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Summary

Tumour angiogenesis plays a key role in the pathogenesis
and progression of haematological malignancies. Thereby,
pro- and anti-angiogenic growth factors and cytokines reg-
ulate the angiogenic process. The most important growth
factor, vascular endothelial growth factor (VEGF) and its
signaling through its receptors 1 and 2, is not only involved
in solid tumours, but there is also emerging evidence that
tumour progression in haematological malignancies also
depends on the induction of new blood vessel formation.
The evidence supporting this theory includes the finding of
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increased bone marrow microvessel density and increased
levels of plasma pro-angiogenic cytokines. Leukaemia
cells interact with surrounding host cells and extracellular
matrix, this crosstalk affecting the most important aspects
of the malignant phenotype. The pathophysiology of leuk-
aemia induced angiogenesis involves both direct produc-
tion of angiogenic cytokines by leukaemia cells and their
interaction with bone marrow microenvironment. The in-
hibition of VEGF signalling by monoclonal antibodies or
small molecules (kinase inhibitors) has already been suc-
cessfully used for the treatment of different cancer entities,
and multiple new drugs are being tested. This review sum-
marises recent advances in the basic understanding of the
role of angiogenesis in haematological malignancies and
the translation of such basic findings into clinical studies.
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Introduction

The growth and metastatic potential of most tumours, both
solid and haematological, are angiogenesis dependent [1,
2]. In adults, physiological angiogenesis is limited to a
small number of specific processes, such as wound healing,
tissue repair, and the female reproductive cycle [1, 3]. Most
tumours can persist in situ for a considerable period of
time ranging from months to years without neovascular-
isation. Folkman first described the phenomenon by which
dormant tumours become vascularised when a subgroup
of cells within the tumour acquire an angiogenic pheno-
type. According to Folkman tumours up to 2 to 3 mm3

can exist in a prevascular phase but in order to further in-
crease in size they require neovascularisation [1, 3]. Tu-
mour blood vessels are generated by various mechanisms,
such as the co-option of the existing vascular network, the
expansion of the host vascular network by the budding of
endothelial sprouts (sprouting angiogenesis), the remodel-
ling and expansion of vessels by the insertion of interstitial
tissue columns into the lumen of pre-existing vessels (in-
tussusceptive angiogenesis), and the homing of endothelial
cell precursors (EPCs) from the bone marrow or peripheral
blood into the endothelial lining of neovessels (vasculogen-
esis) [4]. Bone marrow-derived progenitor cells contribute

Swiss Medical Weekly · PDF of the online version · www.smw.ch Page 1 of 12



significantly to neovascularisation in a variety of tumours
[5, 6].
VEGF is the most well characterised proangiogenic factor
and has at least six isoforms (VEGF, PlGF, VEGF-B,
VEGF-C, VEGF-D and VEGF-E), all of which are secreted
as dimeric glycoproteins [7, 8]. Tight control of angiogen-
esis is maintained by a balance of endogenous anti-an-
giogenic and pro-angiogenic factors. Three structurally
similar receptor tyrosine kinases, designated VEGFR-1
(also known as Flt-1), VEGFR-2 (also known as KDR) and
VEGFR-3 (also known as FLT4) are activated upon bind-
ing of VEGF ligands [9]. Leukaemia cells commonly ex-
press one or both of the major VEGF receptor tyrosine
kinases, the c-fms-like tyrosine kinase (Flt-1) and the
kinase domain receptor (KDR) and can produce and secrete
VEGF [10]. As for other receptor tyrosine kinases, VEGF
binding to the receptor leads to receptor homodimerisation
or heterodimerisation and subsequent autophosphorylation
on certain tyrosine residues, which in turn triggers intra-
cellular signaling cascade mediated by several effectors,
which are able to recognise and dock at phosphorylated tyr-
osine residues of the activated receptors.
VEGFR-1 and VEGFR-2 are predominantly expressed on
vascular endothelial cells, and the activation of VEGFR-2
appears to be both necessary and sufficient to mediate
VEGF-dependent angiogenesis and the induction of vas-
cular permeability [9, 10]. VEGFR-1 is also expressed on
haematopoietic stem cells (HSCs), vascular smooth muscle
cells, monocytes, and leukaemic cells [11, 12], whereas
VEGFR-2 is expressed on endothelial progenitor cells and
megakaryocytes [13, 14]. VEGFR-3, which is largely re-
stricted to lymphatic endothelial cells, binds the VEGF
homologs VEGF-C and VEGF-D, and it may play an im-
portant role in the regulation of lymphangiogenesis. VEGF
and VEGFR represent significant anticancer therapy tar-
gets that elegantly bypass potential tumour-related treat-

ment barriers [9]. VEGF signalling inhibition has been
shown to result in significant tumor growth delay in a wide
range of animal models [15]. The clinical benefit of this ap-
proach has also been confirmed, and concerted efforts in
recent years have resulted in a number of novel anti-an-
giogenic agents [16, 17].
This review summarises the role of pathological angiogen-
esis in haematological malignancies, with a focus on acute
leukaemias, myelodysplastic syndromes (MDS), multiple
myeloma (MM), and myeloproliferative neoplasms
(MPNs), as well as therapeutic inhibition of pathological
angiogenesis using novel agents (table 1).

Pathophysiology of angiogenesis in
haematological malignancies

Many studies have suggested a role for angiogenesis not
only in the pathogenesis of solid tumours but also in
haematological malignancies, such as acute and chronic
leukaemia, lymphoma, myelodysplastic syndromes, myel-
oproliferative neoplasms, and multiple myeloma [16–23].
We and others have reported increased microvessel density
(MVD) and VEGF expression in the bone marrow of pa-
tients with myeloproliferative neoplasms and lymphoma
[19, 22].
Thus, the extent of angiogenesis in the bone marrow often
correlates with disease burden, prognosis, and treatment
outcome [24, 25]. Cells, cytokines and growth factors that
maintain physiological angiogenesis in normal bone mar-
row are unbalanced in the neoplastic marrow. Bone marrow
tumour cells upregulate several factors, including inter-
leukin-6, granulocyte-macrophage colony-stimulating
factor and VEGF, producing autocrine and paracrine ef-
fects on multiple cell types and thereby stimulating an-
giogenesis and leading to increased vascularity (fig. 1) [12,
26]. Endothelial and haematopoietic cell lineages are there-

Table 1: Selection of clinical trials and approved anti-angiogenic therapies in haematological malignancies.

Drug Target Study entities Approved for
Anti-VEGF strategies
Bevacizumab (Avastin®) VEGF-A AML, MDS, CLL, CML, NHL, MM Colorectal cancer, NSCLC, breast

cancer, RCC, ovarian cancer

Receptor tyrosine kinase
inhibitors
PTK787/ZK 222584 (Vatalanib®) VEGFR1–3, PDGFRβ, c-Kit AML, PMF, MDS, CML, DLBCL,

MM

SU5416
(Semaxinib)

VEGFR1–2, c-kit, Flt3 AML, MDS, MM, MPN

Sorafenib (Nexavar®) VEGFR2–3, B-Raf, Faf-1,
PDGFRβ

AML, ALL, MDS, CML, CLL, NHL,
MM

RCC, HCC

Sunitinib (Sutent®) VEGFR1–3, PDGFRα+β, c-kit, Flt3 AML, MDS, CLL, MM, NHL RCC, GIST

PKC-412 (Midostaurin) VEGFR2, PKC, PDGFR, Flt3, c-Kit AML

Cediranib (Recentin®) VEGFR1–3, PDGFRβ, c-Kit AML, MDS, CLL

Proteasome inhibitors
Bortezomib (Velcade®) 26S proteasome, NF-κB AML, ALL, MDS, CML, NHL, MCL MM, MCL

Immunomodulatory drugs
Thalidomide bFGF, VEGF, IL-6 AML, MDS, MPN, CLL, NHL, MM MM

Lenalidomide (Revlimid®) bFGF, VEGF, IL-6 AML, MDS, CLL, NHL MM, 5q- MDS

AML = acute myeloid leukaemia; bFGF = basic fibroblast growth factor; DLBCL = diffuse large B cell lymphoma; CLL = chronic lymphocytic
leukaemia; CML = chronic myeloid leukaemia; GIST = gastrointestinal stromal tumours; HCC = hepatocellular carcinoma; IL-6 = Interleukin-6;
NHL = non-Hodgkin lymphoma; NSCLC = non-small cell lung cancer; MCL = mantle cell lymphoma; MDS = myelodysplastic syndrome; MM =
multiple myeloma; MPN = myeloproliferative neoplasm; PMF = primary myelofibrosis; RCC = renal cell carcinoma; VEGF = vascular endothelial
growth factor.
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fore thought to be initiated from the same precursor cells
[27, 28], and regulatory loops by which VEGF controls the
survival of haematopoietic stem cells (HSCs) have been
described [29]. It is now recognised that the haematopoietic
and vascular systems are linked closely by virtue of the fact
that both systems appear to be derived from a common pre-
cursor called the haemangioblast which originates from the
mesoderm in the developing embryo [30]. Evidence sup-
porting this hypothesis comes from studies showing that
haematopoietic and endothelial cells share expression of a
number of genes. CD34 enriched human peripheral blood
cells were shown to have the ability to differentiate into en-
dothelial cells in vitro [31].
The process of angiogenesis in haematological malignan-
cies is similar to that seen in solid tumours. Endothelial
cells from pre-existing venules within the bone marrow
are activated, proliferate, migrate and form new blood ves-
sels which in turn supports tumour proliferation [32]. Com-
plex interactions take place between the neovasculature, tu-
mour cells and the extracellular matrix mediated by growth
factors, cytokines and by cell-cell contact in the bone mar-
row. Several primary cells and cell lines representing
haematological neoplastic diseases express functional
VEGFRs, and their signalling influences survival, prolifer-
ation, and migration [33, 34]. Thus, secreted VEGF con-
tributes to disease progression by an autocrine or paracrine
positive mechanism [32, 35].
Whether this observed increased neovascularisation in neo-
plastic bone marrow is instrumental in the neoplastic pro-
cess or is an “innocent bystander” resulting from imbal-
ances in growth factors and cytokines can only be determ-
ined by carefully designed experiments and clinical studies
examining whether inhibiting the neovascular process in-
hibits the growth of the neoplasm.

Acute leukaemias

Numerous preclinical studies have also demonstrated the
close relationship between angiogenesis and leukaemia cell

Figure 1

Cross-talk between leukaemic and endothelial cells. Autocrine and
paracrine signalling via VEGF promotes the pathogenesis of
leukaemia. Paracrine VEGF signalling influences angiogenesis and
the bone marrow microenvironment.
G-CSF = granulocyte-colony stimulating factor; VEGF = vascular
endothelial growth factor; VEGFR = vascular endothelial growth
factor receptor

survival. Human acute lymphoblastic leukaemia (ALL)
cells injected into non-obese diabetic severe combined im-
munodeficiency (NOD/SCID) mice induce bone marrow
neovascularisation [36]. Leukaemias have been associated
with angiogenesis as the acute myeloid leukaemia (AML)
cell line HL-60 was first used to clone the VEGF gene [37].
The first demonstration that leukaemia progression was ac-
companied by increased bone marrow vascularisation was
provided by Judah Folkman’s group [2], who demonstrated
that the bone marrow of ALL patients had increased blood
vessel content compared with normal bone marrow. A de-
tailed analysis of bone marrow sections from ALL pa-
tients showed irregular, albeit abundant, bone marrow vas-
culature. Moreover, urine and peripheral blood samples
from ALL patients exhibited elevated levels of pro-an-
giogenic basic fibroblast growth factor (bFGF) and VEGF,
which correlated with the increase in bone marrow an-
giogenesis [38]. The existence of an “angiogenesis switch”,
first proposed for solid tumours [39], was therefore sugges-
ted for haematolymphoid malignancies as well. The pres-
ence of an “angiogenesis switch” in leukaemia has been
demonstrated by findings of increased bone marrow MVD;
increased expression of HIF-1, multiple pro-angiogenic
factors (VEGF, bFGF, and angiopoietin-2), and soluble
VEGFR; and decreased expression of endogenous an-
giogenesis inhibitors, such as thrombospondin-1 [40]. In
patients with previously untreated AML, increased levels
of plasma VEGF correlated with reduced rates of survival
and remission [41]. Moreover, the level of plasma/serum
VEGF correlated with the number of circulating blasts
[42], indicating the probable cellular origin of this pro-an-
giogenic factor. In vitro studies have demonstrated the ca-
pacity of leukaemia cells to produce pro-angiogenic growth
factors, such as VEGF and bFGF [32, 43, 44]. In patients
with MDS, bone marrow VEGF expression was higher in
the “very high risk” MDS than in the “very low risk” group
according the World Health Organization classification-
based prognostic scoring system. A high VEGF expression
also predicted transfusion dependence [45]. A recent study
examined the role of the Notch/Dll4 (Delta-like ligand 4)
pathway in leukaemia-endothelium cross-talk and its func-
tional link with VEGF [46]. The authors found that newly
diagnosed AML patients had increased bone marrow vas-
cularity, which was correlated with increases in VEGF and
Dll4 expression. Furthermore, the upregulation of Dll4 ex-
pression in AML cells suppressed VEGF-induced en-
dothelial cell proliferation and angiogenesis. The authors
concluded that the modulation of the Notch/Dll4 pathway
could be a novel anti-angiogenic strategy.

Anti-angiogenic therapies

With significant evidence emerging to support a critical
role for angiogenesis in the pathogenesis of haematological
malignancies, there has been increasing interest in devel-
oping anti-angiogenic therapeutic strategies for these dis-
orders. There are several theoretical reasons why targeting
the neovasculature may be advantageous. Delivery of anti-
cancer drugs to tumor cells is often impaired because of
abnormalities in blood flow arising from altered tumour
blood vessel architecture and function. In contrast to tu-
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mour cells, the endothelial cells lining the tumour blood
vessels are more readily accessible to therapy. Furthermore
endothelial cells unlike tumour cells are homogenous and
genetically stable and less likely to develop mutations
causing resistance to drugs [47]. Also the same drug can
potentially be used to treat a range of malignancies when
endothelial cells rather than the tumour cells are the target.
Most anti-angiogenic therapies are based on inhibiting the
binding of VEGF to VEGFR using neutralising antibodies
against the ligand or the receptor, soluble receptors, small
molecule inhibitors or therapies directed against the tyr-
osine kinase activity of the VEGF receptors (fig. 2). A
growing number of anti-angiogenics are now available,
either in various stages of clinical development or as com-
ponents of standard clinical regimens. The major classes
of anti-angiogenic therapy include the following: (1) direct
anti-VEGF-acting molecules (anti-VEGF antibodies and
VEGF-antisense nucleotides); (2) receptor tyrosine kinase
inhibitors that target VEGFR signalling and the receptors
of other (pro-angiogenic) factors; (3) immunomodulatory
drugs (IMiDs) with anti-angiogenic properties; (4) an anti-
endothelial approach using metronomic therapy; and (5)
other new compounds that target signals downstream of
pro-angiogenic growth factors, such as mammalian target
of rapamycin (mTOR) inhibitors, histone deacetylase
(HDAC) inhibitors and proteasome inhibitors.

Anti-VEGF antibodies

The first anti-angiogenic agent to be approved for solid
tumuors was bevacizumab (Avastin™), a humanised anti-
VEGF monoclonal antibody that targets VEGF-A isoform
and blocks its binding to the VEGF receptors [48]. The ad-
ministration of bevacizumab, in combination with cytotox-
ic chemotherapy, conferred benefits to patients with sev-
eral tumour entities, such as metastatic colorectal cancer,
non-squamous, non-small cell lung cancer and metastatic
breast cancer [48, 49]. In patients with refractory AML (n
= 9), bevacizumab resulted in a reduction in VEGF ex-
pression in the bone marrow, but no clinical response [50].
Bevacizumab-associated side effects are generally mild to
moderate in severity, although there are specific, uncom-
mon events that are more severe and potentially life threat-
ening. The most commonly observed adverse events are

Figure 2

Mechanisms of action of angiogenic inhibitors in leukaemia.
VEGF = vascular endothelial growth factor VEGFR = vascular
endothelial growth factor receptor

hypertension, proteinuria, bleeding and thrombosis, which
are generally mild to moderate and manageable [50]. Be-
vacizumab was administered after induction chemotherapy
(cytarabine and mitoxantrone) to adults with refractory or
relapsed AML in a phase II clinical trial [51]. Induction
therapy was received by forty-eight adults. The overall re-
sponse was 23 of 48 (48%), with a complete response (CR)
in 16 (33%) patients. Eighteen patients (14 CR and 4 par-
tial responses) underwent one consolidation cycle, and 5
(3 CR and 2 partial responses) underwent allogeneic trans-
plantation. The median overall and disease-free survivals
for the CR patients were 16.2 months (64%, 1 year) and 7
months (35%, 1 year), respectively. Bone marrow samples
demonstrated a marked MVD decrease after bevacizumab.
VEGF was detected in pretreatment serum in 67% of the
patients tested. The VEGF level increased by day 8 in 52%
of the patients, and it decreased 2 h after bevacizumab in
93% of the patients (67% undetectable). In a further phase
II study, elderly patients with AML (n = 171) were ran-
domly assigned to receive standard chemotherapy (daunor-
ubicin and cytarabine) with or without bevacizumab [52].
The complete remission rates in the 2 arms did not differ
(65%). The event-free survival at 12 months was 33% for
the standard arm versus 30% for the bevacizumab arm;
at 24 months, it was 22% and 16%, respectively. The au-
thors concluded that the addition of bevacizumab to stand-
ard chemotherapy did not improve the therapeutic outcome
of older AML patients.

Receptor tyrosine kinase inhibitors

Small tyrosine kinase inhibitors that target VEGFR and
other kinases are a further important class of anti-angiogen-
ic drugs with applications in AML, although their efficacy
in haematolymphoid neoplasias, especially AML, might be
attributable to the inhibition of a variety of pathways, par-
ticularly those related to c-kit and FLT3 (FMS-like tyrosine
kinase 3). Small-molecule inhibitors targeting VEGFRs
and other kinases, e.g., sorafenib (Nexavar™) and sunitinib
(Sutent™), have been approved based on their efficacy in
treating renal cell carcinoma and hepatocellular carcinoma
[53, 54].
Vatalanib (formerly PTK787/ZK 222584) is an oral multi-
targeted inhibitor that was designed to target VEGFR-2 se-
lectively, but was also demonstrated to inhibit VEGFR-1,
VEGFR-3, and stem cell factor receptor (c-Kit) [55].
Vatalanib was well tolerated and showed clinical activity
in a variety of solid tumours in a phase I trial [56]. In
patients with MDS and AML, vatalanib was studied in a
phase I clinical trial alone or in combination with cytosine-
arabinoside and daunorubicin [57]. Sixty-three patients re-
ceived vatalanib at doses of 500–1,000 mg/bid orally. At
1,000 mg/bid, dose-limiting toxicities resulting in lethargy,
hypertension, nausea, emesis, and anorexia were observed.
CR was observed in 5 of 17 evaluable AML patients treated
with vatalanib combined with chemotherapy. The authors
concluded that vatalanib is generally well tolerated and can
be administered in combination with chemotherapy to pa-
tients with MDS and AML. In a recent phase II study,
vatalanib was examined in patients with MDS. A total of
142 patients were evaluable for response. Only a small pro-
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portion of these MDS patients exhibited haematological
improvement under vatalanib therapy [58].
Cediranib (AZD2171, Recentin™) is a potent inhibitor of
both VEGFR-1 and VEGFR-2; it also has activity against
c-kit, PDGFR-β, and VEGFR-3 at nanomolar concentra-
tions [59]. In a phase I trial in patients with a broad range
of solid tumours, cediranib was well tolerated at doses up
to 45 mg/d [60], with the most common adverse side ef-
fects being diarrhoea, dysphonia, and hypertension. In 35
patients with AML, the most common adverse events of
cediranib were diarrhoea, hypertension, and fatigue in a
phase I trial. An objective response was experienced by
six patients (3 each at 20 and 30 mg). Dose- and time-
dependent reductions in soluble VEGFR-2 were observed,
and there was a correlation between cediranib exposure and
plasma VEGF levels [61].
Sorafenib (Nexavar™; formerly BAY43–9006) is an orally
available bisaryl urea derivative approved for clinical use
in kidney cancer and hepatocellular carcinoma. It was ori-
ginally developed as an inhibitor of the serine/ threonine
kinase Raf. However, it also was found to effectively in-
hibit other kinases, including VEGFR, Kit, platelet-derived
growth factor receptors, and fms-like tyrosine kinase re-
ceptor-3 (FLT3), all present on AML cells and in bone mar-
row stromal elements [62]. VEGF, Kit ligand, platelet-de-
rived growth factor, and FLT3 ligand can have autocrine
and/or paracrine functions supporting AML cell prolifera-
tion and survival [63]. The administration of sorafenib to
treat AML patients who harboured an FLT3–ITD muta-
tion was demonstrated effective before and after allogenic
stem cell transplantation [62]. All the AML patients with
an FLT3–ITD mutation (6/6) were shown to respond to
sorafenib treatment. Because approximately 25% of the
AML patients demonstrated an FLT3–ITD mutation, soraf-
enib appears to be a promising therapeutic for a subset of
AML patients. Randomly assigned AML patients with an
FLT3 mutation (74% ITD) demonstrated a higher partial
response rate compared with AML patients with wild-type
FLT3 (75 and 43%, respectively). None of the AML pa-
tients achieved complete remission. However, treatment
duration was short and no durable responses were reported.
Notably, a complete molecular remission has recently been
reported in a patient relapsing after stem cell transplanta-
tion [64]. All these recent studies suggest that sorafenib de-
serves further evaluation in prospective clinical trials. A re-
cent study examined the addition of sorafenib to standard
induction and consolidation therapy in elderly patients with
AML [65]. A total of 201 patients were randomly assigned
to receive either sorafenib or placebo between the chemo-
therapy cycles and subsequently for up to 1 year after the
beginning of therapy. Treatment with sorafenib did not res-
ult in significant improvements in event-free survival or
overall survival. Similar results were revealed by subgroup
analyses, including a subgroup positive for FLT3 internal
tandem duplications. The authors concluded that the com-
bination of sorafenib with standard induction and consolid-
ation therapy in the investigated schedule is not beneficial
for elderly patients with AML. In a further study, soraf-
enib was combined with all-trans retinoic acid (ATRA)
in patients with refractory or relapsed FLT3–ITD-positive/
nucleophosmin1–positive AML. Three patients achieved

significant response under this combination therapy [66].
In a phase II study of sorafenib, cytarabine and idarubicin
for initial therapy in younger AML patients with a medi-
an follow-up of 18 months, the median event-free survival
was 12.2 months in the placebo arm and was not reached in
the sorafenib arm. Although there was an increased risk of
hepatotoxicity and bleeding events in the sorafenib arm, the
authors concluded that the addition of sorafenib to stand-
ard induction chemotherapy was associated with a prolong-
ation of event-free survival, which was most marked in the
patients with FLT3–ITD [67].

Immunomodulatory drugs (IMiDs)

As the first of the immune-modulatory drug (IMiD) class,
thalidomide was introduced as a sedative used to prevent
nausea during pregnancy in the late 1950s. In 1961, it was
withdrawn due to teratogenicity and neuropathy [68]. Mul-
tiple myeloma is one of the first clinical entities for which
this efficacy was demonstrated [68, 69]. The surprising
effects of thalidomide have led to the development of a
series of IMiDs with even higher anti-angiogenic potency.
It was shown that thalidomide has important immunomod-
ulatory effects by decreasing TNF-α synthesis and select-
ively modulating T cell subsets, shifting the T cell popu-
lation toward T helper cells [70]. The interest in thalidom-
ide as an anti-neoplastic agent rose after the demonstra-
tion of its anti-angiogenic activity in a rabbit model of
corneal neovascularisation induced in response to bFGF
[71]. The second generation of IMiDs include lenalidom-
ide (CC-5013) and pomalidomide (CC4047), and both of
them demonstrated more potent anti-cancer, anti-inflam-
matory and immunomodulatory activities than thalidom-
ide [72, 73]. Although several mechanisms have been pro-
posed to explain the activity of thalidomide, lenalidomide
and pomalidomide, including demonstrable anti-angiogen-
ic, anti-proliferative and immunomodulatory effects, the
precise cellular targets and molecular mechanisms have not
been understood in detail [72, 73].
Thalidomide therapy was assessed alone and in combin-
ation with other compounds in patients with AML.
Thalidomide was administered in a phase II study to pa-
tients with relapsed or refractory AML who were previ-
ously treated with cytarabine-containing regimens [74]. A
total of 16 patients were treated with 200 to 800 mg/d oral
thalidomide. Overall, one patient (6%) achieved CR, which
lasted for 36 months, and two patients had transient reduc-
tions in marrow blasts, from 8% and 7% to less than 5%.
There was no correlation between reductions in angiogen-
esis marker levels and response. The safety and efficacy of
thalidomide was tested in a phase I/II dose-escalating trial
[75] in 20 AML patients. There were 13 patients who were
assessable for both toxicity and response and were found
to tolerate a maximum dose of 200 to 400 mg/d for at least
one month. Overall, adverse events were fatigue, constipa-
tion, rash, and neuropathy (grades 1 to 2 in most patients).
In four patients, a partial response was observed, defined as
a reduction in the blast cell infiltration into the bone mar-
row by at least 50%, accompanied by increases in plate-
let counts and haemoglobin values. In parallel, MVD signi-
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ficantly decreased in 5 five patients during treatment with
thalidomide.
A recent study of lenalidomide showed that two elderly
patients with poor-risk cytogenetic AML achieved mor-
phologic and cytogenetic complete remission [76]. In a
phase II study, lenalidomide was administered to previ-
ously untreated older AML patients with del(5q) who de-
clined standard chemotherapy [77]. Among 37 evaluable
patients, the median age was 74 years. Five patients (14%)
achieved a partial or complete response. The mean relapse-
free survival was 5 months (range, 0–19). The median
overall survival was two months for the entire population.
In conclusion, lenalidomide as a single agent has modest
activity in older del(5q) AML patients.

Proteasome inhibitors

Bortezomib (Velcade™) is a proteasome inhibitor known
to induce apoptosis, reverse drug resistance of multiple my-
eloma cells, and block cytokine effects, cell adhesion, and
angiogenesis in the myeloma cell microenvironment, all of
which support the proliferation and migration of neoplastic
plasma cells [78, 79]. It is approved for treating multiple
myeloma and mantle cell lymphoma. In multiple myel-
oma, complete clinical responses have been obtained in pa-
tients with otherwise refractory or rapidly advancing dis-
ease. Beside its direct anti-tumour effects, anti-angiogenic
actions of bortezomib have recently been described in vitro
and in vivo [80]. In a study by Roccaro et al. the effect of
bortezomib on the angiogenic phenotype of MM patient-
derived endothelial cells was examined. Bortezomib inhib-
ited the proliferation of endothelial cells and angiogeneis
in a dose-dependent manner [80]. Bortezomib triggered
a dose-dependent inhibition of VEGF and interleukin-6
(IL-6) secretion by the multiple myeloma patient-derived
endothelial cells, and molecular testing confirmed drug-re-
lated down-regulation of VEGF, IL-6, insulin-like growth
factor-I, Angiopoietin 1 (Ang1), and Ang2 transcription. In
patients with untreated AML, bortezomib was combined
with daunorubicin and cytarabine in induction and consol-
idation chemotherapy [81]. There were 95 patients (median
age 67 years) included. A complete response was achieved
by 65% (62 of 95 patients treated). Bortezomib in combin-
ation with daunorubicin and cytarabine showed a tolerable
toxicity profile. Taken together, the combination of stand-
ard chemotherapy with bortezomib resulted in an encour-
aging remission rate.

Multiple myeloma

Multiple myeloma was the first haematological malignancy
in which an increased angiogenesis rate was detected [23].
As a progression from in situ to invasive and metastatic
solid tumours is accompanied and enhanced by the switch
from the perivascular to the vascular phase, these findings
suggest that active MM may represent the ‘vascular phase’
of plasma cell tumours, and nonactive MM and MGUS
their ‘prevascular phase’. Several studies show overexpres-
sion and secretion of VEGF by the clonal plasma cells
[82]. VEGF stimulates proliferation and chemotaxis in both
endothelial cells via VEGFR-2 and stromal cells via

VEGFR-1. VEGFR-1, but not VEGFR-2, is commonly ex-
pressed on both MM cell lines and patient’s MM cells. In-
creased bone marrow MVD in patients with MM appears to
also be an important prognostic factor [83]. As with other
tumours induction of angiogenesis in myeloma is thought
to be mediated by an alteration in the balance between
pro- and anti-angiogenic cytokines. A number of pro-an-
giogenic cytokines are upregulated in patients with act-
ive myeloma. VEGF is one of the key pro-angiogenic cy-
tokines thought to play a role in myeloma pathogenesis
[84]. VEGF was shown to be overexpressed in plasma cells
from myeloma patients with an increase in VEGF receptors
in the surrounding stromal cells [85].
In a phase II trial, thalidomide monotherapy was assessed
in 84 patients with relapsed and refractory MM who had
received doses ranging from 200 to 800 mg/d. The overall
response rate was 32%. The 2 year event-free and overall
survival rates were 20% and 48%, respectively [68, 86].
In patients with newly diagnosed MM, the combination of
thalidomide with dexamethasone led to a response rate of
63%, compared with 41% for dexamethasone alone [87].
Subsequent to these studies, thalidomide was approved for
the treatment of newly diagnosed MM. Lenalidomide in
combination with dexamethasone was tested in 2 phase III
trials. The studies showed remarkable response rates and
significantly less toxicity than thalidomide [88, 89]. The re-
sponse rate increased from 22.5% to 59.2% compared with
dexamethasone alone in patients with previously treated re-
lapsed/refractory MM. Lenalidomide in combination with
dexamethasone was approved as a second-line treatment
for MM. In a recent study, the antiangiogenic effect of len-
alidomide was studied in vitro in bone marrow endothelial
cells from patients with multiple myeloma and in vivo us-
ing the chorioallantoic membrane assay. Lenalidomide ex-
erted a relevant antiangiogenic effect in vivo at 1.75 μmol/
l, a dose reached in the interstitial fluids of patients treated
with 25 mg/d. In vitro, lenalidomide inhibited angiogen-
esis and the migration of multiple myeloma endothelial
cells [90]. In a randomised phase II trial of bevacizumab
versus bevacizumab and thalidomide for relapsed/refract-
ory MM, 12 patients were evaluable. In the combination
arm, two patients achieved a partial response and three
achieved stable disease. Under bevacizumab monotherapy,
one patient achieved stable disease [91].
Bortezomib (Velcade™) triggers its anti-MM activity at
least in part through its anti-angiogenic effect and MM pa-
tients treated with bortezomib show a significant reduc-
tion in microvascular density. In a randomised phase II
study, the combination of bortezomib with bevacizumab
was tested in patients with relapsed/refractory MM [92].
The median PFS was 6.2 months for the bevacizumab-con-
taining arm and 5.1 months for the bortezomib monother-
apy arm, respectively; the overall response rates were 51%
and 43.4% (p = 0.4029), respectively. Frequent adverse
events occurred at similar rates across treatment arms, but
hypertension, fatigue, and neuralgia occurred more fre-
quently in the bevacizumab-containing arm. In conclusion,
the addition of bevacizumab to bortezomib in unselected
patients with pretreated MM did not result in significant
improvements in efficacy outcomes.
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Myeloproliferative neoplasms

Diseases commonly referred to as chronic BCR-ABL1–neg-
ative myeloproliferative neoplasms (MPNs) comprise es-
sential thrombocythaemia (ET), polycythaemia vera (PV),
and primary myelofibrosis (PMF), and are acquired, clonal
disorders arising at the stem-cell level characterised by
overproduction of terminally differentiated myeloid cells
[93]. The identification of an acquired somatic mutation in
the JAK2 gene, which results in a valine-to-phenylalanine
substitution at position 617 (JAK2–V617F), has provided
new insights into the pathogenesis of BCR-ABL1–negative
MPNs, which are present in most patients with PV and in
approximately 50% of patients with ET and PMF [93, 94].
Although the molecular diagnostic gap in JAK2V-617F-
negative PV was adequately addressed by the discovery
of other JAK2 mutations, this finding did not address the
35%–40% of patients with ET or PMF who do not have
JAK2 mutations. In December 2013, two groups reported
the occurrence of novel calreticulin (CALR) mutations in
JAK2/MPL-unmutated PMF or ET [95, 96]. Both groups
found mutual exclusivity between CALR, JAK2 and MPL
mutations. In a study by Klampfl et al., CALR mutations
were not observed in 382 cases of PV but were detected in
25% of patients with ET (n = 311) and in 35% of patients
with PMF (n = 203).
Angiogenesis and the expression of VEGF and its receptors
are increased in the bone marrow of patients with BCR-
ABL1–negative MPNs, especially PMF, and increased an-
giogenesis might inversely correlate with survival [97, 98].
In a recent study, we found significant increases in MVD
and VEGF expression in MPN patients compared with con-
trols, especially in cases with high JAK2–V617F mutant al-
lele burdens [19]. Our results imply that elevated activity
of Jak2–related pathways, as observed in cases with higher
JAK2–V617F mutant allele burdens, may influence an-
giogenesis in MPN [19]. A very recent study identified the
JAK2–V617F mutation in microdissected endothelial cells
from the liver veins of Budd-Chiari syndrome patients [99],
raising the hypothesis that endothelial cells in PV are direct
players in the neoplastic process.
Vatalanib, a VEGFR TKI, was administered to 29 PMF
patients at doses of 500 or 750 mg bid in a phase I dose
escalation study [100]. The response rate was modest in
patients with PMF; one patient (3%) achieved CR, and
five patients (17%) achieved clinical improvement. Transi-
ent, potentially vatalanib-related toxicities were observed,
including mild nausea, vomiting, dizziness, fatigue, and
thrombocytopenia. The efficacy of thalidomide monother-
apy was assessed in a phase II study with 44 PMF patients
[101]. There were 17 of 41 evaluable patients (41%) who
received treatment for at least 15 days showed a response.
CR (without reversal of bone marrow fibrosis) was
achieved in 4 patients (10%), a partial response occurred in
4 patients (10%), and haematological improvements in an-
aemia, thrombopenia, and/or splenomegaly were observed
in 9 patients (21%). In a placebo-controlled phase II study,
the efficacy of thalidomide regarding the improvement an-
aemia in PMF patients was assessed [102]. The primary
outcome was a 2 g/l increase in haemoglobin levels, result-
ing in a 20% reduction in transfusion needs. At 180 days, in

an intention-to-treat analysis, no difference in haemoglobin
levels was observed between the thalidomide and placebo
groups. Lenalidomide monotherapy was tested in phase II
studies with symptomatic PMF patients. The overall re-
sponse rates were 22% for anaemia, 33% for splenomeg-
aly, and 50% for thrombocytopenia [103]. In a combination
study of lenalidomide with prednisone in 40 PMF patients
[104], responses were recorded in 12 patients (30%) and
are ongoing in 10 (25%). There was a median time to
response of 12 weeks; 3 patients (7.5%) had partial re-
sponses, and 9 patients (22.5%) exhibited clinical improve-
ment lasting a median of 18 months. The overall response
rates were 30% for anaemia and 42% for splenomegaly. In-
terestingly, all eight JAK2–V617F-positive responders also
experienced a reduction in the baseline mutant allele bur-
den.

Conclusions

The autocrine regulators of angiogenesis are essential to
the development of diseases. VEGF/VEGFR as key reg-
ulators of neoangiogenesis and vasculogenesis has been
widely studied. Although the mechanism of the high ex-
pression of VEGF in leukaemia cells has not yet been
identified, we are certain that VEGF/VEGFR interactions
may stimulate proliferation, migration and survival of leuk-
aemia/lymphoma cells by autocrine and paracrine loops.
Novel agents targeting VEGF, its receptors, and other an-
giogenic pathways are in various stages of clinical de-
velopment and investigation in haematological malignan-
cies. The treatment of solid tumours has shown that com-
bination therapies of different anti-angiogenic molecules
with chemotherapy or irradiation increases treatment ef-
ficacy. Apart from anti-VEGF molecules, other anti-an-
giogenic therapies include IMiDs, receptor tyrosine kinase
inhibitors, anti-endothelial approach to metronomic ther-
apy, mTOR inhibitors, HDAC inhibitors and proteasome
inhibitors. A better understanding of the role of VEGF in
leukaemia and additional trials combining anti-angiogen-
ic therapies will provide a greater insight to the mechan-
isms required for treatment. Blocking VEGF activity has
been shown to be particularly effective at sensitising the
vasculature and improving the delivery of cytotoxic drugs
to tumour and endothelial cells. However, not all patients
treated with anti-angiogenic therapies benefit from this
type of therapy, and the effect is transient in most cases.
Therefore, there is an urgent need for biomarkers to identi-
fy patients likely to benefit from anti-angiogenic treat-
ments, to select the optimal dose to minimise side effects,
and to understand the mechanisms of resistance. It must
be kept in mind that most of these studies used anti-VEGF
monotherapy to treat heavily pretreated, refractory, or re-
lapsed patients. As multiple signal transduction pathways
are activated in leukaemias, just a molecular targeted ther-
apy is unlikely to be curative if used alone. Although, re-
cently VEGF has brought much attention to the pathology
of haematological malignancies, there is evidence that its
only inhibition is not as effective as it was firstly thought.
The responses are modest and transient. Thus, simultan-
eous inhibition of multiple targets is necessary in most pa-
tients.
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Figures (large format)

Figure 1

Cross-talk between leukaemic and endothelial cells. Autocrine and paracrine signalling via VEGF promotes the pathogenesis of leukaemia.
Paracrine VEGF signalling influences angiogenesis and the bone marrow microenvironment.
G-CSF = granulocyte-colony stimulating factor; VEGF = vascular endothelial growth factor; VEGFR = vascular endothelial growth factor
receptor
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Figure 2

Mechanisms of action of angiogenic inhibitors in leukaemia.
VEGF = vascular endothelial growth factor VEGFR = vascular endothelial growth factor receptor
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