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The effects of doxorubicin on apoptosis and adhesion
molecules of normal peripheral blood leukocytes—an
ex vivo study
Pnina Ciobotaroa,d, Liat Druckera, Avivit Neumannc, Hava Shapirob,
Jermey Shapirac,e, Judith Radnayb and Michael Lishnera,d,e

This ex vivo study was designed to evaluate the effect of

doxorubicin (Dox) on normal peripheral blood leukocytes

(PBL) in terms of apoptosis and membranal expression

levels of adhesion molecules. Blood was drawn

immediately prior to and after Dox administration from 21

breast cancer patients, and incubated at room temperature

for 24h. Flow cytometry was employed in analysis of

apoptosis with Annexin-V and protein membranal

expression levels with monoclonal antibodies to CD49d,

CD18, CD11a–c and CD63. Dox induced statistically

significant apoptosis in all three major PBL subpopulations

(p<0.01). Between 70 and 90% of samples underwent

apoptosis in all PBL subgroups. No significant change was

observed in the membranal level of CD63, CD49d and

CD11a–c after chemotherapy in any PBL subpopulation.

However, a significant reduction in the membranal level of

CD18 was demonstrated in polymorphonuclear cells after

Dox (p<0.005) both in apoptotic and non-apoptotic cells

(p<0.05), suggesting a direct effect of Dox rather than an

apoptosis-associated phenomenon. We observed the

expected leukopenia 10 days after Dox administration

with no correlation to apoptosis, suggesting that

leukopenia by Dox is largely attributed to toxicity of

blood progenitors. Anti-Cancer Drugs 14:383–389 �c 2003
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Introduction

Accumulating evidence suggests that chemotherapeutic

agents exert their cytotoxic effects on tumor cells mainly

by inducing apoptosis [1–4]. The lack of cytotoxic

selectivity of these drugs results in dose-limiting effects,

particularly myelosuppression, manifested by leukopenia

and neutropenia associated with life-threatening infec-

tions [5]. Doxorubicin (Dox) is known to exert its

antineoplastic effect by activating apoptotic pathways

involving Fas receptor and caspase-3 modulations [6].

However, only a few reports regarding its effect on normal

peripheral blood leukocytes (PBL) have been published

[7–9]. Furthermore, the associated leukopenia and

neutropenia were attributed mainly to bone marrow stem

cell damage, overlooking the possible role of drug-

induced apoptosis in PBL [10]. A recent study addressed

this aspect studying polymorphonuclear cells (PMN) and

established a time-dependent increase in ex vivo granu-

locyte apoptosis, with a maximal effect just preceding the

development of neutropenia [11]. However, these reports

had major limitations, including the study of combina-

tions of drugs, variance of dosages, heterogeneous patient

populations and different methods of apoptosis detec-

tion. Studies on the direct effect of a single chemother-

apeutic agent in a homogenous patient population are

clearly needed.

Adhesion molecules in general, and integrins and tetra-

spanins specifically, are implicated in signal transduction

culminating in apoptosis [12–18]. Moreover, it is becom-

ing more evident that membranal molecules play major

roles in sensitivity and resistance to various signals

[19,20]. The modulation of adhesion molecule expression

in normal PBL subpopulations following chemotherapy

was not investigated systematically, and, more specifi-

cally, there was no evaluation of their association with

drug-induced apoptosis and the expression of adhesion

molecules such as CD18 (b subunit of b2 integrin),

CD11a–c (a subunit of b2 integrin), CD63 (tetraspanin),

and VLA-4 (a4b1 integrin).

We designed a single-drug, ex vivo study to evaluate the

effects of Dox treatment on all three major PBL

subpopulations in a homogenous group of breast cancer

patients. Our aim was to characterize chemotherapy-

induced PBL apoptosis, and to evaluate the participating

molecules and pathways involved. Correlations between

laboratory findings and clinical data were also assessed.
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Materials and methods
Patient characteristics

The study was comprised of 21 consecutive patients with

breast cancer. Institutional and Israeli Health Ministry

Helsinki approvals were obtained, and all patients signed

an informed consent. Detailed information including

demographic data, history and treatment modalities was

recorded. Patients were treated with cyclophosphamide

600mg/m2, Dox (adriamycin) 60mg/m2±5-fluorouracil

600mg/m2 (CA/CAF). The drugs were administered in a

predefined order so that blood was extracted after Dox

alone in the index course, after which the rest of the

drugs were infused. No steroids were administered as

antiemetics. The patients were assayed after receiving a

different number of treatment courses. Due to technical

limitations not all samples were included in all aspects of

the experiment.

Leukocyte extraction

Blood (5–10ml) was drawn immediately before and after

Dox administration, thereby enabling a minimization of

variability by a paired assessment. The sampling after

drug infusion was preceded by a saline wash to the i.v.

line in order to avoid any sampling bias due to residual

drug. Paired samples before and after Dox infusions were

both incubated overnight (24 h) ‘as are’ at 251C.

Leukocyte isolation from each sample pair was achieved

by centrifugation for 10min at 75 g followed by hypotonic

lysis for 20 s to free the PBL from contaminating red

blood cells. NaCl 3.5% stopped the lysis. Supernatant was

discarded following another 7-min centrifugation and the

cell pellet was resuspended in 1ml PBS (based on Boyum

et al. [21]).

Antibodies

Fluorescein isothiocyanate (FITC)–coupled Annexin-V

(#1 828 681) was purchased from Roche Molecular

Biochemicals (Mannheim, Germany). FITC-coupled

monoclonal mouse anti-human IgG1 to CD11a, CD11b,

CD11c, CD18, CD49d (a4 subunit of VLA4) and CD63

were purchased from Caltag (Burlingame, CA).

Flow cytometry

Identification of PBL subgroups

Analysis gates for PMN, monocytes and lymphocytes

were established using distinctive forward and side

scatter (FSC/SSC) parameters by FACS (EPICS-XL;

Beckman Coulter, High Wycombe, UK). Validation of the

placing of each major cell group was done with

conventional membranal markers associated with each

cell population (data not shown).

Analysis of apoptosis

Annexin-V was employed for exposed phosphatidyl-

serine detection according to the manufacturer’s instruc-

tions. In short, cells were washed in PBS, resuspended

(1� 106/ml), and incubated in a 100 ml solution of

HEPES buffer containing 2 mg FITC-labeled Annexin

and 0.1 mg propidium iodide (PI) for 15min at room

temperature, further diluted in additional 400 ml PBS and

assayed for fluorescence by FACS. Negative control for

Annexin was established according to leukocytes of

freshly extracted blood and set as background fluores-

cence. Cells were regarded apoptotic if their assayed

fluorescence was higher than the established background.

A second approach to verification of apoptosis was

analysis of differential cell sizes and refractive/reflective

properties established according to FSC/SSC, which

allowed discrimination of apoptotic from non-apoptotic

cells in each leukocyte subpopulation [22]. Occasional

microscopic analysis of cell morphology was used for

added verification of the presence or absence of

apoptosis.

Determination of surface molecule expression

Surface expression of CD11a–c, CD18, CD49d and CD63

was assessed by direct immunofluorescence using mouse

anti-human fluorochrome-coupled monoclonal antibo-

dies. The cells were incubated with saturating amounts

of antibodies for 15min at room temperature in the dark,

washed in PBS and diluted in 400 ml PBS. IgG1-matched

isotype was used to exclude unspecific binding. Fluores-

cence was analyzed by FACS. All results were expressed

as percent of apoptotic cells relative to the total cell

count of the respective sample subgroup. At least 10 000

events were counted in each FACS analysis.

Statistical analysis

Student’s paired and unpaired t-tests were employed in

analysis of differences between cohorts. Correlations

were assessed according to Pearson’s correlation coeffi-

cient. An effect was considered significant when

pr 0.05.

Results
Patients

Twenty-one women participated in the study, four of

which were assayed twice in separate courses along the

therapy. The mean age was 47.5 years and the mean

number of courses of therapy was 3.08. Sixteen of them

had surgery (lumpectomy, mastectomy or lymph node

dissection), four were treated with Dox as a neoadjuvant

and only one patient was previously treated with radio-

therapy. Their characteristics are shown in Table 1.

Apoptosis

The apoptotic response was measured by FACS. Repre-

sentative flow scans presentations of the light scatter

characteristics and Annexin-V/PI before and after Dox

administration are presented (Figs 1 and 2). Dox induced

a significant increase in percent of apoptotic cells in all

three PBL subpopulations (PMN p=0.005; monocytes
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p=0.001; lymphocytes p=0.01) (Fig. 3). The apoptotic

effect was demonstrated in 70–90% of the patients

(Table 2). No correlation was found between the

chemotherapy course number and apoptosis.

Adhesion molecules

We found a significant reduction in the membranal

expression level of CD18 in PMN after Dox treatment

(p<0.005), with a mean reduction of 36.64% (24

Table 1 Patient characteristics

Patient no. Age Protocol Course no. Medication Medical history

1 52 CAF 1 S/P Rt lumpectomy and ALND
2 65 CA 3
3 76 CA 2 S/P Rt lumpectomy (metastasis)
4 69 CA 1 neoadjuvant
5 54 CA 1
6 53 CA 4 S/P Lt lumpectomy and ALND
7 69 CA 4 S/P Lt lumpectomy ALND and radiotherapy (metastasis)
8 52 CAF 5 S/P Lt lumpectomy and ALND
9 50 CAF 2 S/P ALND (metastasis)
10 76 CA 6 S/P Lt lumpectomy (metastasis)
11 61 CA 2 (metastasis)
12 47 CAF 1 S/P Rt lumpectomy and ALND
13 44 CA 3 neoadjuvant
14 47 CAF 5 S/P Rt lumpectomy and ALND
15 57 CA 2 S/P Rt mastectomy
16 55 CA 2 S/P Lt lumpectomy and ALND
17 59 AT 1 steriods neoadjuvant
18 48 CAF 5 G-CSG S/P Rt lumpectomy and ALND
19 52 CAF 4 S/P Lt lumpectomy and ALND
20 57 CAF 6 S/P Rt lumpectomy and ALND
21 57 AT 1 neoadjuvant
22 47 CAF 2 S/P Rt lumpectomy and ALND
23 43 CAF 5 S/P Lt lumpectomy and ALND
24 51 CAF 5 S/P Lt modified radical mastectomy and ALND
25 50 CAF 4 S/P ALND (metastasis)

ALND, axillary lymph node dissection; Rt, right; Lt, left; G-CSF, granulocyte colony stimulating factor; S/P, state post; AT, adriamycin (Dox), taxol.

Fig. 1

Light scatter characteristics and Annexin-V MFI of PBL before and after Dox administration. The histogram displays the three major PBL
subpopulations according to their light scatter characteristics (x-axis, FSC; y-axis, SSC). Apoptotic cells are smaller and more granular as indicated
by decreased FSC and slightly increased SSC. Respective Annexin-V MFI values are indicated. Patient 1 responded to Dox treatment with increased
apoptosis demonstrated by both light scatter morphology as well as increased phosphatidylserine exposure, whereas patient 2 did not undergo
apoptosis.
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patients) (Fig. 4). A significant decrease in CD18 was

observed in both apoptotic and non-apoptotic PMN

(38.51 and 31.05% decrease, p<0.05). No change in

CD18 expression was detected in monocytes and

lymphocytes.

There was no significant change in the membranal level

of the a chain of the b2 integrins investigated (CD11a,

CD11b and CD11c) on the PBL subpopulations post-

chemotherapy (eight patients). No significant change was

observed in membranal level of CD63 in any of the three

PBL subpopulations after Dox treatment (16 patients)

nor was there any variation in the membranal level of

CD49d in any of the PBL subpopulations (13 patients)

(data not shown).

Clinical outcome

We found a significant drug-induced decrease in counts of

leukocytes, monocytes and lymphocytes 10 days after

treatment (p=0.001, p<0.0001 and p=0.001, respec-

tively). The decrease in PMN counts did not reach

statistical significance (p=0.079). There were no corre-

lations between Dox-induced apoptosis and rate (%) of

cell count reduction in any of the subgroups. There were

no correlations between age or treatment course and any

of the assayed drug response parameters (cell counts,

percent apoptosis).

Discussion
In this study we showed that Dox induces a significant ex
vivo apoptosis of normal peripheral PMN, monocytes and

lymphocytes. Approximately 70–90% of samples under-

went programmed cell death after Dox treatment (in the

respective subgroups). However, the clinical relevance of

Fig. 2

Drug-induced apoptosis: representative Annexin-V (FITC) and PI fluorescence of leukocyte subpopulations before and after Dox treatment of a
sample with an apoptotic response. All dot-plots display enhanced FITC fluorescence in samples extracted from patients after drug infusion and only
a minor increase in PI+ cells ( <5%), supporting an apoptotic rather than a necrotic response.

Fig. 3
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Dox-induced apoptosis in PBL subpopulations. Annexin-V indicative of
exposed phosphatidylserine was measured by FACS before (white
bars) and after (black bars) Dox administration in PMN, monocytes and
lymphocytes. Results are expressed as the mean percent of Annexin-
V+ PBL of all evaluated patients±SE. The increased percent of
apoptotic cells was statistically significant in all subgroups (p<0.05)
(*p=0.01; **p=0.005; ***p=0.001).
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these findings is questionable in spite of statistical

significance due to the limited extent of induced

apoptosis, and lack of correlation between apoptosis and

cell counts in the treated patients. Our observations are

especially interesting since they are the first to demon-

strate the effect of a single cytotoxic drug simultaneously

on all the normal major leukocyte subpopulations.

Only few studies investigated the effect of chemotherapy

on normal PBL, and the results are limited by profound

variability of the design of these studies and hetero-

geneity of administered drugs and PBL populations.

Ferraro et al. investigated the effect of anthracyclines in
vitro on lymphocytes of healthy donors, and showed rapid

and massive peripheral T and B cell depletion by

apoptosis [8]. Provinciali et al. observed a post-treatment

apoptotic effect in vivo of lymphocytes of women with

solid tumors treated with combination chemotherapy [9].

There was an increased apoptosis of PMN cells following

chemotherapy in children with acute lymphocytic leuke-

mia [7]. Thus, a readily available source of normal blood

cells for the analysis of the effects of chemotherapeutic

agents was clearly underutilized.

Membranal embedded molecules have a vital function in

signal transduction and apoptosis; in particular, b2
integrins are of fundamental importance in leukocytes

[13,14]. We found that CD18 underwent significant

down-regulation in PMN both in apoptotic and non-

apoptotic cells, indicating an effect independent of the

apoptotic response. These findings correspond with the

published results of Wang et al. describing a decreased

expression of CD11b/CD18 on PMN post-chemo-

therapy [23]. Recently, Weimann et al. reported that

Table 2 Apoptosis in PBL subpopulations of Dox-treated breast cancer patients (% Annexin-V+ cells)

Patient no. PMN Monocytes Lymphocytes

Pre Post Pre Post Pre Post

1 7.6 14 7.7 9.3 4.6 6.4
2 4.75 8.66 8.07 20.3 1.23 6.49
3 1.36 2.19 7.70 4.36 0.38 0.53
4 2.74 0.86 3.28 3.58 0.92 0.32
5 0.91 12.1 1.35 11.9 1.23 19
6 1.73 4.91 1.81 5.46 4.31 6.5
7 2.25 4 2.39 2.67 1.49 4.01
8 1.56 6.44 1.29 8.18 0.94 3.8
9 6.51 9.64 2.11 5.49 2.6 4.39
10 1.48 5.81 15.9 23.6 0.37 3.29
11 22.1 19.6 18.7 21.7 5.1 5.2
12 3.46 2.51 1.79 1.89 2.9 2.89
13 2.69 1.91 2.43 2.58 0.79 0.28
14 1.38 0.21 2.56 2.17 6.28 4.76
15 0.91 1.79 1.28 2.81 0.91 1.44
16 0.56 0.48 0.39 0.67 0.93 0.2
17 6.18 6.71 1.4 2.2 0.42 1.99
18 2.63 4.14 3.23 6.55 2.38 2.54
19 0.56 1.07 3.35 8.45 0.58 0.7
20 3.45 4.3 3.84 3.94 10.3 9.1
21 6.28 15.81 9.48 18.83 3.88 7.53
22 11.0 20.2 7.2 32.9 12.0 30
23 23.05 18.6 15.27 18.47 7.0 8.37
24 6.97 22 5.0 11.0 1.1 5.32
25 0.91 1.89 1.25 2.81 0.91 1.44
Mean 5.17 7.71 5.35 9.34 2.98 5.44
SE 1.18 1.70 0.99 1.70 0.62 1.30

Fig. 4
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Dox-induced changes in membranal expression level of CD18.
Membranal expression of CD18 was measured by FACS before (white
bar) and after (black bar) Dox administration in PMN, monocytes and
lymphocytes. Results are expressed as the mean percent change in
PBL MFI values of all evaluated patients±SE. The decrease in
membranal expression of CD18 in PMN is statistically significant
(p=0.002) (*p<0.05).
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CD18-deficient mice had increased PMN counts in their

peripheral blood due to a reduced rate of apoptosis [24].

The CD18-deficient PMN displayed higher levels of

anti-apoptotic Bcl-XL and depleted levels of the

pro-apoptotic Bax compared to normal PMN. A different

study showed that by blocking PMN CD18 or CD11b,

there was an almost complete prevention of immobilized

plasma IgA-induced apoptosis [25]. In additional reports

it was shown, on the one hand, that Dox induces

apoptosis by generation of hydrogen peroxide and

activation of the nitric oxide cascade [26], and, on the

other hand, that nitric oxide affects the CD18 expression

level on PMN [27]. Hence, we could hypothize that

reduction of CD18 expression on PMN upon exposure to

Dox promotes cellular resistance to apoptosis. However,

reports of increased expression of CD11b/CD18 at PMN

nadir post-chemotherapy in patients with hematological

malignancies suggest a complex role for this molecule

[28]. The a chain of the b2 integrins was studied as well.

We found no significant change in the membranal

expression of CD11a–c contrary to an expected paralle-

lism with CD18. Several possible explanations exist that

should be further explored: the small study group may

account for the lack of statistical significance, the a chain

involved may be CD11d, which was not analyzed in our

study, and a cumulative down-regulation of several or all a
chains may render each one separately not significantly

associated with the CD18. Both down-regulation and

enhanced expression of CD63 in spontaneously apoptotic

PMN were reported [17,18]. In our study no significant

change was found in the membranal expression level of

CD63 after Dox in PBL. Thus, CD63 expression is not

modulated by Dox treatment within the time frame of

our study.

VLA-4 (a4b1) has been found to exhibit both cell–cell and

cell–matrix adhesion [29]. In our study there was no

CD49d (a4) level modulation with exposure to Dox. In

contrast, reduced expression of VLA-4 was observed in B

cell chronic lymphocytic leukemia [15] and in non-

apoptotic Ramos B lymphoblastoid cells [16], and an

overexpression of VLA-4 in Dox-resistant multiple

myeloma and breast cancer cell lines was reported

[19,20]. The complexity of signaling pathways might

necessitate a larger sample group to analyze the role of

this molecule in the apoptotic pathways.

Clinically, we observed the expected occurrence of

leukopenia, 10 days after administration of Dox. This

decrease in white blood cells counts is accounted for

mainly by lymphopenia and monocytopenia, and a trend

towards significant neutropenia. No correlation was found

between this reduction and apoptosis of any PBL

subpopulation. Chukhlovin recently found that myeloa-

blative therapy caused a time-dependent increase in ex
vivo granulocyte apoptosis, being maximal at days 7–9,

thus preceding the development of neutropenia. This

suggested that PBL apoptosis is a major determinant of

chemotherapy-induced leukopenia [11]. It should be

emphasized that Chukhlovin’s research encompassed

combined chemotherapy and multiple regimens. Our

results confirmed that Dox does induce apoptosis of

normal PBL within 24 h of drug infusion, but this early

event is not correlated with the leukopenia that occurs

clinically 10 days after administration.

We conclude that Dox induces apoptosis in normal PBL

within 24 h of administration. This cellular response to

drug administration is associated with the modulation of

surface expression of CD18, but not CD63, CD49d and

CD11a–c. The lack of correlation between cell counts

and the rate of apoptosis suggests that leukopenia by Dox

is largely attributed to toxicity of blood progenitors. A

further study is to be conducted to evaluate the signal

transduction pathways and adhesion molecules involved

in Dox-induced leukopenia. This may clarify the

modalities that assist normal cells to avoid drug-induced

cell death.
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