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Tumor angiogenesis and anti-angiogenic therapy

Low doses of integrin inhibitors can stimulate 
tumour growth and angiogenesis

Consequences of non-linear dose-responses for 
anti-angiogenic therapy

Cancer therapy and tumour progression
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Success in pre-clinical models

Some patients respond, some don’t

Delayed disease progression in some cancer types 
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RGDRGD

Extracellular matrix
e.g. fibronectin, vitronectin

Integrins bind to an
arginine-glycine-aspartate (RGD)

motif in ECM ligands
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Success in pre-clinical models

Little evidence that these inhibitors
block angiogenesis or tumor growth
in human clinical trials (Phase I / II)



Inhibitors of αvβ3- and αvβ5-integrins
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e.g. Cilengitide (Merck)

e.g. S 36578 (Servier)
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Growth of B16 and LLC tumors in mice is not
suppressed by 200 mg/kg/day integrin inhibitor
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Pharmacokinetics of integrin inhibitors in vivo

High dose

Low dose



Constant plasma concentrations of
integrin inhibitors can be achieved

using osmotic minipumps
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Low doses of integrin inhibitors can stimulate
B16 tumor growth and angiogenesis in vivo
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Low doses of integrin inhibitors can stimulate
LLC tumor growth and angiogenesis in vivo
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Expression of β3- and β5-integrin is required for integrin
inhibitors to promote tumor growth and angiogenesis
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Low doses of integrin inhibitors stimulate
VEGF-mediated angiogenesis in vitro

Drug X Drug Y

Number of
sprouts
per ring 

S 36578 Cilengitide



Low doses of integrin inhibitors stimulate
expression of VEGF receptor 2 protein

S 36578 Cilengitide

S 36578 Cilengitide



A VEGFR2 inhibitory antibody blocks the enhanced 
tumor growth and angiogenesis in vivo
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Conclusions

Low concentrations of RGD-mimetic integrin inhibitors can promote 
tumor growth and VEGF-mediated tumor angiogenesis in mice.

These effects are dependent on:

(1) Expression of the drug targets: αvβ3-integrin and αvβ5-integrin 
(2) Signalling through the pro-angiogenic receptor VEGFR2  

Intermittent exposure to low concentrations of RGD-mimetic integrin
inhibitor could compromise the efficacy of these drugs in the clinic.



Mechanism

How do low doses of RGD-mimetic integrin inhibitors

promote tumor growth and tumor angiogenesis?



Role of VEGFR2 and β3-integrin recycling

VEGFR2 recycling

β3-integrin recycling

VEGFR2 degradation

endocytosis

VEGFR2

endosome

VEGFR2 degradation
in lysosomes

recycling of 
receptors back to 
plasma membrane

VEGF-mediated migration

VEGF-mediated angiogenesis

Rab4A

αvβ3-integrin



Reynolds et al., Nature Medicine April 2009



What are the implications for the use of
RGD-mimetic integrin inhibitors in patients?

Low concentrations of RGD-mimetic integrin inhibitor could promote 
angiogenesis and compromise efficacy of therapy.

RGD-mimetic integrin inhibitors need to be delivered at continuously high 
doses in order to be effective.

Integrin inhibitors are likely to be more effective when used in
combination with other agents e.g. VEGF signalling inhibitors. 

Is it time for a ‘new generation’ of integrin inhibitors?
e.g. non-RGD based.



Is there other evidence for agents that induce 
low dose stimulation of angiogenesis and

high dose inhibition of angiogenesis?

Angiogenesis

• Cilengitide, S 36578 (inhibitors of integrins) Reynolds et al 2009
• Statins (cholesterol lowering drugs) Weis et al 2002, Urbich et al 2002
• VEGF (major pro-angiogenic ligand) A. Reynolds, unpublished data

Dose

Adapted from Calabrese et al 2009

Bell-shaped dose-response



• ATN-161 (integrin inhibitor) Donate et al 2006
• Endostatin (endogenous angiogenesis inhibitor) Celik et al 2005, Sjin et al 2006
• Angiostatin (endogenous angiogenesis inhibitor) Benelli et al 2003
• Thrombospondin-1 (endogenous angiogenesis inhibitor) Motegi et al 2002
• Rosiglitazone (PPARγ ligand) Panigraphy et al 2002

Is there evidence for agents that induce low dose
inhibition of angiogenesis with loss of

efficacy at higher doses?

Angiogenesis

Dose

Adapted from Calabrese et al 2009

U-shaped dose-response



Celik et al 2005, Sjin et al 2006

Endostatin

• Proteolytic fragment of collagen type XVIII
• Anti-angiogenic, multiple receptors on endothelial cells
• Currently in Phase I / II trials

Plasma concentrations:

≤ 10 ng/ml - poor activity
10 - 200 ng/ml - anti-angiogenic
≥ 200 ng/ml - poor activity

i.e. narrow therapeutic window
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• Proteolytic fragment of collagen type XVIII
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• Dosing to the maximum tolerated dose (MTD) is
inappropriate.

• Pharmacodynamic / biomarker-driven dosing.

• In the future, hormetic effects should be considered during
the development of anti-angiogenic agents.

Consequences for effective dosing of 
patients with anti-angiogenic drugs



Recent papers suggest that angiogenesis inhibitors
could sometimes promote tumour progression
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Figure adapted from Loges et al., 2008

Increased local
invasion

Increased
distant metastasis

Suppression of primary 
tumor growth

anti-VEGF
therapy

VEGF inhibitors can paradoxically
promote tumour progression in mice

Ebos et al., 2008, Paez-Ribes et al., 2008



True for other chemotherapeutics?

Van Putten et al., 1975



Key research questions and goals

What regulates tumor sensitivity and tumor resistance to
angiogenesis inhibitors?

Can anti-cancer agents sometimes promote angiogenesis
and tumor progression and how does this occur?

Goal: by understanding these unusual dose-response 
phenomena, develop better strategies for treating cancer
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