and the
combination of these components (CM). This histone
H1 subtype was effectively released from the nucleus
to the cytoplasm after CLL cell exposure to C or CM.

The comparison of in vivo and ex vivo treat-

ment results

An early link between the clinical responses of cured
patients, ex vivo cytotoxicity and apoptotic activity
was observed. Figure 7 shows representative results
from two patients (No. 18, male, SA and No. 16, male,
KR), who were both administered with CC (after ran-
domization) but responded in an opposite manner (CR
and NR). In the cell samples from the blood of a pa-
tient who reached CR after 6 cycles, a higher percent-
age of apoptotic cells and profound changes in the ex-
pression of selected apoptosis-related proteins were
detected after 48 h cell incubation with drugs in com-
parison with the controls. The expression of proapop-
totic regulatory proteins – Bax and Bak increased af-
ter CLL cell exposure to CM, comparing to control
cells. Interestingly, Mcl-1 precursor almost disap-
peared, concomitantly, with the appearance of inten-
sively stained proteolytic product with mol. wt. of
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Fig. 6. Histone H1.2 translocation from nuclei to cytoplasmic fraction
in CLL cells after in vivo (A) and ex vivo (B) treatment with cladribine
or fludarabine monophosphate combined with cyclophospha-
mide/mafosfamide. Forty micrograms of nuclear (N) or cytoplasmic
fraction (C) isolated from CLL cells of exemplary patients adminis-
tered with CC (KS, male, No. 12) or FC (ZJ, male, No. 15), respec-
tively, and from the samples of patient before therapy (ŒJ, male,
No. 22, protocol CC, who reached CR) exposed to cladribine (C),
mafosfamide (M) and CM were separated on 12.5% SDS-PAGE gels,
transferred to a Immobilon P membrane, and analyzed for histone
H1.2 by western blotting. For details see Figure 2A; Ctr indicates con-
trol cells incubated in RPMI culture medium  without drugs



30 kDa. Ex vivo CLL cells of this patient were also
sensitive to FM exposure (Fig. 7A). In contrast, ex

vivo results confirmed that in CLL cells from blood of
a patient, who did not respond to CC therapy, no in-
fluence on chemoresistance and the expression of the
examined proteins was seen (Fig. 7B). The im-
munoblot analysis of control cells of these patients
showed a different basal Bax expression, much higher
in the cells of patient who did not respond to the ther-
apy. The incubation of cell samples from blood of
non-responder (patient No. 16) with CM did not
change the expression of this proapoptotic protein. On
the other hand, CLL cells from blood of patient No.
18, who reached CR after therapy, were characterized
by a higher Bax expression after their exposure to CM
in comparison with control ones.

It seems that ex vivo testing of leukemic cells with
the chemotherapeutic(s) might be helpful in choosing
optimal therapy options.

Treatment efficacy

The total numbers of randomized patients who were
administered with CC or FC were 32 and 22, respec-
tively. In all, 27 of 32 and 15 of 22 patients included
in this study responded to CC and FC regimen, yield-
ing a significant overall response rate (ORR) of 84.4
and 68.2%, respectively. Complete response (CR) was
confirmed in over 50% of the cured patients, i.e., 16
who received CC and 11 who had received FC. In
both groups, 6 patients showed no response to the ap-
plied therapy. The course of therapy had to be stopped
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Fig. 7. Predictive value of ex vivo testing. The cell viability and expression level of selected apoptosis-related proteins of CLL cell samples iso-
lated from exemplary patients who after randomization were administered with CC and achieved opposite response (SA, male, No. 18 CR; A),
(KR, male, No. 16, NR; B). The viability of studied cell samples exposed to CM and FM were shown after 48 h. Immunoblotting results indicate
the expression of selected proteins: Bax, Bak, Mcl-1, and procaspase-9 in the lysates of CLL cells exposed to CM and FM for 48 h. Ponceau S
staining was used as loading control; Ctr indicates control cells incubated in RPMI culture medium without drugs



in 6 patients, i.e., 1 in the CC group and in 5 in the FC
group (Tab. 1). In the current study, the genetic abnor-
malities in most patients (i.e., 43) were determined by
FISH technique. The occurrences of del 11q22, del
13q14, trisomy 12, and del 17p13.1 were detected, as
well as normal karyotypes. As shown in Table 2,
del(11q) was the most frequent genetic abnormality
followed by trisomy of chromosome 12 among pa-
tients who underwent therapy and reached ORR. It is
interesting to note that among 43 tested patients,
del(17p) was noticed only in 2 cases (4.65%).

Discussion

CLL is often considered to be a disease resulting from
disturbed apoptosis [11, 28, 35, 36, 51]. Resistance to
apoptosis may stem from a combination of prosur-
vival signals from the microenvironment, as well as
from intrinsic alteration in the apoptotic machinery of
leukemic cells [7, 47]. Malignant cells escape apopto-
sis by a number of mechanisms, among which over-
expression of antiapoptotic genes has been reported to
play a key role [16, 33, 36]. It is now well established
that signal transduction pathways involved in drug-
induced apoptosis converge on a common pathway
that consists of regulatory, effectory and adapter
molecules as Bcl-2 and IAP family members, cas-
pases, and Apaf-1 protein [5, 14, 36, 42].

In order to study the biological and clinical rele-
vance of some ex vivo findings for the effects of anti-
leukemic therapy in vivo, the response of CLL
patients to treatment based on a combination of
cladribine or fludarabine monophosphate with cyclo-
phosphamide was evaluated. The obtained in vivo re-
sults revealed in most cases of CC and FC administra-
tion, a rapid decrease or even loss of Mcl-1 protein,
usually after the first application of the drugs. After
treatment, the expression level of Bcl-2, another anti-
apoptotic protein, also declined, however, usually af-
ter the second dose of drugs. Both these Bcl-2 family
members play a principal role in CLL cell apoptosis
inhibition [5]. They are responsible for long lifespan
of primary tumor cells and the resistance to the ther-
apy [5, 33, 45]. Their cellular function relies mainly
on mitochondrial outer membrane permeability inhi-
bition, due to neutralization of proapoptotic Bcl-2
family members [9]. The falling expression of Mcl-1
and Bcl-2 was accompanied by the increase of Bak

and Bax expression. Rapid diminution of Mcl-1 ex-
pression seems to procede proteolysis of procaspase-9
and nuclear proteins, i.e., PARP-1 and lamin B in
model cells isolated from the blood of patients who
were receiving CC or FC treatment. It is suggested
that Mcl-1 is able to hamper apoptosis in hematopoie-
tic cells to a greater extent than Bcl-2, and it displays
a predominant role in the survival of transformed cells
[17]. Its overexpression in CLL cells is thought to be
associated with chemoresistance, as well as with the
progression of the disease, whereas its decrease after
exposure to treatment is a prerequisite for apoptosis
induction. Additionally, it is thought that the appear-
ance of 30 kDa cleavage product of Mcl-1 may act in
positive feedback manner as a proapoptotic protein
cooperating with Bax or Bak, both being promoters of
apoptosis process [30].

Although it is hard to trace the course of apoptosis
in vivo, both CC and FC regimens were found to trig-
ger apoptosis in CLL patient cells. This was con-
firmed by the degree of oligonucleosomal DNA frag-
mentation, sub-G1 cell number, DNA ladder forma-
tion, down-regulation of anti-apoptotic proteins, and
H1.2 histone translocation seen during drug admini-
stration, in comparison with those of CLL cells from
the blood of patients prior to therapy. Nevertheless, no
significant global differences were observed in the in-
tensity of the proapoptotic potential of both regimens.
It appears, however, that cell samples isolated from
blood of individual patients responded to therapy with
high discrepancy, as evidenced by elevated standard
deviation values in the tested groups.

Little information is available on the clinical re-
sponses to CC and FC in CLL patients in relation to ge-
netic information. In contrast to many other countries,
in Poland, the CC regimen is more frequently used
than FC for treating this form of cancer [37]. In this
study, it is revealed that a relative high proportion of
CLL patients, previously untreated, respond to CC: the
ORR reached over 84%, compared to over 70% for
those receiving FC (Tab. 2). The obtained data reveal
that a structural aberration of chromosome 11 followed
by trisomy of chromosome 12 are the most common
genetic abnormalities in patients undergoing therapy.

In the present study, a good agreement was ob-
served between the reduction of viable cells and the
induction of cell death in leukemic cells ex vivo incu-
bated with the examined agents. Apoptosis induction
was reflected by the assessment of such apoptosis in-
dicators as PARP-1 and lamin B cleavage, as well as
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DNA fragmentation. These events were accompanied
by procaspase-9 activation, down-regulation of Mcl-1
and Bcl-2, up-regulation of Bax and Bak, and translo-
cation of histone H1.2 from nuclei to cytoplasm, espe-
cially following cell exposure to CM and FM. Re-
cently published reports have revealed that transloca-
tion of the H1.2 histone subtype between subcellular
compartments is a key event for apoptosis regulation.
Apart from the release of proteins from mitochondria
(cytochrome c, Smac/DIABLO) to cytosol, some nu-
clear proteins (histone H1.2, Nur77) have been de-
scribed to move in the other direction, i.e., from the
nucleus to the cytosol or mitochondria [12, 25]. To
date, this observation has been mainly reported as an
ex vivo event. The mechanism whereby histone H1.2
might affect apoptotic signaling is still unknown. It
was suggested that this histone H1 subtype might acti-
vate the proapoptotic Bak protein by the disrupting
the outer mitochondrial membrane and by regulation
of apoptosome formation [25]. Our results show that
apoptosis induced in leukemic cells via CC and FC is

associated with the strong participation of the Bak
protein. Ex vivo evaluation of cytotoxicity provoked
by tested purine analogs combined with an alkylator,
as well as analysis of the sub-G1 fraction, DNA lad-
der formation, and apoptosis-related protein expres-
sion in model cells exposed to the examined drugs, in-
dicated their high proapoptotic potential.

As mentioned in the Results section, the low level
of spontaneous apoptosis, confirmed by the Vybrant
Apoptosis Assay #4, and the appearance of cleavage
products of Mcl-1, procaspase-9, lamin B and
PARP-1, was observed in control cells incubated in
the culture medium without any drugs (Figs. 1 and 5).
The basal expression of anti-apoptotic proteins and
the level of spontaneous apoptosis observed in CLL
cells incubated exclusively in the culture medium
may reflect the general susceptibility of these cells to
the treatment. Moreover, the results of the treatment
can be manifested to varying degrees, depending on
some intrinsic properties of CLL cells and their indi-
vidual responses to the drug(s).
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Tab. 2. Chromosomal abnormalities  and outcome of CLL patient treatment with CC and FC regimens, respectively

Response to
treatment

n = 26 n = 17

Protocol CC Protocol FC

Number of patients
(%)

Chromosomal
abnormalities

Number of patients
(%)

Chromosomal
abnormalities

Complete (CR) 14 (53.9)

Del 11q22 5

9 (52.9)

Del 11q22 1

Del 13q14 3 Del 13q14 1

Del 11q22, Del 13q14 1 Del 17p13.1 1

Del 11q22, Trisomy 12 1 Del 11q22, Del 13q14 1

Trisomy 12 1 Del 13q14,  Trisomy 12 1

Normal karyotype 3 Trisomy 12 2

Normal karyotype 2

Partial (PR) 8 (30.8)

Del 11q22 1 3 (17.65) Del 11q22 2

Del 11q22, Del 17p13.1 1 Normal karyotype 1

Del 11q22, Trisomy 12 1

Del 11q22, Del 13q14, Trisomy 12 1

Trisomy 12 3

Normal karyotype 1

No response
(NR)

3 (11.5)

Del 11q22 1 2 (11.8) Trisomy 12 1

Del 13q14 1 Normal karyotype 1

Del 11q22, Del 13q14 1

Stop 1 (3.8) Normal karyotype 1 3 (17.65) Del 11q22 2

Normal karyotype 1



Similarly, high standard deviation values obtained
for in vivo analyses reflect the wide diversity of CLL
cell susceptibility to both applied therapeutic options.
These results also suggest that individual patients may
demonstrate variable clinical responses to the therapy.
It is noteworthy that the observed low level of sub-G1
cells in vivo may be caused by rapid engulfment of
apoptotic cells by macrophages and some adjacent
cells existing in the body – the phenomenon which
does not occur ex vivo [2]. It has been suggested that
the cells undergoing extensive death under ex vivo

conditions (in the absence of phagocytes) change their
phenotype towards necrosis [10]. Moreover, it is well
known that apoptotic DNA degradation assumes two
forms resulting in products that differ in their molecu-
lar weight [44]. It has been established that fragmen-
tation of DNA to high molecular weight fragments
staying inside the cells after their fixation is undetect-
able on DNA content histograms [18].

Summarizing, our findings demonstrate the need of
ex vivo CLL cell treatment before the application of
drugs to select the most efficient manner of the pati-
ent’s therapy. The obtained results confirm the link
between the outcomes of the research done under ex

vivo and in vivo conditions and underline the useful-
ness of ex vivo studies in the individual choice of CLL
treatment. Our observations provide a base for further
studies on the relationship between the in vivo clinical
responses of patients and ex vivo proapoptotic activ-
ity, and the cytotoxicity of drugs against leukemic
cells. Their validation by a study comprising a much
larger group of patients is needed.
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