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Abstract 

 Acute myeloid leukemia (AML) is the most common acute leukemia in adults, with an incidence of over 20 000 cases per 

year in the United States alone. Large chromosomal translocations as well as mutations in the genes involved in hematopoietic 

proliferation and differentiation result in the accumulation of poorly differentiated myeloid cells. This review is designed to provide 

an overview of the current literature concerning vascular endothelial growth factor (VEGF) in acute myeloid leukemia (AML). 

Aberrant VEGF 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 promotes autocrine AML blast cell 

proliferation, survival, and chemotherapy resistance. In addition, VEGF 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 therapeutics in AML therapy 

strategies.  
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1. Introduction 

 The proliferation and survival of AML blasts are, in 

part, influenced by the VEGF/VEGFR signaling pathway in 

certain subsets of AML patients. Key biological traits of 

leukemic cells include their enhanced ability to self-renew 

and proliferate, along with a distinct survival advantage. The 

activation of the VEGF signaling pathway facilitates both the 

proliferation and survival of AML cells [1]. In vitro studies 

have shown that stimulation with VEGF-A significantly 

enhances AML blast proliferation, particularly in conjunction 

with stem cell factor (SCF) [2]. Additionally, the stimulation 

of primary AML cells with VEGF-C has been found to 

increase the number of viable cells in vitro, indicating that 

VEGF-C may also support AML cell proliferation [3]. The 

proliferation of AML cells induced by VEGF ligands may 

depend on the presence of VEGF receptors. For instance, the 

enforced expression of VEGFR-2 in TF-1 AML cells has 

been shown to promote leukemic growth in response to 

VEGF stimulation [4]. Subgroups of AML patients exhibiting 

high levels of VEGF receptor expression may rely more 

heavily on VEGF/VEGFR signaling for their cell 

proliferation. Both VEGF-A and VEGF-C have been 

observed to enhance the survival of AML cells in vitro [5]. 

 The pro-survival signaling mechanisms activated by 

VEGF-A or VEGF-C stimulation help protect AML cells 

from apoptosis induced by chemotherapy, primarily through 

the upregulation and activation of anti-apoptotic proteins [6]. 

Furthermore, research on VEGF signaling in AML cells 

reveals that numerous downstream pathways are activated 

upon ligand binding. The work of Dias has shown that VEGF-

A promotes AML cell proliferation and survival via signaling 

proteins such as NF-κβ, Akt, Erk, HSP90, and Bcl-2 [7]. 

VEGF-C has been shown to enhance the survival of AML 

cells by increasing the expression of Bcl-2 and activating 

downstream signaling proteins in greater detail. Specifically, 

VEGF-C can stimulate the transcription and protein 

expression of COX-2 through the activation of Erk and JNK 

signaling pathways. Collectively, these findings indicate that 

the activation of Bcl-2, HSP, MAPK, and PI3K proteins by 

VEGF ligands contributes to the proliferation and survival of 

AML cells. Furthermore, inhibiting VEGF signaling in AML 

cells also disrupts the activation of these downstream 
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signaling proteins [8]. A summarized model illustrating the 

classical downstream VEGF/VEGFR signaling in AML cells 

indicates that the VEGF receptor undergoes phosphorylation 

upon the binding of either VEGF-A or VEGF-C.  

 This phosphorylation triggers the activation of 

downstream signaling proteins that are integral to the PI3 

kinase and MAPK pathways. Mechanisms of chemotherapy 

resistance are influenced by the VEGF receptor-mediated 

activation of Bcl-2 and HSPs. Additionally, the MAPK 

pathway can promote the transcription of COX-2, a pro-

angiogenic factor that can further stimulate paracrine VEGF 

signaling. The blue proteins highlighted are recognized as 

crucial downstream components of the VEGF/VEGFR 

signaling pathway, playing significant roles in the 

proliferation, survival, and chemotherapy resistance of AML 

blast cells [9]. VEGF signaling in acute myeloid leukemia 

(AML) cells can occur through both internal and external 

pathways. The activation of these pathways may lead to 

distinct downstream signaling effects within AML cells, 

particularly when assessing the consequences of inhibiting 

the VEGF-A/VEGFR-2 signaling pathway, either internally 

or externally, in primary AML cells in vitro. The external 

pathway was inhibited by blocking VEGF-A, whereas the 

internal pathway was targeted using a specific VEGFR-2 

kinase inhibitor [10].  

 The simultaneous inhibition of both internal and 

external pathways was found to significantly reduce the 

expression of nuclear VEGFR-2 protein. While both 

signaling pathways exhibit some overlap in downstream NF-

κβ signaling, the inhibition of the internal pathway also 

influenced the downstream proteins Erk and Akt. Notably, 

the suppression of the internal VEGFR-2 pathway led to 

apoptosis in AML cell lines [11]. Furthermore, the external 

blockade of VEGF-A did not independently trigger apoptosis; 

however, it could enhance apoptotic effects when combined 

with VEGFR-2 inhibition in AML cell lines [12]. This 

observation may indicate that the internal pathway plays a 

more critical role in the survival of AML cells, or that VEGF-

C may compensate for the role of VEGF-A in external 

signaling. These findings suggest that both internal and 

external autocrine VEGF signaling are governed by distinct 

signal transduction mechanisms, each of which is vital for the 

survival of AML cells [13]. Among the various subgroups of 

AML patients, those with t(8;21) translocations and MLL 

rearrangements exhibited the highest levels of VEGFR-2 

expression, while the t(15;17) Trans located subgroup 

showed the highest levels of VEGFR-1 [14].  

 Inhibition of VEGFR-2 kinase activity in acute 

myeloid leukemia (AML) cells resulted in apoptosis in 

patients with t(8;21) and MLL rearrangements, whereas 

samples from patients with t(15;17) AML did not exhibit a 

response to VEGFR-2 kinase inhibition. Patients with other 

cytogenetic abnormalities displayed varied responses [15]. 

Patients with t(8;21) translocation or MLL rearrangement 

showed greater sensitivity to treatments involving anti-

VEGFR-1, anti-VEGFR-2, and combined monoclonal 

antibodies compared to those with different cytogenetic 

profiles (16). Conversely, samples from patients with t(15;17) 

AML responded exclusively to VEGFR-1 antibody therapy. 

These findings indicate that both external and internal VEGF 

receptor-targeted therapies are most effective in AML patient 

subgroups exhibiting elevated expression levels of VEGF 

receptors. Such subgroups may rely more heavily on 

VEGF/VEGFR signaling for the intrinsic regulation of AML 

cell proliferation and survival [17]. The role of VEGF in 

angiogenesis associated with AML is significant. VEGF 

serves as a primary mediator of angiogenesis, which is the 

formation of new blood vessels from pre-existing ones by 

vascular endothelial cells. It regulates angiogenic sprouting 

by directing the extension of filopodia from endothelial tip 

cells, marking the initial step in vessel formation [18]. 

 Vascular endothelial cells can express all VEGF 

receptors on their membranes at various stages of vascular 

development. By binding to VEGFR-2, VEGF promotes the 

proliferation, survival, and migration of vascular endothelial 

cells, thereby facilitating angiogenesis [19]. Autocrine and 

paracrine VEGF signaling in acute myeloid leukemia (AML) 

reveals two distinct pathways that work in tandem to facilitate 

the disease's progression. Through autocrine signaling, AML 

cells engage VEGF receptors, which leads to enhanced self-

renewal, proliferation, survival, and resistance to 

chemotherapy [20]. On the other hand, paracrine VEGF 

signaling fosters both angiogenesis and lymphangiogenesis. 

These pathways enable leukemic blasts to promote vessel 

formation and maintain their own stem cell populations. 

VEGF-A and VEGF-C are capable of binding to and 

activating both AML cells and endothelial cells [21]. 

Increased angiogenesis is frequently noted in bone marrow 

biopsies from AML patients. Studies have shown that micro-

vessel density is significantly elevated in the bone marrow of 

newly diagnosed AML patients compared to those who have 

achieved complete remission and normal bone marrow 

(NBM) controls [22].  

 This heightened micro-vessel density is linked to a 

poorer prognosis in AML. The vessels observed in the bone 

marrow biopsies of AML patients’ exhibit variability in size 

and quantity. Three distinct vascular morphology patterns can 

be identified: a subgroup with "low vessel count," another 

exhibiting "angiogenic sprouting" characterized by a high 

number of small, immature capillaries, and a third group with 

"vessel hyperplasia," which consists of mature vessels with a 

large lumen [23]. Patients with "angiogenic sprouting" and 

"low vessel count" experience reduced event-free survival 

compared to those with "vessel hyperplasia" [24]. Growing 

evidence indicates that VEGF-A and VEGF-C play a 

significant role in promoting angiogenesis within the bone 

marrow of AML patients. The correlation between increased 

vessel formation and VEGF-A expression in AML patients is 

noteworthy [25]. A model of leukemic mice illustrates the 

involvement of VEGF-A in the progression of acute myeloid 

leukemia (AML) by promoting the development of vascular 

capillaries [26]. The administration of a VEGF-A antagonist 

was found to diminish angiogenesis and organ infiltration, 

thereby enhancing the survival rates of these leukemic mice. 

Additionally, VEGF-C has been shown to stimulate AML-

related angiogenesis both in vitro and in vivo [27].  

 These findings indicate that AML blasts release 

VEGF-A and VEGF-C, facilitating angiogenesis through the 

activation of paracrine VEGF signaling in vascular 

endothelial cells [28]. The stem cell niche serves as a crucial 

microenvironment for hematopoietic stem cells (HSC), 

playing a vital role in regulating their fate and survival [29]. 

In vivo studies using mouse models have identified two 

distinct types of HSC niches within the bone marrow: a 

hypoxic endosteal niche located in the cancellous or 

trabecular bone, and a vascular niche characterized by high 
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oxygen levels [30]. Dormant HSCs are found in the hypoxic 

endosteal niche, which is essential for maintaining stem cell 

quiescence [31]. Conversely, active HSCs are believed to 

inhabit the vascular niche. These stem cell niches comprise 

various cell types, including mesenchymal stem cells, 

osteoblasts, and osteoclasts). Increasing evidence suggests 

that VEGF-A and VEGF-C play supportive roles within these 

niches. Mesenchymal cells and osteoblasts are known to 

produce VEGF-A [32], which is implicated in the 

differentiation of osteoblasts and osteoclasts from their 

progenitor cells. Additionally, osteoclasts secrete VEGF-C, 

which promotes their bone resorption activities [33].  

 Recent research findings provide substantial 

evidence supporting the hypothesis that Vascular Endothelial 

Growth Factor (VEGF) plays a crucial role in hematopoietic 

stem cell (HSC) niches and may also be significant for 

leukemic stem cell (LSC) niches. Additionally, studies 

conducted on leukemic mouse models have demonstrated that 

following high-dose chemotherapy, the remaining leukemic 

cells are predominantly found in the perivascular 

endothelium and within the cancellous bone [34]. It is 

proposed that resistant LSCs, which inhabit protective 

endosteal and vascular niches, contribute to the relapse of 

Acute Myeloid Leukemia (AML). Given that VEGF is known 

to support the stem cell niche and is linked to AML relapse 

[35], it can be posited that VEGF may play a role in relapses 

associated with AML niches Leukemic stem cell niches are 

believed to shield leukemic stem cells from the effects of 

therapeutic interventions. Within the endosteal bone marrow 

niche, stem cells exist in a quiescent state, rendering acute 

myeloid leukemia (AML) cells resistant to treatments aimed 

at proliferating cells. Additionally, cells located in vascular 

bone marrow niche can be mobilized by external factors, 

facilitating their entry into bloodstream for organ infiltration, 

a phenomenon frequently observed in AML patients. The 

secretion of VEGF-A and VEGF-C is crucial for supportive 

cells that constitute stem cell niches [36].   

 VEGF-targeted therapy in acute myeloid leukemia 

(AML) has emerged as a significant area of research, with 

various therapeutic approaches aimed at inhibiting the 

signaling pathways activated by VEGF. Targeting VEGF in 

AML patients may effectively disrupt the autocrine VEGF 

signaling within AML cells and mitigate the abnormal 

formation of blood vessels by vascular endothelial cells [37]. 

Bevacizumab (Avastin), a monoclonal antibody that targets 

VEGF-A, is currently being evaluated in clinical trials for 

AML treatment. A phase I clinical trial involving patients 

with refractory and relapsed AML indicated that 

monotherapy with bevacizumab did not yield any clinical 

responses [38]. Despite lack of partial or complete responses, 

treatment with bevacizumab resulted in a significant 

reduction in VEGF-A expression levels in bone marrow 

biopsies. Subsequently, a phase II clinical trial was initiated 

to assess the efficacy of bevacizumab in conjunction with 

chemotherapy. This trial has shown encouraging outcomes 

for both relapsed and refractory adult AML patients [39]. The 

variability in therapeutic responses may be attributed to 

several factors, including the levels of VEGF and its 

receptors, as well as the vascular morphology observed in the 

bone marrow of AML patients.  

 Approximately 50% of AML patients have been 

found to respond favorably to combination of bevacizumab 

and chemotherapy [40]. PTK787/ZK222584/Vatalanib 

(PTK) is a multi-targeted inhibitor primarily designed to 

selectively inhibit VEGFR-2. However, it has also been 

shown to affect VEGFR-1, VEGFR-3, the stem cell factor 

receptor (SCFR; also known as CD117 or c-Kit), and the 

macrophage colony-stimulating factor receptor (M-CSFR; 

also referred to as c-fms or CSF-1). A phase I clinical trial 

evaluated the efficacy of PTK in patients with acute myeloid 

leukemia (AML) and myelodysplastic syndrome (MDS). The 

results indicated that there were no significant responses to 

PTK monotherapy in patients with refractory and relapsed 

AML. Notably, a subset of patients (4 out of 15) with 

secondary AML exhibited a response to PTK when combined 

with chemotherapy. Another multi-targeted inhibitor, 

semaxinib (SU5416), targets VEGF receptors, SCFR, and 

fms-like tyrosine kinase-3 (FLT3). In a case involving a 

patient experiencing a second relapse of AML that was 

refractory to standard treatments, semaxinib monotherapy 

resulted in stable remission. However, a phase II clinical trial 

involving patients with refractory AML revealed that none 

achieved complete remission, although 19% demonstrated a 

partial response.  

 An interesting correlation was identified between 

the patients who responded to SU5416 and elevated levels of 

VEGF-A mRNA at the start of treatment, suggesting that the 

VEGF-A mRNA levels at diagnosis may help predict which 

patients are likely to benefit from this therapy. The related 

compound sunitinib (SU11248) exhibited a modest beneficial 

effect as a monotherapy in a phase I clinical trial. Axitinib 

(AG-013736) is another multi-targeted tyrosine kinase 

inhibitor that targets VEGFR-2, SCFR, and platelet-derived 

growth factor receptor β (PDGFR-β). In a phase II clinical 

trial, axitinib was administered to elderly AML patients with 

poor prognoses, but it did not demonstrate clinical 

responsiveness. Sorafenib (BAY 43-9006) functions as a 

dual-action inhibitor, effectively targeting the RAF/MEK/Erk 

signaling pathway alongside upstream tyrosine kinases, 

including FLT3, VEGFR-2, VEGFR-3, PDGFR-β, and 

SCFR. Its administration has shown efficacy in treating acute 

myeloid leukemia (AML) patients, particularly those with a 

FLT3-ITD mutation, both prior to and following allogeneic 

stem cell transplantation [41].  

 Notably, all AML patients with the FLT3-ITD 

mutation (6 out of 6) responded positively to sorafenib 

treatment. Given that approximately 25% of AML patients 

exhibit this mutation, sorafenib presents a promising 

therapeutic option for this specific subset of patients [42]. 

Midostaurin, another multi-targeted therapeutic agent, targets 

FLT3, VEGFR-2, PDGF receptors, and SCFR. In a phase II 

clinical trial focusing on monotherapy, midostaurin 

demonstrated a significant rate of partial responses among 

AML patients. Those randomly assigned with a FLT3 

mutation (74% ITD) exhibited a higher partial response rate 

compared to their FLT3 wild-type counterparts (75% versus 

43%, respectively). However, none of the AML patients 

achieved complete remission [43]. Cediranib (AZD2171) 

serves as a multi-targeted inhibitor of VEGF receptors, 

SCFR, and PDGF receptors. A phase II clinical trial involving 

cediranib yielded unsatisfactory results in elderly AML 

patients (aged over 60), leading to the cessation of the study 

after the initial stage of enrollment [44]. Notably, none of the 

patients exhibited a response to cediranib, even following 

induction chemotherapy.  
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 Currently, there are no studies investigating VEGF-

C targeted therapy in AML and its impact on AML blast cells. 

Recent findings indicate that in vitro VEGF-C-targeted 

therapy may represent a potential new differentiation 

treatment for pediatric AML [45]. Among the various 

therapies, bevacizumab in combination therapy has shown 

the most promising responses in AML patients regarding 

VEGF-targeted treatment. While midostaurin has proven to 

be the most effective monotherapy for AML patients, clinical 

trials are ongoing to explore its combination with 

conventional therapies. Elevated levels of VEGF have been 

associated with biological responses in patients with acute 

myeloid leukemia (AML). To better understand the 

relationship between VEGF and AML responses to VEGF-

targeted therapies, further research is necessary. This research 

should involve the assessment of VEGF ligands and receptors 

both prior to and following treatment. Such a clinical study 

design may provide insights into the reasons why certain 

patients respond positively to VEGF-targeted therapies and 

derive benefits from them, while others do not [46]. 
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