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ÖZET

Polisitemia veralı hastalarda farklı sitokinler varlığında eritroid koloni gelişimi üzerine imatinib mesylate’ın etkisi

Kronik myeloid lösemi tedavisinde kullanılan imatinib mesilat aynı zamanda kök hücre faktörünü de inhibe etmektedir. 
Imatinib mesilatın bazı polistemia veralı hastalarda otonom eritroid koloni gelişimini inhibe ettiği ve flebotomi ihtiyacını 
azalttığı da gösterilmiştir. Bu çalışmada, imatinib mesilat varlığında, polistemia veralı üç hasta ile sağlıklı dört kontrol-
den elde edilen periferik kan eritroid öncül hücreleri üzerine yarı-katı ortamda insülin benzeri büyüme faktörü-l (IGF-l), 
kök hücre faktörü (SCF) ve eritropoietin (EPO) ile interlökin-3 (IL-3), granülosit-koloni stimule edici faktörün (GM-CSF) 
ve granülosit-koloni stimule edici faktörünün (G-CSF) etkisi araştırıldı. Sağlıklı kontrollerden elde edilen hematopoietik 
öncü hücrelerden eritroid koloni gelişimi sadece tüm sitokinlerin varlığında gözlendi. Bununla birlikte eritroid kolonile-
rin sayısı polistemia veralı hastalardan elde edilen sayılara ulaşamadı. Imatinib mesilatın eritroid koloni gelişimi üzerin-
deki inhibe edici etkisi belirgindi. Polistemia veralı hastaların hematopoietik öncüllerinden iki tip eritroid koloni gelişimi 
gözlendi; ilki eksojen sitokinlerden bağımsız ve sitokinlere aşırı duyarlılık gösteren, ikincisi ise eksojen sitokinlere aşırı 
duyarlılık gösteren tip idi. Her iki tipte de IL-3, GM-CSF ve EPO de dahil olmak üzere, sitokinlerin varlığında imatinib 
mesilatın inhibe edici etkisi belirgindi. Imatinib mesilatın bu etkisinin IL-3, G-CSF, GM-CSF, EPO ve IGF-l üzerine olduğu-
nu söylemek için henüz yeterli kanıt yoktur. Bu çalışmanın sonuçları daha önceki çalışmalardan elde edilen bilgilerle 
birlikte değerlendirildiğinde, imatinib mesilatın eritroid koloni gelişimini inhibe edici etkisinin kök hücre faktörünün ve 
reseptörlerinin rol aldığı sinyal ileti yolları üzerinden olduğu söylenebilir.
Anahtar Sözcükler: Polisitemia vera, imatinib mesylate, BFU-E, SCF, IGF-l, eritropoiezis

ABSTRACT
It has been shown that imatinib mesylate, a drug used in the treatment of chronic myelogenous leukemia, inhibits 

the effect of stem cell factor, which has a central role in erythropoiesis. In some polycythemia vera (PV) patients, it has 
inhibited autonomous erythroid colony growth in vitro and decreased the need for phlebotomy. In this study we have 
investigated the effect of insulin like growth factor (IGF)-I, stem cell factor (SCF) and erythropoietin (Epo) with interleukin 
(IL)-3, granulocyte macrophage-colony stimulating factor (GM-CSF) and granulocyte-colony stimulating factor (G-CSF) 
in the presence of imatinib mesylate on the erythroid progenitors derived from peripheral blood mononuclear cells of 
three patients with PV and four healthy controls in semisolid medium. Erythroid colony formation from hematopoietic 
progenitors obtained from healthy controls was observed only in the presence of all cytokines. However, the number 
of erythroid colonies could not reach that of patients with PV. Inhibition of imatinib mesylate on erythroid colony growth 
was evident. Hematopoietic progenitors of patients with PV displayed two types of colony formation: the first type was 
exogenous cytokine-independent and was hypersensitive to current cytokines, and the second displayed hypersensitiv-
ity to current exogenous cytokines, but was exogenous cytokine-dependent. For both types, the inhibitory effect of ima-
tinib mesylate was striking in the presence of all cytokines including IL-3, GM-CSF and Epo. There is no direct evidence 
yet that imatinib mesylate could inhibit the effect of IL-3, G-CSF, GM-CSF, Epo and IGF-I on erythropoiesis. Considering 
former studies together with results of this study, it can be argued that imatinib mesylate is effective in PV on the inter-
secting signal transduction mechanisms in which stem cell factor and its receptor may have a part.
Key Words: Polycythemia vera, imatinib mesylate, BFU-E, SCF, IGF-I, erythropoiesis.
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INTRODUCTION
Polycythemia vera (PV) is characterized by an 

increased proliferation of all three myeloid line-
ages. The increase in red cell mass is the clini-
cally predominant feature. Bone marrow cells 
from PV patients are able to form erythroid colo-
nies (ECs) in vitro without the addition of exog-
enous erythropoietin (Epo) [1,2]. Apart from Epo, 
PV hematopoietic progenitors are hypersensitive 
to hematopoietic growth factors including insu-
lin-like growth factor-I (IGF-I), interleukin-3 (IL-
3), granulocyte/macrophage colony stimulating 
factor (GM-CSF) and stem cell factor (SCF) [3-8].  
Epo has synergism with IGF-I on DNA synthesis 
of erythroid progenitor cells [9]. SCF has a similar 
synergism with Epo and IGF-I [10]. The number 
of receptors for the growth factors and their dis-
sociation constants are normal. These observa-
tions suggest that signal transduction pathways 
may be altered in these cells [4,11-13]. 

Imatinib mesylate is a potent inhibitor of Bcr-
Abl tyrosine kinase activity. Imatinib mesylate 
inhibits other tyrosine kinases including SCF. 
SCF is described as a ligand for receptor tyrosine 
kinase that is encoded by c-kit protooncogene [14-

16]. It is well known that SCF has a central role in 
normal erythropoiesis [17-19]. 

It has been shown that imatinib mesylate 
significantly decreased SCF-dependent growth 
of M-07e cells in a dose-dependent manner and 
blocked the antiapoptotic activity of SCF [20]. 
Imatinib mesylate has a potent inhibitory ef-
fect on the kinase activity of a human mast cell 
leukemia cell line (HMC-1), which has an acti-
vated mutant form of c-kit [20]. It has been shown 
that imatinib mesylate, from 0.01 µM to 10 µM 
concentrations, markedly reduced autonomous 
burst forming units-erythroid (BFU-E) growth of 
PV hematopoietic progenitors in semisolid me-
dium. The amount of suppression was dose-de-
pendent and was more pronounced in the ab-
sence of IL-3, GM-CSF, and Epo [21]. 

These observations provided us the rationale 
to test the effect of imatinib mesylate on BFU-E 
growth of PV hematopoietic progenitors in semi-
solid medium in the presence or absence of SCF 
and IGF-I with Epo, G-CSF, GM-CSF and IL-3.

PATIENTS and METHODS

Patients:
Four healthy controls who had no known dis-

ease and were not smokers, with normal hema-

tocrit, leukocyte and platelet counts, and three 
patients with PV as established by the diagnostic 
criteria of the Polycythemia Vera Study Group 
were studied [22]. Patients were treated with phle-
botomy at the time of study, and none of them 
had previously received cytostatic drugs or ra-
dioactive phosphorus. None of the healthy con-
trols or patients had been taking theophylline, β-
blocker, angiotensin converting enzyme inhibitor 
or angiotensin-II receptor type-1 blocker for at 
least three months. The study was approved by 
the Ethics Committee of Dokuz Eylül University 
Medical Faculty. Informed consents were ob-
tained from all healthy controls and patients.

Colony assay:
After an overnight fasting period, peripheral 

blood samples were obtained by venipuncture 
from healthy controls and patients in the morn-
ing and were immediately placed into poly-
propylene tubes containing sodium heparin. 
Mononuclear cell (MNC) fraction was isolated by 
Ficoll-Hypaque (1.077 g/ml; Sigma Diagnostics, 
USA) density gradient centrifugation. The in-
terphase layer was carefully collected, centri-
fuged at 250xg for 10 min at room temperature 
in Iscove’s Modified Dulbecco Medium (IMDM; 
Biological Industries, Kibbutz Beit Haemek, 
Israel). After double washing procedure, the 
non-adherent (NA) fraction was separated by 
adherence technique. First, MNC pellets were 
diluted in 10 ml of 10% fetal calf serum (FCS; 
Biological Industries, Kibbutz Beit Haemek, 
Israel) in IMDM.  Then, MNC suspension was 
placed into t-25 flasks and incubated at 370C 
for 2 h. NA MNCs were washed with IMDM. 
MNC pellets at the bottom of the tubes were 
resuspended in 10 ml of 10% FCS in IMDM. 
MNCs were cultured in methylcellulose based 
semisolid culture mediums in 24-well flat bot-
tom flasks. Each well contained 200 µL metho-
culth (Methoculth; Stemcell Technologies Inc, 
Vancouver, Canada) and 300 µL IMDM (final 
volume 500 µL with cytokines). Cytokines were 
added to each well according to the study design 
(Table 1). 5x104 MNCs suspended in 50 µL 10% 
FCS in IMDM were added to wells. Viability of 
the MNCs were tested with trypan blue (Sigma, 
St Louis, MO, USA) and viable cells were more 
than 90%. Duplicated culture flasks were in-
cubated at 370C in a humidified atmosphere of 
5% CO2 for 14 days. ECs were counted on day 
14 by inverted microscope, and morphologically 
well-hemoglobinized colonies consisting of more 
than 50 cells were regarded as BFU-E.
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Cytokines and imatinib mesylate:
GM-CSF (Sandoz Pharma AG, Basel, Austria) 

10 ng/ml, G-CSF (Roche, Basel, Switzerland) 
10 ng/ml, IL-3 (Sigma, St Louis, Missouri, USA) 
10 ng/ml, Epo (Roche Diagnostics, Mannheim, 
Germany) 2 U/ml, SCF (Sigma, St Louis, 
Missouri, USA) 50 ng/ml, and IGF-I (Sigma, St 
Louis, Missouri, USA) 100 ng/ml were added to 
culture wells as described in Table 1.  Penicillin-
streptomycin (Biological Industries, Kibbutz Beit 
Haemek, Israel) 100 U/ml and amphotericin 
B (Biological Industries, Kibbutz Beit Haemek, 
Israel) 4 µg/ml were added to all culture medi-

ums, respectively. The quantities of cytokines 
were determined according to the generally ac-
cepted optimal dose for BFU-E growth as shown 
by the previous studies [21,23-32].  

Cultures were studied either in the pres-
ence or absence of 10 μM imatinib mesylate. 
Imatinib mesylate was a kind gift from Novartis 
Pharmaceutical (Basel, Switzerland).

Statistical analyses:
Results are given as percent stimulation or 

inhibition with respect to the differences between 
the colony counts of culture mediums.

RESULTS
Patient 1: Spontaneous ECs formation in the 

absence of cytokines was observed. The presence 
of IL-3, G-CSF and GM-CSF (standard cytokine 
combination) led to 35% more colony growth (34 
versus 46 ECs). Imatinib mesylate inhibited col-
ony growth in both of the conditions. However, 
inhibition was more prominent in the presence 
of standard cytokines (20% versus 43%). Without 
standard cytokine combination, Epo, SCF or IGF-
I produced similar EC growth (57, 49 and 56 in 
order). Inhibitory effect caused by imatinib me-
sylate on EC growth in the presence of these cy-
tokines was similar (45%, 32% and 48%, respec-
tively) (Table 2). The most striking EC growth was 

Figure 1. BFU-E in the presence of Epo, SCF, IGF-I, IL-3, G-CSF and GM-CSF.

Table 1. Plan and concentrations of the cytokines in the culture 
mediums: GM-CSF 10 ng/ml, G-CSF 10 ng/ml, IL-3 10 ng/ml, SCF 50 
ng/ml, IGF-I 100 ng/ml and Epo 2 U/ml

Epo SCF IGF-I

Wells with
IL-3 
GM-CSF 
G-CSF

- - -
+ - -
- + -
- - +

+ + +
Wells without
IL-3
GM-CSF 
G-CSF

- - -
+ - -
- + -
- - +

+ + +

Table 2. Effect of imatinib mesylate (IM) on the EC growth in the 
presence of Epo, SCF and IGF-I

Cytokine Free IM - IM + % inhibition

PV1 34 27 20
PV2 0 0 -
PV3 0 0 -

Epo IM - IM + % inhibition

PV1 57 31 45
PV2 0 0 -
PV3 4 0 100

SCF IM - IM + % inhibition

PV1 49 33 32
PV2 0 0 -
PV3 0 1 -

IGF-I IM - IM + % inhibition

PV1 56 29 48
PV2 0 0 -
PV3 0 0 -

Epo+SCF+IGF-I IM - IM + % inhibition

PV1 82 42 48
PV2 26 0 100
PV3 40 1 97.5
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obtained by combination of all cytokines (stand-
ard cytokines with Epo, SCF and IGF-I) (Figure 
1), and imatinib mesylate inhibited the effect of 
this combination by 40%. Combination of stand-
ard cytokines with Epo, SCF or IGF-I produced 
similar colony growth. The inhibition patterns of 
combinations were also similar (Table 3).  

Patients 2 and 3: Without standard cytokine 
combination, EC formation was observed in pa-
tient 3 with Epo (4 colonies). Aside from this result, 
both patients were able to form ECs only in the 
presence of Epo, SCF and IGF-I together. However, 
the inhibition of imatinib mesylate on EC forma-
tion was striking (Table 2). With standard cytokine 
combination, with or without Epo, SCF or IGF-I, 
these patients were able to form ECs. In the pres-
ence of all cytokines, EC growth was very promi-
nent as observed in patient 1. Effect of imatinib 
mesylate on the EC growth was more evident in 
patients 2 and 3 than patient 1 (Table 3). 

Control Group: EC formation was observed 
only in the presence of all cytokines. However, 
the number of ECs could not reach that of pa-

tients with PV. Inhibition of imatinib mesylate on 
EC growth was evident. 

DISCUSSION
The increase in red cell mass in PV is the clini-

cally predominant feature and this increased red 
cell mass may be due to either increased prolif-
eration and/or reduced apoptosis. Many stud-
ies have been published concerning the patho-
genesis of PV. However, the pathogenesis of the 
disorder has not been established yet, and the 
molecular mechanism for erythrocytosis in PV is 
still unknown. 

Hematopoietic progenitors of patients with PV 
displayed two types of colony formation: the first 
was exogenous cytokine-independent and was 
hypersensitive to current cytokines, and the sec-
ond displayed hypersensitivity to current exoge-
nous cytokines, but was exogenous cytokine-de-
pendent. Although Epo, SCF and IGF-I combina-
tion provided a colony stimulator effect, addition 
of IL-3, G-CSF and GM-CSF to this combination 
led to a more striking EC growth. In the second 
type, the inhibitory effect of imatinib mesylate on 
colony formation was more prominent. 

It has been shown by Oehler et al. [21] that 
imatinib mesylate could inhibit autonomous 
BFU-E growth in a dose-dependent manner and 
this effect was lesser in the presence of IL-3, GM-
CSF and Epo. Heinrich et al. [20] pointed out that 
treatment of M-07e cells with STI 571 inhibited 
Steel factor (SLF)-dependent, but not GM-CSF–
dependent, proliferation. Although PV cells and 
M-07e cells have different characteristics and we 
did not study the absolute effect of GM-CSF, we 
have to remark that, in our study, the inhibitory 
effect of imatinib mesylate was striking in the 
presence of all cytokines including GM-CSF.

These observations suggest that PV may not 
be a homogeneous disorder. A group of patients 
may have abnormalities in signal transduc-
tion pathways resulting in cytokine independ-
ence. The others may have hypersensitivity to 
cytokines/growth factors or some patients may 
have alterations in the antiapoptotic mecha-
nisms or a combination of these mechanisms. 

There is no direct evidence yet that imat-
inib mesylate could inhibit the effects of Epo on 
erythropoiesis. Although it has not been studied 
in PV, the effect of imatinib mesylate on IGF-I 
is not clear [33,34]. In our study, addition of IGF-

Table 3. Effect of imatinib mesylate (IM) on the EC growth in the 
presence of Epo, SCF and IGF-I together with IL-3, G-CSF and GM-
CSF (*Standard Cytokine Combination, SCC).

SCC* IM - IM + % inhibition

PV1 46 26 43
PV2 8 5 37.5
PV3 14 4 71

SCC+Epo IM - IM + % inhibition

PV1 60 58 3
PV2 5 0 100
PV3 14 5 64

SCC+SCF IM - IM + % inhibition

PV1 61 52 14.5
PV2 18 0 100
PV3 22 0 100

SCC+IGF-I IM - IM + % inhibition

PV1 59 52 12
PV2 5 2 60
PV3 10 6 40

SCC+Epo+SCF+IGF-I IM - IM + % inhibition

PV1 125 74 40
PV2 159 5 96.8
PV3 110 8 92.7
Control 1 32 0 100
Control 2 64 10 84
Control 3 65 0 100
Control 4 33 5 84.8
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I resulted in slightly more colony growth in the 
exogenous cytokine-independent type and imat-
inib mesylate overcame this effect. 

In brief, considering the results of former 
studies together with this study, it can be ar-
gued that imatinib mesylate is effective in PV 
on the intersecting signal transduction mech-
anisms in which SCF and its receptor have 

a part. BFU-E growth of healthy donors was 
observed only in the presence of all cytokines 
and this colony formation was inhibited by 
imatinib mesylate. Development of anemia 
and other cytopenias during imatinib treat-
ment might be associated with this observa-
tion. Further studies are warranted to deter-
mine the potential efficacy of STI 571 in the 
treatment of PV.
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