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Bone marrow microenvironment plays a crucial role in the leukemogenic process. New studies suggest
that the bone marrow vascularity changes significantly in the leukemic process and that angiogenic
factors play a major role in leukemia and myelodysplasia. However, hematologic malignancies appear
to be particularly vulnerable to the effects of angiogenic factors because most of these factors appear to
be secreted by hematopoietic cells, and they may have autocrine and paracrine regulatory effects on the
hematopoietic system. The use of angiogenesis inhibitors for the treatment of hematologic
malignancies is particularly attractive because it may target not only the environment but also the
malignant cells.
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INTRODUCTION

Angiogenesis, or neovascularization, refers to the

development of a network of blood vessels arising from

pre-existing vasculature. It involves degradation of

extracellular matrix proteins and activation, proliferation,

and migration of endothelial cells and pericytes in a

multistep process [1–5]. Physiologically, angiogenesis is

fundamental to reproduction (i.e. ovulation, embryogene-

sis, and placentation) and repair of tissue disruption [6].

Also, pathologic neovascularization has been observed in

both non-malignant diseases and cancers and plays a

major role in tumor growth, dissemination, and

metastasis [5].

Although neovascularization in solid tumors was

originally described in mice models by Algire and

Chalkley [7] in 1945 and Warren and Shubik [8] in

1966, the term “tumor angiogenesis” was first coined by

Greenblatt and Shubi [9] in 1968. Two years later,

Folkman published the first of several observations

suggesting that neovascularization in solid tumors

was critical for tumor growth, dissemination and

metastasis [2–5,10,11]. He proposed that most tumors

in humans persist in a “dormant state” measuring no

more than 2–3 mm3 for months to years. In this “pre-

vascular” state, tumor-cell proliferation reaches an

equilibrium with cellular death (apoptosis) until a

subgroup of cells “switches” to an angiogenic pheno-

type, leading to differential activation of oncogenes and

tumor suppressor genes with consequent disruption of

positive and negative regulatory proteins in the growth

of microvessels.

In the 1980s and the early part of the 1990s, growing

attention to and escalation of scientific contributions in

the field of angiogenesis in cancer were observed.

Initially, solid tumors were evaluated. However, since

1994, increased interest in angiogenesis in liquid

malignancies has been reflected in the medical

literature. Studies in lymphomas and multiple

myeloma lead to the rediscovery of thalidomide and

its antiangiogenic properties as one of the cornerstones

in the treatment of multiple myeloma [12–17].

One of the important aspects of angiogenic factors is

their potential effect on the growth and differentiation of

hematopoietic cells. Therefore, in this review, we focus

on angiogenesis and angiogenic factors in leukemia
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and myelodysplastic syndrome (MDS) and their clinical

relevance.

VASCULARITY IN LEUKEMIA AND MDS

Measurement of the intratumoral microvessel density

(MVD) in solid tumors using immunohistochemistry

appears to be the most reliable method of assessing

angiogenic activity [18–23]. Recent studies concluded

that an increased MVD in areas where neovascularization

is most intense is a significant independent prognostic

indicator in early-stage breast cancer [19,22,24–27]. In

addition, studies in prostate cancer [23], melanoma [28],

gastrointestinal cancer [20], and ovarian carcinoma [29]

support the conclusion that the angiogenesis index is a

useful prognostic factor.

Malignant cells that invade the bone marrow (BM) from

liquid tumors do not form a well-circumscribed mass like

cells from solid tumors do. However, the normal vascular

bed in BM forms a sinusoidal network supporting the

hematopoietic cells that is not very different from the

cellular support in other organs such as the kidney and

spleen [30]. Based on this observation Perez-Atayde and

colleagues [31] studied 61 BM biopsies (BMBx) samples

obtained from 41 children having acute lymphoid

leukemia (ALL). Blood vessels in the samples were

highlighted using anti-factor VIII-related antigen (anti-

FVIIIrAg) staining and MVD measurement was per-

formed using a computer-based software program. The

level of basic fibroblast growth factor (bFGF), a well-

known mitogen of endothelial cells and angiogenesis was

measured in the urine using a solid-phase enzyme-linked

immunosorbent assay (ELISA). The MVD was signifi-

cantly increased in ALL patients as compared with that in

control patients ðP , 0:0001Þ: The microvessels (MVs)

seen were tortuous, often had visible lumina, and appeared

to be packed with lymphoblasts. There was not a

statistically significant difference in the median pretreat-

ment MVD in relapsed and non-relapsed patients ðP ¼

0:74Þ and no significant numeric changes in MVD during

chemotherapy were observed. However, morphologic

changes were observed during chemotherapy specifically,

blood vessels became open, empty, and focally dilated.

The pretreatment urinary bFGF level was higher in ALL

patients than in controls, but no difference was found

when samples obtained at day 0 and day 31 of

chemotherapy were compared ðP ¼ 0:46Þ [31].

Hussong et al. [32] studied 20 BMBx samples stained

using Anti-FVIIIrAg that were obtained from adults

having acute myelogenous leukemia (AML). The patients

had increased MVDs compared with those in a control

group ðP , 0:0001Þ: However, there was no difference

according to the French –American– British (FAB)

classification of leukemia and no correlation between

MVD and BM cellularity. There was a positive correlation

between the vessel score and percentage of marrow blasts

in AML patients. Furthermore, mRNA expression of

vascular endothelial growth factor (VEGF) was evident in

AML cells and the leukemic cell lines HL-60 and U937.

Immunohistochemistry analysis showed that all of the cell

lines expressed VEGF protein.

Padro et al. [33] found significantly increased MVD in

BMBx samples obtained from 62 patients having newly

diagnosed AML compared with those in a control group of

22 adult patients having various diseases. In accordance

with the findings of Perez-Atayde et al. [31] in children

having ALL, morphologically endothelial cell sprouts and

MVs with no visible lumina in AML patients contrasted

with the bigger, well-shaped MV in the control group.

However, the MVD did not correlated with the FAB

classification and percentage of blasts ðP ¼ 0:21Þ: Also,

there was not a significant difference in pretreatment

MVD between patients who had a complete remission

(CR) and those who did not ðP ¼ 0:15Þ: A decreased

MVD in BMBx samples was observed at day 16 ðn ¼ 20Þ

and at CR ðn ¼ 21Þ after induction chemotherapy

(P , 0:001 for both). BMBx samples obtained from

patients with at least 5% residual leukemic blasts at day 16

of induction chemotherapy had a higher MVD than did

BM samples obtained from patients not having significant

blast infiltration (60% reduction of MVD in BM Bx

samples having ,5% blasts vs. 17% reduction in BM

having .5% blasts) ðP , 0:001Þ:
Pruneri et al. [34] evaluated 133 BMBx samples

obtained from 14 controls, 5 patients having infectious

diseases (IDs), 85 patients having MDS, 15 patients

having AML, and 14 patients having myeloproliferative

disorders (MPDs). BMBx samples were stained with anti-

CD31and CD34 antibodies. The MVDs in the controls and

ID patients were similar MVDs were significantly higher

in MDS patients than in controls and ID patients and

significantly lower than in AML and MPD patients ðP ,

0:001Þ: Also, the MVDs were significantly higher in the

refractory anemia with excess blasts in transformation

(RAEB-t), chronic myelomonocytic leukemia (CMML)

and fibrosis subsets than in the refractory anemia (RA),

refractory anemia with ringed sideroblasts (RARS), and

refractory anemia with excess blasts (RAEB) subsets ðP ¼

0:008Þ: No significant differences were found between the

RAEB-t, CMML, and fibrosis subsets when compared

with AML patients. In another subset of 29 patients, the

MVD did not correlate significantly with age, gender,

presence of chromosome abnormality or platelet count.

A weak trend indicated a higher MVD in patients having a

higher blast count and white blood count (WBC) and

lower hemoglobin level. There were no differences

between patients who developed AML and those having

stable MDS. One observation that confirmed findings in

other studies, in AML patients, there were very irregular

branching MV shape. The authors suggest that MDS

patients had an intermediate MVD level between that of

controls and AML patients, which may suggest a

correlation between angiogenesis and progression to

leukemia.

A. AGUAYO et al.214



Most recently, deBont et al. [35] demonstrated that the

vessel number in BMBx samples obtained from patients

having AML was significantly increased at diagnosis

compared with that in normal BM ðP ¼ 0:019Þ but was

restored to a normal level after CR was achieved. Cells

obtained from 85% of the AML patients showed a wide

variation in spontaneous VEGF expression, 21% showed

various levels of spontaneous bFGF mRNA expression

levels and all of the samples showed spontaneous

interleukin-8 mRNA expression. A marginal positive

correlation was found between the degree of VEGF

expression and neoangiogenesis ðP ¼ 0:05Þ: Additionally,

Mangi and Newland [36] reported increased angiogenesis

in patients having CMML. In that study patients having

extramedullary infiltration irrespective of the type of

CMML showed the highest level of vascularity.

In comparison, we analyzed 129 BMBx samples

obtained from patients having chronic lymphocytic

leukemia (CLL) ðn ¼ 23Þ; ALL ðn ¼ 20Þ; chronic

myelogenous leukemia (CML), ðn ¼ 24Þ; AML ðn ¼

30Þ; or MDS ðn ¼ 32Þ: Of the patients having MDS, 1 had

RA, 3 had RARS, 9 had RAEB, 5 had RAEBt, and 14 had

CMML. We compared the number of blood vessels and

relative area occupied by the blood vessels in the BMBx

with 16 control BMBx samples obtained from patients

having other solid tumors and no evidence of BM

infiltration. The blood vessels were well visualized using

FVIII staining (Fig. 1) [37].

In agreement with the described studies above, our

group found a significant increase in vascularity in CML,

AML, ALL, and MDS patients compared with that in

controls ðP , 0:05Þ (Fig. 1). The relative vascular area

was marginally increased in MDS patients, while that in

CML patients was not significantly different than in MDS

patients ðP . 0:1Þ: We did not find any differences

between ALL and AML patients. When CMML patients

were considered separately from MDS patients, their

vascularity was significantly higher than that in the

control group (0.04) but was not different from that in

the other MDS patients (RA, RARS, RAEB, and RAEBt

subsets) [37].

In addition, we found no increase in vascularity in

patients having CLL unlike Kini et al. [38], who compared

12 pretreatment BMBx samples obtained from CLL

patients and samples obtained from 11 controls. The urine

bFGF and VEGF levels were also measured in Kini’s

study in 58 Patients and 7 controls using a solid-phase

ELISA. The MVD was highlighted using antibodies

directed against CD31, CD34 and FVIIIrAg. Digitized

images and scanned photos were also used. In this study,

the MVD in CLL patients was higher than that in the

control group ðP ¼ 0:0001Þ: Heterogeneity of the MVs in

the CLL cases was evident as some of the vessels were

tortuous, while others were short and lacked lumina. There

was a significant positive correlation between the Rai

stage at the time of Bx and the MVD ðr ¼ 0:81; P ¼

0:0015Þ: There was also a correlation between the MVD

and BM involvement ðr ¼ 0:78; P ¼ 0:003Þ: The median

bFGF concentrations were higher in the CLL patients than

in the controls ðP ¼ 0:0001Þ. The median urine VEGF

concentration was also higher in the CLL patients but this

difference was not statistically significant.

FIGURE 1 Vascularity in leukemia and MDS as correlated to control group.
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ANGIOGENIC FACTORS IN LEUKEMIA AND

MDS

Angiogenic activity is known to depend on a tight balance

between positive and negative regulatory molecules.

Table I shows a partial list of selected regulatory cytokines

associated with the angiogenic process. A substantial

amount of data has indicated that VEGF and bFGF are the

major positive regulators of this process [37,39–45].

VEGF, a 34- to 42-kDa dimeric protein having 15–25%

homology with platelet-derived growth factor [39], was

originally cloned from the leukemia cell line HL-60 and

has since been found in other leukemia cells [43,46,47].

The gene for human VEGF is located on chromosome

6p21.3 [48] and contains eight exons and seven introns.

Four isoforms of VEGF containing 121, 165, 189, and 206

amino acids, respectively, resulting from alternative

splicing have been recognized [49]. VEGF121 and

VEGF165 are secreted by cells and have similar mitogenic

properties [50]. VEGF189 and VEGF206 are predominantly

cell-associated; however, the former may be released in

cell death, injury, and tissue repair. The bFGF is a member

of a family of nine structurally related polypeptide

mitogens and was one of the first FGF family members to

be purified and characterized. The gene for human bFGF

is located on chromosome 4 and is composed of three

exons and two large introns [51]. Cloned cDNA for bFGF

has been shown to encode a protein consisting of 155

amino acids (18 kDa); however, Western blotting and

immunoprecipitation have demonstrated larger forms

having a molecular weight ranging from 22.4 to

24.0 kDa [52]. Only the 18-kDa isoform seems to be

released by the cells into the extracellular environment,

[53]. bFGF also has been shown to be mitogenic for a wide

range of cell types derived from the mesoderm and

neuroectoderm [42,54]. Furthermore, high concentrations

of VEGF and bFGF have been demonstrated in solid

tumors and correlated with outcome [45,55–71]. Fiedler

et al. [72] detected VEGF-specific transcripts using

polymerase chain reaction (PCR) in patients having AML.

They also found VEGF protein expression in two

leukemia cell lines and eight AML patients. Supernatants

of fresh leukemia cells from AML patients contained

significantly more VEGF than did supernatants of BM

cells from normal donors.

Bellamy et al. examined the expression of VEGF

mRNA and protein in 12 human hematopoietic tumor cell

lines representing multiple lineages and diseases, inclu-

ding leukemia, lymphoma, and multiple myeloma. The

results indicated that VEGF mRNA was expressed in these

cells and that the corresponding protein was secreted into

the extracellular environment. In accordance with these

findings, we described a group of patients having newly

diagnosed AML. Intracellular VEGF concentrations were

higher in BM or blood cells obtained from the AML

patients than in BM obtained from control subjects. There

was no relationship between the VEGF level and WBC,

blast count, or such established prognostic factors as age,

cytogenetics, performance status, and presence of an

antecedent hematologic disorder (usually MDS). How-

ever, there was a relationship between an increasing VEGF

concentration and shorter survival duration ðP ¼ 0:01Þ;
and patients having a VEGF concentration .2.5 had a

relative risk of death 6.8-fold higher than that of patients

having lower concentrations (95% confidence interval

1.3–35.7; P ¼ 0:02). Multivariate analysis indicated that

VEGF was still prognostic for survival and CR [44].

When we compared VEGF and bFGF in plasma

samples obtained from previously untreated MDS and

AML patients with that from normal individuals we found

an increased expression of VEGF and bFGF in AML and

MDS patients (P ¼ 0:01 and P ¼ 0:008; respectively).

Interestingly, high concentrations of VEGF but not bFGF

were associated with shorter overall survival ðP ¼ 0:02Þ in

AML patients. In contrast, there was no correlation

between VEGF concentration and survival in MDS

patients and no association overall with CR duration. We

suggested that measuring plasma VEGF concentrations is

a reliable way to evaluate VEGF in AML patients and can

replace measuring the intracellular concentration in

predicting the clinical behavior of AML (Data submitted

for publication to Cancer ). The lack of clinical relevance

of VEGF concentrations in MDS patients underscores the

concept that MDS is a different entity from AML and

should be distinguished from it.

As we discussed above, in contrast with the report by

Kini et al. [38], we did not find increased vascularity in

BMBx samples obtained from patients having CLL.

However, in accordance with their findings we did find

that bFGF was the more prominent cytokine in this

particular type of leukemia [35]. Interestingly, when we

measured the intracellular VEGF concentration in

peripheral blood lymphocytes obtained from 225 patients

having CLL, the median concentration in the CLL

samples was significantly higher than that in samples

obtained from a control group ðP # 0:001Þ: Although

statistically this is not significant, patients having lower

concentrations of VEGF protein tended to have a shorter

survival duration ðP ¼ 0:07Þ: In the subgroup of patients

having early-stage disease (Rai stage 0-II, Binet stage

A or A þ B, and b2 microglobulin #2.8 mg/dl) lower

TABLE I Selected list of regulatory molecules of angiogenesis

Positive Negative

†VEGF † Platelet factor 4
† bFGF †Thrombospondin-1
† IL-8 †TIMP (1-3)
†Angiogenin † Prolactin (16 Kd frg)
†Angiotropin †Angiostatin
†EGF † bFGF soluble receptor
†Fibrin †TGFb
†Nicotinamide † Interferon a, b
†† PDGF † Placental Proliferin related Protein
†TGF-a, b †Endostatin
†TNF-a
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concentrations of VEGF were associated with signifi-

cantly shorter survival durations. Most of the samples

obtained from patients having CLL expressed the 43-kDa

VEGF isoform in addition to the commonly expressed

45-kDa isoform [73]. Contrary to patients having acute

leukemia or most solid tumors, intracellular VEGF

overexpression in patients having CLL was associated

with a better prognosis. Whether this result was due to the

expression of different isoforms of the protein remains to

be determined.

Several other positive and negative regulatory mole-

cules, such as tumor necrosis factor-a (TNF-a) [74],

transforming growth factor-b (TGF-b), transforming

growth factor-a (TGF-a) [75], hepatocyte growth factor

(HGF) [76,77] and angiogenin [78–80], have also been

reported to have angiogenic activity. Increased concen-

trations of these molecules have been correlated with poor

prognosis in cases of several solid tumors [42,81–87]. We

measured VEGF, bFGF, TNF-a, TGF-b, and HGF in

various leukemias and MDSs using ELISA. We found that

the VEGF, bFGF, and HGF plasma concentrations were

significantly increased in AML, CML, CLL, CMML and

MDS patients. Also, the HGF, TNF-a and bFGF

concentrations, but not the VEGF concentrations were

significantly increased in ALL patients. TNF-a concen-

trations were significantly increased in all patients except

those having AML or MDS. We did not find significant

increases in TGF-a concentrations in any of the leukemia

or MDS patients. The highest VEGF plasma concentration

was in CML patients, while the highest bFGF plasma

concentration of all was in CLL patients. The HGF

plasma concentrations were highest in CMML patients

(Figs. 2 and 3) [35].

We also found a detectable level of VEGF protein in all

BM samples obtained from CML patients using

radioimmunoassay (RIA). The median VEGF RIA value

in 186 CML samples was significantly higher than that in

samples from normal controls. No significant differences

in VEGF concentrations in the BM of patients having

early chronic, late chronic, accelerated, and blastic phase

CML were demonstrated ðP ¼ 0:1Þ: However, the VEGF

concentrations were found to correlate inversely with the

length of survival in patients having chronic but not

accelerated blastic phase CML.

HGF is believed to increase angiogenesis through

multiple mechanisms, including effects on proliferation,

motility, adhesion of endothelial cells, morphogenesis of

new vessels, and possibly the production of angiogenic

factors by stromal and other cells [88]. One recent study

reporting that HGF upregulated the expression of VEGF in

vascular smooth muscle cells supported paracrine

amplification of angiogenesis as an operating mechanism

[89]. Recently, HGF concentrations in blood serum

samples obtained from 60 patients having newly

diagnosed AML showed statistically significant elevation

when compared with those from normal controls, but no

significant correlation was found between HGF concen-

tration and patient survival [90].

Verstovsek et al. [76] used ELISA to quantify HGF in

stored plasma samples obtained from patients having

newly diagnosed AML or MDS. HGF concentrations were

significantly higher in AML and MDS patients than in

FIGURE 2 Plasma VEGF levels in various leukemias and MDS.
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healthy individuals ðP , 0:0001Þ: The higher HGF

concentrations in both AML and MDS patients correlated

significantly with WBC, monocyte counts and a poor

performance status. Also, HGF plasma concentrations

correlated with shorter survival in AML patients ðP ,

0:002Þ but not MDS patients ðP ¼ 0:34Þ: No significant

correlation between HGF concentrations and CR rate

or duration was observed. Interestingly, in multi-

variate analysis, HGF retained its significance as a

prognostic factor for AML ðP ¼ 0:02Þ; along with age

ðP ¼ 0:0005Þ [76].

The involvement of angiogenin in the development of

cancer was initially suggested by a significant increase in

the serum concentration of angiogenin in patients having

solid tumors [91–93], by elevated concentrations of

angiogenin transcripts in tumor tissues [94,95], and in

tumor cell lines [96,97]. Recent evidence suggests that

there is a correlation between increased angiogenin

expression and cancer progression and poor prognosis in

patients having urothelial, colorectal, and pancreatic

cancers [98–100].

Angiogenin has also been evaluated in the clinical

setting by our group [78]. In that study, angiogenin

concentrations were significantly higher in AML and

advanced MDS patients than in healthy individuals ðP ,

0:00001Þ: Interestingly, angiogenin concentrations were

significantly higher in advanced MDS patients than in

AML patients ðP ¼ 0:001Þ: Additionally, higher concen-

trations of angiogenin correlated with prolonged survival

in both AML and advanced MDS patients (P ¼ 0:02 and

P ¼ 0:01; respectively). In this study there was no

correlation between the angiogenin plasma level and

various patients’ characteristics, including age, perform-

ance status, antecedent hematologic disorder, hemoglobin

level, WBC, platelet count, and poor prognosis

cytogenetics. There was also no significant correlation

between the angiogenin level, CR in CR rate and duration

in AML and advanced MDS patients. In multivariate

analysis the angiogenin concentration retained its

significance as a prognostic factor for AML ðP ¼ 0:03Þ

along with patient age ðP ¼ 0:00007Þ and hemoglobin

level ðP ¼ 0:03Þ:

VEGF RECEPTORS IN LEUKEMIA

Three structurally related VEGF class III tyrosine kinase

receptors have been identified: Flt1, flk-1 (KDR), and flt-4

[1,40,43,101,102]. Although there is significant homology

among their sequences, they are encoded by three separate

genes. The expression of these receptors in different

tissues and cell lines suggests that each may play a unique

physiologic role. The reported Flt1-mediated biologic

activities of VEGF include tissue factor production in

endothelial cells [103], nitric oxide release in trophoblast

cells [104] and migration of monocytic cells [105]. In

contrast with normal hematopoietic cells, Ratajczak et al.

[106] found that Flt1 mRNA was detectable in 15% of

AML and CML patients. Moreover, Bellamy et al. [43]

found increased expression of VEGF, bFGF, and Flt1 but

not KDR in various leukemia cell lines, suggesting the

possibility of an autocrine pathway involving VEGF.

FIGURE 3 Plasma bFGF levels in various leukemias and MDS.
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Receptor tyrosine kinases are involved in transduction

of extracellular signals into gene expression, commonly

resulting in cell growth or differentiation. The Tie1

receptor tyrosine kinase is of special interest because it is

expressed in the very early stages of hemopoietic and

endothelial cell development [107,108]. In addition, the

Tie receptor gene is located on chromosome 1p32 [109].

Kukk et al. [110] studied Tie expression in fresh leukemic

samples, finding it in 16% of the samples using flow

cytometric analysis and in 24% of the samples using

reverse transcriptase PCR analysis. In fact, the patterns of

Tie receptor tyrosine kinase mRNA and protein

expression in tissues and tumor cell lines suggest that

the Tie gene is involved in angiogenesis and hemopoiesis.

We measured the concentrations of VEGF receptors

Tie1 and Flt1 in patients having leukemic B-cell

CLL using Western blot analysis and solid-phase RIA.

The concentrations of Flt1 but not Tie1 correlated

with the concentrations of cellular VEGF. Interestingly,

the Tie1 concentrations correlated well with the Rai

stage ðP ¼ 0:04Þ: The Flt1 and Tie1 concentrations did

not correlate with survival, although when we evaluated

the patients having early-stage disease (Rai stage 0–II),

higher concentrations of Tie1 but not Flt1 correlated

with worse survival [111]. Further research is needed to

clarify the role of different receptors in hematologic

malignancies.

The presence of receptors in the hematopoietic

microenviroment within the BM (i.e. stromal cells,

endothelial cells, and leukemic blasts) supports autocrine

and paracrine loops that give the leukemia cells a survival

advantage [43,47,110,112–117].

CONCLUSIONS

Angiogenesis requires extensive interactions between a

variety of cells and molecules and is controlled by various

peptides and other modulating factors. The exact role of

these mediators is still largely unknown however, and

research continues in solid and hematologic malignancies.

Several antiangiogenic agents have been used in the

treatment of solid tumors [1,4,11,118–136]. Under-

standing the roles and interactions of these factors in

hematologic malignancies will lead to the rational use

of angiogenic modulators in treatment either alone

or in combination with standard chemotherapy

[1,12–17,115,124,126,135,137–142].
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