
E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 1 3 2 3 – 1 3 3 2

. sc iencedi rec t . com
ava i lab le a t www
journal homepage: www.ejconl ine.com
Review

Mechanisms of resistance to antiangiogenesis therapy
Faisal Azam, Shaveta Mehta, Adrian L. Harris *

University Department of Medical Oncology, Cancer and Haematology Centre, Level 2, Churchill Hospital, Oxford OX3 7LJ, United Kingdom
A R T I C L E I N F O

Article history:

Received 11 January 2010

Accepted 16 February 2010

Available online 17 March 2010

Keyword:

Angiogenesis
0959-8049/$ - see front matter � 2010 Elsevi
doi:10.1016/j.ejca.2010.02.020

* Corresponding author: Tel.: +44 1865235311
E-mail address: adrian.harris@medonc.ox
A B S T R A C T

Angiogenesis, the formation of new blood vessels from existing vasculature, plays an

essential role in tumour growth, invasion and metastasis. Vascular endothelial growth fac-

tor (VEGF) is one of the key factors responsible for its regulation. High expression of VEGF

has been observed in many cancers, and is associated with worse survival. When antian-

giogenic agents are used alone they typically initially cause reduction in blood flow or vas-

cular permeability, in many types of cancer. In some cases tumour regression occurs,

mainly in renal cancer. In combination with chemotherapy, progression-free survival is

often prolonged, but overall survival is not. Many tumours fail to respond initially – de novo

resistance. Others develop resistance over time, with progression after a few months of

treatment. The mechanisms of resistance are not well understood. The theoretical benefits

of VEGF inhibitors are more likely to be realised by understanding these mechanisms and

modifying therapy accordingly. This article reviews current knowledge on resistance mech-

anisms and the therapeutic implications.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Angiogenesis plays an essential role in tumour progression

and metastasis. Tumours require persistent new blood vessels

for growth and spread, and acquire these by co-option of

neighbouring blood vessels, capillary sprouting from existing

vessels and new vessel formation from endothelial precursor

cells.1 A balance between pro-angiogenic and anti-angiogenic

factors2,3 regulates angiogenesis. The disruption of the nor-

mal balance has been called the ‘angiogenic switch’ and is

necessary for tumours to grow beyond a volume of about

1 mm3. VEGF is one of the key factors responsible for regula-

tion of angiogenesis.4 Antiangiogenic agents have been recog-

nised to alter different stages of angiogenesis,5 and have

become an attractive target for anticancer therapy. These

agents are mostly effective in combination with chemother-

apy for the treatment of cancer, with an exception of renal
er Ltd. All rights reserved

; fax: +44 1865235985.
.ac.uk (A.L. Harris).
cell carcinoma, where between 30% and 40% of patients have

improved progression-free survival with single agents.6,7

Although antiangiogenic therapy is considered as an

important option for the treatment of cancer, its use is still

limited because of the lack of understanding of which pa-

tients will show the benefit of these expensive agents and

occurrence of resistance.8–12 To date the only licensed angio-

genesis inhibitors are bevacizumab, sorafenib, sunitinib and

thalidomide.13–16 Clinical studies have shown benefits in re-

lapse-free survival for metastatic colorectal cancer, advanced

non-small cell lung cancer, renal cell carcinoma, hepatocellu-

lar carcinoma, metastatic breast cancer, gastrointestinal stro-

mal tumours (GIST), and perhaps in glioblastoma,17,18 but

overall survival benefit has not yet been seen.19

The mechanisms of tumour escape from antiangiogenic

therapy are not known, but if the clinical promise of antian-

giogenic strategies is to be fully realised these compensatory
.

http://dx.doi.org/10.1016/j.ejca.2010.02.020
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mechanisms must be understood. This review focuses on the

possible modes of resistance to antiangiogenesis therapies.

2. Vascular endothelial growth factor (VEGF)
angiogenic signalling (Fig. 1)

VEGF stimulates quiescent endothelial cells to divide and

form new blood vessels; tumour endothelial cells may divide

as rapidly as every 7–10 days, as opposed to the normal time

of approximately every 10 years. Binding of VEGF to its recep-

tors begins the signalling cascade that regulates cellular

events, including endothelial cell mitogenesis and migration,

induction of proteinases leading to remodelling of the extra-

cellular matrix, increased vascular permeability, mainte-

nance and survival of newly formed blood vessels,

enhanced chemotaxis and homing of bone-marrow progeni-

tors to ‘prepare’ an organ for subsequent metastasis.20,21

The VEGF family is encoded by seven genes (VEGF-A, B, C,

D, E [a viral gene], PlGF-1 and -2 (Placenta Growth Factor).

These VEGF ligands specifically bind to their cognate recep-

tors on endothelial cells. The receptors have an extracellular

immunoglobulin (Ig)-like domain, a transmembrane region

and an intracellular tyrosine-kinase domain. All VEGF-A iso-

forms bind both VEGFR-1 (FLT1) and VEGFR-2 (FLK1). Binding

affinity of VEGF-A to FLT1 is higher compared to FLK1 but it

induces weaker tyrosine-kinase activity in FLT1.22 PlGF-1

and -2, and VEGF-B isoforms bind only VEGFR-1. VEGF-E binds

VEGFR-2. VEGF-C and -D bind both VEGFR-2 and 3. Two co-

receptor proteins in the cell membrane, neuropilin (NRP)-1

and NRP-2, interact with VEGFR proteins to increase the affin-

ity of the latter for their ligands.23 They differ from VEGFR

proteins in not having well-defined intracellular signalling

domains.24,25
Fig. 1 – Antiangiogenic drugs and their targets. Sunitinib blocks

VEGFR-1, 2, 3. DC101 blocks extracellular part of VEGFR-2. Beva

and PlGF.
VEGFR-1 binds VEGF-A, VEGF-B, and PlGF homodimers and

is required for normal angiogenesis and haematopoiesis.

VEGFR-2 binds VEGF-A, C and D homodimers and is the pri-

mary mediator of the physiological effects of VEGF-A in angi-

ogenesis, including microvascular permeability, endothelial

cell proliferation, invasion, migration, and survival. VEGFR-3

preferentially binds VEGF-C and D. Mutations of the VEGFR-

3 tyrosine kinase domain are seen in human hereditary lym-

phoedema. VEGFR-3 expression has been correlated with

transient lymphangiogenesis in wound healing and may

modulate VEGFR-2 signalling in maintaining vascular integ-

rity.24 Higher affinity and weak tyrosine-kinase activity of

VEGF-A compared to VEGFR-1 have led to the development

of a model in which VEGFR-1 acts as a decoy receptor and

modulates angiogenesis through its ability to sequester

VEGF-A, and thereby reduces signalling through FLK1. VEG-

FR-1 in this way functions as a negative regulator of angiogen-

esis, by binding VEGF and preventing its binding to VEGFR-2.

Studies suggest that dual targeting of the vasculature with

antibodies to VEGF and NP1 is more effective than single-

agent therapy26 (Fig. 1).

Apart from VEGF pathway, there are many other signalling

pathways, which play an important role in angiogenesis, such

as angiopoietins (Ang-1 and Ang-2), Notch pathways and inte-

grin pathways. It is beyond the scope of this review to de-

scribe all these pathways, but clearly they may provide a

source for alternative growth stimuli (reviewed by Ferrara

2009),27 when one pathway is blocked. Examples include

Ang-1 binding to Tie2 tyrosine kinase receptor, which has a

stabilising effect on the vasculature, whilst Ang-2 results in

destabilisation.28 Binding jagged and Delta-like ligands, such

as Dll4, to Notch receptors on adjacent endothelial cells trig-

gers angiogenic signalling. Blocking Dll4 activity results in the
VEGFR-1, 2. Sorafenib blocks VEGFR-2, 3. Pazopanib blocks

cizumab blocks VEGF-A. VEGF Trap blocks VEGF-A, VEGF-B
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formation of functionally abnormal neovasculature.29 Notch

signalling creates a negative feedback loop to block VEGF-A-

dependent proliferation. Increased DLL4/Notch signalling re-

sults in the transcriptional inhibition of both VEGFR-2 and

its co-receptor NRP-1.30 Notch signalling favours EC survival

and activates the expression of VEGFR-3, which responds to

VEGF-C, to protect EC from apoptosis.31 In addition, pro-

grammed cell death is inhibited in EC by Notch signalling

through the induction of the anti-apoptotic protein BCL2.32

Integrins transmit signals via the extracellular matrix and

affect cell survival and proliferation.33 They are targets of

both angiogenic activators and inhibitors. VEGF and bFGF

are known to enhance the expression and activation of sev-

eral integrins involved in angiogenesis.34 Several endogenous

angiogenic inhibitors seem to exert their function by blocking

integrins. Integrin role in angiogenesis is probably through

both their adhesive and signalling functions.

3. Mechanisms of resistance to antiangiogenic
agents

3.1. VEGF pathways (Fig. 1)

As described above, VEGF and its receptors represent the most

commonly targeted signalling pathway in angiogenesis.35 All

these signalling pathways contribute to the process of angio-

genesis synergistically. Antiangiogenic drugs exert therapeu-

tic effects by blocking certain specific receptors (Table 1),

but none will fully block all the components of VEGF signal-

ling, and so the angiogenesis signalling may continue through

the others. For example sunitinib blocks signalling through

VEGFR-1, VEGFR-2, FLT3, PDGFRa, b, c-Kit and c-RET, but not

through VEGFR-3, NRP1, NRP2. Sorafenib blocks VEGFR-2

and VEGFR-3 but not VEGFR-1. Fig. 1 demonstrates targets

for various antiangiogenic drugs.

3.2. Placental growth factor (PlGF)

PlGF activates pathological angiogenesis by directly stimulat-

ing endothelial cells, pericytes and smooth-muscle cells

(SMCs) and indirectly by attracting macrophages and bone-

marrow progenitor cells.36 It displaces VEGF-A from FLT1

and liberates it to activate FLK1. Its binding to FLT1 also leads

to intermolecular crosstalk between FLT1 and FLK1, which

amplifies FLK1 signalling and consequently enhances VEGF-
Table 1 – Targets for antiangiogenic drugs.

DRUGS TARGETS

Bevacizumab VEGF
Sunitinib VEGFR-1, VEGFR-2, FLT3, PDGFRa,b, c-kit,

c-RET
Sorafenib VEGFR-2, VEGFR-3, PDGFR, c-kit, FGFR1, B-raf
Pazopanib VEGFR-1, VEGFR-2, VEGFR-3, PDGFR, c-kit
Antibodies VEGFR-1, VEGFR-2, Neuropilin, PDGFR
Vatalanib
PTK 787

VEGFR-1, VEGFR-2, VEGFR-3

DC101 VEGFR-2
VEGF Trap VEGF-A, VEGF-B, PlGF
driven angiogenesis.37 PlGF can also upregulate the expres-

sion of VEGF-A, fibroblast growth factor 2 (FGF2), platelet-de-

rived growth factor- B (PDGFB), matrix metalloproteinases

(MMPs) and other angiogenic factors.38 Preclinical animal

studies have shown effectiveness of anti-PlGF antibodies

and combined use will be of interest with anti-VEGF

antibodies.39

3.3. VEGF Trap

Combined blockade of several receptor agents might be more

effective against VEGF signalling. An example is combination

of anti-PlGF with anti-FLK1 antibodies or with sFLK1 produc-

ing a more sustained antitumour effect than either agent

alone.40 VEGF Trap is another example of inhibiting multiple

targets. It binds VEGF-A, PlGF and VEGF-B.41 VEGF Trap was

shown to be effective in the management of age-related mac-

ular degeneration (AMD), a condition in which an angiogene-

sis play a major role.42 But it did not inhibit the growth of

tumours that are resistant to an anti-VEGF-A antibody.43

3.4. VEGF splice variants

Alternative splicing generates many VEGF isoforms. VEGF189,

VEGF165, and VEGF121 are commonly overexpressed, but

VEGF-A165 predominates. VEGF-A165 and VEGF-A165b are

structurally identical except for the unique COOH-terminal

sequence of six amino acid residues, CDKPRR in VEGF-A165

compared with SLTRKD in VEGF-A165b, encoded by alterna-

tive exons 8a and 8b.44 VEGF-A165b binds VEGFR-2 with the

same affinity as VEGF-A165, but it inhibits angiogenesis. It

is possible that VEGF-A165b produced in excess would block

binding of VEGF-A165 to VEGFR-2.45 Several studies reported

blockade of VEGF-A165 in vivo responses by VEGF-A165b, such

as vascularisation in the rabbit cornea, the rat mesentery, the

chicken embryo chorioallantoic membrane, and xenografts in

mice.46–49 There is a possibility that anti-VEGF antibodies,

blocking VEGF-A 165b (inhibitor of angiogenesis) could pro-

duce more pro-angiogenic affects if it was a predominate

isoform.

3.5. VEGF polymorphisms

VEGF single nucleotide polymorphisms (SNPs) are a possible

factor in cancer progression, anti-VEGF therapeutic responses

and susceptibly to side-effects.50–54 Several polymorphisms

have been reported within the promoter region ()2578C>A,

)2489C>T, )1498C>T, and )1154G>A), 5 0-UTR ()634G>C and

)7C>T), and 3 0-UTR (936C>Tand 1612G>A). However, it is likely

that only a small number of these polymorphisms and haplo-

types (linearly linked SNPs) actually have a functional effect

on VEGF translation.55 The variant allele for )1154G>A and

936C>T results in lower VEGF expression, whereas the variant

allele for )1498C>T and )7C>T results in increased concentra-

tions of VEGF mRNA. Haplotype )2578A/)1154A/)634G and

)1154A/)634G predicted a reduced risk of breast cancer.56

Whilst carriers of high-risk genotypes, i.e. VEGF )1154AA/

VEGF )634GG/MMP9CC, had a higher risk of prostate cancer

than VEGF )1154GG/VEGF )634CC/MMP9TT.57 Recently, the

ECOG 2100 study has shown an association between the
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VEGF-2578 AA genotype with superior median overall survival

in paclitaxel plus bevacizumab arm in advanced breast can-

cer.58 Another study has reported longer median PFS in ovar-

ian cancer patients with VEGF C+ 936 T polymorphism when

treated with cyclophosphamide and bevacizumab.59 As angio-

genesis is mainly a host-mediated event, the heterogeneity in

responses with antiangiogenic therapy could be explained by

host-imprinted variability. Germline SNPs in VEGF and other

angiogenic genes might be inherited predictive factors of re-

sponse to anti-VEGF agents.
4. Hypoxia

Hypoxia is one of the main factors involved in the resistance

to anticancer treatment (radiation therapy and chemother-

apy). It is associated with poor prognosis and more invasive-

ness.60 Hypoxia inducible factor-1 (HIF-1) acts as a survival

factor of cancer cells by activating transcription of genes in-

volved in angiogenesis, glycolytic metabolism, oxygen con-

sumption, migration and invasion.61 In normoxia, HIF-1a is

hydroxylated and targeted for ubiquitination and proteaso-

mal degradation.62 In hypoxic conditions it translocates to

the nucleus where it dimerises with HIF-1b and binds to hy-

poxia responsive elements and activates transcription.

Expression of HIF-1a is upregulated in many human cancers

and is associated with treatment failure.63,64

Hypoxia and HIF-dependent responses may have an

important role in resistance to antiangiogenic agents. For

example, elevated CA9 (carbonic anhydrase 9, a HIF-1 target

gene) and HIF-2a levels are associated with poor prognosis

in malignant astrocytoma and there elevation is inversely cor-

related with response to bevacizumab and irinotecan.65 Re-

cently it has been suggested that hypoxia generated by

angiogenesis inhibition triggers pathways that make tumours

more aggressive and metastatic.66,67 These results generated

in pre-clinical studies have important implications for the

clinic. Single agent antiangiogenic therapy-induced tumour

hypoxia may result in switching to other pro-angiogenic fac-

tors, and resistance to the initial drug. VEGF blockade induced

tumour hypoxia will lead to further elevation of VEGF expres-

sion in tumours.26,68 Thus, withdrawal of a VEGF inhibitor

could also lead to a rebound effect of tumour angiogenesis,

yet intermittent therapy is the usual way to use low molecu-

lar weight inhibitors.
5. Upregulation of pro-angiogenic stromal
cells

The tumour microenvironment has a complex mixture of

stromal cells including fibroblasts, pericytes, mesenchymal

and hematopoietic cells. They support tumour growth by

several mechanisms, including direct contribution to the tu-

mour vasculature and release of VEGF and MMP9.12 Other

pro-angiogenic growth factors secreted are: b-FGF, angiopoie-

tin-1, hepatocyte growth factor and pro-tumourigenic

cytokines.10 Tumour-associated fibroblasts (TAFs) may play a

role in resistance to antiangiogenic therapy. Xenograft studies

have demonstrated that blocking only human VEGF is not suf-

ficient to inhibit tumour growth as stromal cells, including
TAFs, produce murine VEGF.69 In a recent study, an up-regula-

tion of PDGF-C production by TAF has been noted in tumours

resistant to anti-VEGF therapy. PDGF-C was thought to be

responsible for continuing tumour growth and angiogenesis

and hence causing resistance to anti-VEGF therapy. Vascular

disrupting agents, which cause acute hypoxia, result in accu-

mulation of endothelial progenitor cells at the tumour mar-

gins.70 Macrophages accumulates in hypoxic tumour areas

and produce VEGF, so contributing to the tumour angiogene-

sis.71 Infiltrating neutrophils are also important contributors

to an angiogenic and invasive cancer phenotype.72

5.1. Bone marrow-derived cells

Hypoxia due to vessel regression after antiangiogenic therapy

causes an increase in bone marrow-derived cells (BMDCs),11

which can form tumour endothelium. VEGF attracts BMDCs

consisting of vascular progenitors and pro-angiogenic mono-

cytic cells73 and immature monocytic cells including TIE2+,

monocytes,74 VEGFR-1+ hemangiocytes,75,76 CD11b+myeloid

cells. These express cytokines, growth factors and proteases

and function as vascular modulators.20,77 In an angiogenesis

study of glioblastoma multiforme (GBM), HIF-1 was found to

promote angiogenesis and tumour growth by recruiting vari-

ous pro-angiogenic bone marrow-derived CD45+myeloid cells,

including TIE2, VEGFR-1, CD11b and mature F4/80+tumour-

associated macrophages. Endothelial and pericyte progenitor

cells were also in abundance.74 GBM tumours lacking HIF-1

had fewer BMDCs, and were severely impaired in their angio-

genic and tumour growth phenotype.77 Up regulation of pro-

angiogenic factors like FGF2 and recruitment of BMDCs by

SDF1a78 also contributed.

VEGF inhibitors induce SDF1a, PlGF, SCF, IL-6, erythropoie-

tin, osteopontin, and other cytokines in non-tumour tissues,

and can stimulate metastasis and angiogenesis in a VEGF-

independent manner.26 These cytokines recruit angiogenic

bone marrow-derived endothelial cells and myeloid progeni-

tors that promote the formation of a premetastatic niche.76

Some of these recruited cells only express VEGFR-1 and so

are resistant to those VEGF inhibitors that specifically act on

other receptors (such as anti-VEGFR-2). Changes in the endo-

thelium due to these cytokines facilitate adhesion, permeabil-

ity, and egression of tumour cells from the vasculature.79

5.2. CD11b+Gr1+ myeloid cells

Tumour-associated BMD cell type CD11b+Gr1+ myeloid cells

are considered to confer refractoriness to anti-VEGF in mouse

models.43 These cells are increased in the tumours and the

peripheral blood of tumour-bearing animals. CD11b+Gr1+ cells

produce several angiogenic factors, including Bv8, which pro-

mote tumour angiogenesis.80 Other factors implicated in the

recruitment and activation of CD11b+Gr1+ cells are GM-CSF,

M-CSF and IL-6.81 In a recent xenograft study Shojaei et al. re-

ported that Bv8 and G-CSF are preferentially expressed in the

refractory tumours. Both anti-Bv8 and anti-G-CSF inhibited

growth of the tumours in single or combination treatments.

However, only anti-G-CSF treatment resulted in a dramatic

suppression in the number of circulating and tumour-associ-

ated CD11b+Gr1+ cells.82
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6. Upregulation of pro-angiogenic pathways

6.1. Signalling by angiogenic factors besides VEGF

Multiple signalling pathways can be simultaneously dysreg-

ulated in the cancer cells.83,84 Use of different angiogenesis

inhibitors in combination may be more effective, e.g. in hu-

man renal cell carcinoma xenografts, the use of anti-VEGF

therapy in combination with endogenous tumstatin peptide

caused tumour growth delay, whilst individually these com-

pounds yielded very little tumour response.78 Antiangio-

genic treatment targeting only those angiogenic factors

that are expressed at high levels may still not be effective,

as others with a low level of expression may be synergistic,

e.g. PDGF-BB and FGF-2 in combination has been shown to

elicit a robust angiogenic response.85 Casanovas et al re-

ported from a study on Rip1-Tag2 mouse model of pancre-

atic neuroendocrine cancer that a DC101 antibody that

blocks signalling through VEGFR-2, induced tumour stasis

and a decrease in vascular density initially but the tumour

regrew, with an increase in tumour vasculature and active

tumour angiogenesis after a month of continuous therapy.

Compensatory up-regulation of several pro-angiogenic

growth factors was noted. Basic FGF, angiopoietin 1 and

ephrin-A1 was found responsible for resuming tumour

angiogenesis growth.86 High levels of FGF2, SDF-1 and PlGF

are reported in progressive tumours treated with anti-VEGF

therapy.87
6.2. Delta like ligand4 (DLL4)-Notch signalling

The Notch ligand/receptor system also plays an important

role in the development of resistance to antiangiogenic ther-

apy. Its activation leads to a more mature vasculature, whilst

inhibition induces an increase in vessel density and decrease

in tumour perfusion. This leads to decrease in vessel func-

tion and so increase in intra-tumour hypoxia.88,89 Dll4 is

downstream of VEGF; there is a negative feedback loop by

which Dll4-mediated Notch signalling restrains the response

to VEGF. Up-regulation of VEGF receptor 2 were noted follow-

ing blockade of Dll4/Notch signalling in cultured human

umbilical vascular endothelial cells, whereas down-regula-

tion of VEGF receptor 2 after activation of Notch by

Dll4.30,90 Tumours with an intrinsic resistance to anti-VEGF

agents appear to be sensitive to inhibition of Dll4.91 Dll4

has been shown to be under control of HIF-192, emphasising

the role of hypoxic pathway in mediating resistance to anti-

angiogenic therapy.
7. Pericytes and endothelial cells (EC)

Pericytes are peri-endothelial support cells of microvascula-

ture. They are responsible for survival of the tumour blood

vessels.68,93 Pericytes play a major role in retaining the vas-

cular function by regulating EC proliferation and providing

a scaffold (along with remaining basement membrane-asso-

ciated cells) for rapid revascularisation after cessation of

therapy. VEGF and PDGF coordinate this process through

their receptors on ECs. Pericytes release pro-angiogenic
mediators, which induces neovascularisation after priming

by PDGF.94,95

7.1. VEGF as a negative regulator of pericytes

PDGF-Rb signalling in pericytes is suppressed by VEGF-med-

iated activation of VEGF-R2 through the assembly of a recep-

tor complex consisting of PDGF-Rb and VEGF-R2. VEGF-R2

inhibition prevents assembly of this receptor complex and

restores angiogenesis in tissues exposed to both VEGF and

PDGF. Genetic deletion of tumour cell VEGF also disrupts this

complex formation and increases tumour vessel maturation.

Thus VEGF and VEGF-R2 signalling act as a negative regula-

tor of pericytes and vessel maturation, whilst promoting EC

functions.96 Greenberg et al. reported restoration of pericyte

coverage and neovascularisation following VEGF-R2 inhibi-

tion, suggesting that VEGF-R2 negatively regulates this

response.

In a study on the Rip1-Tag2 pancreatic islet tumour mod-

el, genetic disruptions of pericyte coverage elicited increased

metastasis.97 Sunitinib not only inhibits VEGFR and PDGFR

signalling but also targets endothelial cells and their sup-

porting pericytes.98,99 This action can destabilise vessels,

makes them more leaky and immature and facilitates

intravasation of tumour cells and metastasis and so can lead

to a failure of antiangiogenic therapy.10 This behaviour of tu-

mour cells after treatment with VEGF-targeted therapy could

contribute to cancer progression after a transitory period of

primary tumour growth inhibition and prolongation of pro-

gression-free survival but limiting the benefit for overall

survival.11
8. Hormesis

Inhibitory drug concentrations may not be maintained dur-

ing therapy. This has been evidenced in clinical trials using

avb3/avb5 inhibitors. They were administered as twice-

weekly infusions and the plasma drug concentrations were

noted to fall to nanomolar levels between administration

sessions.100 Interestingly, some of these compounds inhib-

ited tumour growth at high concentration but stimulated tu-

mour growth at lower concentrations, that is a hormetic/

‘bell-shaped’ dose-response curve was observed.101 Reynolds

et al. demonstrated that nanomolar concentrations of RGD

mimetic avb3/avb5 inhibitors enhanced tumour growth

and tumour angiogenesis in vivo by directly stimulating

VEGF-mediated tumour angiogenesis and promoting

VEGF-stimulated endothelial cell migration.102 This has

strong implications for clinical schedules and pharmacoki-

netic mechanisms of resistance.
9. Vascular changes and resistance

9.1. Co-option

It is generally accepted that tumour growth is heavily depen-

dent on angiogenesis, but is not always a prerequisite for tu-

mour growth because tumour cells may exploit pre-existent

vasculature, a process known as vascular co-option.103 A
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xenograft study of intracranial glioblastoma model in nude

rats reported tumour adaption to angiogenesis inhibition

by increased infiltration and co-option of the host vascula-

ture after treatment with an anti-VEGF antibody.104 Leenders

et al. also reported in a mouse model of brain colonisation

by human melanoma cell lines that the angiogenesis could

be effectively blocked by anti VEGF therapy, but in vessel-

dense organs this may result in sustained tumour progres-

sion via co-option, rather than in tumour dormancy.105 They

have found that those co-opting tumours still expressed

high levels of VEGF-A, excluding the possibility that the

development of this phenotype was due to loss of VEGF-A

expression.

9.2. Sprouting and intussusception

Sprouting angiogenesis happens with endothelial cells pro-

liferation, migration and maturation into new vessels. In

the absence of VEGF, the blood vessels split into new ves-

sels without endothelial cells proliferation. This process is

called intussusception and has been demonstrated in vari-

ous tumours.106 Anti-VEGF antibodies can stop sprouting

angiogenesis but not intussusception. Clinically, accumula-

tion of tumour blood vessels by intussusceptive vessel

growth is associated with a poor outcome for various types

of cancers.

10. p53 and resistance

The p53 tumour suppressor protein has been recognised as

one of the central factors in protecting humans from cancer

by different processes, including inhibition of angiogene-

sis.107 Tumours with mutated p53 exhibit a significant higher

vascular density compared to p53 wild-type tumours. Re-

cently a preclinical study on glioblastoma cell lines, LN229, re-

ported significant increase in MVD and absolute vessel

number in p53 mutated low-grade astrocytomas as compared

to p53 wild-type low-grade astrocytomas. Furthermore an

angiogenesis protein array detected a significant increase in

thrombospondin-1 (TSP-1), coagulation factor (CF) III, serpin

E1 and a significant decrease of MMP-9 in wild-type p53 trans-

fected LN229 cells.108 The loss of p53 leads to a deficiency in

TSP-1 expression, and subsequently an inability to shut off

angiogenesis.109 Isogenic p53 wild-type and mutant tumours

were compared and the latter showed in vivo resistance to

antiangiogenic therapy because of resistance to apoptosis.110

11. Role of drug transport in resistance

ABC (ATP-binding cassette) transporters are known to play a

crucial role in the development of multidrug resistance

(MDR). P-glycoprotein is the best-studied efflux pump. ABC

transporters are expressed on hematopoietic and leukaemic

stem cells and can mediate antiangiogenic drug resistance.

For example, chronic myeloid leukaemia cells transduced

with ABCG2 exhibited lower intracellular accumulation of

imatinib and nilotinib and hence suggest a role of ABC trans-

porters in stem cell resistance to tyrosine kinase inhibitors.111

Thus resistance to small molecules may be mediated by other
well known drug resistance mechanisms. Sunitinib can par-

tially reverse drug resistance mediated by P-gp and com-

pletely reverse resistance mediated by ABCG2.112 Sunitinib

may affect the bioavailability of drugs coadministered with

it by inhibiting the transport mediated by ABC drug

transporters.

12. Tumour endothelial properties as a cause of
drug resistance

Although controversial, endothelial cells from human tu-

mours have been reported to have abnormal karyotypes with

excessive number of centrosomes. When grown in nude

mice113, the extent of aneuploidy increased compared to nor-

mal tissue endothelial cells, indicating an inherently unstable

genome and potential for resistance to antiangiogenesis ther-

apy. Other studies have shown endothelial cells derived from

tumours differ from normal tissue endothelial cells and are

more resistant to therapy in vitro.114

13. Increased malignant progression of
tumours after antiangiogenic therapy

Although VEGF-targeted drugs prolong progression-free sur-

vival of cancer patients by months, it can also cause increase

in local tumour invasion and metastasis experimen-

tally.66,67,115 However, in spite of this, when used according

to clinical schedules, they still extended survival of mice. This

increased invasiveness was first described in mouse models

of orthotopic glioblastoma multiforme (GBM) in which

neovascularisation was blocked by genetically deleting angio-

genic factors such as VEGF, HIF1 and matrix metalloprotein-

ase 9, or inhibited pharmacologically with the VEGF

inhibitor SU5416 (semaxanib) but tumours eventually became

more invasive and continued to grow.77,104,116 Clinical studies

of GBM treatment with Bevacizumab reported the same re-

sults of multifocal recurrence during the course of anti-VEGF

therapy.117,118

These findings help to explain resistance to these drugs

but also raise a number of questions of how to best combat

cancer with antiangiogenic drugs in future. Clinical studies

using Bevacizumab as a first line treatment for metastatic

breast cancer in combination with paclitaxel reported an

improved progression-free survival as compared with paclit-

axel alone (median, 11.8 vs. 5.9 months; hazard ratio for

progression, 0.60; P < 0.001) and increased the objective re-

sponse rate (36.9% vs. 21.2%, P < 0.001) but no benefit in

overall survival rate (median, 26.7 vs. 25.2 months; hazard

ratio, 0.88; P = 0.16).119 Results showed an increase in re-

sponse, but not progression time, when used as a second

line in a breast cancer.120 These results suggest that the pre-

treated tumours might have already activated mechanisms

that could convey intrinsic resistance to subsequent antian-

giogenic therapy.

14. Conclusions

Research into the inhibition of angiogenesis has produced

several effective anticancer treatments but failed to provide
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improvements in long-term survival for cancer patients. VEGF

inhibitors are considered to be an effective antiangiogenic

treatment but upregulation of other pro-angiogenic factors,

vascular changes, genetic mutations and dysregulation in

multiple signalling pathways reduce their effectiveness.

Key issues are the initial selection of patients who may

show de novo resistance, then the mechanism(s) of progres-

sion in an individual patient on therapy. Combined profiling

of tumours and imaging of early vascular changes, with re-

peat analyses on progression will yield more insight, cur-

rently peripheral markers have been of little value. It is

clear from preclinical studies a much more detailed analy-

sis is needed in the clinic, on the tumour, defining hetero-

geneity and mechanism of response. Combined or

sequential blockade of validated resistance pathways will

be an important direction. Further trials involving prospec-

tive investigation of the pathways described above are

needed to optimise the available angiogenic treatments,

find new ways to overcome the resistance and to find reli-

able markers that can predict the relapse and response to

these targeted therapies.
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