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Summary
Platelets interact with normal peripheral blood cells via ad-
hesion as well as soluble mediators, and platelet released medi-
ators can affect hematopoietic stem and progenitor cells. Inter-
actions may also be involved between platelets and circulating
malignant cells, which is suggested by the effects platelets seem
to have on metastasis and the various platelet abnormalities ob-
served in various malignant disorders, including acute myelogen-
ous leukemia (AML) and other leukemias. It is only recently that
the interactions between platelets and AML cells have been
characterized in detail, and studies show that; i) platelets and
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AML blasts can affect functional characteristic of each other, ii)
chemotherapeutic drugs frequently used in AML therapy can
alter several platelet functions, iii) the systemic levels of various
cytokines are enhanced duringAML chemotherapy, including cy-
tokines known to affect both leukemic blasts and platelet acti-
vation,and iv) platelet secretion of growth factors are clearly de-
tected in peripheral blood stem cells autografts. In this review
we describe platelet interactions with normal leukocytes, nor-
mal hematopoietic and leukemic cells and the possible clinical
relevance of these interactions in AML.

Thromb Haemost 2008; 99: 27–37

Review Article

Correspondence to:
Brynjar Foss
Department of Health Studies
University of Stavanger
4036 Stavanger, Norway
Tel.: +47 51 83 41 82, Fax: +47 51 83 41 50
E-mail: brynjar.foss@uis.no

Received April 2, 2007
Accepted after major revision November 11, 2007

Prepublished online December 5, 2007
doi:10.1160/TH07-04-0240

Introduction
Platelets normally play a role in hemostasis (1) and are involved
in the activation of immunocompetent cells (2). Thus, platelets
interact with normal blood cells during physiological processes.
Similarly, platelets can also interact with malignant cells includ-
ing leukemic blasts (3, 4) and have been indicated to play a sig-
nificant role in tumour metastasis (5). However, it has not yet
been characterized in detail whether platelet interactions are im-
portant for carcinogenesis or treatment responsiveness of malig-
nancies. Previous studies suggest that platelets interact with
acute myelogenous leukemia (AML) blasts both in vitro and in
vivo (3, 4, 6–8), and may be important during conventional
chemotherapy as well as peripheral blood stem cells transplan-
tation (PBSCT) (9–11). Here we describe platelet interactions
with normal leukocytes, normal hematopoietic and leukemic
cells and discuss the possible clinical relevance of these interac-
tions in AML.

Platelets
Platelets store several biologically active molecules, including
platelet-derived growth factor (PDGF), vascular endothelial
growth factor (VEGF), transforming growth factor-β (TGF-β)
platelet factor-4 (PF-4) (Table 1) and Angiopoietin-1 (Ang-1)
(12). During in-vivo vessel wall rupture and bleeding platelets
become adherent and activated. Platelet activation is among
other things characterized by secretion of the biologically active
molecules from α-granula and dense bodies (Table 1) (1, 2).Ac-
tivated platelets also release smaller membrane vesicles, the pla-
telet-derived microparticles (PDMP) (2), which at least express
tissue factor (TF) and seem to be involved in the regulation of
thrombus formation (13). The activated platelets increased
stickiness is due to expression of activation dependent adhesion
molecules including GPIIb/IIIa (CD41/CD61, fibrinogen recep-
tor) and CD62P (1, 2). These molecules induce platelet aggre-
gation and adhesion with subendothelium, endothelial cells and
leukocytes (1, 2) and thereby participate in the mechanism of
bleeding arrest.
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Thrombin, collagen, adenosine diphosphate (ADP), thromb-
oxaneA2 (TXA2) and vonWillebrand factor are all physiological
platelet activators (1, 2). In addition to physiological mediators,
various forms of stress, including centrifugation and exposure to
artificial surfaces, can also induce platelet activation. This is ob-
served during clinical procedures that involve extracorporeal cir-
culation including collection of peripheral blood hematopoietic
stem cells (10, 11, 14, 15).

The role of platelets in specific variants of AML
Later on in this review we will go on to discuss the possible im-
portance of platelets in AML in general. However, two specific
variants of AML clearly differ from other subsets, namely the
acute promyelocytic variant and the acute megakaryoblastic
leukemia, and the role of platelets may thus be different for these
two subsets.

Acute promyelocytic leukemia (APL)
The acute promyelocytic variant ofAML is characterized by spe-
cific genetic abnormalities, predominant signs of promyelocytic
differentiation in the leukemic cells and a dramatic clinical pres-
entation different from other AML patients (16). A high propor-
tion of patients with APL has coagulation problems. As de-
scribed in detail in a recent review (16), the pattern of coagu-
lation abnormalities in most patients at presentation is consistent
with intravascular coagulation activation, and thrombocytopenia
is a part of this.Themolecular mechanisms behind the activation
are not known in detail, but TF is expressed by the promyel-

oblastic cells, and the cancer procoagulant cystein protease is
also expressed at higher levels in APL cells than by other AML
cell subsets (16, 17). All these observations suggest that the role
of platelets inAPL differ from the other subtypes, and the guide-
lines for platelet transfusions also differ. The British Socitey for
HaematologyGuidelines state that platelet counts should be kept
above 20 x 109/l also in the absence of fever or bleedings, and
other authors have suggested that maintaining platelet counts
above 50 x 109/l during the first 10 days of treatment, especially
in those who are actively bleeding, will reduce the risk of early
haemorrhagic death (16).

Acute megakaryoblastic leukemia (AML-M7)
AML-M7 occurs in two age groups, young children and adults.
AML-M7 seems to be a heterogeneous group; Down syndrome
associated, t(1;22) associated and those with other abnormalities
(18). The two first are childhood disorders. The disease is often
characterized by organomegaly, thrombocytosismay be seen, the
bone marrow often shows fibrosis and associated myelodys-
plastic changes, and as explained above for many patients leuke-
mogenesis depends on specific genetic abnormalities (i.e. tri-
somy8, t(1;21), mutations of the GATA1 transcription factor)
(18, 19).Aswould then be expected, gene expression profiles are
also different for AML-M7 compared with other subsets, class-
discriminating genes have been identified but in addition there
seems to be a heterogeneity with different subsets within the M7
group (20, 21). Taken together, these observations suggest that
AML-M7 is a specific entity, functional characteristics of these
leukemic cells probably differ from otherAML subtypes and the
role of platelets in this variant is possibly also different.

Platelet interactions with normal and malignant
cells

Platelet interactions with normal leukocytes
Several studies have shown that normal platelets and leukocytes
adhere well to each other and interfere functionally (2) (Table 2).
Here we review some of these interactions. Thrombin activated

Granula Substance group Molecule

α-granula Growth factors Platelet-derived growth factor
(PDGF)

Transforming growth factor-β
(TGF-β)
Epidermal growth factor (EGF)

Vascular endothelial growth
factor (VEGF)

Glycoprotein Thrombospondin (TSP)

Fibronectin

vWF

Dense bodies Serotonin

ATP, ADP

Ca2+

vWF, vonWillebrandt factor; ATP, adenosine triphosphate; ADP, adenosine diphosphate. Table is
based on (1, 2, 164).

Thrombopoietin (TPO)

Platelet specific proteins β-thromboglobulin (β-TG)
Platelet factor-4 (PF-4)

Coagulation factors FactorV,VII, XI, XIII

Fibrinogen

Table 1: Platelet granula contents.

Platelet adhesion molecule Ligand-expressing cells Ref

CD62P Monocytes 23, 25

Neutrophils 25

Eosinophils 25

Basophils 25

Polymorphonuclear leukocytes
(PMN)

23

T-cell subpopulations 25, 26

CD41a / fibrinogen Polymorphonuclear leukocytes 27

Thrombospondin (TSP) Bone marrow cells 28

Fibronectin Bone marrow cells 29

Table 2: Adhesion molecules involved in platelet adhesion to
normal leukocytes and bone marrow cells.
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platelets adhere well to monocytes and polymorphonuclear leu-
kocytes (PMN) (22), and platelet adhesion to monocytes seems
to be favoured over neutrophils (23) and is mediated via the
CD62P membrane molecule (24). Adhesion is also observed for
eosinophils, basophils and subpopulations ofT-lymphocytes (25,
26). However, other membrane molecules may also be involved,
including CD41a and fibrinogen (27). In addition, both throm-
bospondin-1 (TSP) and fibronectin bind bone marrow cells (28,
29) and may therefore be involved in normal platelet-leukocyte
adhesion.
Leukocytes can affect platelet aggregation, induce intrapla-

telet Ca2+ fluctuations and increase platelet thromboxane B2 pro-
duction by adhesion or via released mediators (30). In addition,
leukocyte released interleukin (IL)-1 and interferon-γ induce
platelet expression of CD62P that enhance platelet-leukocyte
adhesion (31). Platelets, on the other hand, can release NAP-2
that indirectly increases the intracellular calcium concentration
in PMN’s (32), and platelets together with fibrinogen can acti-
vate neutrophil cells (33). Furthermore, CD62P can prime
monocytes to increase the production of platelet activating factor
(PAF), which indicates that CD62P on platelets serves to localize
monocytes at inflammatory sites and prime these cells for in-
flammatory responses (34). CD62P dependent adhesion be-
tween platelets and neutrophils and monocytes induces both
cells to produce extracellular superoxide anion (O2-) (31), which
is further potentiated by IL-8 (CXCL8) and granulocyte-colony
stimulating factor (G-CSF). Activated platelets also induce the
expression of monocyte chemotactic protein-1 (CCL2) and IL-8
by monocytes that require the CD62P antigen on platelets (35).
Soluble mediators released by activated platelets can also modu-
late leukocyte functions, e.g. PDGF and PF-4-induced activation
of human peripheral blood neutrophils (36, 37). Thus, normal
functional interactions between platelets and normal leukocytes
are complex and involve both adhesion and soluble mediators.

Platelet effects on normal hematopoietic cells
Platelets can also bind (38), and via releasedmediators, affect he-
matopoietic stem cells (Table 3). PDGF can alter proliferation of
hematopoietic progenitors (39), including enhance expansion of
CD34+ cells (40). However, PDGFmay not have direct effects on
CD34+ cells because this progenitor subset seems to lack its re-
ceptor (41) or develops it later in culture (40). TGF-β (Transform
growth factor β) divergently affects hematopoietic stem cells
(42), but is stored in platelets as a poorly active complex (43).
TSP and Fibronectin adhere to bone marrow cells (28, 29) and
can alter megakaryocytopoiesis and hematopoietic stem cells, re-
spectively (44, 45). Fibrinogen can also affect the growth of bone
marrow cells (46). VEGF possibly regulates hematopoietic stem
cell survival (47) and can affect hematopoietic cells by suppress-
ing apoptosis (48) and divergently alter colony growth (49). PF-4,
β-thromboglobulin (β-TG) and Serotonin can all affect mega-
karyocyte cell growth (50–52), and PF-4 in addition supports the
survival of myeloid progenitors (53) and promotes the adhesion
of hematopoietic stem cells (54). The fact that CD34+ cells them-
selves produce and respond to VEGF and PF-4, amongst several
other growth factors, indicates that these factors do play a physio-
logical role in normal hematopoiesis (55). Furthermore, PDMP’s
seem to alter several functions of hematopoietic cells, including
survival, proliferation and adhesion (56).
To conclude so far, platelets can interact both with mature

myeloid cells and immature hematopoietic stem or progenitor
cells through several molecular mechanisms. The clinical im-
portance of these interactions inAML is not yet known. Patients
withAMLmay have increased levels of circulating activated pla-
telets and possible effects of local platelet activation are: i) alter-
ed function of immunocompetent cells in these severely immu-
nocompromised patients, or ii) modulation of remaining normal
hematopoiesis in the bone marrow compartment that is slowed
by the dominating AML cell population and a minor cell subset
of normal hematopoietic cells (for further discussion, continue).

Platelet released mediator Hematopoietic cell type Effect Ref.

Platelet-derived growth factor (PDGF) Progenitors Cell growth 39

CD34+ cells Expansion 40

Transforming growth factor-β (TGF-β) Stem cells Cell growth (divergently effects) 42

Thrombospondin (TSP) Megakaryocytic cells Inhibiting colony formation 44

Fibronectin Stem cells Increase CFU-GEMM 45

Platelet factor-4 (PF-4) Megakaryocytic cells Cell growth 50, 51

Myeloid progenitors Survival 53

β-thromboglobulin (β-TG) Megakaryocytic cells Cell growth 51

Serotonin Megakaryocytic cells Cell growth 52

CFU-GEMM, colony forming unit-granulocyte-erythroid-macrophage/monocyte-megakaryocyte; BFU-E, burst-forming unit-erythroid.

Fibrinogen Bone marrow CD34+ cells Increase BFU-E 46

Vascular endothelial growth factor (VEGF) Stem cells Cell survival 47

Apoptosis 48

Colony growth 49

Table 3: Effects of different
platelet-released medi-
ators on hematopoietic
cells.
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Platelet interactions with neoplastic hematopoietic
cells
There is clear evidence that platelets are altered in several malig-
nancies and interfere with malignant cells.At least three types of
platelet-malignancy interactions occur: i) altered platelet acti-
vation (57–59); ii) platelet effects on malignant cell growth (60),
and iii) platelet enhancement of metastasis (5). Here we briefly
describe some of these interactions.
Abnormally high levels of the platelet specific proteins β-TG

and PF-4 are detected in patients with active or progressive ma-
lignant disease (61), and elevated in-vivo levels of PDMP are de-
scribed for gastric cancer (57) andmyeloproliferative syndromes
(58). Platelet activation is further observed during tumour devel-
opment (59). This indicates that there might be an ongoing pla-
telet activation in patients with malignant diseases. In addition,
malignant cells can induce platelet aggregation and activate pla-
telets byADP secretion (62). On the contrary, decreased and ab-
normal platelet aggregation is described for chronic myelopro-
liferative disorders and acute lymphoblastic leukemia (63, 64).
However, it is uncertain whether this is directly caused by the
malignant cells.
Platelets can affect tumour cells via their release of soluble

mediators (65). VEGF is stored in and released by activated pla-
telets (2) and may affect tumour growth via direct effects on ma-
lignant cells, or indirectly via its effects on angiogenesis
(66–68). PDGF, also released by platelets (1), can affect malig-
nant cells. PDGF receptors are expressed by several tumours and
are related to both tumour growth directly and indirectly via an-
giogenesis (60). Such receptors are among others described on
chronic lymphocytic leukemia cells (69). The widespread ex-
pression of PDGF receptors in tumours makes it a possible target
for cancer drugs (70) which suggests that PDGF plays an impor-
tant role in malignancies and that platelets might affect these
functions. Other platelet-released mediators that can affect ma-
lignant cells are: i) TGF-β that can affect leukemic HL-60 mye-
loid cells (71); ii) PF-4 that may affect tumour invasion (72), and
interestingly iii) TSP and fibronectin that are suggested to be in-
volved in cancer metastasis (73, 74).
The aforementioned observations clearly illustrate the wide

range of molecular mechanisms that can be involved in the inter-
actions between circulating platelets and malignant cells.

Clinical importance of platelets inAML
AML is characterised by malignant myeloid cells that show neo-
plastic proliferation with a differentiation block. This results in
the accumulation of immature blasts in the bonemarrow that fre-
quently leads to hematopoietic insufficiency with peripheral
blood cytopenia aswell as functional alterations of the remaining
cells.

Platelet abnormalities in AML
It has been known since the early 70’s that platelets may show a
wide range of defects in acute leukemias, including abnormal
metabolism, lifespan and aggregation (see [75, 76] and refer-
ences therein). Several groups have verified these results and
characterized additional platelets dysfunctions in AML. These
include abnormal platelet aggregation (77–81), abnormal pla-

telet factor-3 (PF-3) activity (78), dysfunction in the release
reaction and thromboxane B2 production (79), abnormal plasma
PF-4 and serotonin levels (80, 82), abnormal platelet volumes
(83), dense granula abnormalities (83, 84), abnormal clot retrac-
tion and prolonged bleeding time (77). Hemorrhage and throm-
bosis are well known in acute promyelocytic leukemia (85, 86).
In addition, platelet abnormalities/activation have also been de-
tected for chronic myelogenous and lymphocytic leukemia (58,
87) suggesting that platelet abnormalities might be a more gen-
eral phenomenon in leukemias. However, these abnormalities
may be of particular importance in AML where they usually
occur in combination with a rapidly progressive malignancy
with a severe quantitative platelet defect.

Platelet – AML blast interactions in vitro
Native myeloid leukemic cells and cells from the AML cell line
HL-60 can alter platelet function by inhibiting aggregation (88).
In addition, native AML blasts seem to increase the platelet
PDGF and soluble CD62P secretion in vitro (4). Thus, leukemic
blasts are suggested to alter platelet activation in vitro. On the
other hand, normal platelets can alter AML blast proliferation
and constitutive cytokine secretion in vitro (3). This is caused
both via direct adhesion (3) and via platelet release of soluble
mediators, including PDGF, PF-4 andVEGF (3, 6, 7). These ob-
servations are further supported by studies showing that these
mediators affect the function of other malignant and normal he-
matopoietic cells: PDGF that is released by platelets in co-cul-
ture with AML blast (4) is a growth factor for normal hemato-
poietic and chronic myelogenous leukemia cells (39, 89). PF-4
regulates apoptosis and supports the survival of normal myeloid
cells (53), including megakaryocytopoiesis (50, 51). It is also
elevated in peripheral blood ofAMLpatients (80, 82).AMLcells
can expressVEGF receptors (90) andVEGF can affect both nor-
mal and leukemic hematopoiesis (47–49, 91). The clinical im-
portance ofVEGF is also shown by its prognostic impact inAML
patients receiving intensive chemotherapy (92–94).

Possible effects of complex cytokine networks in vivo
The clinical importance of platelets and platelet released medi-
ators in AML is not well characterized. Previous observations
have shown that both acute and chronic lymphoid and myeloid
leukemia cells can release PAF in the active phase of the disease
(95), thus possibly affecting platelet activation in vivo. Other in-
vitro studies suggest that platelet interactions with AML blasts
may be important in clinical settings. Via adhesion and/or acti-
vation platelets may create or modulate local as well as systemic
cytokine networks that affect AML blast functions. We pre-
viously showed that the cytokines thrombopoietin (TPO),
G-CSF and Flt3-L are elevated inAML patients with chemother-
apy induced cytopenia (96). The increased levels ofTPO and the
high levels of SCF inAML (96) may affect platelet activation in
AML patients (97–99) and thereby the secretion of various
growth factors capable of alteringAML blasts. In addition, TPO
and IL-6 can increase the number of released PDMP (100),
which can alter normal hematopoietic cell functions (56) and
possibly also leukemic cells characteristics. Furthermore, vari-
ous studies show increased systemic levels of cytokines inAML,
including intercellular adhesion molecule-1 (ICAM-1) (101,
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102), IL-6 (101–104), IL-2, TNF-α (105), EPO (106), IL-8
(103), G-CSF (103, 104) and IL-10 (104). Thus, growth factors
released by activated platelets together with disease- and chemo-
therapy-induced modulation of local and systemic cytokine lev-
els create a unique cytokine network in AML patients. This net-
work may then affect disease development as well as chemosen-
sitivity in human AML.

Effects of chemotherapeutic drugs on platelet
functions
Patients with malignant diseases can develop quantitative pla-
telet defects due to chemotherapy-induced bonemarrow toxicity.
Cytotoxic drugsmay also induce qualitative platelet defects with
abnormalities both in platelet secretion and aggregation (107)
(Table 4). Studies performed in the beginning of the 70’s showed
that various cytotoxic drugs, including cytarabine and doxorubi-
cin, could alter platelet functions (108, 109). The antracycline
doxorubicin can also inhibit platelet aggregation (110), platelet
release reaction and affect protein phosphorylation (111). Pla-
telet aggregation is also inhibited by vincristin and epirubicin
(110), whereas daunorubicin can induce platelet and mitochon-
drial swelling, vacuole formation, decreased aggregation, de-
creased serotonin release, inhibition of platelet prostaglandin
pathway and decreased availability of PF-3, and for high concen-
trations even platelet lysis has been observed (111–113).
We previously studied the effects of cytarabine and various

antracyclines on normal whole blood platelet activation using
flow cytometry. Both daunorubicin and higher doses of idarubi-
cin enhanced platelet expression of GPIIb/IIIa, CD62P and
CD63, indicating that platelets were highly activated (8). Both
these antracyclins were also absorbed by the platelets. Although
the liposomal form of daunorubicin was absorbed by platelets as
well, it did not enhance platelet activation in our study.Thus, sev-
eral cytotoxic agents commonly used inAML therapy seem to af-
fect various platelet functions.

Platelet activation and adhesion in AML patients in vivo
Although high systemic levels of the platelet-activating cytokine
TPO is detected (96) and chemotherapeutic drugs relevant for
AML can affect platelet functions, a general activation pattern of
circulating platelets derived from AML patients during chemo-
therapy was not detected in our previous study (8). These find-
ings are later confirmed where the expression of platelet acti-
vation markers actually was decreased compared to healthy vol-
unteers (81). However, elevated CD63 expression, which is
usually expressed on highly activated platelets (114, 115), was
detected for a subset of ourAML patients prior to chemotherapy,
an expression heterogeneity of platelet activation markers that is
later confirmed (81). The absence or low levels of fibrinogen re-
ceptor and CD62P expression suggest that this CD63 expression
should be regarded as a single platelet dysfunction in AML and
possibly not as a sign of true platelet activation, just like the low
expression of fibrinogen receptor and CD62P (81). But these re-
sultsmay also be explained by reversal of fibrinogen receptor ex-
pression (116) and CD62P release (117) after activation (8). It is
worth noting that our observations seem to be in contrast to pre-
vious reports describing drug-inducedmodulation of platelet ac-
tivation inAML (107–113, 118). However, these studies and the

previous studies that describe platelet dysfunctions in AML
(77–80) aremainly in-vitro investigations, whereas our study ad-
dress the in-vivo status of the platelets. Another possible expla-
nation for the conflicting observations could be that activated
platelets adhere toAML blasts in our patients with high levels of
circulating blasts (8). Thus, platelet abnormalities can be de-
tected in AML, but these abnormalities do not represent a con-
ventional activation pattern with development of the normal ac-
tivated platelet phenotype.

Clinical importance of platelets in stem cell
transplantation
Another important setting where platelets may play a significant
role is during stem cell transplantation. In a previous study, both
PDMP and platelets released mediators, including TPO, in-
creased after auto- and allo-transplantation (119) possibly indi-
cating platelet activation in vivo. Furthermore, both platelets and
leukocytes become activated during the collection of mobilized
stem cells (14, 120, 121) partly detected by elevated levels of
P-selectin,TPO and PDMP (11). In addition, platelets and leuko-
cytes are increased in PBSCT autografts (9, 10, 15, 122, 123).
Malignant cells may also contaminate autografts, andAML blast
contamination may occur in PBSC grafts even when it cannot be
detected in the bone marrow collection (124–127). Importantly,
graft contaminating malignant cells may be responsible for post-
transplant relapse (128–130).We have previously described that
the platelet releasedmediators PF-4,β-TG and PDGF-ABare in-
creased in the autografts compared with peripheral blood, which
demonstrates that platelets are activated and make a detectable
contribution to a unique cytokine network in autografts (9, 10).
In addition, high levels of the hematopoietic growth factorsTPO,

Drug Effect Ref.

Doxorubicin Inhibit platelet aggregation 110

Inhibit platelets release reaction 111

Decreased aggregation 112, 113

Decreased serotonin release 111

Platelet lysis (high concentrations) 113

Increased expression of CD62P * 8

Increased expression of CD63 * 8

Increased expression of GPIIb/IIIa * 8

Idarubicin (high doses) Increased expression of CD62P * 8

Increased expression of CD63 * 8

Increased expression of GPIIb/IIIa * 8

* = in-vivo studies.

Affect protein phosphorylation 111

Vincristine Inhibit platelet aggregation 110

Epirubicin Inhibit platelet aggregation 110

Daunorubicin Platelet swelling 113

Vacuole formation 113

Table 4: Effects of chemotherapeutic drugs on platelet func-
tions.
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GM-CSF and Flt3-L were also detected in autografts (10, 131),
whereas GM-CSF and Flt3-L levels were increased in peripheral
blood (131).Thus, both the peripheral blood and the autografts of
these patients seem to contain unique cytokine networks, and
platelet released mediators contribute to the cytokine network in
the autografts. These observations were made in patients with
different malignancies, but similar results were detected for all
patients independent of their primary disease (10).Thus, platelet
activation is most likely dependent on the apheresis procedure
(14, 132, 133), and the results are therefore also relevant for pa-
tients with other malignant disorders. It is important to note that
different apheresis procedures might yield different amounts of
platelets and possibly different levels of platelet released medi-
ators (133). Still, taken together with the in-vitro results (3, 6, 7)
our and others observations suggest that normal hematopoietic
stem cells and contaminating AML blasts in PBSCT autografts
are exposed to a local cytokine network, including platelet re-
leased growth factors that may alter their functional character-
istics. It is not yet known whether these effects are clinically rel-
evant, but as discussed by Bruserud et al. (9) this may be amech-
anism for graft platelets to affect the risk of post-transplant re-
lapse.

Platelet transfusions and bleeding complications in
AML
AMLpatients are at increased risk of bleeding due to the disease-
related lack of platelets, platelets dysfunctions and systemic co-
agulopathy. Platelet transfusion may therefore be life saving
therapy to achieve hemostasis in the bleeding patients.The trans-
fusions are traditionally given at a platelet threshold of
20,000/µl, however, lower thresholds have since been estab-
lished for stable patients who do not have a fever or active hem-
orrhage (134). Interestingly, due to different methods used in the
production of platelet concentrates (135), refractoriness to pla-
telet transfusion due to alloimmunisation (135) and altered func-
tions by stored platelets (136), it may be difficult to predict the
effect of platelet transfusions onAMLblast functions.To the best
of our knowledge, no studies have examined the possible effects
of transfused platelets on leukemic cells, and the possibility can
not be excluded that transfused platelets will affect AML cell
functions, including chemosensitivity.
Thrombosis is not negligible in hematologic malignancies

(137, 138), and several thrombogenic factors are present inAML
patients. Firstly, platelet activation can be present (see before).
Secondly, TF seem to be involved in venous thromboembolism
(138), whereas TF-positive PDMP seem to be involved in he-
mostasis activation in cancer patients (139). Thirdly, circulating
CD62P (P-selctin) may also be a risk factor for venous throm-
boembolism (140).This molecule is released by platelets co-cul-
tured with AML blasts in vitro (4) and may also be released in
vivo by activated platelets (8, 117). Finally, an in-vitro study
showed that TF induced procoagulant activity can be affected by
cytotoxic drugs used inAML therapy (141).Thus, several mech-
anisms may contribute to procoagulant activity in AML and TF,
which also seems to be involved in the mechanisms of dissemi-
nated intravascular coagulation in promyelocytic leukemia (16),
might be one of the most important mechanisms (16). Platelets
may then contribute via their PDMP (139).

Despite increased procoagulant activity, the major problem
in AML patients is severe haemorrhages and not thromboem-
bolic complications (16), even though theAML cells expressTF
aswell as other factors that can activate coagulation (16, 17).The
most likely explanation for this discrepancy is that the severe dis-
ease- and therapy-induced thrombocytopenia in these patients
counteract the procoagulant activity. The most common throm-
botic manifestation seems to be central-line associated thrombo-
sis that has been reported to occur in up to 40–50% of patients
when using sensitive Doppler-ultrasound of the catheterized
vein for visualization, but usually the thromboses are asympto-
matic and may even resolve spontaneously (142).

Circulating reticulated platelets as a marker of hema-
topoietic reconstitution after intensive chemotherapy
Reticulated platelets can be detected in the circulation at low lev-
els during the period of severe treatment-induced thrombocy-
topenia following intensive chemotherapy, and this is also true in
AML (143, 144). However, prior to hematopoietic reconstitution
with increasing peripheral blood platelet counts an increase in
the absolute count and percentage of reticulated platelets can be
detected (143, 144), and results from initial clinical studies sug-
gest that the requirement for prophylactic platelet transfusion
can be reduced according to the patients’ reticulated platelet in-
crease. The study by Chaoui et al. (144) included patients with
various hematologic malignancies treated with autologous stem
cell transplantation, and it is unknown whether these observa-
tions are relevant for AML patients receiving repeated cycles
with conventional intensive chemotherapy.

The role of platelets in AML-M7 and myelofibrosis
Due to the fact that platelets are produced from the megakaryo-
cytes in the bone marrow and that megakaryocytes store biologi-
cal active mediators as platelets, it is possible that platelets and/
or platelet storedmediatorsmay be involved in theAML-M7 and
other AML-M7 associated diseases. Whereas AML-M7 is not
very common, myelofibrosis, which is associated to most kinds
of AML but mostly to de novo AML-M7, is relatively more fre-
quent. Unfortunately, interactions of platelets and cells involved
inAML-M7 and myelofibrosis are not well characterized. How-
ever, we will present here some possible effects that platelet re-
leased mediators may be involved in.
InAML-M7 and other subtypes ofAMLwith the cytogenetic

abnormality involving 3q21, increased platelet number and pres-
ence of micromegakaryocytes are common (145, 146). Marked
polymorphism of blast cells and platelets in peripheral blood and
bone marrow with altered platelet aggregation has also been de-
tected inAML-M7 (147). However, whether platelets or platelet
stored mediators are directly involved in the evolution of
AML-M7 has not previously been described. On the other hand,
platelet stored mediators, which is also released by megakaryo-
cytes, might be involved in myelofibrosis via PDGF and TGF-β
(148) and in the transformation of AML-M7 into AML-M0 by
PF-4 and β-TG (149). As previously described, these mediators
are released into autografts during PBSCT (10) and might
thereby be involved in the development of myelofibrosis after
autotransplantation. As a result of observations that mediators
which are stored and released by platelets seem to alter cell func-
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tions in the bone marrow, we are lead to speculate that platelets
can be involved in cellular alterations in bone marrows, includ-
ing myelofibrosis and AML transformations.

Platelet effects on apoptosis
In addition to the effects of platelet released mediators on AML
blasts as previously mentioned (3, 6, 7) it is worth noting that
several studies hypothesize that platelets can have an affect on
apoptosis of normal and malignant myelogenous cells as well
(reviewed in [9]). ATP and Serotonin that are stored in platelet
dense bodies, can affect apoptosis of the humanHL-60 andK562
AML cell lines via receptor ligation (150–154). Furthermore,
VEGF, PF-4 and PDGF interfere with the regulation of apoptosis
in several cell types, including normalmyeloid cells (48, 53, 155,
156), and may also interfere with apoptosis regulation in AML
blasts that at least express receptors for PDGF andVEGF (6, 90).

The effects of platelets on cancer-associated
angiogenesis
Platelets can release several proangiogenic mediators, including
VEGF, PDGF, TGF-β and Ang-1 (see references in [157]). It is
also known that TF can contribute to angiogenesis both through
coagulation-dependent and independent mechanisms (17). An-
giogenesis is also important for both leukemogenesis and che-
mosensitivity in AML, but at present it is not known whether or
how platelets contribute to local angioregulation in the AML
bone marrow.

The possible role of platelets during leukemogenesis
The studies reviewed above suggest that platelets can interact
with primaryAML cells and may contribute toAML cell prolif-
eration, regulation of AML cell apoptosis and susceptibility to
intensive chemotherapy. Thus, platelets may have a role inAML
after the development of the disease and during treatment. How-
ever, the fundamental events in leukemogenesis are induction of
genetic abnormalities that causes malignant transformation of
these hematopoietic cells. Very few studies have addressed this
question, but the current knowledge suggests that platelets may
even contribute to the process of leukemogenesis.
Patients who have been recently diagnosed with AML can

possibly be cured using conventional intensive chemotherapy,
but more that half of those receiving this treatment will later on
suffer a leukemia relapse. Relapsed AML shows chemoresist-
ance and the only curative treatment is allogeneic stem cell trans-
plantation. The development from newly diagnosed disease to
chemoresistant relapse should be regarded as an additional step
in leukemogenesis, and according to this new genetic abnormal-
ities can be detected in relapse cells compared with the original
cells. Many of the AML associated genetic abnormalities affect
intracellular signalling pathways, including mutations in tyro-
sine kinase-associated receptor molecules (e.g. Flt3, c-kit) lead-
ing to constitutive tyrosine kinase activation (158). Many of
these signalling pathways will converge on intracellular STAT
molecules known to be important for regulation of proliferation,
apoptosis and differentiation. Furthermore, the STATmolecules
are also important mediators downstream to a wide range of he-
matopoietic growth factor receptors, and these growth factors
are released in the AML cell microenvironment and affect both

proliferation, survival and differentiation of the AML cells.
The next question is whether platelet-derived soluble medi-

ators can interfere with growth-factor initiated, receptor-me-
diated intracellular signalling through the STAT molecules. We
know that activated platelets can release several mediators (e.g.
VEGF, PDGF, Ang-1) that can bind to receptors expressed on
primary human AML cells and thereby alter the status of the
STATnetwork through activation of receptor-associated tyrosine
kinases (159, 160, 161). Thus, platelet-derived mediators can
contribute to the overall tyrosine-associated signalling in AML
cells, and therebymodulate the effects on the STAT system of ex-
ogenous hematopoietic growth factors and constitutively acti-
vated/mutated kinases receptors.
The final question remains whether platelet-induced modu-

lation of the intracellular signalling from receptor tyrosine ki-
nases (i.e. the STAT network) can lead to genetic instability and
thereby contribute to the risk of inducing genetic abnormalities
associated with leukemogenesis. This question has not been re-
solved, but a recent review described that constitutively acti-
vated/mutated tyrosine kinases can fascilitate DNA repair
through activation of cell cycle checkpoints and elevate the ex-
pression of intracellular antiapoptotic proteins (162). Despite
these protective effects that fascilitate malignant cell survival,
the constitutive activity stimulates the generation of reactive
oxygen species and enhance spontaneous DNA damage that will
fascilitate further leukemogenesis. At present it is only known
that i) platelets release relevant soluble mediators; ii) AML cells
express the corresponding receptors, and iii) the possibility
exists that platelets can affect the intracellular signalling network
and therebymodulate genetic instability and contribute to leuke-
mogenesis and the development of chemoresistantAML relapse.
Another aspect of leukemogenesis is the development of

AML from low-grade malignant diseases like chronic myeloid
leukemia and myelodysplastic syndromes. The development of
AML from these disorders is also associated with the detection
of additional genetic abnormalities (162, 163), and platelets may
then interfere with these steps in leukemogenesis through the
same molecular mechanisms as previously described.

Conclusion
Platelets are capable of interacting with normal peripheral blood
cells both via adhesion and soluble mediators. Similarly, platelet
releasedmediators can affect hematopoietic stem and progenitor
cells. These interactions may also be involved between platelets
and circulatingmalignant cells, which is suggested by the effects
platelets seem to have on metastasis and the various platelet de-
fects that is detected inAML and other leukemias. However, the
interactions between platelets andAML cells have only recently
been characterized in detail. In-vitro studies clearly show that
platelets andAML blasts can affect functional characteristics of
each other. In addition, they also indicate that various chemo-
therapeutic drugs frequently used inAML therapy can alter pla-
telet activation and other platelet functions. In-vivo studies re-
veal that the systemic levels of various cytokines are enhanced
during AML chemotherapy, including cytokines that are known
to affect both leukemic blasts and platelet activation. However,
systemic platelet activation was not detectable during AML
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chemotherapy, but another platelet dysfunction was observed
prior to chemotherapy for a subset ofAMLpatients.These obser-
vations together with the other platelet dysfunctions detected in
AML and the possible effects of chemotherapeutic drugs on pla-
telet function cannot exclude the possibility of platelet secretion
in AML and thereby the effect of platelets on circulating AML
blasts. Platelet secretion of growth factors are clearly detected in
PBSCT autografts together with various hematopoietic growth
factors. These observations may be of clinical importance be-
cause platelet released mediators can affectAML blast functions
and might thereby influence the relapse risk after autotransplan-
tation. Thus, platelets are most likely active participants during
AML chemotherapy.
The big question remains whether the molecular mech-

anisms for interactions between platelets andAML cells are also
relevant for other malignancies.Althoughmany of themolecular
substrates for interactions will also be present in other malignan-
cies, this does not mean that they are operative andmediate clini-
cally relevant effects. For several reasons one should be very
careful to generalize to cancer in general from observations in
AML:

There is heterogeneity even within the group of AML, and
the biological differences will be even larger betweenAML and
other malignancies.
AML cells show molecular and morphological signs of dif-

ferentiation in variousmyeloid directions andwould therefore be
expected to behave differently from malignancies developing
from other tissues. Both the cancer cells and the stromal el-
ements will differ.
AML is amore aggressive disorder thanmay othermalignan-

cies, and the genetic abnormalities differ.
The leukemias show diffuse bone marrow infiltration,

whereas most other malignancies show localized tumor growth
and eventually distant metastasis to organs not usually involved
in AML. The cancer cell microenvironment would therefore be
expected to be very different.
Severe disease-induced thrombocytopenia is usually not

found in solid tumors.
Thus, taken together, the overall data reviewed in this article

suggest that platelets can directly or indirectly affect human
AML cells and thereby influence disease development and re-
sponse to therapy in these patients.
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