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Introduction
Pierre Godeau
The concept of angiogenesis and anti-angiogenesis is probably one of the most
important advances in our assessment of physiopathological processes and also an
example of progress in our understanding of physiological development. It is for this
reason that the decision was made nearly 4 years ago to devote one of the Institut
Servier meetings to this topic, particularly as it covers the majority of medical disciplines and can be considered as what is nowadays known as a transversal theme.
Although the potential use of an anti-angiogenic treatment for cancer was ἀrst
mentioned by Folkman nearly 37 years ago (1971), it is in the last 5 years that therapeutic trials in two opposing domains have multiplied:
––use of pro-angiogenic medications in ischemic disease, mainly critical lower-limb
ischemia and coronary disease, with the as yet unconἀrmed hope of blocking the
process of restenosis after angioplasty and/or stent implantation;
––use of anti-angiogenic therapies in the treatment of cancer, with three drugs
currently available: bevacizumab (Avastin ®), sorafenib, imitinib). Particularly in
metastatic renal cancer, the achievements are unquestionable, with successful albeit
less spectacular results in colorectal cancer, non-small cell lung cancer, and hepatocellular carcinoma. Although the activity of anti-angiogenic agents in monotherapy
is not to be discounted, it proves most interesting when coupled with chemotherapy.
The mechanism of angiogenesis is as follows: it functions just as well in disease
situations as in healthy adults by awakening quiescent endothelial cells, thus promoting neovascularisation. An example is that of extended muscular exercise where
local hypoxia, resulting from an increase in local oxygen consumption, is compensated by capillarogenesis.
VEGF (vascular endothelial growth factor) performs as well in physiology, as an
embryonic and postnatal vascular growth factor, as it does in different pathologies,
especially in the development of tumor angiogenesis. The VEGF system is however
complex, and comprises several isoforms and at least two receptors, including a
soluble receptor which plays an inhibitory stabilising role. In addition, the VEGF
system is dependent on a transcriptional hypoxia-inducible factor, HIF1. The VEGF
receptors have a tyrosine kinase activity, a feature which foresees additional possibilities for pathophysiological and therapeutic research. The link between VEGF and
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plasminogen activators is also an important feature: the possible interaction with
thrombotic phenomena must not be ignored.
Within the ἀeld of neovascularisation, the processes of angiogenesis, arteriogenesis, and vasculogenesis should not be put on the same level [1]. Lastly, angiogenesis
is not independent of lymphogenesis or neurogenesis.
Although anti-angiogenic therapy is generally well tolerated, and notably devoid of
myelotoxicity, it is nevertheless associated with cardiovascular and renal side effects
(arterial hypertension, proteinuria), related at least in part to the reduced nitrogen
monoxide production observed during anti-VEGF treatment, and potentially serious
side effects are known to occur in coronary patients or those with peripheral arterial
disease. On the other hand, even though the neovascularisation inhibitor effects of
anti-angiogenic agents appear promising and are currently being studied in diabetic
retinopathy and age-related macular degeneration, the potential risk of a counter
effect from pro-angiogenic agents used in vascular ischemic disease in patients with
one of these ocular diseases cannot be ignored. The non-permeability of the ocular
environment in remotely or systemically administered treatments would however
appear to provide protection from such effects although the downside of the positive
results observed with anti-angiogenic agents is that they currently require intravitreal
injection [2].
One major disadvantage of anti-angiogenic treatment remains: by inhibiting endothelial cells activated by VEGF and by respecting the normal endothelium, including
quiescent cells, these agents are known to provide short-term efἀcacy against tumor
growth, but can this effect be maintained over the long term? Numerous factors indicate that nothing is less certain: mutation of growth factor receptors rendering them
insensitive to inhibitors, the survival strategy of tumor cells that escape treatment,
and the intervention of other unidentiἀed tumor growth factors [3].
It is for this reason that, with our present level of knowledge, anti-angiogenic
factors must not be left to “go it alone”, but rather be used in combination with and
as a supplement to traditional treatments, namely chemotherapy and radiotherapy.
We hope that during the course of the day, which has largely been organised by
Pierre Corvol, our still basic understanding of the vast domain of angiogenesis will
beneἀt from an update and from reḀexion built on the perspectives of promising,
though still insufἀciently validated, therapeutic advances.
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Tribute to Roger Luccioni
For the last 3 years Roger Luccioni had been helping to organise the Institut Servier
Symposium on Angiogenesis and Anti-angiogenesis, and I would like to take this opportunity to pay tribute to my friend of nearly 30 years who sadly passed away on 9th April
2008, a month before his 74th birthday. Cardiologist, Specialist and Head Physician at
the CHU Nord in Marseille since 1979 and full Professor since 1981, he taught the
classe exceptionnelle from 1997. Roger had a brilliant scientiἀc career, backed by
almost 500 publications, earning the respect of his peers. He had the honour of holding
the position of Vice Dean of the Faculty of Medicine in Marseille from 1997.
I will not dwell on his hospital and university career here, but would like to share
with you some facets of Roger’s engaging personality. First, his sense of friendship
and loyalty to his friends and alumni were in the purest Corsican tradition, where the
spoken word is above suspicion and friendship is considered a sacred bond. During
the many years I was privileged to chair the 53rd Section of the National University
Board, our friendship deepened. I particularly appreciated Roger’s Ḁair for synthesis,
his sound judgment and sense of fairness. He assessed our PU-PH applications [for
University Professor & Hospital Consultant posts] with objectivity and benevolence,
never subservient or petty-minded.
Roger’s second marked attribute was his devotion to his family. He and AnneMarie d’Estienne d’Orves, mother of his two youngest daughters, Marie-Dominique
and Julie (born in 1986 and 1987) formed an exemplary couple. The health problems
they both suffered in turn, and which I witnessed as friend and medical adviser, were
overcome with courage, optimism and determination which only a genuine bond can
achieve.
But it is impossible for me not to mention Roger’s other sides which are likely to
be less familiar to scientiἀc circles.
Roger was very keen on football. I remember one meeting of the Cardiology Society
(or rather of the therapeutic subsidiary he chaired) which was held in Ajaccio on the
day that Olympique de Marseille won the European Cup. Roger, who was in charge
of this scientiἀc meeting, arranged for us to watch the match on TV. As Deputy
Mayor of Marseille, he was duty bound to show support for the Marseille FC, but I
found out while I was there that as a Junior player in 1950, he became champion of
Provence and had remained a football fan ever since.
Actually, the most surprising aspect of Roger’s personality is his impressive musical culture. Since his teens he was a well-known double-bass player on the Marseille
111

Pierre Godeau

jazz scene. In 1956 he founded the Jazz Hip review, and not only as a double-bass
player but also as a composer, was involved in concerts, music circles and tours,
producing several albums and composing ἀlm music. In 2006, despite his hectic
lifestyle and already worrying state of health, Roger’s trio brought out a new album
entitled Douces pluies, reḀecting his enduring passion for jazz.
In 2006, at a meeting of Marseille’s National Academy of Medicine, Mayor JeanClaude Gaudin, who knew of our friendship, told me how much he admired what
Roger was doing as Head of Culture for the city of Marseille, but also expressed
concern about his state of health.
With the death of Roger Luccioni, the Institut Servier has lost one of its Scientiἀc
Board’s most energetic and prestigious members. He was made Knight of the National
Order of Merit for France, and was awarded several academic distinctions (Chevalier
de l’ordre des Palmes académiques and Chevalier de l’ordre des Arts et Lettres). At
last year’s meeting, he presented an outstandingly brilliant paper at the Functional
Dependence Symposium, although sadly we were unaware that it was to be his last
ofἀcial contribution to an Institut Servier event.
I would like to request a minute’s silence to mark our respect for our departed
friend.
Professor Pierre Godeau
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Molecular bases of physiological
and pathological angiogenesis
Pierre Corvol

BLOOD VESSEL FORMATION
Development of the vascular system during embryogenesis occurs in two distinct
stages: vasculogenesis and angiogenesis. During vasculogenesis, progenitor cells
differentiate into endothelial cells from mesenchymal cells, then assemble and form
a primitive vascular network. Angiogenesis, which follows vasculogenesis, extends
and reshapes the primitive network in order to establish a mature and functional
circulatory system.
In healthy adults, angiogenesis occurs mainly during the ovarian cycle and pregnancy. It also contributes to the development of collateral circulation during physical
exercise, in which case it is referred to as arteriogenesis. In pathological conditions,
angiogenesis is involved in tumor growth, in ocular disorders, such as age-related
macular degeneration and diabetic retinopathy, in wound healing, and in inḀammatory diseases, such as rheumatoid arthritis or psoriasis [1].
NEW VESSEL CONSTRUCTION: VASCULOGENESIS
Vasculogenesis results in the formation of a primitive capillary plexus. Due to the
action of VEGF (vascular endothelial growth factor), progenitor cells, called angioblasts, which are located in the stroma, give birth to endothelial cells. These endothelial cells organise to form primitive capillary tubes of a section usually made up of
3 cells. At this stage, the primitive capillary plexus is unable to react to variations in
blood Ḁow.
For a long time researchers thought that the phase of vasculogenesis did not occur
in the adult organism. In reality, progenitor cells, particularly those housed in bone
marrow, can be activated by growth factors, cytokines or hormones which promote
the proliferation, differentiation and mobilisation of cells in order to develop new
vessels. This recently described process is at the root of new therapeutic regimens,
known as pro-angiogenic regimens, which are used in cell-based therapies. They
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are currently being studied in the context of cardiology and could be used to restore
ischemic vessels during myocardial infarction and lower limb arthritis [1].
VASCULAR REMODELLING OF THE PRIMITIVE CAPILLARY
NETWORK: ANGIOGENESIS AND ARTERIOGENESIS
Angiogenesis and arteriogenesis together make up the phase of vascular remodelling
of the primitive capillary network emerging from vasculogenesis.
This process is controlled by different factors which have been widely studied in
medical literature; as such, they comprise different directions for the development
of pro-angiogenic or anti-angiogenic treatments. Angiopoietine 1, PDGF (platelet
derived growth factor), TGF-β (transforming growth factor β), and P1GF (placenta
growth factor) are involved in the recruitment, migration, and organisation of mature
vessels that will ultimately be capable of vasodilation or vasoconstriction in such a
way as to regulate blood Ḁow. It is important to point out that the organisation of the
vascular network is controlled by both genetic and hemodynamic parameters. Blood
Ḁow participates actively in vessel formation and in the differentiation into arteries and veins. In this way, inḀuenced by the blood Ḁow traversing the vessels, the
endothelial cells lead the surrounding mesenchymal cells to proliferate, migrate, and
differentiate into perivascular cells, for capillaries, and into smooth muscular cells,
for arteries and veins [1].
MECHANISM OF ACTION OF VEGF
It is impossible to mention VEGF without paying tribute to Jean Plouet who, with
Napoleone Ferrara, discovered this growth factor in San Francisco in 1988. Sadly,
Jean Plouet died in 2008 and his role in the discovery of VEGF is still poorly recognised outside the French medico-scientiἀc community.
VEGF plays a central role in angiogenesis. It is a cytokine with paracrine action,
which means that the factor acts on endothelial cells adjacent to cells where synthesis takes place. The interaction of VEGF with its receptors, expressed by endothelial
cells, triggers a series of reactions which lead to the creation of a new vessel from
the parent vessel.
Initially, VEGF causes a loss of contact between endothelial cells and pericytes,
and vascular permeability increases (VEGF was initially named vascular permeability factor by Dvorac). This permeabilisation releases serum and plasma proteins
which contribute to the formation of an extracellular matrix into which the new
vessel is integrated. The basal membrane of the parent vessel is then destroyed by the
effects of collagenases, proteases, and plasminogenic activators. Endothelial cells
are released and their proliferation leads to the formation of a new vessel sprouting
from the parent vessel [1].
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VEGF AND VEGF RECEPTORS
The VEGF family is made up of VEGF-A, VEGF-B, VEGF-C, VEGF-D and P1GF.
The effect of VEGF is mediated by 3 tyrosine kinase receptors named VEGFR-1,
VEGFR-2 and VEGFR-3. The binding proἀle of VEGF to these receptors is not
speciἀc:
––VEGFR-1 binds VEGF-A, VEGF-B and P1GF;
––VEGFR-2 binds VEGF-A, VEGF-C and VEGF-D;
––VEGFR-3 binds VEGF-C and VEGF-D [2, 3].
VEGFR-1 and VEGFR-2 receptors are mainly found in the vascular compartment
of the plasma membrane in endothelial cells. We have seen that these factors play
a central role in the physiology and pathology of the vascular system, in particular
vasculogenesis and angiogenesis, two mechanisms which result in the formation of
new blood vessels directed toward an angiogenic stimulus. VEGFR-2 interacts with
neuropilin 1, a protein that itself has semaphorin as a ligand. The very term neuropilin indicates that the molecule was discovered in the nervous system. There it takes
part in guidance processes which have the interesting characteristic of being shared
by both blood vessels and nerves. The term semaphorin emphasizes that this ligand
guides the vessel on its journey, like a semaphore.
The structure of the VEGFR-1 receptor is similar to that of the VEGFR-2 receptor,
but is characterised by its capacity to split and yield a circulating, soluble part, which
acts as an anti-VEGF. This soluble receptor 1 is a VEGF-trap capable of inactivating
neighbouring or circulating VEGF endothelial cells. It would appear to have a role
in the ἀnely regulated angiogenesis—anti-angiogenesis processes, during pregnancy
for example, to order angiogenesis to come to a halt. Clinical evidence supports the
hypothesis of an excess of VEGFR-1 in gravidic toxaemia where it would appear
to bring about placenta ischemia by inactivating VEGF and rarefying the vascular
network.
The lymphatic vascular system is controlled by VEGF-C and D and their receptor
VEGFR-3, which is a separate VEGF system from that found within the vascular
compartment. The general organisation of this control is nonetheless relatively similar and it is legitimate to presume that speciἀc anti-VEGF strategies could be implemented, especially to prevent metastases spreading via the lymphatic system.
CELLULAR AND INTRACELLULAR EFFECTS OF VEGF
Activation by VEGF of its receptor leads to a whole series of cellular and intracellular events. At the intracellular level, VEGF plays a part in the production of nitrogen
monoxide (NO). VEGF inhibition leads to an elevation in arterial pressure by reducing the endothelial production of NO, a tonic vasodilator agent, and thus, increasing
vasoconstrictor tonus.
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Macrophages, dendritic cells, and progenitor cells are also affected by VEGF, which
causes the proliferation and migration of endothelial cells, upon which it also has an
antiapoptotic effect. It inhibits dendritic cells and mobilises progenitor endothelial
cells.
ANTI-VEGF STRATEGIES
VEGF can be inhibited by anti-VEGF antibodies, soluble VEGFR-1, an aptamer, or
VEGF tyrosine kinase inhibitors (ἀg. 1) [4]. Pegaptanib, an aptamer, is already used
in the treatment of age-related macular degeneration. The VEGF tyrosine kinase
inhibitors, which have the advantage of being administered orally, are already used
in anticancer treatments and, in all probability, have a promising future.
The range of anti-VEGF strategies raises the question of therapeutic choice and,
more particularly, of its speciἀcity. An antibody is extremely speciἀc and will act
speciἀcally on VEGF-A, but not on VEGF-B, C or D. On the other hand, a tyrosine
kinase inhibitor will act on several receptors with tyrosine kinase activity. Is this an
advantage or a disadvantage? Tyrosine kinases may be involved in cell proliferation
and it may prove interesting to have an inhibitor capable of targeting poly-tyrosine
kinases and poly-growth receptors. The question remains open.

Aptamer

VEGF-R1
soluble

VEGF

lgG-like domain

TKI
Tyrosine-kinase
domain

Ac anti-VEGF

VEGF-R2

VEGFR
TK
inhibitors

TKII
Cell signalling

Figure 1. Anti-VEGF strategies (reproduced with permission from Corvol and Postel-Vinay [4]).
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PLEIOTROPIC VEGF EFFECTS
VEGF has extremely varied functions including an important role in physiology and
human disease states; its involvement in tumor development, inḀammationand atherosclerosis has been demonstrated. In experimental conditions, anti-VEGF treatment has
been shown to have a stabilising effect on the microcirculation of the plaque.
VEGF contributes to vascular growth and also acts on the nervous system as a
neurotrophic factor. It is involved in cartilage growth, ovarian angiogenesis, and
glomerular organisation and function [5].
ROLE OF HYPOXIA IN ANGIOGENESIS
Life relies on oxygen. In the Permian age, approximately 250 million years ago,
the partial pressure of oxygen in the atmosphere was approximately twice as high
as it is today. Nowadays, only small organisms such as insects can survive without
a vascular system, ensuring their requirements by the simple diffusion of oxygen.
However, because of the elevated oxygen pressure during the Permian age, there
were giant dragonḀies with wingspans of approximately 1 metre, but that had no
vascular network.
Oxygen is the key to our existence. It is transported by the vascular system and
disseminated via the vessels into the surrounding tissues, and yet the partial oxygen
pressure rapidly decreases as it moves away from the vessel. This hypoxic state
requires the intervention of adapted and co-ordinated cellular responses that are
guided by one essential factor, HIF (hypoxia-inducible factor), which conducts and
co-ordinates the responses to hypoxia within the cells and throughout the entire organism. In a hypoxic situation, HIF passes cells from aerobic metabolism to anaerobic
metabolism; this is far less efἀcient in terms of energy production but essential for
cell survival. HIF also activates the formation of new vessels which supply oxygen
to hypoxic territories. Finally, the same HIF causes vasodilation of the vessels thus
improving distribution of haemoglobin and increasing erythropoiesis, etc [6].
At the present time, approximately one hundred genes are known to be activated by
the effect of HIF and a similar number repressed.
ANGIOGENIC AWAKENING IN TUMOR PATHOLOGY
Tumor growth depends on the formation of new vessels to ensure oxygen and nutriment supply, and also the evacuation of metabolic waste. Pathological neovascularisation develops in hypoxic conditions and particularly under the control of VEGF
and its receptor VEGFR-2.
It was in 1971 that Judah Folkman presented the idea of blocking angiogenesis to
deprive tumors of oxygen. The enormous advantage of this inspired hypothesis was
that researchers from very varied horizons began studying this ἀeld. Following the
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Cancerous vessels
Normal tissue

Cancerous tissue

Anti-angiogenic
treatment

Normal vascularisation
Organised stable vascular network
Controlled permeability
Presence of quiescent pericytes
Regulated blood flow

Tumor vessels

Regression
of tumor
vessels
“Normalisation”
of vascularisation
(Improved distribution
of anti-cancer treatments,
increased sensitivity to
radiotherapy)

Disorganised unstable vascular network
Increased permeability
Elevated interstitial pressure
Arterio-venous shunts
Pericyte insufficiency
Non-regulated blood flow

Figure 2. Tumor vascularisation and anti-angiogenic treatment (reproduced with permission from
Corvol and Postel-Vinay [4]).

initial success, the usual doubts and questions have arisen. Scientists have suggested
that in reality, anti-angiogenic agents probably cause tumor vessels, which are
known to be characterised by a disorganised, unstable vascular network, increased
permeability, and arterioveinous shunts, to regress. On the other hand, they would
appear to “normalise” vascularisation. It has been suggested that anti-angiogenic
agents cause anarchic and inefἀcient tumor vessels to regress, thus promoting their
reorganisation, which in turn improves not only penetration of cytotoxic drugs but
also sensitivity to radiotherapy, which is highly dependent on good oxygenation.
This would explain why, in contrast to mice, anti-VEGF therapy alone has never
demonstrated an a ntitumor effect in man (ἀg. 2).
Bibliography
1
2
3
4
5
6
118

Carmeliet P. Angiogenesis in life, disease and medicine. Nature 2005; 438: 932-6.
Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. Nat Med 2003; 9:
669-76.
Karkkainen MJ, Mäkinen T, Alitalo K. Lymphatic endothelium: a new frontier of metastasis
research. Nat Cell Biol 2002; 4: E2-5.
Corvol P, Postel-Vinay N. Vue générale sur l’angiogenèse: l’arbre vasculaire. Paris: Odile Jacob,
2008.
Storkebaum E, Lambrechts D, Carmeliet P. VEGF: once regarded as a speciἀc angiogenic factor,
now implicated in neuroprotection. Bioessays 2004; 26: 943-54.
Carmeliet P, Jain RK. Angiogenesis in cancer and other diseases. Nature 2000; 407: 249-57.

Angiogenesis and anti-angiogenesis
Angiogenèse et anti-angiogenèse
© 2009 Wolters Kluwer Health. All rights reserved

Angiogenesis and neurogenesis
Anne Eichmann
The vascular system is the ἀrst of the major systems to develop during ontogenesis.
During its development, the blood vessels extend to precisely speciἀed targets, resulting in a highly stereotyped vascular tree. How does the embryo form such a complex
and structured system that reaches a total length of 80 000 km in adult humans? We
hope that by increasing our knowledge of the mechanisms at work, we can achieve a
better understanding of the numerous diseases affecting the vascular system.
THE VASCULAR AND NERVOUS NETWORKS ARE CLOSELY RELATED
Five hundred years ago, Vesalius drew the human vascular tree by candlelight. The
Belgian anatomist had already observed that it was totally superimposable on a
second tree forming the nervous system (ἀg. 1). These two systems, one which irrigates the entire organism and the other which controls its sensory-motor systems,
must interact closely. Nerves need oxygen and nutrients and are therefore covered
by a dense vascular network. Similarly, motility and the maintenance of vascular
tonicity require innervation. Thus, the arteries are surrounded by a ἀne network of
post-ganglionic sympathetic nerves.
Both systems also branch throughout the body to convey directional information:
the arterial and venous Ḁow of the vascular system and the motor and sensory pathways of the nervous system. In addition, they are both composed of two types of
intimately associated cells: endothelial cells and vascular wall cells in the vascular
system, and neurons and glial cells in the nervous system.
VASCULAR GROWTH FACTORS AND DEVELOPMENT
OF THE NERVOUS SYSTEM
The vascular and nervous systems not only interact anatomically and functionally,
they also have molecular signaling pathways in common that enable their coordinated development. The intervention of vascular growth factors in nervous system
development has been observed in mice in which the response element to hypoxia
in the VEGF promoter was deleted. Researchers were surprised to observe that the
sclerosis that the animal developed was very similar to human amyotrophic lateral
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Figure 1. These drawings, dating from 1543, show that the Belgian anatomist Vesalius had already
observed that the vascular (left) and nervous (right) trees are superimposable.

sclerosis. Numerous subsequent studies have shown that VEGF has a neurotrophic
action. Our contribution to this area, in collaboration with Jean-Léon Thomas of
INSERM U711, concerns the study of a growth factor called VEGF-C, which is
related to VEGF, and is involved in neural development.
VEGF-C AND THE DEVELOPMENT OF NERVOUS AND VASCULAR
SYSTEMS
VEGF-C and its receptor, VEGFR-3, are involved in the development of lymphatic
vessels. The LacZ reporter inserted in the VEGFR-3 gene colours all the vessels that
express this receptor blue. This reporter showed that the VEGFR-3 receptor is present
in the lymphatic vascular system, but is not expressed in the veins. The VEGFR-3
receptor is, therefore, speciἀc to the lymph vessels. The use of the LacZ reporter has
also shown that this receptor is present in the brain of adult mice. As the brain has
no lymphatic system, the receptor is expressed by neuron populations. This ἀnding
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probably explains the action of VEGF-C on the nervous system. In fact, we have
shown in vitro that the progenitors of embryonic neurons expressing the VEGFR-3
receptor divide and proliferate when subjected to VEGF-C stimulation [1]. VEGF-C
is expressed in both neural and vascular systems and most likely regulates the parallel paths of neural and vascular development. This observation raises the possibility
that anti-angiogenic treatments could have a neurological impact.
CAPILLARY GROWTH IS GUIDED BY HYPOXIA
How is capillary guidance assured? The mouse retina is an extremely valuable
model for studying the vascular system. It has helped to demonstrate that angiogenesis is dependent on hypoxia. Hypoxia attracts vessels by increasing the expression
of VEGF, whereas oxygen decreases VEGF in a feedback loop that directs vascular coverage and oxygenation of the tissue. If we look speciἀcally at the capillary
extremity which penetrates the hypoxic areas, we observe that it is composed of
specialized endothelial cells, tip-cells, which are distinguished by their ability to
extend several specialized ἀlopodia, i.e. small actin-rich structures that can polymerize and depolymerize. The tip-cell also expresses the highest levels of the VEGFR-2
receptor. It will therefore have the greatest response to VEGF, and for this reason, it
is probably a preferential target for anti-angiogenic treatment.
THE tip-cell GUIDES capillaRY PROGRESSION
In the retina, capillary formation occurs according to a VEGF gradient, which is
highest in the hypoxic region and lowest in the normoxic region. When close to the
hypoxic region, the tip-cell forms ἀlopodia while the cells located at the rear form
the capillary lumen and provide the blood, oxygen and nutrient supply. Why do these
two types of cells behave in different ways? It has been shown that a mutation of a
Notch gene ligand, Dll4 (delta-like ligand 4), disrupts the selection of tip-cells. In
Dll4 heterozygous animals, each endothelial cell behaves like a tip-cell and extends
ἀlopodia. This means that each of the endothelial cells has the potential to evolve
into a tip-cell but, under normal conditions, this potential is inactivated by the action
of Dll4 on the Notch receptor expressed by the adjacent cell.
delta-Notch SIGNALING contrOls the formation OF tipcells
Schematically, VEGF produced by hypoxic cells binds to its VEGFR-2 receptor on
the tip-cell. It has been shown that this binding induces expression of Dll4 by the tipcell. Dll4 will then bind to the Notch ligand expressed by cells located at the rear of
the tip-cell. The action of the Notch ligand will then modulate the expression of the
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VEGF receptor in the cell to reduce its sensitivity to VEGF. Seven articles published
in late 2006 and 2007, including one by our team, reached the same conclusion: deltaNotch signaling suppresses the formation of tip-cells [2-8]. Remarkably, this signaling pathway, which is operational in the embryo, is also operational in tumor vessels.
This observation suggests the possibility of blocking tumor vasculature by generating
an excessive number of tip-cells to prevent the formation of a vascular structure.
SimilaritIES BETWEEN THE tip-cell AND THE axonal GROWTH
CONE
The tip-cell shows remarkable similarities with a terminal structure of axons called
the axonal growth cone (ἀg. 2). Like the vessel, the axon has a motility structure at
its extremity that extends ἀlopodia, which polymerize and depolymerize to guide the
axon to a remote target in the body. We currently know of four families of ligands
and receptors that guide axons to their target. These ligands are the ephrins, the
semaphorins, the slits and the netrins and they bind to families of receptors expressed
by the axon ἀlopodia and attract or repulse the growth cone. It is remarkable that

Figure 2. The endothelial tip-cell in the mouse retina (left) and the axonal growth cone extending ἀlopodia (right) will guide the neo-vessel or axon to a remote target in the organism.
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amongst the four receptor families that guide axons, several are also expressed in
endothelial cells and in tip-cells. In particular, this is the case for the Eph4 receptor
and its ligand B2 ephrin, for the plexine-D1 receptors and neuropilin which bind the
semaphorins, for robo4, a member of the slit receptors, and for the netrin receptor,
UNC5B [9-14 ] (ἀg. 3).

Uninjected

Netrin-1

Figure 3. Netrin-1 promotes the retraction of ἀlopodia and inhibits the growth of blood vessels
expressing UNC5B [12, 13].

INVOLVEMENT OF NETRIN AXONAL GUIDANCE MOLECULES AND
THEIR UNC5B RECEPTOR in VASCULAR SYSTEM MORPHOGENSIS
We are particularly interested in the netrin receptor UNC5B. Netrin is a guidance
factor in bifunctional neuronal growth, meaning that it can both attract and repel
neurons. It binds to two different types of receptors, the attractive DCC receptors and
the repulsive UNC5 receptors. In the vascular system, we have shown that the UNC5B
receptor is expressed by endothelial cells. Knockout embryos that have a deletion of
the UNC5B receptor show increased arborization of the vascular network, which is
compatible with the dual repulsive/inhibitive nature of this receptor [12]. When the
endothelial tip-cells of normal embryos are treated with the ligand receptor netrin,
ἀlopodia extension is inhibited. However, when UNC5B is deleted, the capillary is
no longer repelled or even attracted by netrin. Netrin is therefore an axon guidance
molecule and its UNC5B receptor is involved in the morphogenesis of the vascular
system. UNC5B acts as a repulsive receptor in the vascular network and prevents the
formation of an excess of angiogenic sprouting and branching. Scientiἀc literature
supports attractive-type actions for netrin. This ligand is therefore bifunctional in
both the vascular and the nervous systems.
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Postischemic angiogenesis: experimental aspects
and therapeutic perspectives
Bernard Lévy, Jean-Sébastien Silvestre
Unicellular organisms and organisms small enough to rely on the diffusion of gases
and soluble substances do not possess a cardiovascular system. Cell life in such organisms depends solely on the concentration of gases and solutes in the liquid surrounding the cell or microorganism. At the very start of its development, the mammalian
embryo consists of only a cluster of nonvascular cells. However, the development
of a vascular network capable of transporting the Ḁuids and gases necessary for
cell life develops rapidly during embryonic growth. “Vasculogenesis” is the term
that deἀnes the initial embryonic events starting with the migration of endothelial
precursors (angioblasts), which then differentiate and develop locally into tubules of
endothelial cells that form the loosely organized or nonorganized vascular plexus.
“Angiogenesis” is the growth, differentiation and organization of the vascular plexus
into a functional network. This process is characterized by endothelial cells budding
from the extremities and the lateral walls of the existing vessels. Longitudinal division of vessels forms two parallel tubes that then develop independently. These initial
stages of vasculogenesis and angiogenesis lead to the formation of a network mainly
composed of capillaries. It is not until after this stage that the larger-sized elements
(arterioles, venules and arteriovenous anastomosis) are formed by smooth muscle
cells (myogenesis) and the extracellular matrix that strengthens the vascular structures. At the same time, pericytes appear around the capillaries. Finally resistance
arteries and conductance arteries are formed by the development of the media and
then the adventitia. The contractile properties of vascular muscle cells develop last.
All of these events are grouped under the term “arteriogenesis”.
These complex processes require coordination and speciἀc regulation of multiple
activation and inhibition factors which interact with many vascular and extravascular
cell types. These regulatory mechanisms are probably very different from one organ
to another and form very different networks. For example, several anatomical, histological and functional distinctions exist between the vascular networks of the liver,
skin and brain.
This chapter focuses on introducing the basic elements of vascular neogenesis as
triggered in a pathological context, such as ischemia.
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PRINCIPAL MECHANISMS OF POSTISCHEMIC
NEOVASCULARIZATION
The relative importance of the different processes of vasculogenesis, angiogenesis
and arteriogenesis in the onset of neovascularization associated with ischemia has
yet to be deἀned [1]. However, the three processes undoubtedly act together to establish a functional vascular network. It is likely that arteriogenesis allows a signiἀcant
increase in Ḁow in the injured area and the development of new capillaries (angiogenesis) avoids massive tissue destruction in the ischemic area. Finally, although the
initial stimuli probably differ, vasculogenesis, angiogenesis and arteriogenesis are
activated and modulated, albeit differently, by the same growth factors, chemokines
and proteases.
Postischemic angiogenesis
Hypoxia is the main cause of angiogenesis, which involves HIF-1 (hypoxia-inducible
factor 1) activation.
HIF and VEGF-A
HIF-1 is a nuclear transcription factor that binds to elements of the hypoxia
response in the regulatory region of several genes. Intramuscular injection of a
plasmid encoding HIF-1α reduces infarct size and increases neovascularization
of the ischemic myocardium [2]. Administration of HIF-1α also increases the
regional blood Ḁow, the angiographic score and the capillary density in a hindlimb
ischemia model in rabbits [3]. HIF-1 regulates, in particular, the expression of the
gene coding for VEGF-A [4], which, once secreted, binds to the tyrosine kinase
receptors VEGFR-1 and VEGFR-2 located on the surface of endothelial cells and
vascular smooth muscle cells. Activation of these receptors triggers multiple signaling pathways which are responsible for stimulating angiogenesis. VEGF-A can
activate cell proliferation and survival by mechanisms dependent on phosphatidylinositol 3’-kinase/Akt [5-7]. Akt may contribute to the angiogenic response
by inhibiting the apoptotic process or by phosphorylating endothelial nitric oxide
synthase (eNOS) so that its activity is sustained independent of calcium. eNOS
also plays a key role in postischemic neovascularization. Mice lacking eNOS show
altered vascular neogenesis in the ischemic area [8]. NO also contributes directly
to the VEGF effect. In the peripheral ischemia model in mice, the angiogenic
response to VEGF requires the presence of eNOS [8]. Similarly, in the infarcted
heart, induction of angiogenesis is dependent on the production of NO [9]. Finally,
the administration of eNOS-+ by gene therapy promotes neovascularization in the
ischemic rat paw, highlighting the importance of NO in the vascular neogenesis
process [10].
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Oxygen radical species
Oxygen radical species (OFRs, oxygen free radicals), including superoxide anion,
hydrogen peroxide, hydroxyl radical and nitrates, such as NO and peroxynitrite, are
biologically active species stimulating multiple signaling pathways by their redox
potential [11-13]. Each of these species is derived from speciἀc chemical or enzyme
reactions. NADPH oxidases are a predominant source of OFRs in blood vessels
[11, 12, 14]. In endothelial cells, NADPH oxidases are composed of two membrane
subunits, gp91phox (or Nox 2) and p22phox, and two cytosolic components, p47phox and
p67phox. The small G protein, Rac-1, is also necessary for complete enzyme activity.
Rac-1 and gp91phox play a major role in the effect of VEGF-A on endothelial cell
proliferation [15]. Mice lacking gp91phox display an altered post-ischemic neovascularization, further emphasizing the involvement of OFRs in the VEGF-A proangiogenic effect in the ischemic area [16, 17].
Other VEGFs
Hypoxia also induces the expression of other members of the VEGF family. For
example, PlGF (placenta growth factor), which binds to the VEGFR-1 receptor, activates neovascularization in ischemic tissue [18]. The expression of VEGF-B also
increases in the ischemic area and treatment with a plasmid encoding one of the
two VEGF-B isoforms, VEGF-B167 or VEGF-B186, triggers therapeutic revascularization in mice with hindlimb ischemia [19]. In an aortic explants model, the
explants from mice overexpressing VEGF-B167 or VEGF-B186 in the endothelial cells develop strongly, suggesting a direct role for VEGF-B in the angiogenic
process [20]. VEGF-C (or VEGF-2) has been described as a speciἀc ligand for the
endothelial tyrosine kinase receptors, VEGFR-2 and VEGFR-3. In vitro, VEGF-C
has a dose-dependent mitogenic and chemotactic effect on the endothelial cells,
particularly the microvascular endothelial cells. VEGF-C stimulates the release of
NO by the endothelial cells and increases vascular permeability. Finally, the constitutive expression of VEGF-C in the adult animal facilitates angiogenesis in a peripheral ischemia model [21].
“Angiomatrix” proteins
Many other factors (growth factors, transcription factors, hormones and protein
kinases) have the potential to modulate angiogenesis. Furthermore, the number of
factors known to affect vascular neogenesis is increasing daily and some of these
factors are particularly interesting. Several extracellular matrix proteins are associated
with the vascular endothelium and activate angiogenesis by an integrin-dependent
mechanism, but in the absence of the exogenous addition of growth factors. Among
these “angiomatrix” proteins it has been demonstrated that the Del-1 (developmental
endothelial locus-1) protein activates post-ischemic angiogenesis and neovasculari127
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zation by binding integrin αvβ5 to the quiescent endothelium, which subsequently
increases the expression of the transcription factor Hox D3 and integrin αvβ3 [22,
23]. Similarly, the Del-1 analogue, lactadherin, is expressed in vascular cells and, by
interacting with integrin αvβ3, modulates the VEGF/VEGFR-2-dependent signaling pathway. Finally, lactadherin interacts with integrins αvβ3 and αvβ5, and, by a
mechanism dependent on Akt, is able to activate the development of new vessels in
an ischemic area in the absence of the exogenous addition of VEGF-A [24].
Postischemic arteriogenesis
Arteriogenesis is the growth of collateral arteries from preexisting arterioarteriolar
anastomoses. Some research groups have compared ischemic postnatal arteriogenesis and the development of collateral vessels (or collateralization); both terms can
be used synonymously. Arteriogenesis is induced by a hypoxia-independent mechanism, which appears to be based on changes in hemodynamic forces that occur in
the collateral vessels following an increase in Ḁow. This increase in the vascular Ḁow
arises from the pressure difference between the preexisting arterioles upstream from
the point of occlusion and those downstream. Arteriogenesis results from the activation and migration of parietal cells and a remodeling of the vascular wall.
The role of shear stress
Chronic increases in shear stress exceed the anatomical restrictions of the collateral
vessels and restore full collateral conductance. Shear stress activates the signaling
pathways that are dependent on Ras-ERK, Rho and NO [25, 26]. The primary physio
logical response to shear stress is endothelial cell activation and a large number of
genes are known to be controlled by shear stress response elements located in their
promoters [27]. Among these are genes coding for enhancer cytokines or chemoattractants which have their expression increased by shear stress. Shear stress increases
MCP-1 (monocyte chemoattractant protein-1) at arteriogenic sites and collateralization is increased by treatment with MCP-1 [28]. Similarly, mice lacking the
CCR-2 receptor for MCP-1 have increased muscle atrophy in hindlimb ischemia.
Morphometric analysis shows a reduction in the diameter of collateral vessels under
these conditions [29]. Furthermore, ischemia induced by ligation of the femoral
artery increases the number of inἀltrated cells expressing the CXCR-3 receptor and
the level of expression of its ligands, CXCL-9 and 10. Finally, mice lacking CXCR-3
with hindlimb ischemia have lower angiographic scores and less tissue perfusion
[30].
The role of inἀammatory cells
The increased expression of chemoattractant cytokines activates the inἀltration of
inḀammatory cells into the ischemic area.
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The migration of macrophages is controlled by the binding of MCP-1 to its
CCR-2 receptor. The monocyte level correlates directly with the rate of neovascularization [31]. CXCL-9 and CXCL-10 attract T cells through interaction with their
CXCR-3 receptor. These T cells also modulate post-ischemic vascular neogenesis.
Post-ischemic néovascularisation is less effective in nude mice lacking T cells or
mice lacking CD4+ cells [32, 33]. Moreover, the absence of CD8 cells decreases the
expression of interleukin 16 (IL-16) and reduces the recruitment of CD4+ T cells in
arteriogenic areas. Exogenous administration of CD8 T cells restores a signiἀcant
IL-16 titer, an adequate number of CD4+ T cells thus activating the development of
collateral vessels [34]. These data suggest the following mechanism: in response
to a vascular occlusion, CD8 T cells inἀltrate arteriogenic areas and recruit CD4
T cells by producing IL‑16. CD4 T cells then partially control the development of
collateral vessels by activating the recruitment of macrophages that release arteriogenic factors. Indeed, the presence of inḀammatory cells is associated with the local
release of several proarteriogenic molecules, such as cytokines, interleukin-2, TNF-α
(tumor necrosis factor alpha), growth factors such as VEGF and metalloproteinases
(MMP) [28, 35].
Cytokines such as interleukin-1β also increase HIF-1α activity, indicating a transcriptional role for HIF-1α in the inḀammatory process [36]. During the inḀammatory reaction, anti-inḀammatory cytokines are produced and modulate the inḀammation intensity. Neovascularization increases in hindlimb ischemia in mice lacking
the anti-inḀammatory cytokine IL-10 [37]. This effect is blocked by treatment with
a metalloproteinase inhibitor, despite the continued activation of VEGF-A [38].
Leukocyte inἀltration of the infarcted heart and collateralization are reduced in
mice lacking the urokinase-type plasminogen activator or MMP-9 [39]. Similarly,
mice lacking MMP-9 show reduced collateralization in a hindlimb ischemia model,
emphasizing the close relationship between inḀammatory cells, arteriogenesis and
metalloproteinases [40].
Postischemic vasculogenesis
Postischemic neovascularization not only depends on angiogenic and arteriogenic
processes, but also on circulating vascular progenitor cells from the bone marrow.
In response to tissue ischemia, endothelial precursor cells are mobilized from bone
marrow into peripheral circulation and migrate to the ischemic tissue. Hypoxia and
the transcription factor HIF-1α, which activates the expression of SDF-1 (stromalderived factor 1), mediate the recruitment of endothelial progenitor cells (EPCs)
expressing CXCR-4 [41]. Mononuclear cells or EPCs from animals heterozygous
for CXCR-4 show a decreased expression of CXCR-4 and a decreased ability to
stimulate tissue reperfusion in nude mice [42]. Local hypoxia also releases chemoattractant soluble factors for circulating EPCs. A potential chemoattractant candidate
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is VEGF. The VEGF level is increased by hypoxia and it induces SDF-1 in vascular
and perivascular structures [43]. Chemokines and platelets can also capture EPCs
in areas of vascular lesions [30, 44, 45]. Once recruited, the adhesion of EPCs on
the ischemia-activated endothelium is a result of the activity of adhesion molecules
on the surface of endothelial cells, such as integrin β2 and L-selectin [46-48]. After
their recruitment and adhesion to the ischemia-activated endothelium, EPCs promote
vascular neogenesis through various mechanisms (ἀg. 1).
Initially, it was suggested that the progenitors were incorporated into the neovascularization site where the differentiation into endothelial cells ended [49-51].
However, the relative contribution of EPCs to the vasculature is highly variable and
seems to depend on the experimental model, the type and subtype of the progenitors,
and the method of EPC isolation [52-55]. Some experiments even suggest that these
progenitors are not incorporated into the neocapillaries, but instead act as support
cells. Therefore, bone marrow progenitors accumulate around collateral vessels and
differentiate into ἀbroblasts, leukocytes and pericytes, which produce several growth
factors and chemokines [53]. The release of SDF-1 by platelets promotes the mobi-
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Figure 1. After their adhesion to the activated endothelium, vascular progenitor cells can trigger vascular neogenesis by two main mechanisms: through differentiating into endothelial cells and through a
paracrine potential to release proangiogenic and proarteriogenic factors.
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lization and recruitment of CXCR-4+/VEGFR-1+ around the vascular structures,
which leads to the development of collateral vessels [56]. Similarly, VEGF induces
mononuclear myeloid cell nostocytosis (homing) and allows their perivascular positioning and retention by the activation of SDF-1 [43]. Finally, progenitors derived
from human umbilical cord blood can differentiate into early and late endothelial
progenitors. Early EPCs express monocytic lineage markers and have a strong potential paracrine role in the release of proangiogenic factors, whereas late EPCs express
endothelial markers and have vasculogenic capabilities [57].
Therefore, the primary role of progenitors could be to release angiogenic and
arteriogenic factors and to contribute to vascular genesis through paracrine effects.
Finally, progenitor cells also have a vasoactive potential, which is likely to play a role
in the improvement of tissue perfusion in the ischemic area [58].
THERAPEUTIC PERSPECTIVES
The three main processes (i.e. vasculogenesis, angiogenesis and arteriogenesis) characterize tissue remodeling in response to chronic or acute ischemic vascular disease.
These processes are the target of alternative angiogenic therapeutic strategies for
patients with peripheral arterial disease or coronary disease. Many angiogenic therapeutic strategies based on the administration of growth factors, stem cells, pharmacological molecules or extracellular matrix proteins have been proposed. Although
these strategies have varying potential, those currently being tested in clinical trials
are based on the administration of growth factors or progenitor cells.
Growth factors
Clinical trials involving growth factors are primarily based on the administration of
VEGF-A and ἀbroblast growth factor (FGF) 1 or 2. The failure of the VIVA, FIRST
and TRAFFIC studies suggests that intravascular administration of proteins is insufἀcient to induce therapeutic neovascularization [59-61]. This is undoubtedly related
to the route of administration (intravenous or intracoronary) and choosing to inject
proteins with short tissue half lives. REVASC and Euroinject-1 studies, however, are
based on strategies that transfer genes coding for different VEGF-A isoforms directly
into the ischemic zone. These studies have shown promising results in cardiac function [62, 63]. Preclinical trials have proven the efἀcacy of different growth factors on
vascular neogenesis stimulation in hindlimb or cardiac ischemia models using young
animals without any associated cardiovascular disease risk factors. Inducing a similar
proangiogenic response in elderly patients with pronounced atherosclerotic lesions and
who have no therapeutic alternatives, is a more signiἀcant therapeutic challenge. The
selection of patients who are candidates for a stent or a bypass could increase the efἀcacy and feasibility of proangiogenic therapies and therapeutic angiogenesis could be
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developed as a complementary therapy to conventional surgical revascularization. For
similar reasons, patients could be selected with symptoms of angina or claudication
as these could signal the presence of ischemic, but still viable tissue that is potentially
capable of responding to revascularization therapy [64]. Finally, the administration
of several growth factors with distinct cellular targets could simultaneously activate
the multiple processes involved in vascular neogenesis. Studies have demonstrated
that coadministration of FGF and PDGF-BB (platelet derived growth factor BB) or
VEGF-A and P1GF is far more effective than the injection of a single growth factor in
cornea or cardiac and peripheral ischemia angiogenesis models [65, 66].
Progenitor cells
Although many experiments suggest the presence of vascular progenitors in other
tissues, such as the heart, adipose tissue or blood, the administration of precursors of
bone marrow origin is the basis for proangiogenic cell therapies [67, 68]. Injection
of endothelial progenitor cells from bone marrow restores the Ḁow and the capillary
density of the skin in hindlimb and cardiac ischemia experimental models in rodents
[69, 70]. Likewise, injection of human EPCs increases the formation of new blood
vessels in the infarcted area [71]. Recent studies have suggested that mononuclear
cells from bone marrow without EPC differentiation or puriἀcation were able to
promote vascular development in the ischemic area [71, 72]. The administration of
bone marrow mononuclear cells from control animals is also effective in experimental models of diabetes and hypercholesterolemia [73, 74]. These cellular therapies are
currently being tested clinically in small cohorts of patients. Autologous implantation
of bone marrow mononuclear cells in the ischemic limb of patients with peripheral
arterial disease or thromboangiitis obliterans improves vascularization and the scarring process [75, 76]. However, a number of these patients have shown side effects or
transient effects [76]. Similarly, intracoronary transplantation of bone marrow mononuclear cells into the myocardium of patients with acute ischemia increases perfusion
and the function of the ischemic tissue [77-79]. Some studies of intracoronary transplantation have also shown transient effects or no effect, underscoring the need for
further analysis of the therapeutic efἀcacy of these stem cell strategies [80, 81]. One
particular issue is that most cardiovascular risk factors, such as diabetes, hypertension or hypercholesterolaemia, reduce the therapeutic potential of adult progenitor
cells, particularly those from bone marrow [17, 73, 82]. Therefore, the development
of strategies for restoring progenitor cell function is essential. For example, pretreatment of EPCs by ephrin B2 results in increased expression of PSGL-1, a selectin
ligand, which improves the ability of EPCs to migrate to the ischemic area and activate vascular development, as shown in a hindlimb ischemia model in mice [83].
Similarly, dual therapy based on the joint administration of two types of progenitor
cells, CBS and smooth muscle progenitor cells (SMPCs), has a better therapeutic
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effect than when each cell type is injected separately. SMPCs release angiopoietin-1,
which binds to its Tie-2 receptor located on the surface of EPCs, improving EPC
survival and their propensity to form vascular structures [84].
Bibliography
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Carmeliet P. Angiogenesis in health and disease. Nat Med 2003; 9: 653-60.
Shyu KG, Wang MT, Wang BW, et al. Intramyocardial injection of naked DNA encoding HIF-1
alpha/VP16 hybrid to enhance angiogenesis in an acute myocardial infarction model in the rat.
Cardiovasc Res 2002; 54: 576-83.
Vincent KA, Shyu KG, Luo Y, et al. Angiogenesis is induced in a rabbit model of hindlimb
ischemia by naked DNA encoding an HIF-1 alpha/VP16 hybrid transcription factor. Circulation
2000; 102: 2255-61.
Shweiki D, Itin A, Soffer D, et al. Vascular endothelial growth factor induced by hypoxia may
mediate hypoxia-initiated angiogenesis. Nature 1992; 359: 843-5.
Gerber HP, McMurtrey A, Kowalski J, et al. Vascular endothelial growth factor regulates endothelial cell survival through the phosphatidylinositol 3’-kinase/Akt signal transduction pathway.
Requirement for Flk-1/KDR activation. J Biol Chem 1998; 273: 30336-43.
Dimmeler S, Zeiher AM. Akt takes center stage in angiogenesis signaling. Circ Res 2000; 86: 4-5.
Kureishi Y, Luo Z, Shiojima I, et al. The HMG-CoA reductase inhibitor simvastatin activates the
protein kinase Akt and promotes angiogenesis in normocholesterolemic animals. Nat Med 2000;
6: 1004-10.
Murohara T, Asahara T, Silver M, et al. Nitric oxide synthase modulates angiogenesis in response
to tissue ischemia. J Clin Invest 1998; 101: 2567-78.
Matsunaga T, Warltier DC, Weihrauch DW, et al. Ischemia-induced coronary collateral growth is
dependent on vascular endothelial growth factor and nitric oxide. Circulation 2000; 102: 3098103.
Smith RS Jr, Lin KF, Agata J, et al. Human endothelial nitric oxide synthase gene delivery promotes angiogenesis in a rat model of hindlimb ischemia. Arterioscler Thromb Vasc Biol 2002; 22:
1279-85.
Griendling KK, FitzGerald GA. Oxidative stress and cardiovascular injury. Part I. Basic mechanisms and in vivo monitoring of ROS. Circulation 2003; 108: 1912-6.
Griendling KK, FitzGerald GA. Oxidative stress and cardiovascular injury. Part II. Animal and
human studies. Circulation 2003; 108: 2034-40.
Li JM, Shah AM. Endothelial cell superoxide generation: regulation and relevance for cardiovascular pathophysiology. Am J Physiol Regul Integr Comp Physiol 2004; 287: R1014-30.
Lambeth JD. NOX enzymes and the biology of reactive oxygen. Nat Rev Immunol 2004; 4:
181-9.
Ushio-Fukai M, Tang Y, Fukai T, et al. Novel role of gp91 (phox)-containing NAD(P)H oxidase
in vascular endothelial growth factor-induced signaling and angiogenesis. Circ Res 2002; 91:
1160-7.
Tojo T, Ushio-Fukai M, Yamaoka-Tojo M, et al. Role of gp91phox (Nox2)-containing NAD(P)H
oxidase in angiogenesis in response to hindlimb ischemia. Circulation 2005; 111: 2347-55.
Ebrahimian TG, Heymes C, You D, et al. NADPH oxidase-derived overproduction of reactive
oxygen species impairs postischemic neovascularization in mice with type 1 diabetes. Am J Pathol
2006; 169: 719-28.
133

Bernard Lévy, Jean-Sébastien Silvestre

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
134

Luttun A, Tjwa M, Moons L, et al. Revascularization of ischemic tissues by PlGF treatment, and
inhibition of tumor angiogenesis, arthritis and atherosclerosis by anti-Flt1. Nat Med 2002; 8:
831-40.
Silvestre JS, Tamarat R, Ebrahimian TG, et al. Vascular endothelial growth factor-B promotes in
vivo angiogenesis. Circ Res 2003; 93: 114-23.
Mould AW, Greco SA, Cahill MM, et al. Transgenic overexpression of vascular endothelial growth
factor-B isoforms by endothelial cells potentiates postnatal vessel growth in vivo and in vitro. Circ
Res 2005; 97: e60-70.
Witzenbichler B, Asahara T, Murohara T, et al. Vascular endothelial growth factor-C (VEGF-C/
VEGF-2) promotes angiogenesis in the setting of tissue ischemia. Am J Pathol 1998; 153: 381-94.
Ho HK, Jang JJ, Kaji S, et al. Developmental endothelial locus-1 (Del-1), a novel angiogenic
protein: its role in ischemia. Circulation 2004; 109: 1314-9.
Zhong J, Eliceiri B, Stupack D, et al. Neovascularization of ischemic tissues by gene delivery of
the extracellular matrix protein Del-1. J Clin Invest 2003; 112: 30-41.
Silvestre JS, Thery C, Hamard G, et al. Lactadherin promotes VEGF-dependent neovascularization. Nat Med 2005; 11: 499-506.
Eitenmuller I, Volger O, Kluge A, et al. The range of adaptation by collateral vessels after femoral
artery occlusion. Circ Res 2006; 99: 656-62.
Pipp F, Boehm S, Cai WJ, et al. Elevated Ḁuid shear stress enhances postocclusive collateral
artery growth and gene expression in the pig hind limb. Arterioscler Thromb Vasc Biol 2004; 24:
1664-8.
Shyy JY, Li YS, Lin MC, et al. Multiple cis-elements mediate shear stress-induced gene expression. J Biomech 1995; 28: 1451-7.
Ito WD, Arras M, Winkler B, et al. Monocyte chemotactic protein-1 increases collateral and
peripheral conductance after femoral artery occlusion. Circ Res 1997; 80: 829-37.
Heil M, Schaper W. InḀuence of mechanical, cellular, and molecular factors on collateral artery
growth (arteriogenesis). Circ Res 2004; 95: 449-58.
Waeckel L, Mallat Z, Potteaux S, et al. Impairment in postischemic neovascularization in mice
lacking the CXC chemokine receptor 3. Circ Res 2005; 96: 576-82.
Heil M, Ziegelhoeffer T, Pipp F, et al. Blood monocyte concentration is critical for enhancement
of collateral artery growth. Am J Physiol Heart Circ Physiol 2002; 283: H2411-9.
Stabile E, Burnett MS, Watkins C, et al. Impaired arteriogenic response to acute hindlimb ischemia
in CD4-knockout mice. Circulation 2003; 108: 205-10.
Coufἀnhal T, Silver M, Kearney M, et al. Impaired collateral vessel development associated with
reduced expression of vascular endothelial growth factor in ApoE-/- mice. Circulation 1999; 99:
3188-98.
Stabile E, Kinnaird T, la Sala A, et al. CD8+ T lymphocytes regulate the arteriogenic response to
ischemia by inἀltrating the site of collateral vessel development and recruiting CD4+ mononuclear cells through the expression of interleukin-16. Circulation 2006; 113: 118-24.
Sunderkotter C, Goebeler M, Schulze-Osthoff K, et al. Macrophage-derived angiogenesis factors.
Pharmacol Ther 1991; 51: 195-216.
Hellwig-Burgel T, Rutkowski K, Metzen E, et al. Interleukin-1 beta and tumor necrosis factoralpha stimulate DNA binding of hypoxia-inducible factor-1. Blood 1999; 94: 1561-7.
Silvestre JS, Mallat Z, Duriez M, et al. Antiangiogenic effect of interleukin-10 in ischemiainduced angiogenesis in mice hindlimb. Circ Res 2000; 87: 448-52.
Silvestre JS, Mallat Z, Tamarat R, et al. Regulation of matrix metalloproteinase activity in ischemic
tissue by interleukin-10: role in ischemia-induced angiogenesis. Circ Res 2001; 89: 259-64.

Postischemic angiogenesis: experimental aspects and therapeutic perspectives

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

Heymans S, Luttun A, Nuyens D, et al. Inhibition of plasminogen activators or matrix metalloproteinases prevents cardiac rupture but impairs therapeutic angiogenesis and causes cardiac failure.
Nat Med 1999; 5: 1135-42.
Johnson C, Sung HJ, Lessner SM, et al. Matrix metalloproteinase-9 is required for adequate angiogenic revascularization of ischemic tissues: potential role in capillary branching. Circ Res 2004;
94: 262-8.
Ceradini DJ, Gurtner GC. Homing to hypoxia: HIF-1 as a mediator of progenitor cell recruitment
to injured tissue. Trends Cardiovasc Med 2005; 15: 57-63.
Walter DH, Haendeler J, Reinhold J, et al. Impaired CXCR4 signaling contributes to the reduced
neovascularization capacity of endothelial progenitor cells from patients with coronary artery
disease. Circ Res 2005; 97: 1142-51.
Grunewald M, Avraham I, Dor Y, et al. VEGF-induced adult neovascularization: recruitment,
retention, and role of accessory cells. Cell 2006; 124: 175-89.
Spring H, Schuler T, Arnold B, et al. Chemokines direct endothelial progenitors into tumor neovessels. Proc Natl Acad Sci U S A 2005; 102: 18111-6.
Langer H, May AE, Daub K, et al. Adherent platelets recruit and induce differentiation of murine
embryonic endothelial progenitor cells to mature endothelial cells in vitro. Circ Res 2006; 98:
e2-10.
Chavakis E, Aicher A, Heeschen C, et al. Role of beta 2-integrins for homing and neovascularization capacity of endothelial progenitor cells. J Exp Med 2005; 201: 63-72.
Biancone L, Cantaluppi V, Duo D, et al. Role of L-selectin in the vascular homing of peripheral
blood-derived endothelial progenitor cells. J Immunol 2004; 173: 5268-74.
Yoon CH, Hur J, Oh IY, et al. Intercellular adhesion molecule-1 is upregulated in ischemic muscle,
which mediates trafἀcking of endothelial progenitor cells. Arterioscler Thromb Vasc Biol 2006;
26: 1066-72.
Takahashi T, Kalka C, Masuda H, et al. Ischemia- and cytokine-induced mobilization of bone
marrow-derived endothelial progenitor cells for neovascularization. Nat Med 1999; 5: 434-8.
Shintani S, Murohara T, Ikeda H, et al. Mobilization of endothelial progenitor cells in patients
with acute myocardial infarction. Circulation 2001; 103: 2776-9.
Asahara T, Masuda H, Takahashi T, et al. Bone marrow origin of endothelial progenitor cells
responsible for postnatal vasculogenesis in physiological and pathological neovascularization.
Circ Res 1999; 85: 221-8.
Rajantie I, Ilmonen M, Alminaite A, et al. Adult bone marrow-derived cells recruited during angiogenesis comprise precursors for periendothelial vascular mural cells. Blood 2004; 104: 2084-6.
Ziegelhoeffer T, Fernandez B, Kostin S, et al. Bone marrow-derived cells do not incorporate into
the adult growing vasculature. Circ Res 2004; 94: 230-8.
Peters BA, Diaz LA, Polyak K, et al. Contribution of bone marrow-derived endothelial cells to
human tumor vasculature. Nat Med 2005; 11: 261-2.
Hattori K, Dias S, Heissig B, et al. Vascular endothelial growth factor and angiopoietin-1 stimulate postnatal hematopoiesis by recruitment of vasculogenic and hematopoietic stem cells. J Exp
Med 2001; 193: 1005-14.
Jin DK, Shido K, Kopp HG, et al. Cytokine-mediated deployment of SDF-1 induces revascularization through recruitment of CXCR4+ hemangiocytes. Nat Med 2006; 12: 557-67.
Hur J, Yoon CH, Kim HS, et al. Characterization of two types of endothelial progenitor cells and
their different contributions to neovasculogenesis. Arterioscler Thromb Vasc Biol 2004; 24: 28893.
You D, Waeckel L, Ebrahimian TG, et al. Increase in vascular permeability and vasodilation are
critical for proangiogenic effects of stem cell therapy. Circulation 2006; 114: 328-38.
135

Bernard Lévy, Jean-Sébastien Silvestre

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

136

Henry TD, Annex BH, McKendall GR, et al. The VIVA trial: Vascular endothelial growth factor
in Ischemia for Vascular Angiogenesis. Circulation 2003; 107: 1359-65.
Simons M, Annex BH, Laham RJ, et al. Pharmacological treatment of coronary artery disease
with recombinant ἀbroblast growth factor-2: double-blind, randomized, controlled clinical trial.
Circulation 2002; 105: 788-93.
Lederman RJ, Mendelsohn FO, Anderson RD, et al. Therapeutic angiogenesis with recombinant
ἀbroblast growth factor-2 for intermittent claudication (the TRAFFIC study): a randomised trial.
Lancet 2002; 359: 2053-8.
Stewart DJ, Hilton JD, Arnold JM, et al. Angiogenic gene therapy in patients with nonrevascularizable ischemic heart disease: a phase 2 randomized, controlled trial of AdVEGF (121)
(AdVEGF121) versus maximum medical treatment. Gene Ther 2006; 13: 1503-11.
Kastrup J, Jorgensen E, Ruck A, et al. Direct intramyocardial plasmid vascular endothelial growth
factor-A165 gene therapy in patients with stable severe angina pectoris. A randomized doubleblind placebo-controlled study: the Euroinject One Trial. J Am Coll Cardiol 2005; 45: 982-8.
Lekas M, Lekas P, Latter DA, et al. Growth factor-induced therapeutic neovascularization for
ischaemic vascular disease: time for a re-evaluation? Curr Opin Cardiol 2006; 21: 376-84.
Cao R, Brakenhielm E, Pawliuk R, et al. Angiogenic synergism, vascular stability and improvement
of hind-limb ischemia by a combination of PDGF-BB and FGF-2. Nat Med 2003; 9: 604-13.
Autiero M, Waltenberger J, Communi D, et al. Role of PlGF in the intra- and intermolecular cross
talk between the VEGF receptors Flt1 and Flk1. Nat Med 2003; 9: 936-43.
Raἀi S, Lyden D. Therapeutic stem and progenitor cell transplantation for organ vascularization
and regeneration. Nat Med 2003; 9: 702-12.
Planat-Benard V, Silvestre JS, Cousin B, et al. Plasticity of human adipose lineage cells toward
endothelial cells: physiological and therapeutic perspectives. Circulation 2004; 109: 656-63.
Kalka C, Masuda H, Takahashi T, et al. Transplantation of ex vivo expanded endothelial progenitor cells for therapeutic neovascularization. Proc Natl Acad Sci U S A 2000; 97: 3422-7.
Kawamoto A, Gwon HC, Iwaguro H, et al. Therapeutic potential of ex vivo expanded endothelial
progenitor cells for myocardial ischemia. Circulation 2001; 103: 634-7.
Shintani S, Murohara T, Ikeda H, et al. Augmentation of postnatal neovascularization with autologous bone marrow transplantation. Circulation 2001; 103: 897-903.
Kocher AA, Schuster MD, Szabolcs MJ, et al. Neovascularization of ischemic myocardium by
human bone-marrow-derived angioblasts prevents cardiomyocyte apoptosis, reduces remodeling
and improves cardiac function. Nat Med 2001; 7: 430-6.
Silvestre JS, Gojova A, Brun V, et al. Transplantation of bone marrow-derived mononuclear cells
in ischemic apolipoprotein E-knockout mice accelerates atherosclerosis without altering plaque
composition. Circulation 2003; 108: 2839-42.
Tamarat R, Silvestre JS, Le Ricousse-Roussanne S, et al. Impairment in ischemia-induced neovascularization in diabetes: bone marrow mononuclear cell dysfunction and therapeutic potential
of placenta growth factor treatment. Am J Pathol 2004; 164: 457-66.
Tateishi-Yuyama E, Matsubara H, Murohara T, et al. Therapeutic angiogenesis for patients with
limb ischaemia by autologous transplantation of bone-marrow cells: a pilot study and a randomised controlled trial. Lancet 2002; 360: 427-35.
Miyamoto K, Nishigami K, Nagaya N, et al. Unblinded pilot study of autologous transplantation
of bone marrow mononuclear cells in patients with thromboangiitis obliterans. Circulation 2006;
114: 2679-84.
Schachinger V, Assmus B, Britten MB, et al. Transplantation of progenitor cells and regeneration
enhancement in acute myocardial infarction: ἀnal one-year results of the TOPCARE-AMI Trial. J
Am Coll Cardiol 2004; 44: 1690-9.

Postischemic angiogenesis: experimental aspects and therapeutic perspectives

78
79
80
81
82
83
84

Assmus B, Honold J, Schachinger V, et al. Transcoronary transplantation of progenitor cells after
myocardial infarction. N Engl J Med 2006; 355: 1222-32.
Schachinger V, Erbs S, Elsasser A, et al. Intracoronary bone marrow-derived progenitor cells in
acute myocardial infarction. N Engl J Med 2006; 355: 1210-21.
Lunde K, Solheim S, Aakhus S, et al. Intracoronary injection of mononuclear bone marrow cells
in acute myocardial infarction. N Engl J Med 2006; 355: 1199-209.
Meyer GP, Wollert KC, Lotz J, et al. Intracoronary bone marrow cell transfer after myocardial infarction: eighteen months’ follow-up data from the randomized, controlled BOOST (BOne marrOw
transfer to enhance ST-elevation infarct regeneration) trial. Circulation 2006; 113: 1287-94.
You D, Cochain C, Loinard C, et al. Hypertension impairs postnatal vasculogenesis: role of antihypertensive agents. Hypertension 2008; 51: 1537-44.
Foubert P, Silvestre JS, Souttou B, et al. PSGL-1-mediated activation of EphB4 increases the
proangiogenic potential of endothelial progenitor cells. J Clin Invest 2007; 117: 1527-37.
Foubert P, Matrone G, Souttou B, et al. Coadministration of endothelial and smooth muscle progenitor cells enhances the efἀciency of proangiogenic cell-based therapy. Circ Res 2008; 103: 751-60.

137

Angiogenesis and anti-angiogenesis
Angiogenèse et anti-angiogenèse
© 2009 Wolters Kluwer Health. All rights reserved

Gene and cell therapy in peripheral arterial
disease
Joseph Emmerich
Critical lower-limb ischemia (CLLI), the most severe form of peripheral arterial
occlusive disease (PAOD), includes symptoms of rest pain resistant to analgesics
lasting more than 15 days, or trophic disorders. The viability of the limb is threatened
and the general prognosis for patients is also compromised with a mortality rate of
around 50% at 5 years [1, 2]. The TransAtlantic InterSociety Consensus (TASC),
which recently deἀned CLLI, highlighted that “CLLI implies the notion of a chronic
condition and must be differentiated from acute limb ischemia” [3, 4]. Assessment
of hemodynamic parameters, by measuring systolic blood pressure index (SBPI), is
fundamental in order to objectively quantify lower limb perfusion. Measurement of
absolute ankle pressure is recommended; to conἀrm CLLI it must be <70 mmHg
and/or big toe pressure must be <30 mmHg and/or transcutaneous oxygen pressure
(TcPO2) must be between 30-50 mmHg. In these conditions, limb salvage through
surgical or endoluminal means is imperative, but not always feasible, due to the lack
of an exploitable recipient route or due to multiple surgical interventions. CLLI is
often associated with diffuse occlusions of the arterial bed with no distal vascularisation. In the latter situation, which represents 20 to 30% of cases, medical treatment remains the only therapeutic possibility before resorting to amputation [5].
The TASC consensus estimates that 10 to 30% of patients with CLLI will die within
6 months and that 25 to 35% will undergo a major amputation [6]. Peri-operative
mortality of amputation ranges from 5 to 10% for leg amputations and 15 to 20% for
amputations above the knee. This happens relatively frequently and is a demonstration of therapeutic failure since to date, no alternate treatment has been shown to be
effective.
The TASC consensus no longer recommends such treatments as posterior cord
stimulation or subcutaneous stimulation in the treatment of CLLI; the consensus also
judges the evidence in favour of lumbar sympathectomy to be inadequate [3].
Several therapeutic trials have studied the use of prostacyclin and its derivatives,
initially by intra-arterial administration and then by intravenous administration. The
results of the ICAI study, the largest randomised trial using a prostacycline derivative, lead to recommending the infusion of prostacyclin derivatives in CLLI patients
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with a viable limb, in whom revascularisation was impossible, particularly when the
alternative was amputation [6]. Although treatment was shown to be effective after 1
month, the effect was transitory and unfortunately had disappeared after 6 months.
Considering the aforementioned data in the medical treatment of CLLI, where
revascularisation is not a viable option, it is reasonable to state that none of the
currently available treatments can lead to signiἀcant improvement in patients and
ensure leg salvage in critical ischemia [7].
GENE THERAPY
One possible solution that is currently being assessed with a view to avoiding amputation in cases of chronic critical ischemia, may be found in therapeutic angiogenesis,
i.e., the possibility of developing a substitute vascular network. Growth factors, such
as VEGF (vascular endothelium growth factor) or FGF (ἀbroblast growth factor)
induce physiological angiogenesis. However, administering these factors in the form
of recombinant proteins is a difἀcult undertaking. These factors have a very short
half-life and must therefore be used at high doses. Efἀcacy is thus limited due to the
poor tolerability and the risk of systemic side effects at these doses. Gene therapy
allows the insertion and transfer of genes coding for angiogenic growth factors in
the muscle cells of patients with PAOD. The transfected cells then steadily produce
low concentrations of these angiogenic proteins over a period of 1 to 2 weeks. Two
types of vectors are used in clinical practice: viral vectors (adenovirus) and non-viral
vectors (use of bare plasmids or liposome-encapsulated plasmids).
In the early 1980s, Elizabeth Nabel demonstrated the feasibility of gene therapy
as a treatment for vascular lesions and since 1996 gene therapy has been developed
via various different approaches [8]. Research has lead to the discovery of vascular
growth factors, such as VEGF, which have been used in phase 1 trials to promote
angiogenesis in CLLI [9, 10]. These trials have used gene therapy with adenovirus or
bare plasmids coding for VEGF or FGF-1.
The factors were initially administered intra-arterially, but systemic dilution of the
gene transfer and diffuse atherosclerosis limited the efἀcacy. Intramuscular injection
is currently the preferred delivery method. Intramuscular injection of a bare plasmid
has been shown to be feasible; it remains in a non-replicative form, and does not
integrate with the genome, thereby limiting mutagenic risk [11].
The results described demonstrated clinical efἀcacy; however, the lack of
blinded, randomised trials available at this time must be taken into consideration.
The Transatlantic Conference on Clinical Trial Guidelines in Peripheral Arterial
Disease recommends that randomised trials need to focus on such events as the
complete disappearance of pain without analgesics, complete healing, and amputation frequency [12].
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To date, no published study has fulἀlled these criteria and, although it seems a
positive association has been found, it is not yet sufἀcient for a complete recovery from CLLI. In addition, premature interruption of the expression of the growth
factor could lead to a regression of the new vascularisation [13]. The results from
the main gene therapy trials in critical ischemia are summarised in Table 1. A total of
just over 300 patients have been included in phase I and II trials. To date, no serious
adverse effects have been reported in the clinical follow-up of this relatively small
number of patients.
The only randomised study was TALISMAN, published in 2008 [14]. In subjects
with CLLI associated with ulcers or gangrene, the study compared the injection of
Table 1. Review of gene therapy trials in critical lower-limb ischemia.
Author
(year)

Treatment

Number of patients

Follow-up

Results

Treated

Control

1

–

12 weeks

Increase in collaterals
(angiogram).
Transient oedema

Baumgartner Plasmid VEGF165
(1998)
intramuscular

9

–

6 months

Increase in collaterals
(angiogram) and SBPI

Isner
(1998)

Plasmid phVEGF165

6

–

?

Increase in collaterals
(angiogram),
improvement in SBPI

Makinen
(2002)

Adenovirus VEGF
intra-arterial
Plasmid/liposome
VEGF intra-arterial
(in combination with
angioplasty)

18

19

2 years

17

19

Adenovirus VEGF
intra-arterial.
Increase in collaterals
(angiogram), no
difference in SBPI.
No difference in clinical
events

Comerota
(2002)

Plasmid FGF-1
intramuscular

51

–

Shyu
(2003)

Adenovirus VEGF165
intramuscular

Isner
(1996)

Plasmid VEGF165
intra-arterial
(polymer hydrogel)

Rajagopalan Adenovirus VEGF121
(2003)
intramuscular

140

6 months

Reduction of ulcers,
increase in SBPI and
TcPO2
Increase in collaterals
(angiogram) and SBPI.
Reduction of pain at rest
and healing of ulcers

24

–

6 months

33

72

6 months

Patients without CLLI
but with intermittent
claudication.
No improvement in
walking distance or
SBPI

Gene and cell therapy in peripheral arterial disease

Author
(year)

Treatment

Number of patients
Treated

Control

Follow-up

Results

Shyu
(2003)

Plasmid VEGF165
intramuscular, 2
series of injections
with 1 month interval

21

–

6 months

Improvement in pain
and SBPI.
Healing of ulcers and
increase in collateral
Ḁow (angio MRI)

Motyas
(2005)

Adenovirus 5FGF-4
intramuscular

10

3

12 weeks

Increase in collaterals
(angiogram). Impossible
to come to a conclusion
on the efἀcacy because
the study was too small
and the dosage too low

Kusumanto
(2006)

VEGF165
intramuscular

27

27

100 days

No signiἀcant reduction
in amputation frequency,
but improvement in
pain, care of ulcers

Marui
(2007)

bFGF (biodegradable
gelatin hydrogel)

7

–

4-24 weeks

Increased walking
perimeter, improvement
in SBPI, to 4 steps at 24
weeks

34

7

12 months

Feasibility of treatment,
no correlation between
SBPI and prognosis

Rajagopalan Adenovirus HIF-1α
(2007)
intramuscular

CLLI: critical lower limb ischemia; SBPI: systolic blood pressure index; TcPO2: transcutaneous
oxygen pressure

NV1FGF, in 4 treatment sessions at 15-day intervals, to the injection of a placebo. The
results are positive, with a reduction in the risk of amputation in patients receiving
gene therapy. One hundred and twenty-ἀve patients were randomised to either 4 mg
of plasmids coding for FGF-1, for 4 weeks, with the injections at 2 weekly intervals,
or a placebo (saline solution). Injection of the plasmid coding for FGF-1 reduced the
risk of amputation by 50% and the risk of major amputation by 37%. Alongside these
beneἀts, there was a trend towards a reduction in mortality. The TAMARIS study
currently in progress, is expected to conἀrm these interesting results, particularly
because the positive outcomes from the TALISMAN study have been deἀned as
secondary variables in the TAMARIS study design.
CELL THERAPY
In 1997, Asahara discovered the circulating endothelial progenitor cells in human
adults and this revolutionised the concept of postnatal angiogenesis [15]. Several
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trials have conἀrmed the existence of these progenitors, their medullary origin, and
their ability to penetrate vascular structures in two models: tumor angiogenesis and
revascularisation of ischemic tissue. Adult endothelial stem cells are a potential
source for endothelium regeneration in the cardiovascular system and would be ideal
for use in autologous cell therapy. This is the process known as vasculogenesis.
Many pre-clinical trials on ischemia models have used cell therapy to induce therapeutic angiogenesis by integration with a new vascular network and/or by the secretion of growth factors [16]. Cell therapy offers several advantages over gene therapy.
First of all, autologous cells are used, thus potentially eliminating the risk of rejection. Additionally, the theoretical risk of gene therapy-induced diseases is reduced.
Such diseases may be either directly linked to the action of the growth factor coded
by the injected plasmid or to the insertion of the plasmid itself (despite all necessary
precautions). The cells used are “stem cells” of medullary origin and the conditions
for their differentiation are still not clearly understood.
Two types of cells have been used in pre-clinical trials: circulating endothelial cells (EPC, endothelial progenitor cells) of monocyte origin (CD14+), known
as early cells but also called CFU-Hill, and EPCs known as late or outgrowth
endothelial cells (CD14–) [17]. Though these cells can induce angiogenesis in vivo
in animal models, only bone marrow mononuclear cells (BMMNC) or peripheral
blood mononuclear cells (PBMNC), after stimulation by G-CSF (granulocyte
colony-stimulating factor), have been used in phase I and phase II clinical trials
in humans. After encouraging results in animal models, the ἀrst study was carried
out in humans in 2002; it used intramuscular injection of medullary autologous
mononuclear cells in patients with chronic critical lower limb ischemia [18]. A
ἀrst group of 25 patients with unilateral ischemia were injected with the medullary
cells in the affected limb and saline solution in the contralateral lower limb. As
these results were very encouraging, a second group of 22 patients with bilateral
ischemia was randomised to medullary cells or blood mononuclear cells, the latter
treatment group being the control group. After 24 weeks, a signiἀcant improvement in all clinical parameters was noted in patients treated with medullary cells
and neo-angiogenesis was conἀrmed on lower limb arteriograms. The treatment
was very well tolerated. Several other studies using the same procedure have since
been published with similar results, a summary of which is shown in Table 2. At
present, more than 600 cell-based therapies have been carried out in humans, with
more than half of the cases reported in publications from Asia. In France, 3 openlabel trials in this indication are currently underway using medullary autologous
mononuclear cells (Amiens, Nantes, Reims, Grenoble, Paris [Hôpital Européen
Georges-Pompidou], Marseilles). A randomised, double-blind, trial (the BALI
study) has been undertaken in France to assess the efἀcacy of this therapeutic
approach on major clinical events including amputation and mortality.
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Table 2. Review of trials in cell therapy in critical lower-limb ischemia.
Author
(year)

Treatment
(number of
cells)

Injection

Number of
patients

Follow-up

Results

TateishiYuyama
(2003)

BMMNC
IM, calf
45
(0,7-2,9 × 109) 40 × 0,75 mL

24 weeks

Increase in collaterals
(angiogram), SBPI and
TcPO2

Higashi
(2004)

BMMNC
(1,6 ±
0,3 × 109)

IM, calf
7
40 × 0,75 mL

24 weeks

Increase in collaterals
(angiogram), SBPI and
TcPO2 and vasomotricity

Huang
(2004)

PBMNC
(3 × 109)

IM, thigh,
calf and foot

5

12 weeks

Increase in SBPI and
perfusion (laser-Doppler)

Saigawa
(2004)

BMMNC
IM
(6,04 ±
1,58 × 107/kg)

8

4 weeks

Correlation between SBPI
improvement and the
number of CD34+ cells in
the cell therapy product

Huang
(2005)

PBMNC
(3 × 109)

IM, calf
14 treated,
3 months
40 × 0,75 mL 14 control
(randomised
trial)

Increase in SBPI and
perfusion.
78% healing in active
group vs. 39%

Yang
(2005)

PBMNC

IM, foot and
calf

6 months

Pain improvement in 87%
of cases.
Ulcer healing. TcPO2 and
SBPI improved

Kim
(2006)

BMMNC
stimulated

6 intraosseous 27
injections,
tibia

20 months

Moderate pain
improvement.
Healing de 13/17 ulcers.
Increased collaterals

Gu
(2006)

BMMNC
stimulated

IM, intraarterial or
both

5 months

Improvement of pain in
90% of cases.
Healing of 10% of ulcers.
Improvement SBPI, TcPO2

Durdu
(2006)

BMMNC

IM, foot, calf, 28
forearm

20 months

Healing in 83% of cases.
Pain improvement.
Collateral visible on
arteriogram

Miyamoto BMMNC
(2006)
(3,5 × 109)

IM, calf, foot 8

12 months

1 unexplained death,
4 unfavourable outcomes

Saito
(2007)

IM

24 weeks

Reduction of rest pain,
improvement in ulcers

BMMNC

62

35

14

BMMNC: bone marrow mononuclear cells; PBMNC: peripheral blood mononuclear cells after
stimulation by G-CSF; IM: intramuscular; SBPI: systolic blood pressure index.
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Huang et al. [19] published a study on a different approach, using PBMNC that
are mobilised by subcutaneous injection of G-CSF at a dose of 600 µg/day for
5 days. On the ἀfth day of stimulation, a sample of approximately 300 mL of
PBMNC was taken and concentrated, then injected into 40 sites on the ischemic
leg for a total injected dose of 3 × 109 PBMNC. The authors randomised 28 patients
with diabetes and CLLI to either PBMNC or conventional treatment, with a follow
up of 3 months. There was a signiἀcant improvement in the main symptoms (pain
and ulcer) in the 14 treated patients. No amputation was performed in the treatment group compared with 5 amputations in the control group (p = 0.007). This
study suggests that the autologous transplantation of PBMNC, after G-CSF stimulation, could also be an effective and reliable procedure for CLLI. An advantage
of this procedure is that neither general anaesthesia nor bone marrow puncture is
required.
A recent anatomopathological study carried out at our centre on patients treated
by cell therapy, demonstrated considerable neovascularisation in vivo. The immuno
histochemical analysis of amputation samples from patients treated with the cell
therapy was compared to that of control patients, amputated during the same time
period and matched according to age and sex. In 3 patients that received cell therapy,
active angiogenesis was observed in the ischemic leg at the distal level, but not in the
leg muscle. All new vessels were positive for endothelial markers (CD31, CD34, von
Willebrand factor) and negative for lymphatic markers (podoplanin). The immunohistochemical markings for Ki 67 and c-kit showed raised endothelial proliferation
in the newly formed vessels [20].
BUERGER’S DISEASE
Cell therapy and gene therapy have both been used in subjects with Buerger’s disease,
which is an occlusive and segmental inḀammation of arteries and of veins, characterised by thrombosis and recanalisation of affected vessels. This non-atheromatous
inḀammatory disease affects small and medium-caliber arteries; diagnosis is made
according to the clinical criteria published by Olin in 2000 [21]: less than 45 years of
age, present or past tobacco consumption, presence of ischemia in distal extremities
(lower and/or upper limbs). In patients with Buerger’s disease, surgical revascularisation can prove difἀcult because the affected area is systematically distal. Therefore,
with the exception of tobacco cessation, the currently available treatments show
limited efἀcacy and cannot guarantee a long-term response or complete recovery.
Isner et al. [22] conducted a phase I clinical study to show the efἀcacy and tolerability of intramuscular injection of VEGF165 in 6 patients with Buerger’s disease.
The results showed that if the treatment was initiated before gangrene developed,
ulcers were seen to heal completely and no amputations were necessary. However,
this study did not have a control group.
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Cell therapy was used in a pilot study in 8 patients with Buerger’s disease, diagnosed according to Olin’s criteria [23]. The treatment used bone marrow mononuclear cells with a 4 year follow-up: the results demonstrated a long term improvement in ischemic symptoms.
However, the main advantage of this trial was that it highlighted the possibility of
developing a secondary vascular network in this particular population. It must be
noted that one patient died 20 months after treatment administration; this patient did
not have any cardiovascular risk factors and had given up smoking before inclusion
in the trial. The possible relation between this death and the cell therapy administered
cannot be excluded, coronary mortality being a rare occurrence in young subjects
with Buerger’s Disease.
The injection of BMMNC in apolipoprotein E knockout mice is likely to promote
the development of atherosclerotic lesions, because angiogenesis is necessary for the
development of intima-media plaques [24]. Further studies are necessary to assess
treatment safety in patients with this disease.
CONCLUSION
To date, no studies on gene or cell therapy have reached an authoritative conclusion
on the efἀcacy or tolerability of these innovative treatments. Addressing such questions requires randomised trials on a larger scale, with the reduction in the frequency
of major amputation as the primary endpoint.
Although these new treatment possibilities for PAOD have opened up some fascinating perspectives, they have also raised many questions.
Which cells should be used? Several studies are currently investigating mesenchymal cells, adipocytes, and embryonic stem cells.
At what frequency should the injections be given and which delivery route should
be used?
Is it necessary to combine gene therapy and cell therapy (transfection of the cells
used by the gene in question)?
Is short-term and long-term safety really guaranteed, given the theoretical risk of
stimulating the development of latent cancers or aggravating atherosclerosis?
Furthermore, critical ischemia with trophic disorders is the ἀnal stage of PAOD
and is associated with a high rate of morbimortality; therefore, a better means of
assessing treatments aimed at stimulating angiogenesis may well exist. A more
appropriate approach may be to focus on patients with rest pain only or to combine
gene or cell therapy with distal bypasses or angioplasty in subjects with a better
prognosis. Another recent innovative approach involves developing artiἀcial vessels.
This technique represents a new angle of research for the management of operable
patients but who no longer possess the autologous material necessary for surgical
intervention [25].
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Cell therapy in cardiac disease
Philippe Menasché
The possibilities offered by cell grafts in the heart give rise to a great deal of hope.
With the objective of giving renewed functionality to myocardial territories that have
become akinetic following infarction, cell therapy in cardiology is already proving
to be a clinical reality, attested to by the large number of currently ongoing clinical
trials.
CELL THERAPY IN MYOCARDIAL INFARCTION
Excessive left ventricular dilatation after infarction is one of the strongest predictive factors of the risk of death [1]. One of the main objectives of cell therapy is to
achieve greater reduction in left ventricular remodelling than that obtained with the
currently available treatments of myocardial infarction, such as revascularisation by
angioplasty during the acute stage, thrombolysis, and stents, etc. Considering the
high success rate of these existing approaches, the challenge is evidently an ambitious one.
Assessment of cell therapy
Nowadays the procedure for cell therapy is perfectly standardised. A catheter is
inserted into the artery, which was repermeabilised some hours or days earlier, and
mononuclear bone marrow cells of the patient are injected. These cells are chosen
because they are immediately available and also small in size, thus ensuring the
safety of the intracoronary injection [2].
A meta-analysis of 13 controlled trials including 811 patients recently assessed
this procedure. Left ventricular ejection fraction showed a statistically signiἀcant
improvement of 3% (p = 0.0007). Though modest, the beneἀt derived from cell therapy is not a negligible one. In contrast, no notable effect on ventricular remodelling
was observed [3].
Some have concluded from the meta-analysis that cell therapy is and will remain
ineffective. In reality, however, these apparently negative results are extraordinarily
positive due to the mass of information which they have brought to light. In particular, they have led to the identiἀcation of the factors responsible for the poor results,
thus opening the way to more appropriate angles of research.
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Factors of success or failure related to delivery procedure
What are the factors which may explain the limited beneἀts derived from cell therapy?
Some have to do with the procedure used. For example, it was shown that the timing
of cell delivery must be taken into consideration. Additionally, cell homing can vary a
great deal depending on whether the injection was performed 1 hour or 24 hours after
the acute stage of the myocardial infarction. Clinical studies are currently seeking to
identify the optimal moment for cell administration; this question is thus likely to be
clariἀed. The dose of cells administered is also undoubtedly a key factor to success.
The meta-analysis has thus shown that the greater the number of cells injected, the
more signiἀcant the improvement in ventricular ejection fraction. Success is therefore
dose-dependent and the dosage can certainly be optimised (ἀg. 1) [3].
Impaired cell function
Impaired cell function is probably a far more arduous stumbling block. In an animal
model of leg ischemia, it has been shown that administration of bone marrow cells
taken from a healthy subject improved the ischemia, while cells from a subject with
ischemic heart disease had no effect. The situation is similar when coronary patients
are treated with the injection of marrow cells, rendered non-functional as a result of
the coronary disease.
Study
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Figure 1. Improvement of left ventricular ejection fraction in myocardial infarction patients according
to quantity of cells administered. (Reproduced with permission from Martin-Rendon, et al.[3]).
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The cells could be tested before the injection, but the procedure would then prove
too long, too complex and too costly for routine use. A second strategy would be to
have stocks of cells at our disposal; these would be allogeneic but already tested and
proven functional beforehand. The product would then be “ready-to-use” just like
a traditional drug. The problem of rejection persists, but this could be avoided by
using mesenchymal stem cells (MSC) if the “immunological advantage” currently
attributed to them is conἀrmed.
Which delivery route for these cells?
What is the best way to administer allogeneic MSCs? Theoretically, the intravenous route is the most appealing: access is simple and without risk, but before they
reach the heart the cells are captured by the marrow, the spleen, and the lung. In this
respect, left endocardial delivery would be more effective, but this method is not
without risk when used a few hours after myocardial infarction. The alternative is
the intracoronary route: recent animal studies conducted to assess the impact of the
dose administered and associated antithrombotic treatment showed that MSCs from
adipose tissue or marrow delivered by intracoronary injection are indeed beneἀcial
to cardiac function. In addition, these studies have proved reassuring with regard to
formerly existing concerns about the risk of capillary occlusion by MSCs which are
twice as large as mononuclear cells [4-6].
If these results are conἀrmed and validated, we will have made a big step forward
in the development of a functionally effective cell therapy, which can be easily stored,
and used in emergencies.
Homing of injected cells remains inadequate
After intracoronary injection, only approximately 3% of the cells administered are
found in the heart. Different techniques have been developed with a view to improving this rate. Some of these are based on biological approaches, such as the manipulation of host tissue to trigger ampliἀcation of the homing signal. A number of simple
technical improvements have also been considered, such as a catheter which, rather
than releasing the cells within the vessel lumen, distributes them around it, which
would appear to be an effective way of increasing the number of cells that actually
penetrate into the myocardial parenchyma.
Inadequate improvement in ventricular ejection fraction
The meta-analysis of randomised trials that assessed the beneἀt of administering bone
marrow cells following myocardial infarction showed only a very modest improvement in ventricular ejection fraction. Some have interpreted this result as conclusive
proof of the failure of this technique. It is useful to remember that studies of drugs
such as beta-blockers or angiotensin converting enzyme (ACE) inhibitors showed
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similar results, whereas nowadays, no-one contests the capacity of these drugs to
save lives. For example, in 2004, the CAPRICORN (Carvedilol post-infarct survival
control in left ventricular dysfunction) study evaluating the effects of carvedilol,
a beta-blocker, on left ventricular remodelling following acute myocardial infarction only demonstrated a 4% improvement in left ventricular ejection fraction [7].
In 2007, a meta-analysis of the effects of ACE inhibitors also revealed similar
ἀgures [8].
It is therefore still too soon to claim that cell therapy in cardiac pathology has no
future.
CELL THERAPY in HEART FAILURE
With 5 million people affected, heart failure is the ἀrst cause of hospitalisation in
the United States. In France, 150 000 new cases are reported every year, 10 000 of
which are serious forms; 3% of the healthcare budget is spent on patient management. Despite recent progress in terms of treatment of heart failure, cardiovascular
deaths are still frequent in these patients. Cell therapy for heart failure aims to
regenerate post infarction akinetic scars. Three randomised controlled trials were
conducted to study administration of skeletal myoblasts in this indication. In two
studies, the cells were injected via an endoventricular catheter. The results were
positive for one and negative for the other. In the MAGIC (Myoblast Autologous
Grafting in Ischemic Cardiomyopathy) study, surgical cell transplantation was
performed in addition to coronary bypass but did not succeed in reaching its
primary endpoint [9]. This trial included a relatively large number of patients (120
randomised patients in 5 countries). It was conducted to study the effects on cardiac
function of injecting myoblasts into infarction scars. Although cardiac function was
indeed improved in the patients treated, there was no difference between this and
the placebo group.
It is however interesting to note that the group treated with the highest dose of
myoblasts showed a signiἀcant reduction in left ventricular end systolic and diastolic
volumes (p < 0.05). Therefore, although cell therapy was indeed shown to have an
effect on ventricular remodelling, it was insufἀcient to improve cardiac function
(ἀg. 2) [9].
Trials conducted with bone marrow cells have not shown any better results than
those with myoblasts. The safety proἀle of cardiac cell therapy would appear to be
satisfactory except for a number of concerns regarding a possible increase in the risk
of ventricular arrhythmia; interpretation nevertheless remains complex because of
the diversity of causal factors. The patients in the MAGIC study underwent cardioverter deἀbrillator implantation. Objective monitoring of ventricular arrhythmias
was therefore possible, and this showed no signiἀcant difference between treatment
and placebo groups at the 6-month study point.
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Figure 2. Six-month change from baseline in indexed end diastolic volume in heart failure patients
according to quantity of cells administered. (Reproduced with permission from Menasché, et al.[9]).

Areas for improvement: cells
There are two potential courses of improvement: the ἀrst can be qualiἀed as conservative and the second as aggressive. The conservative option recognises the unfeasibility
of regenerating damage caused by the infarction and focuses on optimal exploitation
of the paracrine effect of grafted cells by selecting the most effective. The potential
paracrine effects include stimulation of angiogenesis, an anti-apoptotic effect, remodelling of the extracellular matrix (which increases the elasticity of scar tissue and
reduces ἀbrosis) and salvaging cardiomyocytes (since damage is reversible).
Which types of cells are involved? The CD34+ and CD133+ fractions of hemato
poietic stem cells or mesenchymal stem cells possess a paracrine effect. One recent
study showed that these cells secrete sufἀcient mediators to reduce apoptosis and
therefore the extent of the infarction, thus improving left ventricular function. It is
probably this paracrine effect that explains the beneἀts on ventricular remodelling
reported with cell therapy in the MAGIC study.
With the aggressive option, we are faced with the challenge of generating new
cardiomyocytes from stem cells. Cardiac stem cells would appear to be the most
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appealing candidates but only exist in infants, during the ἀrst months of life. On the
other hand, pluripotent embryonic stem cells would appear to be the best candidates.
In our group, Michel Pucéat and colleagues have developed a process whereby these
cells are pre-oriented towards a cardiac phenotype; subsequently, cardiac progenitors
alone are selected. Trials carried out in an animal model of infarction subsequently
showed that these cells indeed become functional cardiomyocytes. The induced
pluripotent stem cells, or iPS, are the latest potential progenitors [10] but their potential clinical use is still fraught with several limitations.
The main advantage of these cells is that they originate in the patient himself.
However, autologous products do create considerable logistical problems, particularly when large numbers of patients are to be treated.
Improving delivery and survival of cells
Eighty per cent of the cells administered are likely to be lost when they are injected
via a syringe. Computer-controlled injection systems improve precision and may
lead to better results. The incorporation of cells in biomaterials could also favour
better retention. In our experience, alternative techniques using cellularised collagen
patches or sheets of cells held together by the extracellular matrix proved to be more
effective than conventional injection.
Furthermore, the populations of administered cells are subjected to considerable
mortality in the days following the injection [11, 12]. The reasons for this cellular death are now better known, and include inḀammation, ischemia, and apoptosis
caused by the detachment of the extracellular matrix. These ἀndings provide a plethora of research paths in order to attempt optimisation of cell graft survival.
CONCLUSION
The choice of cells should be determined by clinical indication. Different types of
cells, whether adult or embryonic, may be effective in certain cases but less so in
others. It is therefore necessary to take into consideration the patient and the speciἀc
disease in order make the most appropriate choice of cells.
The improvement of transfer/survival techniques is as important as the identiἀcation of the “best” cell. Indeed, it is of no beneἀt to have highly effective cells if we
are incapable of delivering them where they are needed and keeping them alive once
delivered. Cell survival may require that the cells are delivered with their vascular
support and extracellular matrix.
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On the symbolism of angiogenesis
and anti-angiogenesis
Janine Chanteur
Departing slightly from scientiἀc research, which has brought to light the process of
angiogenesis and anti-angiogenesis and is striving to master it, let us dwell brieḀy on
its underlying symbolism. Such reḀection highlights two lamentable misjudgements
which have entered contemporary mindsets and are jeopardising research work.
One is the unquestioning veneration of the sacredness of Nature and the other is the
absurd notion that Man and animals are equals. Such convictions, and the outrageous
propaganda used to publicise them, are genuinely appalling – activists are attempting
to halt scientiἀc research on fallacious moral grounds based on pseudo philosophical or purportedly scientiἀc arguments. In the light of the reality of angiogenesis and
anti-angiogenesis, these impassioned assertions have neither rhyme nor reason, and
stem from arbitrary ideas and misguided sentimentality.
angiogenEsIS AND THE SACREDNESS OF nature
Angiogenesis is considered a “natural” phenomenon, ensuring the growth of embryos
and normal human development through till adulthood, and also helping to heal
bodily wounds (also a “natural” process). It thus plays a vital role and encounters
no difἀculties when functioning normally. This life force belongs to the so-called
“bright” side of Nature, which labours to promote harmony.
In contrast, when angiogenesis evolves in an anarchic (although equally “natural”)
fashion, it produces a form of life which can be considered to work “against” Life.
As such, it encourages the proliferation of cancerous cells, helping them devour
healthy cells and spread throughout the body via blood vessels that it either creates or
hijacks. Although this is also a natural process per se, it is potentially lethal if there
is no outside intervention. The voracity of cancer cells may be likened to latter-day
conquerors who starved their captives to death.
So how can we come to terms with Nature, which is so admirably capable of
promoting Life yet which, with equal verve, can cause death by actively encouraging an invasive, anarchic form of life? This “natural” phenomenon not only kills
what feeds it, but may also commit suicide. It should be noted that “natural” is not
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synonymous with “normal” although the terms are sometimes (mistakenly) used
interchangeably. “Natural” denotes how things are without any human intervention,
whereas “normal” is a value judgement with legal, scientiἀc, even moral overtones.
Incidentally, the two words have very different etymological roots.
Should we, therefore, continue to fantasise about the perfection of what is “natural”
regardless of how it manifests itself? Or revert to the notion of the ambiguity (even
ambivalence) of Nature for which Man is not responsible, even though his wrongdoing may worsen or even cause damage. Ecology is a laudable idea and worthy of
respect, except when the “idea” veers towards “ideology” and its adepts fail to see
that it has moved beyond well-intentioned ecology and into toying with Death. Alfred
de Vigny made a harsh yet realistic comment in his poem La maison du berger where
a personiἀed Nature deἀnes itself thus: “On me dit une mère et je suis une tombe” [I
am known as Mother Nature, yet I am a tomb]. In fact, like angiogenesis and many
other “natural” phenomena, it is both at the same time.
Although it is undoubtedly harmful and worthy of condemnation to pollute the air in
our cities and pour toxic substances into the soil, oceans or rivers, it is equally wrong
to worship Nature and give it power of life or death over Mankind. An idol by deἀnition lives off those who worship it. However, the worst thing is that the idolatrous
often worship themselves - convinced they hold the Truth, zealously propagating it
and attempting to crush any opposition. Think of Greenpeace and its emulators who
would love to bring back obscurantism. Mutatis mutandis – cancer itself can claim
as much arrogance and tenacity.
angiogenEsIS AND THE worshiping OF ANIMALS
Research into angiogenesis revealed a process which treatments at the time were not
always able to control. Once it was understood how Nature produced cancer cells,
the idea came up in the 70”s to prevent them from multiplying by depriving them of
their blood supply. Anti-angiogenetic drugs were discovered, thanks to experimentation on animals (on mice in this instance).
Animal rights activists, without giving the slightest thought to curing the terminally ill ahead of the medical breakthrough, vociferously condemned the massacre of mice and other animals vital to research, on the pretext (and, alas, doubtless
sincerely convinced) that animals have the same rights to live as Man. It is widely
known that certain treatments, pharmacological or otherwise, cannot be identiἀed or
developed without experimention on animals, and thus be legally used on humans
without animal testing. Stringent regulations govern any experiments of this sort and
are designed to prevent abuse. However, hardcore activists have no qualms about
disrupting laboratory experiments, committing criminal offences and even physically
assaulting research workers in order to defend animal rights. Contemporary zoolatry
is a new form of idolatry – it is the worship of animals to the detriment of Man.
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Affection and concern for animals is normal, even laudable. However, a hysterical
preference for animals over people verges on the pathological. It is not because Man
is a “thinking animal” (the classic deἀnition since Aristotle) that we should prefer
Man to animals, but because we alone are capable of distinguishing between Good
and Evil, and of acknowledging the existence of “neighbours” who we should help
to cure when necessary. Even if animals have some powers of reason (an undeniable
fact), they never consider it their “duty” to treat the ailments of their peers or retrieve
a wounded enemy. It should be noted, moreover, that these glimmers of intelligence
have not resulted in any inventions or their advancement.
CONCLUSION
To conclude, it still remains that to sacriἀce living, feeling animals is a serious act
and one that is hard to face. However, although Man is the most consummate of
beings (despite his all too frequent acts of evil), he is also alone in wishing to surpass
himself while recognising the ever precarious nature of his achievements and accepting the inevitability of his own death.
It is the ἀnite nature of the human condition that makes us consider caring for our
fellow men more important than an animal”s life, yet prevents us from totally ignoring the contradiction between affection for animals and using them in experiments.
This is why we should strive to save our neighbour while doing as little harm to
animals as possible. In other words, we should make every effort to do good in the
knowledge that we will never achieve total success. This is why we should work for
the beneἀt of Man with courage and modesty and dismissing any form of dogmatism, without ignoring the underlying contradiction between caring for animals and
making use of them. We should set our sights on moral perfection, even if we are
unable to achieve it, in this life at least. It is a reḀection of the harshness, weakness
and misery of the human condition, but also its undeniable value.
To me, treating both Nature and animals as sacred are exposed as blatant aberrations if one considers angiogenesis, a natural life-giving process which can also prove
lethal, and anti-angiogenesis which, thanks to human ingenuity, offers a wonderful
opportunity to save our fellow human beings.
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Hypoxia and tumor progression:
new therapeutic approaches
Jacques Pouysségur

AngiopoIEtins AND VEGF-A: TWO KEY PLAYERS
in NEOVASCULARIZATION
Among the wide range of angiogenic factors, VEGF-A and angiopoietin are two major
players in neovascularization. We know that signaling by the Tie-2 tyrosine kinase
receptor when bound by angiopoietin 1 stimulates the recruitment of pericytes. The
Notch pathway activated in endothelial cells maintains these cells in quiescence by
blocking the cyclin D-Cdk4 pathway. When neovessel formation is required, for example in tissue repair or tumor development, angiopoietin 2, a natural antagonist of angiopoietin 1, “turns off ” the Tie-2 receptor signaling by displacing angiopoietin 1. This
process breaks down the structure of the existing capillaries, which allows vascular
endothelial cells to become responsive to VEGF-A and, subsequently, the basic steps
of migration and division thus ensuring neovascularization [1].
decreaseD oxygen pressure (hypoxia) is the signal
for NEOVASCULARIZATION
Angiopoietin 2 and VEGF-A are induced by hypoxia, and neovascularization
occurs when there is oxygen deἀciency. The key regulator of the cellular response
to hypoxia is the HIF factor (hypoxia inducible factor) which was discovered some
15 years ago by the Semenza group [2]. The application of hypoxic stress in cell
cultures (from a wide variety of species ranging from Caenorhabditis elegans to
humans) causes the rapid induction of an HIF-1α subunit. HIF-1α migrates into the
nucleus and associates with HIF-1β, forming the transcription factor HIF-1, which
ensures cell survival by inducing transcription of various genes. This process is
extremely fast and can be observed within 10 minutes of inducing hypoxic stress.
Similarly, increasing oxygen supply stops the process by preventing the further
release of HIF-1α protein, which has a half life of less than ἀve minutes under
normoxic conditions.
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OXYGEN SENSORS CONTRIBUTE TO THE DESTRUCTION
AND THE INACTIVATION of HIF-1α
The study of HIF-1α regulatory mechanisms, particularly by P. Ratcliffe’s group in
Oxford, has revealed the key role played by a group of hydroxylases. Inactivation of
HIF-1α involves three HIF prolyl-hydrolase enzymes (PHD1, 2 and 3), PHD2 being
the enzyme responsible for the low levels of HIF-1α under normoxic conditions.
These PHD enzymes are genuine oxygen sensors, and as such are capable of detecting and reading the oxygen pressure within a cell’s nucleus and cytoplasm. They
have two cofactors, oxygen and 2-oxoglutarate. Under normoxic conditions, PHD2
hydroxylizes two proline residues located in the N-TAD transactivation domain. The
hydroxylated proline residues are then recognized by the pVHL (von Hippel Lindau)
protein, which is a subunit of a multiprotein complex with ubiquitin ligase activity
that transfers several ubiquitins onto its substrate. The polyubiquitin chain is recognized by the proteasome catalytic system, which then rapidly degrades HIF-1α.
The Km for oxygen of these enzymes is relatively high, so that a greater than 20%
decrease in oxygen levels results in a decrease in PHD activity, inducing the concomitant stabilization of HIF-1α. The stabilized HIF-1α protein can induce genes that
then participate in the genetic response to hypoxia.
In addition, the fraction of HIF-1α that escapes the proteasome is inhibited by
another oxygen sensor, HIF-asparaginyl hydroxylase (FIH). FIH hydroxylates asparagine located in the C-TAD transactivation domain, which prevents the binding of a
general transcription coactivator (p300) and prohibits the introduction of dependent
genes.
HIF-1α activity is regulated by two cellular oxygen sensors, PHD and FIH, which
are dependent not only on cellular pO2 but also on 2-oxoglutarate levels.
HIF-1α bifUnctionality confErs greater flexibility
for adaptation to hypoxic conditions
We examined the physiological signiἀcance of the presence of two transactivation
domains on HIF-1α and have been able to show that N-TAD and C-TAD induce
different groups of genes. This observation is of both academic and physiological
interest. Under high oxygen pressure in cells located near a capillary, both oxygen
sensors, PHD2 and FIH, are activated and HIF-1α is degraded and/or inhibited. The
intracellular oxygen gradient drops in cell populations further away from the capillary, PHD2 and FIH tend to be inactivated and HIF-1α is stabilized. However, PHD2
is the ἀrst of the two hydrolases to be inactivated when the decrease in intracellular pO2 is moderate. Only the C-TAD transactivation area remains blocked by FIH
activity which is highly sensitive to oxygen. Under these conditions, only the genes
induced by C-TAD are expressed, such as the proapoptotic gene BNIP-3. When the
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cell becomes more hypoxic, both N-TAD and C-TAD areas are “freed” and the entire
gene repertoire controlled by HIF-1 is induced.
Therefore, two oxygen sensors with different afἀnities for oxygen are present. These
sensors act on two distinct transactivation domains and provide various responses to
different oxygenation conditions (ἀg. 1).
On a physiological level, this dual mode of control gives the cell greater Ḁexibility
when adapting to cellular pO2 values [3, 4].
HIF-1, A FACTOR IN CELL SURVIVAL
Inactivation of PHD2, induced by the decrease in pO2, results in the induction of
the bnip-3 gene. Initially, the BNIP-3 protein was thought to induce cell death.
However, it has become difἀcult to support this simple view because the bnip-3 gene
is induced when oxygen pressure is moderately decreased and it does not cause cell
death. Why would HIF-1, which is a survival factor, induce a gene for cell death? In
fact, we found that the gene products of bnip-3 and its family member bnip-3L, both
induced by HIF-1 and expressed in the mitochondria, induce autophagy [5]. When
nutritional conditions decline, the cell can survive by initiating a controlled autolysis
process, which supplies nutrients until adequate nutritional conditions return. This
is, therefore, a survival process and it is remarkable that a decrease in pO2, the signal
triggering neovascularization, also triggers the autophagic process. The decrease in
intracellular oxygen pressure signals the general reduction of nutrients to which the
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Vessel

Figure 2. HIF-1: a survival molecule for cells under hypoxic stress. Human colon adenocarcinoma (LS174)
tumor implanted in a nude mouse. Carbonic anhydrase CAIX, a marker induced by HIF, is detected (antiCAIX antibodies appear as the light coloured mesh-work.). This marker coincides with the expression of
HIF-1α. It is detected more frequently in cells further from the vessel in the center of the ἀgure.

cell responds by the induction of an autophagic process, which enables it to compensate, to some extent, for a nutritional deἀciency (ἀg. 2).
HIF-1 IS INVOLVED IN THE REGULATION OF INTRACELLULAR
TUMORal PH
Since the pioneering work in the last century by Otto Warburg, we know that most
cancer cells use glycolysis, even in the presence of oxygen. This process transforms
glucose into pyruvate, the ἀnal byproduct of which is lactic acid. This system, which
produces only two adenosine triphosphate (ATP) molecules per glucose molecule,
is inefἀcient. In addition, the accumulation of lactic acid decreases the pH locally,
which can be toxic and require the implementation of pH regulation mechanisms. We
have recently found that the expression of HIF-1 is crucial in this metabolic “switch”
and that HIF-1 is directly involved in the regulation of intracellular pH [3].
Although hypoxia is the main factor in HIF-1α induction, other stimuli are able
to increase the level of this transcription factor in certain cell types. For example, in
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Figure 3. Aberrant glucose metabolism in cancer cells. Accumulation of Ḁuoro-deoxyglucose in a case
of metastatic lung cancer visualised by FDG-PET (Reproduced with permission from Beer, et al. [6]).

oncogenic conditions, such as those caused by the deletion of PTEN, HIF-1 activity can be increased even in the presence of oxygen, as a result of the Akt pathway
being activated by the constitutive activation of phospho-inositide 3 kinase (PI3K).
Furthermore, mutations in the HIF-1α destabilization process have been identiἀed in
several types of human tumor (vhl, sdh, idh1, etc.), leading to the activation of HIF
under normoxic conditions. HIF-1 induces the kinase PDK1, which prevents pyruvate dehydrogenase activity, and which, by induction of LDH-A, somehow “forces”
glycolytic metabolism, a process of ATP generation requiring an excessive consumption of glucose [7]. This aberrant metabolism is currently widely used in FDG-PET
(F-18 Ḁuorodeoxyglucose positron emission tomography) diagnostics that detect
the accumulation of the non-metabolized analogue of glucose. Beyond that, we are
convinced that improved knowledge of this aberrant glucose metabolism will lead to
better cancer therapy management (ἀg. 3).
HOW DO MAMMALIAN CELLS CONTROL INTRACELLULAR PH?
If intracellular pH regulation is blocked, glycolysis and glycolytic ATP production
will also be blocked by a feedback mechanism. If the cell is strictly dependent on
glycolysis for its energy supply, this action will cause cell death by necrosis.
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Which intracellular pH regulatory systems have been identiἀed? The sodiumproton exchanger is a universal pH regulator. It uses the sodium “inward” gradient
to extract protons from the intracellular medium. This exchanger, activated at acidic
pH, is the target of all growth factors. All mitogens are able to increase the afἀnity for the H+ regulatory site, allowing cell proliferation to impose a more alkaline
intracellular pH. Lactic acid, which is also a factor in acidiἀcation of the intracellular
medium, is extracted from the cell by the lactate-proton cotransporters MCT1 and
MCT4. The carbonic anhydrases, especially those induced under hypoxic conditions,
as discussed below, are also enzymes that can play a key role in the adaptation of
cells to an acidic micro-environment.
To understand the impact of acidosis on tumor incidence, we isolated and studied a
series of ἀbroblast mutants from different metabolic steps: mutants lacking phosphoglucose isomerase (pgi–), which no longer produce lactic acid, mutants lacking respiration (res–) and, as a consequence, are totally dependent on glycolysis and generate
high levels of lactic acid, and ἀnally mutants lacking the Na+/H+ (nhe1–) exchanger.
In summary, the loss of the Na+/H+ (nhe1–) exchanger particularly affected the
tumorigenicity of cells producing high levels of lactic acid. The pgi– cells formed
tumors normally, even in the absence of the Na+/H+ (nhe1–) exchanger. These important results provide “proof of concept”; tumor cell pH regulators with high glycolysis
are potential anticancer targets [3].
Control of intracellular pH: WHAT is the CLINICAL
TRANSLATION?
Under hypoxic conditions, tumor cells are forced to draw their energy from glycolysis and, consequently, produce large quantities of lactic acid. If the regulation of
intracellular pH is inactivated, tumor development rapidly collapses.
Could this observation be translated into a clinical beneἀt by providing new therapeutic targets?
In addition to Na+/H+ (nhe1–), carbonic anhydrase (CA) could be one of these new
targets. We know approximately 13 isoforms of carbonic anhydrases, but we are
particularly interested in carbonic anhydrase IX (CAIX) and XII (CAXII), which are
strongly induced by HIF-1 and can be found in most human epithelial tumors.
The carbonic anhydrases are localized in the plasma membrane. Their catalytic
domain, located outside the cell, catalyses the hydration of CO2 which releases bicarbonate and a proton (H2O + CO2 = HCO3– + H+). Bicarbonate is rapidly taken up by
the cell while the proton remains in the extracellular domain. The presence of CAIX or
CAXII contributes to the acidosis that is found in most solid tumors, while the uptake
of bicarbonate should help maintain a more alkaline intracellular pH, allowing glycolysis and protein synthesis to take place in a very hostile acidic environment (ἀg. 4).
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Figure 4. CAIX and CAXII are potential targets for anticancer therapeutics.

CAIX INDUCED BY HYPOXIA PROMOTES THE SURVIVAL
OF TUMOR CELLS
We have attempted to understand what beneἀt tumor cells derive from the expression of CAIX and if CAIX could be a therapeutic target. Under normoxic conditions,
neither HIF-1α nor CAIX are expressed, although they are strongly expressed under
hypoxic conditions. We carried out a very simple experiment involving the addition
of carbonic gas to a suspension of ἀbroblasts. We measured extracellular pH and
demonstrated the progressive acidiἀcation of the culture medium. The same experiment using ἀbroblasts expressing CAIX induced very abrupt acidiἀcation of the
culture medium within ἀve seconds of CO2 injection. Interestingly, the cells expressing CAIX and incubated at acidic pH (6.5-7.0) demonstrated an intracellular pH of
0.4 to 0.2 pH units more alkaline than that of the control cells. Such a difference has
considerable implications for the rate of glycolysis and ATP metabolism. We showed
in vitro that cells without CAIX lose their viability under highly acidic conditions
that mimic the acidic environment of tumors.
Can the expression of CAIX and CAXII be advantageous to tumor cells in vivo?
In a mouse model with human colon carcinoma, we inactivated CAIX using a
small RNA molecule (RNA interference) whose expression can be controlled by
doxycycline. The inhibition of CAIX expression by adding doxycycline to drinking
water caused a 45% decrease in tumor development. This decrease was modest, but
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it appeared that reducing CAIX expression led to strong overexpression of CAXII,
another carbonic anhydrase. We created cells lacking CAXII, but retaining CAIX.
The development of these tumor cells was comparable to that of the control line,
however inhibiting CAIX with doxycycline in these cells led to an 85% reduction
of the tumor. Therefore, it appears that the carbonic anhydrases CAIX and CAXII
that are induced in hypoxic areas of many tumors are relevant therapeutic targets
[8].
are monocarboxylic transporters potential
thErapeutic targets?
We have seen that carbonic anhydrases are not the only agents involved in the regulation of intracellular pH. This process involves, in particular, the lactic acid transporters MCT1 and MCT4. Fibroblastic cells only express MCT1. A speciἀc MCT1
inhibitor developed by AstraZeneca in ἀbroblast cultures made the cells unviable
in hypoxic conditions and, in vivo, in nude mice, reduced the tumor volume by a
factor of 10. However, many cancer cells, such as epithelial tumor cells, have both
MCT1 and MCT4. We therefore mimicked this situation by introducing the human
MCT4 form into ἀbroblasts. When these cells were placed under hypoxic conditions, blocking MCT1 had no effect on viability, demonstrating the crucial role
of MCT4 in the functioning of glycolysis and cell survival. MCT4 would therefore appear to be a potential target for new anticancer therapies because this transporter is crucial for the maintenance of glycolysis in a large number of tumors under
hypoxic conditions. The future approach currently being considered is a MCT1/
MCT4 double inactivation, targeting basigin (or CD147), the common chaperone
of these two carriers.
Conclusion
We are convinced that a strategy targeting the exacerbated glycolytic metabolism
of tumors is a new approach offering relatively unexplored therapeutic potential. In
this paper, we have analyzed the potential to target the intracellular pH regulation of
tumors. Several pH control systems are used by cells and their relative contributions
in each tumor type should be analyzed in a preclinical study in mice. These models
will allow the development of the best drug combinations targeting intracellular pH
in order to prevent intracellular ATP production while having little impact on healthy
tissue. The high proἀle of cellular metabolism in the last century has now entered
a new phase where cellular physiology and molecular genetics provide new insight
into tumor metabolism. These new therapeutic approaches are currently being thoroughly explored.
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An appraisal of anti-angiogenics in oncology
Olivier Rixe
Anti-angiogenics have brought about a real change in the oncologist’s profession,
aligning it more closely with those of specialists in internal medicine and those
of individual organs who treat diseases of the kidneys, skin, blood vessels and the
gastro-intestinal tract. Adverse effects of anti-VEGF treatments, such as haematological, dermatological or renal toxicity, have taken us into the realm of multidisciplinary oncology. We have been obliged to broaden the scope of our activities and
add comparative medicine to our regular arsenal, as the reports contained in this
study will show.
TUMOR NEO-ANGIOGENESIS: DRUG TREATMENT FOCUSED ON
MORE THAN JUST VEGF
Treatments focusing on VEGF had to aim at an “ideal” single target. In reality, the
more we learn, the more we are obliged to admit that matters are far more complicated than we had imagined. While it is true that VEGF is an essential path used
by tumor cells to stimulate vascular proliferation, there are nonetheless other proangiogenic factors that have been identiἀed – or that still remain to be identiἀed
– whose path of action is either direct, from the tumor cell to the endothelial cell, or
indirect, via the peritumoral environment and the stromal cell [1].
Despite a certain delay compared to our colleagues in cardiology, we have begun to
take an interest in bone marrow precursors and their importance within the tumoral
and peritumoral vascular system. It is a mistake to restrict the target of drug treatment
to VEGF alone. We now have drugs that are either very “clean”, that target VEGF,
or very “unclean”, viz. “dirty” drugs, that focus on several of the key factors in the
angiogenic network [2]. The tools at our disposal that target VEGF and its receptor
are monoclonal anti-VEGF antibodies such as bevacizumab, soluble receptors such
as the VEGF Trap, and drugs that inhibit the functional part of the VEGF receptors
(ἀg. 1). Trials focusing on these small molecules that are more-or-less speciἀc and
have a more-or-less broad spectrum of activity are published every day.
The real advantage offered by drugs that speciἀcally target VEGF compared to
those with a much wider collateral action (including all the “ibs”: e.g. sunitinib,
sorafenib, axitinib, pazopanib, etc) has yet to be determined.
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Figure 1. Sites of action of anti-angiogenics.

ACTIONS OF ANTI-VEGF STILL POORLY UNDERSTOOD
In reality, our understanding of what happens when we administer an anti-VEGF
is extremely limited. It is true that the rarefaction of the vascular system is clearly
linked to regression in tumor volume. It has been shown that the use of a type 2 antiVEGF receptor in mice reduces tumor volume to an extent that is entirely compara168
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ble to that of vascular rarefaction [3]. However, the scope of action of anti-VEGFs
would appear to be much broader. It is highly probable that they have a direct antitumor action. For instance, sunitinib has an anti-tumor action in vitro against cell
cultures, thus in the absence of any vascular system. It has also recently been shown
that tumor cells are capable of mobilising normal bone marrow cells and causing
them to migrate to premetastatic niches, thus preparing this new environment for the
tumor to take hold [4]. The tumor supposedly releases a signal by way of VEGFR-1
and VEGFR-2 and prepares these niches for potential secondary tumors by making
them adhesive. These bone marrow cells settle on healthy lungs, liver and bone and
then, attract tumor cells to enable them to proliferate and allow secondary metastases
to develop. This phenomenon mediated by VEGFR-1 and VEGFR-2 may constitute
a further important drug impact point, which would explain the reduction in new
metastases when inhibitors of these receptors are used.
VEGFs thus also appear to be implicated in the immunosuppression phenomena
that are observed in the tumor environment. VEGF produced by tumor cells inhibits
the maturing of dendritic cells in the tumor environment, and these cells then appear
to be unable to induce anti-tumor effector T-lymphocyte responses.
startling demonstration of validity of THE anti-vegf
concept
Effective anti-VEGF treatment tools were developed during the early 2000s, with
sunitinib being one of the most powerful. The phase 1 study for this drug was
performed in France [5]. One of the ἀrst patients treated was suffering from a metastatic renal carcinoma. His lung metastases regressed almost completely, which was,
in itself, proof that the anti-VEGF concept was valid. However, this level of efἀcacy
in treating tumors from as early as phase 1 is quite exceptional in oncology.
Phase 2 was performed on the other side of the Atlantic, with the regimen that was
developed at the Institut Gustave-Roussy: four weeks of treatment p.o. followed by
two weeks off [6]. A standing ovation was given when the results were presented
at the American Society of Clinical Oncology (ASCO) in 2005. The lesions had
regressed in 42% of the 60 patients treated. Although their renal tumors had been
considered as being resistant to any form of medication, they proved sensitive in
almost one case out of every two, with their response lasting about 14 months and a
median survival period of two years. On the basis of this study that was conducted
in only 60 patients, the drug was approved by the Food and Drug Administration
(FDA) in the US in the ἀrst instance, and then by the European authorities; this was
subsequently conἀrmed by an extensive phase 3 study [7], which compared sunitinib
with one of the standard treatments for metastatic disease. This drug has doubled
the duration of progression-free survival. The median survival period changed from
21 months in the standard interferon group to 26 months in the sunitinib group. The
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small difference between the two treatment groups can be explained in particular by
the change to sunitinib by patients initially treated with interferon, which tends to
bring the two survival curves into alignment.
MAJOR IMPACT ON PROGRESSION-FREE SURVIVAL
At the same time, at the Pitié-Salpêtrière hospital, we were working on another antiVEGF, axitinib [8, 9]. Signiἀcant results were also observed with this agent as from
phase 1 in various types of tumor, particularly in metastatic renal carcinoma. The
particular interest of axitinib is that it very speciἀcally inhibits types 2 and 3 VEGF
receptors and therefore has very little effect on the other receptors involved in angiogenesis or on other tyrosine kinases. We treated 50 patients, with objective responses
in 44%; full remissions persisted beyond four years.
STUDIES HAVE FAILED TO DEMONSTRATE A BENEFIT IN TERMS
OF PROLONGED SURVIVAL
The treatment strategy for renal carcinoma was completely overturned by these few
trials, including key studies also performed with bevacizumab and sorafenib. In
1980, guidelines for treatment of renal carcinoma advocated the use of progesterone,
cytotoxics (vinblastine) and particularly immunotherapy using interferon and interleukin-2. However, the results of treatment were still unremarkable. The arrival of the
anti-angiogenics turned these recommendations around completely, and now 80% of
patients with renal carcinoma are – or will be – given treatment that directly targets
the vascular growth factors.
What is the real impact however, of anti-VEGF treatments in terms of prolonged
survival? Of all of the phase 3 studies published on renal carcinoma using antiangiogenic treatments, only one showed a survival beneἀt of about six months
achieved with sunitinib compared to the reference treatment (interferon). The other
studies have shown positive results with regard to survival without relapse.
DEVELOPMENT OF NEW TREATMENT STRATEGIES
Oncologists have developed two different strategies. One makes use of a singletreatment approach with VEGF receptor inhibitors in renal carcinoma and hepatocarcinoma. The results of randomised studies are positive, with a relatively modest
impact on progression-free survival (one to three months) in the case of hepatocarcinoma, and longer for renal carcinoma. For other tumor types (breast, lung or
colon cancer), anti-VEGFs have been used in combination with conventional treatment, chemotherapy in particular. These trials revealed a synergy between chemotherapy and bevacizumab. The exact mechanism of action however, is still not fully
understood. Although this activity has been demonstrated for most tumors, includ170
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ing those affecting the colon, lung or breast, and with response rates greater than
those observed with chemotherapy alone, the impact remains moderate in terms of
progression-free survival and overall survival. Other indications for largely “orphan”
tumors are currently being developed. Phase 2 studies on thyroid tumors and neuroendocrine carcinoid tumors of the pancreas have recently been published. Signiἀcant
response rates have been achieved and phase 3 trials are therefore being carried out.
Bevacizumab is currently being assessed in the treatment of glioblastoma.
THE QUESTION OF RESISTANCE TO ANTI-ANGIOGENIC AGENTS
Do these anti-angiogenic treatments increase long-term survival? The response is
clearly “very little”. The phase 2 trial of axitinib is one of the few in which patients are
still alive after more than four years. The improvement in response rates achieved with
anti-angiogenic treatments has not really translated into complete responses and real
improvements in long-term survival rates. What is the reason behind this? Mechanisms
of resistance to anti-angiogenics are currently the subject of numerous publications.
There are two types of resistance to anti-VEGF treatment [10]: intrinsic resistance,
in which the patient does not respond to anti-angiogenic treatment at all, and acquired
resistance, where, following an initial phase of rarefaction, the vascular network
once again begins to proliferate and spread. The mechanisms involved would appear
to be highly variable. The phenomenon by which vessels escape anti-VEGF treatment therefore equates to a reactivation of tumor angiogenesis that is independent
of VEGF and associated with hypoxia-mediated induction of other pro-angiogenic
factors, including members of the ἀbroblast growth factor (FGF) family. Treatment
with FGF inhibitors reinitiates vascular rarefaction. As a consequence, targeting the
VEGF pathway will derepress other pathways such as that of FGF, which will constitute a signiἀcant escape mechanism.
Another resistance mechanism involves a sub-population of stem cells in the myeloid
line. These cells inἀltrate the tumor and render it resistant to anti-VEGFs. It must be
emphasised that these cells are highly sensitive to chemotherapy, which could explain
the synergy of action achieved by associating an anti-VEGF with a cytotoxic.
TOWARDS IDENTIFICATION OF PATIENTS LIKELY TO BENEFIT
FROM ANTI-ANGIOGENIC TREATMENT
We are still unable to identify patients who will respond to anti-angiogenic treatment.
EGFR ampliἀcation and KRAS mutations make it possible to identify patients who
will respond to erlotinib. Herceptin is effective in 40% of patients with an ampliἀcation of the HER2 gene. Imatinib is active only in patients suffering from a stromal
tumor with c‑kit overexpression in association with particular mutations that have
been fully identiἀed. Nonetheless, we are still unable to identify the anomalies in the
VEGF receptor that would enable us to predict anti-VEGF activity.
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Even so, certain factors (mainly clinical) can be related to a treatment response.
For example, patients who develop hypertension during treatment with axitinib tend
to have a better survival rate than others. The onset of hypertension (elevated diastolic levels) is therefore a factor that is related to the efἀcacy of an anti-angiogenic
treatment, probably indirectly associated with improved bioavailability of the drug
in these patients [8, 11].
What are the future prospects for the various types of anti-angiogenic treatment?
Should they be used in combination? Should their spectrum of activity be broadened? Should they be used at an earlier stage, particularly as adjuvant treatment? Is
it possible to identify sub-groups of patients who are likely to respond to treatment?
Should the independent VEGF pathways also be targeted? As the presentations at
this meeting showed, physicians from different medical disciplines such as cardiology and oncology have similar questions.
The future of these drugs in clinical use lies in identifying factors that will predict
the response to this targeted treatment, which will make it possible to improve their
therapeutic index.
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Anti-angiogenesis and eye disease;
age-related macular degeneration
José-Alain Sahel, Michel Paques

OCULAR NEOVASCULARISATION: THE INITIAL CONCEPTS
In 1948, Michaelson, an ophthalmologist at the University of Jerusalem, postulated
the existence of a factor released by the hypoxic retina and stimulating vessel growth
in the context of vascular development and diseases. Michaelson also raised the
possibility of blocking this factor x at some stage in the future, once it had been
identiἀed [1].
MEDIATORS OF OCULAR NEOVASCULARISATION
Michaelson’s hypothesis was conἀrmed more than 40 years later, when VEGF (vascular
endothelial growth factor) was identiἀed as a major player in neovascular eye diseases.
As for any biological process, it is becoming clear that VEGF is not the sole mediator
involved in the angiogenic process. More generally, it is currently thought that there
is a balance between pro-angiogenic factors, chieḀy VEGF, PDGF (platelet-derived
growth factor), FGF-2 (ἀbroblast growth factor-2) and natural antiangiogenic factors,
particularly PEDF (pigment epithelium-derived factor), which is synthesised by the
pigmented epithelium in particular. Recently, Chemtob et al. in Montreal showed
that the accumulation of succinate in the hypoxic retina acts as a powerful mediator of angiogenesis and that this agent is involved in ischaemic diabetic retinopathy.
Succinate acts by way of its receptor, GPR-91 (G protein-coupled receptor 91), the
effects of which are themselves mediated by retinal ganglion cells which, in response
to an increase in succinate levels, regulate the production of numerous growth factors,
VEGF in particular [2].
AGE-RELATED MACULAR DEGENERATION: MECHANISMS
OF NEOVASCULARISATION
Our chief focus here is age-related macular degeneration (ARMD). This common
condition affects 1.5 million people in France, one-tenth of whom are deemed to
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be blind. Until the early 2000s, very few treatment options existed and these were
essentially limited to laser treatment, which was applied in very speciἀc forms of
the disease, covering fewer than 8% of patients, in whom the neovessels appeared
outside the macula.
The mechanism leading to the formation of neovessels in ARMD has not been
explained as clearly as it has in diabetic ischaemia or venous occlusion. The role
played by local inḀammation appears increasingly evident in the light of the many
genetic studies highlighting the role of complement factor polymorphism in predisposition to this disease. Among the different mechanisms that would appear to co-exist,
ischaemia plays a relatively obscure part. One hypothesis that has now been accepted
though is still to be conἀrmed, suggests that a given level of VEGF would appear
to maintain the structure and function of choriocapillary circulation in the normal
retina. Then, as the subject ages, the accumulation of debris in the retina inhibits
oxygen distribution toward the photoreceptors, and this in turn leads to hypoxia, with
an increase in VEGF synthesis contributing to neo-angiogenesis.
CHOROIDAL NEOVASCULARISATION IN ARMD
ARMD begins with a thickening of the macula. Fluorescein or indocyanine green
angiography reveals the presence of neovascularisation with exudates that feed the
macular oedema. There are thus two elements making up the disease: neovascular
proliferation and the vascular hyperpermeability that follows it. The neovascularisation is the cause of the exudation and haemorrhages in the region of the macula.
The efἀcacy of drug therapy used in ARMD would appear to be related to their
action on vascular permeability as well their anti-angiogenic effect per se. Indeed,
it is interesting to note that VEGF is also known as vascular permeability factor.
Clinical experience has shown that, in terms of improving macular function, the
main target of anti-VEGFs is very likely to be vascular permeability.
Our particular interest lies in the exudative form of this disease. Its atrophic forms
are also common, but are characterised by involution of the vessels and thus a pathological process that is the opposite of that observed in the exudative form [3].
ADVANCES IN TREATMENT IN RESPONSE TO OCULAR
NEOVASCULARISATION
Neovessels do not provide an effective response to ischaemia. Their ectopic location
means that they do not have a signiἀcant effect on the oxygenation of ischaemic
tissue. They are however, responsible for severe, blinding complications, essentially
as a result of ἀbrosis and secondary retraction.
With a view to identifying treatment options, it was therefore reasonable to target
new vessels. Historically, lasers have been used mainly in diabetic retinopathy for
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ablation of ischaemic tissue (retinal panphotocoagulation). This procedure is a form
of amputation, involving sacriἀcing the tissue so as to limit the synthesis of VEGF
and pro-angiogenic factors, but is performed to the detriment of the neurons that are
destroyed in the process.
Although this form of treatment cannot be considered satisfactory, does this mean
nevertheless that anti-VEGFs are an ideal alternative? VEGF does play a part in
the process of neovascularisation but also has a key role in the physiological processes of vascularisation. Thus, in the adult eye, the VEGF receptors are expressed on
the endothelium, but also in the retinal cells, regardless of whether they involve the
pigmented epithelium or photoreceptors. VEGF has a pro-inḀammatory effect and it
is probably involved in ensuring that the choriocapillaries remain trophic. Lastly, it has
been shown that VEGF plays a neuroprotective role [4, 5]. Anti-VEGFs could therefore
have a toxic effect on the retinal neurons, with consequent changes in the electroretinogram and thus in visual function, which could pose a problem for both long-term and
repeated treatment, although this has not been established beyond doubt.
INVESTIGATION INTO EFFECTS OF VEGF ON THE EYE
The role played by VEGF in the retina has been investigated mainly by way of examining the consequences of intra-ocular injection. The effects of this treatment vary
from one species to another. In rats, for instance, it results less in the formation of
neovessels than in vascular dilation and very marked diffusion. The main effect of
VEGF in this case is thus increased vascular permeability, which may well be related
to a pro-inḀammatory effect. In monkeys, on the other hand, VEGF leads to the
formation of neovessels [6, 7].
Investigation into the pathological role of VEGF has been conducted principally
by Malecaze et al. and Plouet et al. in France, and by Aiello et al. in the US, who
demonstrated the increase in VEGF concentrations in different pathologies, and
particularly in diabetic retinopathy (ἀg. 1), while this phenomenon was less evident
in ARMD [8, 9]. The numerous studies showing that blocking VEGF resulted in the
inhibition of neovascularisation have formed the basis for the development of antiVEGF strategies in ophthalmology in recent years [10 – 12].
ANTI-VEGF STRATEGIES
Macular oedema and preretinal neovascularisation are the main indications for antiVEGFs in ARMD. Intravenous administration is possible, but the intravitreal method
is most commonly used, and is currently performed on a routine basis in the form
of monthly injections. The drugs that have already been registered for commercial
use, or are still being studied, target RNA that codes for VEGF: VEGF itself, VEGF
receptors or the tyrosine kinase activation pathway [13].
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Figure 1. Concentrations of immunoreactive VEGF in ocular Ḁuids from patients undergoing intra
ocular surgery. (Reproduced with permission from Aiello, et al. [9]).

Pegaptanib sodium and ranibizumab are currently approved for use in ophthalmology. Ranibizumab is a fragment of bevacizumab that appears to offer better penetration of the eye with enhanced afἀnity. Clinical trials have chieḀy shown a reduction in diffusion, and thus a reduction in the macular oedema. Above all, treatment
with ranibizumab stabilises visual acuity and has even been shown to improve it in
approximately one third of patients. This treatment has without doubt been a major
step forward in terms of treatment: visual acuity is stabilised or even improved in
90% of patients whereas until recently, ophthalmologists were relatively powerless in
this indication (ἀg. 2) [14]. Tolerability of ranibizumab would appear to be satisfactory, even though the risk of stroke remains.
VEGF TRAP: SELECTIVE OR NON-SELECTIVE BLOCK?
The VEGF Trap is a soluble VEGF receptor that is currently in phase 3 of clinical
development. It is a non-speciἀc receptor that binds all forms of VEGF and appears,
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Figure 2. Stabilisation and improvement in visual acuity with ranibizumab in ARMD. (Reproduced
with permission from Rosenfeld, et al. [14]).

in vitro, to be 140 times more effective than ranibizumab. Its main appeal lies in
permitting a considerable interval between doses.
The question of whether to opt for selective or non-selective VEGF blocking has
been widely debated, particularly with regard to the important physiological functions of the angiogenic factor. Experimental studies have shown that, although blocking VEGF-165 alone may be ineffective against physiological vascularisation, the
overall inhibition provided by ranibizumab could, conversely, be associated with
undesired effects on vascularisation [15, 16]. Pegaptanib is a speciἀc aptamer with
a strong afἀnity for VEGF-165 that has been approved for ophthalmological use. Its
efἀcacy has been demonstrated versus no treatment at all, with a beneἀt in terms of
visual acuity. However, this treatment only slows the loss of vision, whereas “panVEGF” blocking stops it entirely, and in some cases even improves visual acuity. As
a consequence, pegaptanib has not enjoyed the same success as the “pan-VEGF”
approach in ophthalmology. This may be explained by the anti-oedema effect of
ranibizumab.
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A recent article in Cancer Research reported data relating to VEGF-165b, a sub-type
of VEGF-165, which appears to have anti-angiogenic effects. Inhibition of VEGF-165
could therefore have a double effect, simultaneously pro- and anti-angiogenic, and
targeting this factor may well prove difἀcult due to a lack of speciἀcity [17, 18].
OTHER ANTI-ANGIOGENIC STRATEGIES
Various anti-angiogenic strategies are currently being developed. Clinical trials
are under way to assess tyrosine kinase inhibitors. A topical form of an Src kinase
inhibitor, a VEGF antagonist, has been studied but was found to cause corneal
lesions, which greatly reduces its appeal, except from the perspective of improved
pharmacokinetics.
Ophthalmology was one of the ἀrst disciplines to use interfering RNAs. Trials
have shown a beneἀt compared to no treatment at all, though this remains slight in
comparison to what is achieved with anti-VEGFs. A phase 3 trial, currently under
way, is assessing their use from the perspective of stabilisation, as follow-on treatment from anti-angiogenics. Nonetheless, interfering RNAs remain controversial.
They appear to bring about a non-speciἀc inhibition of neovascularisation by means
of the Toll R3 pathway. Toll R3 receptors are present in the pigmented epithelial cells
and activation by interfering RNAs could be associated with cell death. Interfering
RNAs could thus have non-speciἀc effects on the pigmented epithelium.
OTHER MEANS AND PATHWAYS OF TREATMENT
Alternative approaches are currently under consideration, such as gene therapy using
AdPEDF (Adenovector Pigment Epithelium-Derived Factor). Animal studies have
shown that increased expression of PEDF in the eye could prevent angiogenesis.
The concept of using combined treatments has also been raised. Friedlander, of the
Scripps Research Institute, thus suggested attacking the angiogenic process simultaneously at three levels. He suggests intervening on the triggering of the process
of neo-angiogenesis using an anti-VEGF aptamer, drawing on the αvβ3 and αvβ5
integrins to counter neovessel proliferation and, lastly, using T2-TrpRS, a soluble
factor that inhibits neovessel maturation.
CONCLUSION
Anti-angiogenics are nowadays an integral part of everyday ophthalmological practice, and this must be considered as a major step forward. Every day, hundreds of
patients are given anti-VEGF injections. These treatments are, however, still costly
and lengthy, and the long-term consequences are not known. Moreover, the atrophic
forms of ARMD remain incurable. Great hopes are therefore placed in the clinical
trials currently under way and also in our ability to prevent the complications of this
disease.
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Tumor blood vessels: a major therapeutic target
Gérard Tobelem

a visionary, a concept
Angiogenesis, the growth of new blood vessels, is an essential process in embryonic
development and tissue repair. This process is deregulated in various pathological
conditions, notably cancer, but also during inḀammatory, ischemic, infectious and
immunological diseases.
Modern angiogenesis began in 1971 with Judah Folkman who devoted his whole
life, up until his recent death on 14 January 2008, to research in the ἀeld of angiogenesis. He originally trained as a surgeon, then went on to become professor at Havard
and Director of the Vascular Biology Program at Boston Children’s Hospital. For
many years however, Folkman was confronted with scepticism from the medical and
scientiἀc community as a result of his avant-garde hypothesis published in 1971 [1].
One has to recognise that at the time, it was no more than a hypothesis resulting more
from a “vision or a revelation” than from robustly supported research. Folkman’s
vision: a dream in that era!
Cancerous tissue is like any other tissue in that it needs nutrients and oxygen
carried by blood vessels in order to grow, multiply and expand. In light of this
observation, the notion of the “angiogenesis dependence” of tumors arose.
Accompanying tumor progression from a dormant stage to one of invasive
growth and metastatic dissemination, blood vessels were thought to undergo a
phenotypic change, the famous “angiogenic switch”. From then on, at least for
Folkman the visionary, inhibiting angiogenesis appeared quite naturally as a new
anti-cancer therapeutic strategy consisting quite simply of starving the cancer
by depriving it of blood vessels. Thus, with this pioneer, the ἀrst concept of
targeted therapeutics for cancer was born, a strategy which today is undergoing
tremendous development. Although for nearly two decades, only a small number
of initiated scholars were interested in angiogenesis, it is no longer the case
today with the anti-angiogenesis approach to the management of cancer now well
accepted into the daily clinical practice of oncologists, ophthalmologists and
soon other specialists too.
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Four years before his sudden death (very probably an ischemic heart attack), Folkman
was able to see with satisfaction that his dream had become reality. Today, tumor
blood vessels are a major target for cancer treatment and indications are becoming
increasingly more common in colorectal, breast, lung, and kidney cancers. Likewise,
the number of registered drugs is increasing, and many others are in pre-clinical
and clinical development phases. This has become a key area of research for pharmaceutical and biotechnology industries. There are now vast numbers of academic
research groups working on the molecular and cellular mechanisms of angiogenesis.
This mobilisation reḀects the stakes: there are many questions remaining regarding
fundamental research as well as therapeutic aspects. Targets are more clearly deἀned
and anti-angiogenetic approaches are becoming more and more complex. A better
understanding of the characteristics of tumor blood vessels is today at the origin of
some very promising translational research.
what are the characteristics of tumor neovessels?
Tumor neovessels are extremely abnormal: they are disorganised, anarchically
distributed, permeable and fragile. To survive, they require continual presence of
VEGF (vascular endothelial growth factor) which is necessary for their proliferation
and also for the increase in their permeability. Their pericyte coverage is weakened.
Consequently, there is an increase in the intratumoral interstitial pressure which, on
one hand, promotes the spreading of tumor cells to the blood or lymphatic system,
i.e. metastasis, and, on the other hand, hinders access by chemotherapy to the tumor
cells. Hypoxia, which is present within the tumor, induces further genetic instability
and selects the most malignant tumor cells. Thus, tumor blood vessels are profoundly
abnormal in terms of phenotype, markers and haemodynamics. They are at the heart
of a major remodelling process. Certainly they are more abundant than normal blood
vessels, with capillary density being increased in many cancers, but they are above
all qualitatively different from normal blood vessels. We have demonstrated this
in a murine hepatocarcinoma model [2, 3], as have other research groups [4]. In
summary, we can say that tumor blood vessels express a signiἀcant arterial speciἀcation: angiogenic endothelial cells are positive for Notch 4, Dll4 and ephrin-B2, markers which are normally only present (and to a lesser extent) on arterial endothelial
cells. Vascular remodelling is in fact the result of hyperstimulation by VEGF, which
is expressed even more greatly when the hypoxia inside the cell is increased. Thus,
there is a cascade which we were able to clarify in our murine hematocarcinoma
model, and also in vitro in endothelial cell cultures: VEGF → Notch 4 → Dll4 →
ephrin-B2. This remodelling brings about modiἀcations in blood Ḁow. Indeed, using
Doppler ultrasonography, we were able to demonstrate in this model that an increase
in blood Ḁow velocity in the hepatic artery precedes carcinoma diffusion [5].
Altogether, these phenotypic modiἀcations, changes in the expression of molecular
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markers, and haemodynamic disruptions result in the profound vascular remodeling
which occurs in the tumoral vasculature.
what are the anti-angiogenic therapeutic STRATEGIES?
There are currently three approaches: the growth of new vessels can be blocked,
neovessels can be destroyed or, and this is an emerging approach, they can be made
even more abnormal. Genuine anti-angiogenics are used for the ἀrst strategy [6, 7],
and molecules known as vascular disrupting agents (VDA) are used for the second
[8]. These two groups have different targets, different mechanisms of action, and
possibly even different therapeutic indications and methods of administration. The
third and most recent approach, involves blocking Dll4 [9-12].
Given the major role of this growth factor in vascular remodelling, the main target
of anti-angiogenics is VEGF and/or its receptors. Anti-angiogenics are now more
clearly understood, and some of them are more and more widely used in oncologists’
daily clinical practice. In line with Folkman’s initial theory, it was expected that antiangiogenics would inhibit the growth of new tumoral blood vessels, or even destroy
existing neovessels. The fact that endothelial cells rely on VEGF for their survival gave
further hope to this expectation. On the other hand, the resulting increase in hypoxia
would have made it even more difἀcult for chemotherapies to gain access to the tumor.
Yet, this did not occur. On one hand, strict anti-VEGFs, such as bevacuzimab, did not
appear to be effective against tumors when used alone; on the other hand, associating
them with standard chemotherapy enhanced the effect of the chemotherapy. In fact,
although these anti-angiogenics, and anti-VEGFs in particular, are expected to inhibit
the growth of tumor neovessels, they have also been shown to normalise tumor vasculature, and this was an unexpected effect. This concept was developed by Jain [13, 14],
and conἀrmed by other research groups, including ours. The loss of VEGF brought
about by an antibody or a binding compound which inhibits its receptors causes the
angiogenic endothelial cells to revert to a normal arterial phenotype. The result is
haemodynamic normalisation, improved oxygenation of the tumor cells, and therefore
enhanced accessibility for and sensitivity to classic anti-cancer treatments (chemotherapy or radiotherapy). If the anti-angiogenic treatment exclusively targets VEGF (as is
the case for bevacizumab, for example) it will demonstrate limited efἀcacy when used
as a monotherapy because signiἀcant anti-tumor activity is only seen when they are
used in combination with chemotherapy and/or another targeted drug. Furthermore, as
long as the tumor cells persist, it seems logical to pursue this therapeutic approach in
order to prevent any new resurgence of angiogenic activity.
VDAs, the second class of anti-angiogenics, are still being developed. They are
therefore less well understood. This group is made up of two types of molecules:
––Firstly, tubulin-binding agents (at the colchicine binding site of the tubulin β sub-unit),
which depolymerize microtubules, thus disrupting the cytoskeleton of the endothelial
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cell. They also act on VE-cadherin by interfering in endothelial cell-endothelial cell
contacts; the chief molecule in this category is combrestatin A4 phosphate;
––Secondly, Ḁavanoid analogues, which cause apoptotic lesions in endothelial cells;
the classic example of a molecule in this class is DMXAA (5,6-dimethylxanthenone4-acetic acid).
VDAs destroy established tumor blood vessels by targeting the immature endothelial cells and pericytes of these blood vessels. In reality, endothelial cells are highly
dependent on their tubulin cytoskeleton for mobility, invasion, attachment, alignment and proliferation. VDAs therefore bring about a rupture of the cytoskeleton and
cell-cell contacts. This results in destructive disorganisation, a veritable collapse of
the neovessels, greater hypoxia and therefore more tissue necrosis downstream of the
destroyed blood vessels. But while this cytotoxicity occurs in the centre of the tumor,
in the periphery a veritable crown of viable tumor cells seem to persist; passive
diffusion from adjacent normal blood vessels ensures their nutritional support. This
crown can represent a large contingent of cancerous cells which are likely to start
growing again. In principle, these activated endothelial cells are more sensitive to
VDAs, but initial clinical studies seem to show that a normal vascular endothelium
can also be affected. This results in signiἀcant cardiac and neurological side effects.
We must therefore wait for the results of ongoing phase 2 studies to determine if the
risk/beneἀt ratio is favourable.
The third approach is even more recent. Dll4, which is activated by VEGF, binds
to Notch, and in return negatively regulates VEGF, thus limiting the abnormal hyperangiogenesis which arises from the over-expression of VEGF. Its inhibition produces
a paradoxical effect whereby angiogenesis increases and tumoral mass is reduced. In
fact, blocking Dll4 is equivalent to letting the VEGF pathway spiral out of control;
this increases the number of neovessels, but also their abnormalities. As a result,
there is an increased number of non-functional new blood vessels without directional
blood Ḁow, and therefore more tumoral hypoxia. The inhibition of Dll4 creates more
vascular abnormalities within the tumor, and the imperfect angiogenesis which is
thus induced is accompanied by regression of the tumor. This approach appears very
promising in vitro and in vivo in animal models, and also to complement other strategies, notably in cases of resistance to VEGF blocking. Thus, the use of anti-Dll4
antibodies or soluble Dll4 (soluble Dll4 blocks the Notch receptor without triggering
the signalling cascade and prevents endogenous Dll4 from accessing it) has demonstrated robust antitumor activity in numerous models.
sO Should we normalise, destroy or “abnormalise”
tumor blood vessels?
Currently, only anti-angiogenics (notably VEGF inhibitors) have demonstrated
proven efἀcacy in several therapeutic indications. The clinical development of VDAs
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is not yet completed and so we cannot gamble on their future as therapeutic drugs
without taking risks. As for Dll4 blockers, the most important question is to determine their tolerability before verifying if the proof of pathophysiological concept is
conἀrmed in cancer patients.
Anti-angiogenic strategies are today a realistic option, even though numerous questions remain regarding the drugs in this therapeutic class: which dose, which combinations, which administration regimen, what treatment duration, what are the markers of
efἀcacy or primary or acquired resistance, what are the long-term effects? Much has
yet to be conἀrmed or demonstrated. Amongst these questions, that of the administration regimen is crucial. If the concept concerning the window of normalisation elaborated by Jain is followed, would it not be more effective to use a different sequence of
administration than that of giving the anti-angiogenic and chemotherapy at the same
time? Should we not ἀrst of all normalise tumor blood vessels through an initial administration of anti-VEGF, and then, after a given period (12 hours, 24 hours, 48 hours?),
administer the reference chemotherapy? Another crucial question is that of the importance of the real beneἀt given to patients. The impact is still weak, but surely, the palliative treatment of today is an investment for the curative treatment of tomorrow.
In reality, the same sorts of questions exist with regard to VDAs. According to
preclinical studies and initial clinical phases, it seems unlikely that VDAs will be
effective as a monotherapy. The persistence of the viable tumoral crown is probably
the reason for this. The option of a combination with chemotherapy (possibly low
dose metronomic chemotherapy) has therefore already been adopted. The ἀrst phase
2 results are encouraging. But again, there is the question of the regimen: should
both treatments be used concomitantly or should they be staggered? Another option
could be to associate VDAs and anti-angiogenics. Indeed, initiating treatment with
an anti-angiogenic after a VDA makes sense in addition to the growth inhibition
and to maintain the remaining viable tumor cells in a dormant stage since they are
deprived of angiogenesis.
And ἀnally, the right answer to the question “normalise, destroy or abnormalise?”
is perhaps “all three!”, though not necessarily at the same time; all three would make
up the right combination of strategies to help us take another step forward towards
improved survival. And also to make Folkman’s dream live on!
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Limitations and complications of anti-angiogenic
treatments
Jean-Jacques Mourad
Anti-angiogenic drugs (bevacizumab, sunitinib, sorafenib) are becoming more
and more widely used in the treatment of advanced colon, breast, lung, liver and
kidney cancers. Their mechanism of action is based on inhibition of VEGF (vascular endothelial growth factor), a pro-angiogenic factor. The side effects of this
inhibition are not clearly understood by doctors.
an important role in maintaining microtubular
homeostasis
A lack of VEGF is lethal or causes major anomalies during embryogenesis and
development. In adults, on the other hand, it was thought that this factor was only
involved in the menstrual cycle, wound healing, and hair growth. It was therefore
thought that an anti-VEGF would mainly act on blood vessels with high turnover,
notably tumor blood vessels (ἀg. 1) [1].
However, clinical trials and pharmacovigilance have rapidly identiἀed speciἀc
complications associated with these treatments, demonstrating that VEGF plays
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Figure 1. VEGF: a key role in vascular homeostasis. (Reproduced with permission from Bhisitkul [1].)
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an important role in the maintenance of circulatory homeostasis, especially in the
microcirculation, and that inhibition of VEGF brings about a decrease in capillary
density, with the magnitude of this decrease depending on the tissue in question [2].
Signiἀcant capillary regression can be seen in the pancreas, thyroid, adrenal glands,
pituitary gland, choroid plexus, and intestinal villi. The extent of this regression is
dose-dependent and reaches 68% in the thyroid.
VEGF inhibition and proteinuria
VEGF is produced by podocytes, and is a strong modulator of capillary permeability;
it acts by inducing fenestration of the glomerular capillaries. VEGF-inhibition is
associated with a loss of fenestration, thus bringing about glomerular dysfunction with, in particular, the apparition of proteinuria [2] (ἀg. 2). This complication,
frequently associated with the use of anti-VEGFs, is dose-dependent and usually
reversible after treatment is discontinued.

Renal glomerular capillaries
A

Control

B

Ad-sVEGFR-1 14d

sVEGR: soluble VEGF receptor.

Figure 2. Loss of capillary fenestration associated with VEGF inhibition. (Reproduced with permission from Kamba, et al. [2]).

VEGF inhibition and risk of hypertension
The most common complication associated with anti-angiogenic treatments is arterial hypertension. A recent review of medical literature reported hypertension in a
quarter of patients on bevacizumab with the relative risk varying between 4 and
7 compared to controls [3]. It is however worth noting that clinical trials use the
usual NCI-CTCAE (National Cancer Institute - Common Terminology Criteria for
Adverse Events) which do not contain any of the international recommendations
for the diagnosis or management of hypertension. The ἀrst trials to study the risk
of hypertension associated with bevacizumab demonstrated a toxic dose-response
effect. It is present regardless of the method of VEGF inhibition, and has also been
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demonstrated with sorafenib [3]. Clinical manifestations associated with hypertension, such as reversible posterior leukoencephalopathy associated with severe hypertension, have been reported, but fortunately remain rare [4-8].
mechanisms of onset of secondary hypertension
associated with anti-angiogenic treatment
The pathophysiological mechanisms underlying this effect have not been widely
studied. It was only in 2006 that the ἀrst article examining the reasons for the occurrence of hypertension in patients receiving anti-angiogenics was published. The
authors hypothesised that the cause was hormonal modiἀcations, but were nevertheless unable to demonstrate this [9].
In reality, we know that peripheral resistance, essentially localised in the microcirculation, plays a central role in the mechanism of hypertension. It has been demonstrated that arterial-capillary rarefaction plays a decisive role in the development
of hypertension, and that it appears at a very early stage in the natural history of
hypertensive patients.
In partnership with Professor Bernard Lévy from the Lariboisière imaging laboratory, we carried out a study with the aim of detecting a possible association between
hypertension and capillary rarefaction in patients receiving anti-angiogenic treatment. After 6 months of bevacizumab treatment, an increase in blood pressure was
observed in all the patients included (n = 18). In particular, intravital videocapillaroscopy of the ἀnger demonstrated a dose-dependent decrease in capillary density
(table 1 and ἀg. 3) [10, 11]. Our observations were consolidated by another study,
which found the same results with telatinib, a tyrosine kinase inhibitor [12].
In the same study, using laser Doppler Ḁowmetry, we were able to establish the
existence of major endothelial dysfunction with total inhibition of pilocarpineinduced vasodilation associated with bevacizumab treatment [11].

Table 1. Change in dorsal ἀnger skin capillary density following treatment with bevacizumab (from
Mourad et al. [11]).
n = 18

Baseline

6 months

p (Student’s t-test)

SBP (mmHg)

129 ± 13

145 ± 17

0.0001

DBP (mmHg)

75 ± 7

82 ± 7

0.0001

Basal capillary density

84 ± 13

75 ± 12

0.0001

Maximal capillary density

90 ± 13

81 ± 11

0.0001

SBP: systolic blood pressure; DBP: diastolic blood pressure
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Figure 3. Dose-dependent effect of bevacizumab on the reduction of cutaneous capillary density.
(Reproduced with permission from Mourad, et al. [11]).

hypertension: a predicitve factor of the activity
of anti-angiogenic treatment
A study presented at the American Society of Clinical Oncology (ASCO) in 2005
however, provided new evidence likely to draw the attention of oncologists to the
question of hypertension related to treatment with anti-angiogenic agents: it showed
a signiἀcant correlation between survival of patients receiving bevacizumab and
gemcitabine for pancreatic cancer and an early increase in blood pressure (p = 0.007)
[13]. Thus, hypertension seems to be an early marker of the anti-tumoral activity and
efἀcacy of bevacizumab (table 2).
In 2007, Professor Olivier Rixe also published a study showing that hypertension was signiἀcantly associated with an improved response to sunitinib in patients
Table 2. Survival rates according to early hypertension status (from Friberg, et al. [13]).
Cohort

n

Survival (months)

95% CI

No HTA

40

8.7

7.3-9.7

Early HTA

6

13.7

9.6-inἀnity

All admissible patients

46

9.0

7.7-10.5
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with metastatic renal cancer. The presence of grade 3 hypertension, according to the
NCI-CTCAE classiἀcation, in 22% of patients was associated with a more notable response to anti-angiogenic treatment [14]. These results have recently been
conἀrmed by a study of patients with metastatic colon cancer treated with bevacizumab. Around one third of patients developed hypertension. A response rate of
75% and median survival of 13.7 months were observed in the hypertensive patients
compared to 32% and 8.7 months respectively in normotensive patients [15].
establishing guidelines
Is the question of an increased risk of iatrogenic hypertension really crucial when
the treatment in question leads to an increase in life expectancy? In reality, oncologists only really began to consider this issue once the Food and Drug Administration
(FDA) banned the use of bevacizumab in patients with hypertension or signiἀcant
proteinuria.
This decision may well have had signiἀcant repercussions on treatment implementation, with hypertension and/or proteinuria delaying the initiation of anti-angiogenic
therapy.
For this reason, guidelines for the management of hypertension and proteinuria
in patients requiring anti-VEGFs have recently been established by various scholarly Societies in France (Société de Néphrologie, Société Française d’Hypertension
Artérielle, Association Pédagogique Nationale des Enseignants de Thérapeutique,
and Fédération Francophone de Cancérologie Digestive). The main message of
these guidelines can be summarised in four points [16]:
––the existence of ambulatory hypertension or raised blood pressure ἀgures reported
in an outpatient setting (except for rare cases of acute hypertension), or proteinuria
(except for rare cases of massive proteinuria) does not justify postponing the ἀrst
dose of an anti-angiogenic agent;
––patients who are due to receive their ἀrst dose of anti-angiogenic treatment should
continue to receive this treatment in the vast majority of cases, regardless of their
blood pressure readings the day they are admitted for treatment;
––there is no reason to administer an oral or IV antihypertensive medication prior
to initiating anti-angiogenic treatment, even if blood pressure on that occasion is
elevated;
––there is no particular reason to suspect that patients due to receive their ἀrst dose of
anti-angiogenic treatments will present exceptional acute hypertension. If this does
occur however, they should be managed in a specialist unit.
Fundamentally, the aim is to avoid delaying programmed chemotherapy on the
pretext that the systolic blood pressure is elevated, because these patients are likely
to respond well to treatment. Blood pressure is frequently monitored in the location
where the chemotherapy is performed, i.e. in non-satisfactory conditions. Ambulatory
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blood pressure monitoring should be the preferred approach. We are currently trying
to promote self-measurement of blood pressure at home, thus avoiding the stress of
the oncology outpatient department.
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