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Abstract This review is designed to provide an overview

of the current literature concerning vascular endothelial

growth factor signaling (VEGF) in acute myeloid leukemia

(AML). Aberrant VEGF signaling operates in the bone

marrow of AML patients and is related to a poor prognosis.

The altered signaling pathway demonstrated to interfere in

several autocrine and paracrine signaling pathways. VEGF

signaling promotes autocrine AML blast cell proliferation,

survival, and chemotherapy resistance. In addition, VEGF

signaling can mediate paracrine vascular endothelial cell-

controlled angiogenesis in AML. Both effects presumably

explain the association of high VEGF levels and poor

therapeutic outcome. More recently, researches focusing

on bone marrow stem cell niches demonstrate a role for

VEGF signaling in the preservation of several cell types

within these niches. The bone marrow niches are proposed

to be a protective microenvironment for AML cells that

could be responsible for relapses in AML patients. This

implies the need of sophisticated VEGF-targeted thera-

peutics in AML therapy strategies. This review highlights

our current understanding of aberrant VEGF signaling in

AML, appoints the interference of VEGF signaling in the

AML-associated microenvironment, and reflects the nov-

elty of current VEGF-targeted therapeutics used in clinical

trails for the treatment of AML.

Keywords AML � VEGF � VEGFR-2 � KDR �
VEGFR-3 � FTL-4

Introduction

Acute myeloid leukemia (AML) plays an abundant role in

modern society. Leukemia is the most common childhood

malignancy. In adults, leukemia is included in the top 15 of

the most common forms of cancer, according to the World

Health Organization. Treatment options have evolved over

the last 30 years and have improved the survival rates of

AML patients considerably [1–5]. Overall survival rates

predominantly improved in childhood AML (age 0–18) in

1973 from below 20 % up to 70 % in 2005, and in young

adults (age 19–40) from 15 to 60 % [6]. Elderly AML

patients (age [60) hardly showed any progress in survival

rates. Therefore, AML remains a life-threatening disease in

which new therapeutic approaches are desirable. Prognos-

tic factors become more important in predicting patient

outcome and monitor their drug responsiveness. Current

prognostic factors include WBC counts, age, cytogenetic

alterations; CBFb-MYH11 (INV16), AML-ETO (t(8;21)),

PML-RARa (t(15;17)), MLL (11q23), and molecular

aberrations including mutations in; FLT3, NPM, CEBPa,

and WT1, and overexpression of genes as EVI [7]. Many

important newly identified genes arise from gene expres-

sion profiling and demonstrate to be relevant to AML.

Vascular endothelial growth factors (VEGF) emerged from

gene expression profiling and demonstrate to predict AML

prognosis (VEGF-C) and can define AML subgroups

(VEGF-A) [8, 9].

In this manuscript, we will review the role and relevance

of VEGF-A and VEGF-C and its downstream signaling

in acute myeloid leukemia. We point out the importance
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of the VEGF family members VEGF-A and VEGF-C

for regulating AML blast proliferation and survival

pathways, and reflect the interference of VEGF-A and

VEGF-C between AML blasts and their associated

microenvironment.

VEGF-A, VEGF-C, VEGFR-2, and VEGFR-3

are overexpressed in AML

The human VEGF family consists of VEGF-A, VEGF-B,

VEGF-C, VEGF-D, and PlGF (placenta growth factor)

[10]. Several isoforms of VEGF-A and VEGF-B can be

formed through alternative splicing [11]. Different forms of

VEGF-C and VEGF-D are the result of proteolytic pro-

cessing. To date, there is no evidence that shows aberrant

VEGF-B and/or VEGF-D expression levels in AML. The

best-studied, and probably most important VEGF family

members in AML, are VEGF-A and VEGF-C. VEGF

ligands can bind to one or more VEGF receptors; VEGFR-

1, VEGFR-2 (i.e., kinase insert domain receptor, KDR),

and/or VEGFR-3 (i.e., fms-related tyrosine kinase-4, FLT-

4). VEGF-A isoforms can bind to either VEGFR-1 or

VEGFR-2. Proteolytic processing of VEGF-C regulates the

receptor specificity [12]. VEGFR-2 preferentially binds the

fully processed mature form of VEGF-C, while VEGFR-3

can bind the non-processed forms as well.

Approximately 85 % of the AML patient bone marrow

biopsies displayed higher VEGF-A protein expression

levels compared to normal bone marrow (NBM) [13, 14].

The highest VEGF-A mRNA expression levels are detected

in t(8;21) and t(15;17) translocated AML patients [15, 16].

VEGF-C protein expression levels were significantly ele-

vated in all AML bone marrow samples in comparison to

NBM controls [17–20]. In addition to an elevated expres-

sion of VEGF ligands, the VEGF receptors are also highly

expressed in multiple subgroups of AML patients. The

overall VEGFR-1 protein expression levels were found to

be similar between AML bone marrow biopsies and NBM

controls [14]. Interestingly, comparing the t(15;17) trans-

located AML bone marrow samples to AML samples with

other cytogenetic aberration revealed that this patient

subgroup has significantly higher VEGFR-1 mRNA

expression levels [15]. The overall VEGFR-2 protein levels

are significantly elevated in the bone marrow of AML

patients compared to NBM. In addition, the highest

VEGFR-2 mRNA expression levels are observed in t(8;21)

translocated AML patient samples compared to other

cytogenetic AML subgroups [15]. We recently defined

VEGFR-2 protein expression levels that are membrane-

restricted, and observed that 88 % of the AML bone mar-

row samples expressed significantly higher membrane

VEGFR-2 expression compared to NBM controls [20].

Remarkably, among all cytogenetic alterations, MLL-

rearranged AML samples expressed the highest VEGFR-2

membrane expression levels [21]. The overall VEGFR-3

protein expression levels are also significantly higher in

AML patient bone marrow biopsies, in contrast to NBM

controls [19].

Taken together, VEGF-A and VEGF-C ligands are

overexpressed in the bone marrow of AML patients in co-

existence with an overexpression of VEGFR-2 and VEG-

FR-3. VEGF-A and VEGF-C protein expression is

observed in the cytoplasm of AML blast cells and can also

be excreted [13, 14, 20]. Total VEGFR-2 expression was

found on the AML blast cell membrane, in the cytoplasm,

and in the nucleus [23, 24]. The activated form of VEGFR-

2 was located in the cytoplasm and within the nucleus of

AML blast cells. VEGFR-3 was mainly expressed within

the cytoplasm [19]. Activation of the VEGF receptors upon

VEGF binding can occur both through internal and external

signaling loops. AML cells secrete VEGF-A that they can

bind to activate VEGFR-2 [23]. VEGF-C induces the

phosphorylation of both VEGFR-2 and VEGFR-3 in AML

cells [24]. The expression pattern of the VEGF receptors

suggests that autocrine VEGF signaling in AML blasts

might be regulated via internal VEGFR-2 and VEGFR-3

signaling loops (intrinsic signaling pathway), while the

external loop (extrinsic signaling pathway) might be

mainly VEGFR-2-restricted (Fig. 1).

VEGF-A and VEGF-C are adverse prognostic

predictors in AML

VEGF-A and VEGF-C overexpression exerts prognostic

relevance in AML. Enhanced VEGF-A plasma levels are

associated with lower complete remission rates and a

reduced survival in AML patients [25–27]. The variability

in VEGF-A expression levels in AML patients might be

dependent on differences in alternative exon splicing, sin-

gle-nucleotide polymorphisms (SNPs), or gene mutations.

VEGF-A can be alternatively spliced into several isoforms;

VEGF121, VEGF145, VEGF148, VEGF165, VEGF183,

VEGF189, and VEGF206. VEGF-A isoforms have distinct

functions through their ability to bind the extracellular

matrix (ECM) [10]. A significant co-expression of

VEGF121, VEGF165, VEGF183, and VEGF189 was apparent

in AML [28]. VEGF121 is a soluble factor, while VEGF165

occurs as soluble factor and can bind to the ECM. VEGF183

and VEGF189 are almost completely bound to the ECM.

Despite the fact that these isoforms have distinct functions,

their co-expression indicates that measuring a single iso-

form is representative for all VEGF isoforms in AML. No

significant associations were found between specific

VEGF-A isoforms in relation to prognostic parameters in
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AML. SNP arrays reveal that VEGF-A SNPs seem to have

prognostic relevance in AML patients. A study in a Korean

AML cohort demonstrated that the overall VEGF-A poly-

morphism score can predict outcome in AML patients [29].

In addition, Monzo et al. [30] found that a homozygous -

634G [ C SNP in the VEGF-A gene was significantly

associated with the relapse rate in a Spanish group of AML

patients. Some of these SNPs in the VEGF-A gene are

described to correlate with the VEGF-A promoter activity

and VEGF-A expression levels [31–33]. Nevertheless,

reports on SNPs in the VEGF-A gene describe con-

tradicting relations to the VEGF-A expression levels.

Therefore, the exact contribution of VEGF-A SNPs in

AML needs further evaluation with additional measure-

ments of VEGF-A expression levels. Currently, there are

no descriptions on mutations in the VEGF-A gene in AML

patients.

High VEGF-C mRNA expression levels are associated

with decreased in vitro drug responsiveness of AML patient

samples [34]. Moreover, AML patients with high VEGFC

mRNA expression levels at diagnose associate with poor

biological responses: higher blast counts on day 15 in the

bone marrow, and an elongated time to reach complete

remission. We recently identified VEGF-C as an indepen-

dent factor for the overall survival in pediatric and adult

AML patients [8]. Polymorphisms in VEGF-C are a rare

causal variant within a large cohort of three-generation

pedigrees, which is suggested to possibly contribute to dis-

ease liability [35]. In addition, VEGF-C single-nucleotide

polymorphisms have been described in a bone disorder. Two

VEGF-C SNPs are associated with increased risk of osteo-

necrosis of the femoral head [36]. So far, no reports have

focused on SNPs or mutations in the VEGF-C gene in

association with AML.

In summary, both VEGF-A as well as VEGF-C can

predict adverse outcome in AML. The relation between

SNPs and mutations of VEGF-A and VEGF-C in associa-

tion with AML outcome is still unclear. Several cohorts of

AML patients are being sequenced at the moment using

powerful high-throughput techniques including next-gen-

eration sequencing. The results of these studies will

probably shed light on the genetic aberrations of VEGF

family members in AML and their relation to outcome.

AML blast proliferation and survival is partially

dependent on the VEGF/VEGFR signaling in subsets

of AML patients

Important biological characteristics of a leukemic cell are

their increased capacity to self-renew and proliferate, and

in addition their survival advantage. The activated VEGF

signaling pathway promotes AML cell proliferation and

survival functions [23, 24]. In vitro VEGF-A stimulation

was demonstrated to increase the AML blast proliferation

in synergy with stem cell factor (SCF) [37]. VEGF-C

stimulation of primary AML cells increases the number of

viable cells in vitro, suggesting that VEGF-C promotes

Fig. 1 Autocrine VEGF

signaling in AML cells.

VEGF-A, VEGF-C, VEGFR-2,

and VEGFR-3 are

overexpressed by AML blasts.

VEGF-A and VEGF-C proteins

can pass the cell membrane

through active transport using

secretory vesicles. Studies in

endothelial cells demonstrated

that VEGFR-2 in the cytoplasm

is captured within the

endosomes, which is also likely

for VEGFR-3 [82]. The

cytoplasmic VEGFR-2 retains

its signaling activity, even when

trapped within the endosomes.

Excretion of VEGF-A/C

enables the AML cell to bind

VEGF-A/C to the VEGFR-2,

residing on the cell membrane

(external loop). Moreover,

VEGF-A/C can also signal

internally through binding to

VEGFR-2 and VEGFR-3 that

reside in the cytoplasm (internal

loop). The role of VEGFR-2

within the nucleus is unknown
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AML cell proliferation [24]. The VEGF ligand-induced

proliferation of AML cells might rely on the availability of

VEGF receptors. Enforced expression of VEGFR-2 in TF-1

AML cells demonstrated to induce leukemic growth upon

VEGF stimulation [38]. This finding suggests that AML

patient subgroups that demonstrate high expression of

VEGF receptors might be more dependent on the VEGF/

VEGFR signaling for AML cell proliferation. Both VEGF-

A and VEGF-C can also promote the survival of AML cells

in vitro [24, 39]. The pro-survival signaling mechanisms

upon VEGF-A or VEGF-C stimulation protect AML

cells from chemotherapy-induced apoptosis through the

upregulation and activation of anti-apoptotic proteins

[24, 39–41].

Studies that have focused on the aberrant VEGF sig-

naling in AML cells demonstrate that many downstream

pathways are activated upon ligand binding (Fig. 2). The

group of Dias demonstrated that VEGF-A induces AML

cell proliferation and survival through NF-jb, Akt, Erk,

HSP90 and Bcl-2 signaling proteins [23, 39, 42]. They also

demonstrated that VEGF-C induces AML cell survival by

promoting Bcl-2 expression [24]. Chien et al. [17] descri-

bed the VEGF-C-induced activation of downstream

signaling proteins in AML cells in more detail. VEGF-C

could induce COX-2 transcription and protein expression

via Erk and JNK signaling protein activation. Taking these

results together demonstrates that VEGF ligand induced

activation of Bcl-2, HSP, MAPK, and PI3 K proteins

causes AML cell proliferation and survival. Blocking the

VEGF signaling in AML cells also inhibits the activation

of these downstream signaling proteins.

As was previously introduced, VEGF signaling can

occur both via internal and external loops in AML cells.

Activation of internal and external loops might result in

different downstream signaling in AML cells. Santos et al.

[23] investigated the impact of blocking the VEGF-A/

VEGFR-2 signaling pathway internally or externally in

primary AML cells in vitro. The external loop was inhib-

ited by blocking VEGF-A, while the internal loop was

inhibited by an internal VEGFR-2 kinase inhibitor. Inhi-

bition of both internal and external loops was sufficient to

decrease nuclear VEGFR-2 protein expression. Both sig-

naling loops show an overlap in downstream NF-jb
signaling, however, inhibition of the internal loop addi-

tionally affected Erk and Akt downstream proteins.

Inhibition of the internal VEGFR-2 loop induced apoptosis

in AML cell lines. Moreover, blocking VEGF-A externally

did not induce apoptosis, but could enhance apoptosis in

synergy with VEGFR-2 inhibition in AML cell lines. This

could suggest that either the internal loop is more important

for AML cell survival or that externally VEGF-C could

substitute for the function of VEGF-A. These data imply

that internal and external autocrine VEGF signaling is

regulated via distinct signal transduction routes that are

both important for AML cell survival.

The t(8;21) translocated AML and the MLL rearranged

AML patient subgroups were demonstrated to express the

highest levels of VEGFR-2, while the t(15;17) translocated

Fig. 2 Summarized model for

classical downstream VEGF/

VEGFR signaling in AML cells.

The VEGF receptor

phosphorylates upon binding of

either VEGF-A or VEGF-C.

Phosphorylation of the VEGF

receptor results in the activation

of downstream signaling

proteins involved in the PI3

kinase and MAPK signaling

pathways. Chemotherapy-

resistant mechanisms are

regulated through VEGF

receptor-mediated activation of

Bcl-2 and HSPs. The MAPK

route can induce transcription of

COX-2. This protein is a pro-

angiogenic factor, which in turn

can induce paracrine VEGF

signaling. The blue proteins

evidently demonstrated to be

important downstream proteins

of the VEGF/VEGFR signaling

for the proliferation, survival,

and chemotherapy resistance of

AML blast cells
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AML subgroup expressed the highest levels of VEGFR-1.

Imai et al. [43, 44] focused on the effect of VEGF receptor

inhibition within different cytogenetic AML subgroups.

Inhibiting the VEGFR-2 kinase activity in AML cells

induced apoptosis of t(8;21) and MLL rearranged AML

patient samples, while the t(15;17) AML samples did not

respond to VEGFR-2 kinase inhibition. AML patient

samples with other cytogenetic aberrations showed vari-

able responses. In addition, they investigated the effects of

anti-VEGFR-1 and anti-VEGFR-2 human monoclonal

antibody therapy in AML patient samples. Again, patient

samples with a t(8;21) translocation or a MLL rearrange-

ment demonstrated to be more sensitive to anti-VEGFR-1,

anti-VEGFR-2, and combined monoclonal antibody treat-

ment compared to AML patient samples with other

cytogenetics. Translocated t(15;17) AML patient samples

solely responded to VEGFR-1 antibody therapy. These

results clearly show that in vitro external and internal

VEGF receptor targeted therapy is most effective in AML

patient subgroups that demonstrate highest expression

levels of VEGF receptors. These AML subgroups might be

more dependent on the VEGF/VEGFR signaling for

intrinsic regulation of AML cell proliferation and survival.

The role of VEGF in AML-associated angiogenesis

VEGF is one of the main mediators of angiogenesis.

Angiogenesis is the process of new vessel formation from

pre-existing vessels by vascular endothelial cells. VEGF

controls angiogenic sprouting by guiding filopodial exten-

sion from endothelial tip cells, as a first step to form new

vessels [45]. Vascular endothelial cells can express all

VEGF receptors on their cell membrane during different

stages of vascular development [46, 47]. VEGF can induce

the proliferation, survival, and migration of vascular

endothelial cells by binding to their VEGFR-2, thereby

mediating the angiogenesis (Fig. 3) [48, 49].

Increased angiogenesis is often observed in AML bone

marrow biopsies [50]. The micro-vessel density was found

to be higher in bone marrow biopsies of AML patients at

diagnose compared to biopsies from patients that achieved

complete remission, and NBM controls [51–53]. The

increased micro-vessel density is associated with a poor

prognosis in AML [52]. The vessels in AML patient bone

marrow biopsies demonstrate variation in size and number.

Three specific vascular morphology patterns in bone mar-

row biopsies of AML patients can be defined: a subgroup

of AML patients with ‘‘low vessel count’’, a subgroup

demonstrating ‘‘angiogenic sprouting’’ (high number of

small and immature vascular capillaries), and a subgroup

with ‘‘vessel hyperplasia’’ (mature vessels with a large

lumen) [54]. AML patients with ‘‘angiogenic sprouting’’

and ‘‘low vessel count’’ have a decreased event-free sur-

vival as compared to AML patients with ‘‘vessel

hyperplasia’’ [55]. Rising evidence suggests that VEGF-A

and VEGF-C promote the induced angiogenesis within the

bone marrow of AML patients [17, 51, 52, 54]. The

Fig. 3 Autocrine and paracrine

VEGF signaling in AML.

VEGF signaling in AML

patients demonstrates two

separate signaling pathways that

co-operate and promote the

pathogenesis of AML. Via

autocrine signaling, the AML

cells activate the VEGF

receptors to induce self-renewal,

proliferation, survival, and

chemotherapy resistance.

Paracrine VEGF signaling

promotes angiogenesis and

lymph angiogenesis. Through

these signaling pathways, the

leukemic blasts can increase the

vessel formation and their own

stem cell maintenance. VEGF-A

and VEGF-C can bind to

activate AML cells as well as to

endothelial cells

Vascular endothelial growth factor signaling in acute myeloid leukemia 1311
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increased vessel formation in AML patients correlates

significantly with VEGF-A expression levels [51, 52, 54].

A leukemic mice model demonstrates a role for VEGF-A

in AML progression by inducing the formation of vascular

capillaries [56]. Treatment with a VEGF-A antagonist was

demonstrated to reduce angiogenesis and organ infiltration,

and increased the survival of these leukemic mice. More-

over, VEGF-C was also shown to induce in vitro as well as

in vivo AML-associated angiogenesis [17]. These results

show that AML blasts secrete VEGF-A and VEGF-C to

promote angiogenesis through activation of the paracrine

VEGF signaling in vascular endothelial cells.

VEGF-A and VEGF-C; mediators of the endosteal

and vascular stem cell niche

The stem cell niche is a supportive microenvironment of

hematopoietic stem cells (HSC) that regulates cell fate and

survival functions [57, 58]. Two types of HSC niches in

vivo in mouse models are demonstrated within the bone

marrow; a hypoxic endosteal bone marrow niche (within

cancellous/trabecular bone) and a high oxygen vascular

endothelium niche [59, 60]. The dormant HSC reside in the

hypoxic endosteal niche to control stem cell quiescence

[61, 62]. Active HSC are thought to reside within the

vascular niche. Stem cell niches are composed of i.a.

mesenchymal stem cells, osteoblasts, and osteoclasts

(Fig. 4). Rising evidence indicates that VEGF-A and

VEGF-C are supportive factors of the stem cell niches. The

mesenchymal cells and osteoblasts produce VEGF-A [63–

65]. VEGF-A is involved in osteoblast and osteoclast dif-

ferentiation from their progeny [65–67]. The osteoclasts

secrete VEGF-C to induce their bone resorption activity

[68]. Osteoclasts play an important role in the stem cell

niche, as inhibition of osteoclast resorption by calcitonin

administration demonstrated to reduce the number of HSCs

in mice [69]. These recent findings clearly support the

hypothesis that VEGF is important for HSC niches and

might as well be important for leukemic stem cell (LSC)

niches. Moreover, it was shown in leukemic mice models

that after high-dosage chemotherapy, the residual leukemic

cells are localized to the perivascular endothelium and to

the cancellous bone [70, 71]. Resistant LSCs that reside in

protective endosteal and vascular niches are suggested to

be the cause of AML relapse. Since VEGF supports the

stem cell niche and is associated to AML relapse [26], it

can be hypothesized that VEGF is involved in AML niche-

associated relapses.

Fig. 4 Stem cell niches.

Leukemic stem cell niches are

thought to protect the leukemic

stem cells from therapeutic

agents. Stem cells reside in a

quiescent state in the endosteal

bone marrow niche, which

makes the AML cells

unsusceptible for therapeutics

that targets proliferating cells.

Moreover, cells that reside in

the vascular bone marrow niche

can be mobilized by extrinsic

factors to attract them into the

bloodstream for organ

infiltration, which is commonly

observed in AML patients.

Secreted VEGF-A and VEGF-C

are essential for the supportive

cells from which the stem cell

niches are formed
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VEGF-targeted therapy in AML

VEGF is a known target in AML, and several therapeutic

strategies have been developed to inhibit the VEGF-

induced signaling pathways. VEGF-targeted therapy in

AML patients could inhibit the autocrine VEGF signaling

in AML cells as well as the aberrant vessel formation by

the vascular endothelial cells. Table 1 demonstrates the

VEGF and VEGF receptor-targeted therapy strategies that

have been tested in clinical trials for the treatment of AML.

The VEGF receptor-targeted therapy strategies interfere

with both the VEGF-A as well as the VEGF-C signaling

pathway.

Bevacizumab (Avastin) is currently used in clinical trials

for the treatment of AML. Bevacizumab is a monoclonal

antibody directed against VEGF-A. A phase I clinical trial

in refractory and relapsed AML patients demonstrated that

bevacizumab monotherapy did not induce any clinical

responses in these patients [72]. While no partial or com-

plete responses were achieved, bevacizumab treatment did

significantly decrease VEGF-A expression levels in bone

marrow biopsies. A phase II clinical trial was set up to

monitor the bevacizumab susceptibility in combination

with chemotherapy. This clinical trial shows promising

results in both relapsed and refractory adult AML patients

[73]. Heterogeneity of the therapy responses might be

explained by various factors including the expression level

of VEGF and VEGF receptors, and/or the vascular mor-

phology patterns in the bone marrow of the AML patients.

Approximately 50 % of the AML patients demonstrated to

be susceptible to bevacizumab in combination therapy [73].

PTK787/ZK222584/Vatalanib (PTK) is a multi-targeted

inhibitor that was designed to target VEGFR-2 selectively,

but was also demonstrated to inhibit VEGFR-1, VEGFR-3,

stem cell factor receptor (SCFR; i.e., CD117, c-Kit), and

macrophage colony-stimulating factor receptor (M-CSFR;

i.e., c-fms, CSF-1). A phase I clinical trial monitored the

effect of PTK in the treatment of AML and myelodys-

plastic syndrome (MDS) patients [74]. There were no

significant responses to PTK treatment in refractory and

relapsed AML patients upon monotherapy. Interestingly, a

subgroup of patients (4/15) with secondary AML respon-

ded to PTK in combination with chemotherapy [74].

Another multi-targeted inhibitor, semaxinib (SU5416),

targets the VEGF receptors, SCFR, and fms-like tyrosine

kinase-3 (FLT3). Semaxinib monotherapy led to a stable

remission in a patient with a second AML relapse refrac-

tory towards conventional therapy [75]. However, a phase

II clinical trial in patients with refractory AML demon-

strated that none of the patients reached complete

remission, while 19 % of the patients showed a partial

response [76]. An association between the patients that

responded to SU5416 treatment and high VEGF-A mRNA

levels was found at onset of the treatment. This suggests

that based on the VEGF-A mRNA levels of AML patients

at diagnosis, it can be predicted which patient will

respond to this specific therapy. Family member sunitinib

(SU11248) did show a slight beneficial effect as a

Table 1 Overview of VEGF signaling-targeted therapeutics that are already used in clinical trials for monitoring their effectiveness in acute

myeloid leukemia patients

Therapeutics in clinical trials Targets Therapy PR CR References

1. Bevacizumab, i.e., Avastin VEGF Mono 0/7 0/7 Zahiragic et al. [72]

Combi 7/48 16/48 Karp et al. [73]

2. PTK787/ZK222584, i.e., Vatalanib VEGFRs, PDGFRs, SCFR, M-CSFR Mono 0/33 0/33 Roboz et al. [74]

Combi 2/15 4/15

3. SU5416, i.e., Semaxinib/Semaxanib VEGFRs, SCFR, FLT3 Mono 8/42 0/42 Fiedler et al. [76]

4. SU11248, i.e., Sunitinib VEGFRs, PDGFRs, SCFR, FLT3 Mono 6/15 0/15 Fiedler et al. [77]

5. AG-013736, i.e., Axitinib VEGFR-2, SCFR, PDGFR-b Mono 1/6 0/6 Giles et al. [78]

6. BAY 43-9006, i.e., Sorafenib FLT3, RAF-1 VEGFR-2, VEGFR-3,

PDGFR-b, SCFR

Mono ? allo-SCT 5/6 1/6 Metzelder et al. [79]

7. PKC412, i.e., Midostaurin FLT3, VEGFR-2, PDGFR, SCFR Mono 44/83 0/83 Fischer et al. [80]

FLT3-WT 22/51 0/51

FLT3 mutant 24/32 0/32

8. AZD2171, i.e., Cediranib VEGFRs, SCFR, PDGFRs Mono 0/11 0/11 Juckett et al. [81]

Combi 0/15 0/15

FLT3 fms-like tyrosine kinase-3, M-CSFR macrophage colony-stimulating factor receptor, PDGFRs platelet-derived growth factor receptors,

SCFR stem cell factor receptor, VEGFR vascular endothelial growth factor receptor, PR partial response including minor responses, and CR
complete remission, Mono monotherapy, and combi monotherapy in combination with chemotherapy, Mono ? allo-SCT monotherapy before or

after allogenic stem cell transplantation

Vascular endothelial growth factor signaling in acute myeloid leukemia 1313
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monotherapeutic in a phase I clinical trial [77]. None of the

AML patients showed a complete remission. Nevertheless,

the percentage of patients that demonstrated a partial

response upon sunitinib treatment was doubled in com-

parison to semaxinib treatment. Patients with FLT3

mutations showed a higher response rate upon sunitinib

treatment compared with FLT3 wild-type patients.

Axitinib (AG-013736) is a multi-targeted tyrosine kinase

inhibitor that inhibits VEGFR-2, SCFR, and platelet-

derived growth factor receptor b (PDGFR-b). Axitinib was

used in a phase II clinical trial in the treatment of elderly

AML patients with poor prognosis, without clinical

responsiveness [78]. Nevertheless, as was mentioned pre-

viously, the elderly AML patients hardly showed any

progress according to improved treatment approaches over

the last 30 years. The effects that are observed in this

patient group might underestimate the effect that could be

achieved in younger AML patient groups.

Sorafenib (BAY 43-9006) is a dual-action inhibitor that

targets the RAF/MEK/Erk pathway as well as the upstream

tyrosine kinases, FLT3, VEGFR-2, VEGFR-3, PDGFR-b,

and SCFR. Administration of sorafenib to treat AML

patients was demonstrated effective before and after allo-

genic stem cell transplantations in AML patients that

harbor a FLT3-ITD mutation [79]. All AML patients with a

FLT3-ITD mutation (6/6) were shown to respond to so-

rafenib treatment. Since approximately 25 % of the AML

patients demonstrate a FLT3-ITD mutation, this seems a

promising therapeutic in a subset of AML patients.

Another multi-targeted therapeutic, midostaurin, which

targets FLT3, VEGFR-2, PDGF receptors, and SCFR,

demonstrates a high percentage of partial responses in

AML patients in a monotherapy phase II clinical trial [80].

Randomly assigned AML patients with a FLT3 mutant

(74 % ITD) demonstrated a higher partial response rate

compared to FLT3 wild-type AML patients (75 and 43 %,

respectively). None of the AML patients achieved a com-

plete remission.

Cediranib (AZD2171) is a multi-targeted inhibitor of

VEGF receptors, SCFR, and PDGF receptors. A phase II

clinical study using cediranib showed disappointing results

in elderly AML patients (age [60) and the study was

stopped after the first-stage enrollment [81]. None of the

patients responded to cediranib, not even after induction of

chemotherapy.

To date, there are no studies performed in AML that

focus on VEGF-C targeted therapy and how this affects the

AML blast cells. Recently, we were able to show that in

vitro VEGF-C-targeted therapy can be a potential new

differentiation therapy in pediatric AML [20].

Bevacizumab in combination therapy demonstrated the

most promising VEGF-targeted therapy responses in

AML patients so far. Midostaurin demonstrated to be the

most effective monotherapeutic in AML patients, yet

clinical trials combining midostaurin with conventional

therapy need to determine the suitability of midostaurin in

AML patients to achieve complete remission. In some

clinical trials, the elevated VEGF levels correlated to

biological responses in AML patients. The role of VEGF

in relation to AML responses upon VEGF-targeted ther-

apy demands additional studies that include measurements

of VEGF ligands and receptors before and after treatment.

This clinical study approach might help to elucidate why

some patients do respond to the VEGF-targeted thera-

peutics and will benefit from it, while other patients do

not. Moreover, this may explain FLT3 mutation

involvement in the VEGF-targeted therapy responses in

AML patients.

Summary and future perspectives

In this review, we evaluated the role of VEGF signaling in

the bone marrow of AML patients into detail. VEGF

ligands and receptors are aberrantly expressed by AML

blast cells. The increased VEGF ligand expression is sig-

nificantly associated with a poor outcome in AML patients.

AML blasts enhance autocrine VEGF signaling in order to

increase their proliferation and to provide a survival

advantage. This might explain why AML patients with

VEGF ligand overexpression show a poorer outcome. In

addition, VEGFR overexpressing AML subgroups with

t(8;21) and t(15;17) translocations or MLL rearrangements

seem to be most dependent on the VEGF/VEGFR signaling

for their AML blast survival. Moreover, the altered VEGF

signaling mediated by AML blast cells regulates paracrine

vascular endothelial cell-induced angiogenesis, which

contributes to AML progression. VEGF signaling is dem-

onstrated to be important for cell types that make up bone

marrow stem cell niches. This proposed ideal microenvi-

ronmental niche for leukemic stem cells can be the cause of

AML progression and relapse. Might the aberrant VEGF

signaling induce bone marrow niche formation to develop a

protective microenvironment for AML blasts? Further

studies are warranted. Current therapeutics developed to

target the VEGF signaling demonstrated the best clinical

responses in AML patients when combined with conven-

tional chemotherapeutics. New sophisticated therapeutic

approaches are necessary, which should consider all these

AML-associated aberrant VEGF signaling hallmarks.

Overall, there is still a lot of progress to achieve in AML

patients concerning new therapy strategies in order to

improve the survival of AML patients and their quality

of life.
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