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Introduction

Judah Folkman

Judah Folkman agreed to write an introductory
overview on the field of angiogenesis and can-
cer for this book. The topic was his field of
research, indeed his passion, and he put it
into the center of interest for a whole genera-
tion of researchers and clinicians working to
combat and treat cancer. Judah Folkman died
suddenly on January 14, 2008 at age 74, on the
way to a scientific conference on angiogenesis.
He could not finish his chapter. This day wit-
nessed the loss of a scientific pioneer and
humanitarian.

Born in 1933, Dr. Folkman was trained at
Ohio State University and Harvard Medical
School. During his time of serving in the U.S.
Navy, he began studying tumors and soon con-
centrated on the dependence of tumor growth
and spread from the formation of new blood
vessels. In 1971 the New England Journal
of Medicine published his ground-breaking
hypothesis on angiogenesis and antiangiogenic
therapy. Initially met with skepticism, this
paper opened the field of neoangiogenesis and
cancer for a growing community of scientists

vascular systems and cancer and on the devel-
opment of antiangiogenic therapy against can-
cer. Judah Folkman and his team of scientists
were always on the forefront of this research.
He and his team isolated the first proangiogenic
factor bFGF, identified multiple angiogenic
inhibitors such as endostatin, angiostatin, and
fumagillin, and made numerous other discover-
ies that moved the field forward. His laboratory
also studied molecular pathways of angiogene-
sis and helped to develop numerous antiangio-
genic drugs.

Today antiangiogenic therapy, as envisaged
by Judah Folkman, has made a difference for
many patients with cancer. This book will pro-
vide the reader with an overview of the field of
antiangiogenic therapy for cancer, but because
of the large scope of the field, it concentrates on
certain aspects as well. The editors hope that it
contains interesting and stimulating informa-
tion for scientists and physicians alike working
on aspects of the vascular systems and cancer.
In a very real sense, we hope this book will
commemorate the tremendous influence Judah
Folkman’s farsighted thinking and pioneering
work has had on all of us.

and physician—scientists working on biological Germany Wolfgang E. Berdel
mechanisms of the connections between the
R. Liersch et al. (eds.), Angiogenesis Inhibition, Recent Results in Cancer Research, 1

DOI: 10.1007/978-3-540-78281-0 1, © Springer Verlag Berlin Heidelberg 2010



Angiopoietins

Yvonne Reiss

Abstract The formation of new blood vessels
plays an important role during the development
and progression of a disease. In recent years,
there has been a tremendous effort to uncover
the molecular mechanisms that drive blood ves-
sel growth in adult tissues. Angiopoietins belong
to a family of growth factors that are critically
involved in blood vessel formation during devel-
opmental and pathological angiogenesis. The
importance of Angiopoietin signaling has been
recognized in transgenic mouse models as the
genetic ablation of Ang-1, and its primary recep-
tor Tie2 has led to early embryonic lethality.
Interesting and unusual for a family of ligands,
Ang-2 has been identified as an antagonist of
Ang-1 in endothelial cells as evidenced by a
similar embryonic phenotype when Ang-2 was
overexpressed in transgenic mice. In this review,
we focus on the functional consequences of
autocrine Angiopoietin signaling in endothelial
cells.

Y. Reiss

Institute of Neurology/Edinger Institute,
Frankfurt University Medical School,
Heinrich-Hoffmann-Strasse,

760528, Frankfurt,

Germany

e-mail: Yvonne.Reiss@kgu.de

2.1
Introduction

Angiogenesis involves the complex signaling
between multiple angiogenic growth factors,
and requires the coordinated interaction between
endothelial and adjacent cells. Vascular endothe-
lial growth factor (VEGF) possesses a dominant
role in mediating endothelial cell sprouting,
migration, and network formation as indicated
by the early lethality of VEGF-deficient mice
(Carmeliet et al. 1996; Ferrara et al. 1996; for
review see Ferrara et al. 2003; Conway et al.
2001; Risau 1997). The Angiopoietin (Ang) fam-
ily has primary roles in the latter stages of vascular
development and in the adult vasculature, where it
controls vessel remodeling and stabilization.
Ang-1 has the capability to stimulate Tie2 receptor
activation while Ang-2 has been identified as an
antagonizing ligand (Suri et al. 1998; Maisonpierre
etal. 1997). Ang-2 overexpression in transgenic
mice led to embryonic death with a phenotype
similar to Ang-1 or Tie2 deletion (Maisonpierre
et al. 1997). Thus, genetic evidence suggests that
signaling through Tie2 appears to depend on the
balance between Angl and Ang2. In the quiescent
vasculature in adults, Ang1 provides a basal signal
to maintain the integrity of the endothelial cells
(Brindle et al. 2006). In contrast, Ang-2 induced
by VEGF or hypoxia suppresses these effects

R. Liersch et al. (eds.), Angiogenesis Inhibition, Recent Results in Cancer Research, 3
DOI: 10.1007/978-3-540-78281-0 2, © Springer Verlag Berlin Heidelberg 2010



Y. Reiss

andleads tovessel destabilization. Consequently,
effects mediated by Ang-2 allow vessel growth
or regression, depending on the presence of
additional growth factors (Hanahan 1997).

2.2
Importance of the Angiopoietin/Tie System
During Developmental Angiogenesis

Ang-1and Ang-2 (Davisetal. 1996; Maisonpierre
et al. 1997) are best characterized among the
Angiopoietin family. Additional members are
designated as Ang-3 and Ang-4, and represent
diverging counterparts in mice and humans
(Valenzuela et al. 1999). Ang-1 and Ang-2 are
ligands for the receptor fyrosine kinase with
immunoglobulin and epidermal growth factor
homology domains 2 (Tie2; Maisonpierre et al.
1997; Davis et al. 1996; Sato et al. 1995; Dumont
et al. 1995) with predominant expression in
endothelial cells. They share approximately 60%
of aminoacid identity (Maisonpierre et al. 1997).
Ang-1 has initially been discovered as the pri-
mary Tie2 ligand (Davis et al. 1996). Although
Ang-1 and Ang-2 act as antagonizing mole-
cules, they bind to Tie2 with similar affinities.
They share the same binding domains of the
Tie2 receptor, including the first Ig-like loop
and the epidermal growth factor-like repeats
(Barton et al. 2006; Fiedler et al. 2003). The two
highly related members of the Tie receptor
tyrosine kinase family, Tiel and Tie2, display
unique extracellular domains: epidermal growth
factor repeats, immunoglobulin-like domains,
fibronectin-type III repeats, and a separated
tyrosine kinase domain in the cytoplasmic region
(Dumont et al. 1993; Sato et al. 1993; Schnurch
and Risau 1993; Partanen et al. 1992). Although
Tie2 is the best established receptor for Ang-1,
there are emerging data showing that the ligand
may also signal through the related tyrosine
kinase Tiel (Saharinen et al. 2005).
Engagement of Tie2 by Ang-1 is responsible
for receptor phosphorylation and the induction of

survival signals in endothelial cells (Jones et al.
1999; Papapetropoulos et al. 2000). There is addi-
tional evidence that Ang-1 plays an active role in
vessels sprouting as Ang-1 overexpression in
mice increased vessel density and branching (Suri
et al. 1998). Ang-1-mediated endothelial cell
sprouting and migration has also been proven in
in vitro models (Audero et al. 2004; Hayes et al.
1999; Koblizek et al. 1998). Consistent with these
findings, interactions between endothelial and
pericytes/smooth muscle cells are stabilized only
in the presence of Ang-1, and decreased associa-
tion of endothelial cells with support cells is evi-
dent in Ang-1 mutant mice (Suri et al. 1996). In
the adult vasculature, Ang-1 binding to Tie2 is
constitutive and essential to maintain endothe-
lium in the quiescent state (Wong et al. 1997,
Saharinen et al. 2008; Fukuhara et al. 2008). By
contrast, opposing functions have been described
for Ang-2. Binding of Tie2 by Ang-2 antagonizes
receptor phosphorylation in transgenic animals
(Maisonpierre et al. 1997; Reiss et al. 2007),
thereby disrupting contacts between endothelial-
and periendothelial support cells. Ang-2 also dis-
rupts endothelial monolayer interaction with
smooth muscle cells in culture (Scharpfenecker
et al. 2005). This process is fundamental for the
initiation of vessel sprouting or regression.
Evidence for the importance of the Angio-
poietin/Tie2 system for the vascular development
is derived from genetic experiments following the
ablation of Ang-1 or Tie2 in transgenic mice (Suri
et al. 1996; Sato et al. 1995; Dumont et al. 1995).
A summary of genetic mouse models available of
Angiopoietins and Tie receptors are displayed in
Table 2.1. Embryos lacking Tie2 receptor tyrosine
kinase or Ang-1 ligand display aberrant vascular
development and die around embryonic day E11
as a consequence of insufficient remodeling of the
primary capillary plexus. Analysis of the vascula-
ture of mice deficient for Tie2 or Ang-1 has indi-
cated abnormal interactions between endothelial
cells and peri-endothelial support cells (Suri et al.
1996; Sato et al. 1995; Dumont et al. 1995).
Contrary to these findings, mice with targeted
expression of Ang-1 in the skin exhibit larger and
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Table 2.1 Transgenic mice resulting from Angiopoietin/Tie deletion and overexpression

Ang-1

Ang-17"

Lethal at E11-12.5, defective vessel remodeling, enlarged vessels, and poor endothelial cell
interaction with perivascular cells, complementary to Tie2” phenotype (Suri et al. 1996)

Ang-1 overexpression

Overexpression in skin increases number, size and branching of vessels (hypervascularization),
vessel sealing, anti-inflammatory (Suri et al. 1998; Thurston et al. 1999)

Ang-2

Ang-27"

Lethal at postnatal day 14 (depending on genetic background), normal embryonic vascular
development, defects in postnatal angiogenic remodeling (disturbed hyaloid vessel regression),
and defects in the lymphatic vasculature (disorganization/hypoplasia in dermal and intestinal
lymphatics) (Gale et al. 2002)

Ang-2 overexpression

Ang-2 overexpression in the vasculature, lethal at E9.5-10.5. complementary to Ang-1 and Tie2
mutant phenotypes but more severe, rounded endothelial cells, poor interaction with matrix,
endocardial defects (Maisonpierre et al. 1997)

Inducible Ang-2 overexpression in endothelial cells

Tiel promoter driven, Tet-inducible expression of Ang-2 in endothelial cells, embryonic lethality
during gestation, defective collateral artery growth, and smooth muscle cell coverage during
pathological angiogenesis (limb ischemia) (Reiss et al. 2007)

Tie receptors

Tiel

Die embryonic day >13.5 (E13.5), vessel hemorrhage, edema, rupture, endocardial defects (Sato
et al. 1995; Puri et al. 1995; Puri et al. 1999)

Tie2 "~

Lethal E9.5-10.5, complementary phenotype to Ang-17, defective vessel remodeling, dilated
vessels, decreased branching, rounded endothelial cells lacking pericytes, hemorrhage, vessel
rupture (Dumont et al. 1994; Sato et al. 1995)

Tiel and Tie2 "~

Similar to Tie2 ™ but more severe. Tiel 7 embryos sensitive to Tie2 gene dosage, Tiel "/
Tie2endothelial cells absent from capillaries of adult chimeric wildtype/double knockout mice
(Puri et al. 1999)

Tiel/Tie2 " cells have reduced capacity to contribute to hematopoiesis in the adult, but not in the
fetus (Puri and Bernstein 2003)

more numerous branched vessels that are resis-
tant to vascular leakage induced by permeability
factors, such as VEGF (Suri et al. 1998). These
findings support the present concept that the
Angiopoietin/Tie2 system plays an important role
in the interaction between endothelial and mural
cells. Angiogenic remodeling of the mature vas-
culature requires a progressive disengagement of
endothelial cells from the surrounding support

cells, and this destabilization can result in ves-
sels sprouting or regression. The distinct expres-
sion pattern of Ang-2 at sites of active vascular
remodeling (Maisonpierre et al. 1997) and in
highly vascularized tumors (Holash et al. 1999;
Stratmann et al. 1998) has implicated Ang-2 in
the blockade of the Ang-1 stabilizing function
to facilitate angiogenesis. In addition, transgenic
overexpression in embryonic endothelial cells
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resulted in a similar phenotype as the deletion
ofthe Tie2 gene, supporting the view that Ang-2
is an antagonistic ligand (Maisonpierre et al.
1997). However, genetic ablation of Ang-2 in
mice resulted in a less severe phenotype, which
is compatible with life, as such providing evi-
dence that Ang-2 is not redundant with Ang-1
(Gale et al. 2002). Ang-2 is selectively upregu-
lated in tumor vessels before the onset of VEGF
in adjacent tumor cells, and can synergize with
VEGF to enhance neovascularization. This
indicated that Ang-2 might be antagonist in par-
ticular environments, such as in postnatal
remodeling or pathological angiogenesis (Gale
et al. 2002; Holash et al. 1999).

23
Angiopoietins and Tumor-Associated
Angiogenesis

The essential role of angiogenesis for the expan-
sion of solid tumors is demonstrated by the
observation that avascular tumors are not able to
grow beyond a certain size unless they acquire
new blood vessels for the supply of nutrients and
oxygen (Folkman 1971; Hanahan and Folkman
1996; Yancopoulos et al. 2000). Co-option of
existing vessels from the neighboring tissue
thereby displays one possible mechanism to pro-
mote tumor growth (Holash et al. 1999). In addi-
tion, tumor cells provide endothelium-specific
growth factors such as VEGF and Angiopoietins
for the recruitment of new blood vessel.

During development, Tie2 expression is pres-
ent on virtually all endothelial cells (Dumont
et al. 1995; Sato et al. 1995). In addition, Tie2
expression is increased during physiological and
pathological angiogenesis in the adult. How-
ever, endothelial cells of the vasculature remain
quiescent during adult life. Numerous studies
have demonstrated altered expression patterns for
Angiopoietin ligands and corresponding Tie
receptors in a variety of tumors. This clearly

indicated important roles for Angiopoietin/Tie
signaling beyond development in experimental
models of tumor growth (Reiss et al. 2005; Tait
and Jones 2004). Tumor vessels are known to
have abnormal phenotypes that include changes
in the architecture and assembly of the vessel
wall (Morikawa et al. 2002; Ward and Dumont
2002). These vessel abnormalities are likely the
cause for increased vascular permeability within
the tumor. With respect to potential targeted inter-
ventions of angiogenesis in tumors, it is required
to decipher the mechanisms that promote or
inhibit the vessel growth. Regarding the current
knowledge of Angiopoietin biology during tumor
angiogenesis, results are controversial and include
pro- and antiangiogenic functions for both, Ang-1
and Ang-2. In detail, overexpression of Ang-1 in
experimental tumors induced stabilization by the
recruitment of pericytes and smooth muscle cells
to recently formed vessels (for review see (Reiss
et al. 2005; Tait and Jones 2004)). Consequently,
reduced tumor growth or tumor stasis has
been reported by a number of research labora-
tories in experimental tumors, such as colon-,
lung-, mammary- and squamous cell carcinoma
(Stoeltzing et al. 2003; Hawighorst et al. 2002;
Tian et al. 2002; Stoeltzing et al. 2002; Ahmad
etal. 2001; Yuand Stamenkovic 2001; Hayes et al.
2000). However, findings derived from certain
tumor types, including our own results, indicate
proangiogenic functions when overexpressing
Ang-1 (Shim et al. 2002; Machein et al. 2004).
These controversial findings may be related to
differences in the presence of growth factors
within the tumor types investigated. Although
effector functions of Ang-1 on the outcome of
tumor growth are not completely resolved, an
improved vessel architecture in the presence of
Ang-1 is typically observed. This is mainly
exerted by a higher degree of pericyte coverage.
Ang-2 in contrast, is necessary to initiate vessel
sprouting and is associated with pericyte loss of
the host tumor vasculature (Reiss et al. 2009; Cao
et al. 2007; Machein et al. 2004; Zhang et al.
2003; Hu et al. 2003; Ahmad et al. 2001; Yu and
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Stamenkovic 2001; Etoh et al. 2001; Tanaka et al.
1999). This is achieved through the destabilizing
actions on the previously quiescent vasculature.
At present, findings that have been reported for
the role of Ang-2 during tumor progression are
not well understood. However, what can be con-
cluded from the literature with regard to Ang-2
functions in tumors is a shift in the balance of
Ang-1and Ang-2 in favor of Ang-2. Consequently,
instability of the host vasculature and aberrant,
nonfunctional vessels were often observed (Reiss
etal. 2009; Reiss et al. 2005). Furthermore, Lewis
lung carcinoma, mammary carcinoma, gastric

Tumorvessel

a morphology

[ Endothelial cell
| sprouting

Ang-2 fransgenic Ang-2 .

+VEGF

Fig. 2.1 Influence of the Angiopoietin/Tie system on
the formation of new blood vessels in tumors.
Inducible Ang-2 expression in the vasculature of
transgenic animals (adapted from Reiss et al. 2007)
leads to increased vascular densities (green: aCD31
immunohistochemistry) in subcutaneous Lewis
lung tumors, indicative for excessive vessel sprout-
ing (a). Furthermore, reduced in red pericyte cover-
age (a, indicated by aSMA labeling) in red is
prominent within the tumor vasculature (insets:
higher magnification). A schematic drawing of

Vessel
b | destabilization

and brain tumors overexpressing Ang-2 display
increased frequencies of metastatic dissemination
and are highly invasive (Hu et al. 2003; Yu and
Stamenkovic 2001; Etoh et al. 2001). In sum-
mary, evidence from the literature implies that
vessel destabilizing defects of Ang-2 might be
caused by the disengagement of pericytes from
the tumor vessels, and the defective cellular lin-
ings caused by openings between endothelial
cells might to some extent explain increased per-
meabilities within tumor vessels (Hashizume
et al. 2000). Ang-2-mediated functions during
tumor angiogenesis are illustrated in Fig. 2.1.

/ Hematop0|et|c cells
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Angiopoietin/Tie mediated functions in tumors is
illustrated in (b). Ang-1 contributes to the stabiliza-
tion and maturation of new blood vessels in tumors.
In concert with VEGF, Ang-2 destabilizes the vas-
culature and leads to vessel sprouting or regression
(modified after (Reiss et al. 2005)) Ang-2 addition-
ally might be able to promote the recruitment of
hematopoietic cells during tumor progression or
other pathological conditions as Ang-2 deficient
mice display delayed inflammatory cell recruitment
(Fiedler et al., 20006)
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Ang-2 is highly regulated at the transcrip-
tional level (Hegen et al. 2004) and induced in
endothelial cells in areas of active angiogenesis
(Holash et al. 1999; Stratmann et al. 1998) such
as in tumors, making it an attractive target for
therapeutic intervention. Moreover, Ang-2 has
been associated with poor prognosis and lymph-
node metastasis in human tumors pointing
towards a need for therapeutic intervention
(Ochiumi et al. 2004; Hu et al. 2003; Sfiligoi
et al. 2003; Etoh et al. 2001). Pharmacological
inhibition of Angiopoietin functions by seques-
tration with soluble Tie2 (Siemeister et al.
1999; Lin et al. 1998; Lin et al. 1997) or by the
usage of dominant-negative Tie2 mutants has
earlier been shown to have a negative impact
on tumor growth and progression. Furthermore,
neutralization of Ang-2-Tie2 interactions
(Oliner et al. 2004) or overexpression of Ang-2
(Cao et al. 2007) inhibited tumor angiogenesis
and tumor growth in mice. Whether targeted
intervention of Ang-2 will be applicable in
human tumors as well remains to be elucidated
in the future.

In spite of the intense research on Angio-
poietin functions during physiological angio-
genesis (Suri et al. 1998; Maisonpierre et al. 1997)
and tumor angiogenesis (Holash et al. 1999;
Stratmann et al. 1998), the biological actions of
Angiopoietins during tumor progression have
not been fully ascertained. Clearly, molecular
mechanisms for a more precise understanding
of Angiopoietin/Tie-mediated effector functions
that may lead to increased vessel integrity or
drive vascular remodeling/regression are largely
missing. In detail, it is well established that tumor
vessels display highly permeable vessels, but
only few studies focused on the cellular basis
of tumor vessel permeability (McDonald et al.
1999; Morikawa et al. 2002; Hashizume et al.
2000). For instance, it is largely unknown how
Ang-1 prevents and Ang-2 increases vessel
permeability, although they both seem to inter-
fere with cell-cell interactions and junctional

proteins (e.g., stabilize or destabilize EC junc-
tions invitro) (Gamble etal. 2000; Scharpfenecker
et al. 2005). Recently, two reports provided some
insight in the molecular mechanism of Ang-1-
induced Tie2 signaling in regulating endothelial
cell quiescence vs. angiogenic activation
(Saharinen et al. 2008; Fukuhara et al. 2008).
Using an in vitro system, the authors elegantly
showed that Angl-activated Tie2 assembles
novel signaling complexes leading to preferen-
tial activation of different downstream signal
transduction proteins in the presence vs. absence
of cell—cell contacts.

In our own studies, we analyzed the cellular
consequences of Angiopoietin expression on
tumor vessel morphology in two mouse mam-
mary carcinoma models which naturally
displayed distinct Ang/Tie2 expression pro-
files and generated mammary carcinomas to
express Ang-1 and Ang-2 (Reiss et al. 2009).
Analysis of Angiopoietin-overexpressing mam-
mary xenografts at the ultrastructural level
strongly supported the hypothesis that Ang-1/
Tie2 signaling is essential for proper vessel
organization, and suggested that Ang-2 is
mainly responsible for the induction of dis-
rupted endothelial cells (Reiss et al. 2009).
Furthermore, our findings supported the hypoth-
esis that Ang-2 can trigger important signals
that are decisive for a switch of vascular pheno-
types within tumors. Current results also imply
that disruption of cell-—cell contacts between
endothelial cells might be inversely regulated by
Ang-1 and Ang-2. For instance, it has been shown
that VEGF-mediated disruption of cell—cell inter-
actions is attributed to the dissociation of
B-catenin from VE-cadherin (Wang et al. 2004).
Interestingly, this effect can be opposed by
Ang-1 as it specifically counteracts the ability of
VEGTF to induce the phosphorylation-dependent
redistribution of VE-cadherin, thereby rescue-
ing the endothelial barrier function (Gavard
et al. 2008). Our own observations in tumors of
Ang-2 transgenic animals (unpublished data);
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(Reiss et al. 2007) suggest that high serum lev-
els of Ang-2 are mainly responsible for improper
vessel function. Future studies will help to
unravel participating cellular elements during
pathological angiogenesis more precisely.

24
Therapeutic Implications

Clearly, the effects of Angiopoietins in vivo
suggest that manipulation of this ligand could
have therapeutical potential. Pharmacological
inhibition of Angiopoietin functions by seques-
tration with soluble Tie2 (Siemeister et al. 1999;
Lin et al. 1998; Lin et al. 1997), or by the usage
of dominant-negative Tie2 mutants has previ-
ously been shown to have a negative impact on
tumor growth and progression. Until now, novel
inhibition strategies for cancer treatment are at
the preclinical level in murine angiogenesis
models. Possible manipulation includes neutral-
ization of Ang-2-Tie2 interactions (Oliner et al.
2004) or overexpression of Ang-2 (Cao et al.
2007), which inhibited tumor angiogenesis and
tumor growth in mice. Whether targeted
intervention of Ang-2 will be favorable in
human tumors needs to be determined in the
future. However, interfering with Ang-2 will
shift the relative level of Angl and Ang-2. In
case of Ang-2 inhibition, increased levels of
Ang-1 will be beneficial for vessel perfusion
and permeability and might lead to increased
angiogenesis. Thus, Angiopoietin dosage is
critical for the net outcome on angiogenesis
inhibition and has to be taken into account for
possible therapeutic interventions. Interestingly,
VEGFR2 blockage can temporarily normalize
tumor vessel structure (increased pericyte cov-
erage) and lead to vascular normalization via
expression of Ang-1 (Winkler et al. 2004). As a
consequence, transient stabilization of vessels

and improved oxygen delivery to hypoxic zones
is achieved following VEGF neutralization
which may facilitate drug delivery into tumors.
The delivery of drugs utilizing the Angiopoietin/
Tie system as a vehicle has recently been
reported by De Palma et al. (De Palma et al.
2008). In this study, the authors exploited the
tumor-homing ability of proangiogenic Tie2-
expressing monocytes to deliver IFN-a to
tumors which inhibited tumor growth and
metastasis.

The complex interplay between complemen-
tary and yet conflicting roles of both Angio-
poietins during tumor angiogenesis has impeded
the development of drugs interfering with this
angiogenic pathway. Collectively, a better under-
standing of the molecular mechanisms of Ang-1
and Ang-2 signaling during pathological angio-
genesis may set the stage for novel therapies
targeting this pathway.

2.5
Conclusions

Angiopoietins (Ang-1 and Ang-2) and their Tie
receptors have wide-ranging effects on tumor
malignancy that includes angiogenesis, vascular
stabilization and permeability, and the recruit-
ment of inflammatory cells. These multifaceted
pathways present a valuable opportunity in
developing novel inhibition strategies for cancer
treatment. Ang-1 is not significantly upregulated
in the majority of tumors. In contrast, Ang-2 is
highly induced in the tumor vasculature, even
prior to the induction of VEGF. As such, a shift
in the Ang-1:Ang-2 balance in advantage of
Ang-2 is the consequence. Therefore, it is evi-
dent that Ang-2 dosage is critical in shaping the
outcome of angiogenesis. However, the regula-
tory role of Ang-1 and Ang-2 in tumor angio-
genesis remains controversial, and the complex
interplay between complementary yet conflicting
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roles of both the Angiopoietins during adult
angiogenesis need to be addressed more pre-
cisely, for example, by using Ang-2 transgenic
animals. Further studies are needed to discern
how Angiopoietins cooperate with other mole-
cules and to develop new strategies for therapy
targeting the Ang/Tie pathway.

Acknowledgment [ gratefully acknowledge Jutta
Reiss for helping with the illustrations and cartoons,
and Andrea Tal for confocal images. This work is
supported by the SFB/TR23 — C1 and the Excel-
lence Cluster Cardio-Pulmonary System (ECCPS).

References

Carmeliet P, Ferreira V, Breier G et al (1996)
Abnormal blood vessel development and lethal-
ity in embryos lacking a single VEGF allele.
Nature 380:435—439

Ferrara N, Carver-Moore K, Chen H et al (1996)
Heterozygous embryonic lethality induced by
targeted inactivation of the VEGF gene. Nature
380:439-442

Ferrara N, Gerber HP, LeCouter J (2003) The biology
of VEGF and its receptors. Nat Med 9:669-676

Conway EM, Collen D, Carmeliet P (2001)
Molecular mechanisms of blood vessel growth.
Cardiovasc Res 49:507-521

Risau W (1997) Mechanisms of angiogenesis.
Nature 386:671-674

Suri C, McClain J, Thurston G et al (1998) Increased
vascularization in mice overexpressing angio-
poietin-1. Science 282:468—471

Maisonpierre PC, Suri C, Jones PF et al (1997)
Angiopoietin-2, a natural antagonist for Tie2 that
disrupts in vivo angiogenesis. Science 277:55-60

Brindle NP, Saharinen P, Alitalo K (2006) Signaling
and functions of angiopoietin-1 in vascular pro-
tection. Circ Res 98:1014-1023

Hanahan D (1997) Signaling vascular morphogen-
esis and maintenance. Science 277:48-50

Davis S, Aldrich TH, Jones PF et al (1996) Isolation
of angiopoietin-1, a ligand for the TIE2 receptor,
by secretion-trap expression cloning. Cell 87:
1161-1169

Valenzuela DM, Griffiths JA, Rojas J et al (1999)
Angiopoietins 3 and 4: diverging gene counter-
parts in mice and humans. Proc Natl Acad Sci

U S A 96:1904-1909

Sato TN, Tozawa Y, Deutsch U et al (1995) Distinct
roles of the receptor tyrosine kinases Tie-1 and
Tie-2 in blood vessel formation. Nature
376:70-74

Dumont DJ, Fong GH, Puri MC, Gradwohl G,
Alitalo K, Breitman ML (1995) Vascularization
of the mouse embryo: a study of flk-1, tek, tie,
and vascular endothelial growth factor expres-
sion during development. Dev Dyn 203:80-92

Barton WA, Tzvetkova-Robev D, Miranda EP et al
(2006) Crystal structures of the Tie2 receptor
ectodomain and the angiopoietin-2-Tie2 com-
plex. Nat Struct Mol Biol 13:524-532

Fiedler U, Krissl T, Koidl S etal (2003) Angiopoietin-1
and angiopoietin-2 share the same binding
domains in the Tie-2 receptor involving the first
Ig-like loop and the epidermal growth factor-like
repeats. J Biol Chem 278:1721-1727

Dumont DJ, Gradwohl GJ, Fong GH, Auerbach R,
Breitman ML (1993) The endothelial-specific
receptor tyrosine kinase, tek, is a member of a new
subfamily of receptors. Oncogene 8:1293-1301

Sato TN, Qin Y, Kozak CA, Audus KL (1993) Tie-1
and tie-2 define another class of putative recep-
tor tyrosine kinase genes expressed in early
embryonic vascular system. Proc Natl Acad Sci
U S A 90:9355-9358

Schnurch H, Risau W (1993) Expression of tie-2, a
member of a novel family of receptor tyrosine
kinases, in the endothelial cell lineage.
Development 119:957-968

Partanen J, Armstrong E, Makela TP et al (1992) A
novel endothelial cell surface receptor tyrosine
kinase with extracellular epidermal growth factor
homology domains. Mol Cell Biol 12:1698-1707

Saharinen P, Kerkela K, Ekman N et al (2005)
Multiple angiopoietin recombinant proteins acti-
vate the Tiel receptor tyrosine kinase and promote
its interaction with Tie2. J Cell Biol 169:239-243

Jones N, Master Z, Jones J et al (1999) Identification
of Tek/Tie2 binding partners. Binding to a multi-
functional docking site mediates cell survival
and migration. J Biol Chem 274:30896-30905

Papapetropoulos A, Fulton D, Mahboubi K et al
(2000) Angiopoietin-1 inhibits endothelial cell
apoptosis via the Akt/survivin pathway. J Biol
Chem 275:9102-9105

Audero E, Cascone I, Maniero F et al (2004) Adaptor
ShcA protein binds tyrosine kinase Tie2 receptor
and regulates migration and sprouting but not



2 Angiopoietins

1

survival of endothelial cells. J Biol Chem 279:
13224-13233

Hayes AJ, Huang WQ, Mallah J, Yang D, Lippman
ME, Li LY (1999) Angiopoietin-1 and its recep-
tor Tie-2 participate in the regulation of capil-
lary-like tubule formation and survival of
endothelial cells. Microvasc Res 58:224-237

Koblizek TI, Weiss C, Yancopoulos GD, Deutsch U,
Risau W (1998) Angiopoietin-1 induces sprout-
ing angiogenesis in vitro. Curr Biol 8:529-532

Suri C, Jones PF, Patan S et al (1996) Requisite role
of angiopoietin-1, a ligand for the TIE2 receptor,
during embryonic angiogenesis. Cell 87:
1171-1180

Wong AL, Haroon ZA, Werner S, Dewhirst MW,
Greenberg CS, Peters KG (1997) Tie2 expres-
sion and phosphorylation in angiogenic and qui-
escent adult tissues. Circ Res 81:567-574

Saharinen P, Eklund L, Miettinen J et al (2008)
Angiopoietins assemble distinct Tie2 signalling
complexes in endothelial cell-cell and cell-
matrix contacts. Nat Cell Biol 10:527-537

Fukuhara S, Sako K, Minami T et al (2008)
Differential function of Tie2 at cell-cell contacts
and cell-substratum contacts regulated by angio-
poietin-1. Nat Cell Biol 10:513-526

Reiss Y, Droste J, Heil M et al (2007) Angiopoietin-2
impairs revascularization after limb ischemia.
Circ Res 101(1):88-96

Scharpfenecker M, Fiedler U, Reiss Y, Augustin HG
(2005) The Tie-2 ligand angiopoietin-2 destabilizes
quiescent endothelium through an internal auto-
crine loop mechanism. J Cell Sci 118:771-780

Holash J, Maisonpierre PC, Compton D et al (1999)
Vessel cooption, regression, and growth in tumors
mediated by angiopoietins and VEGF. Science
284:1994-1998

Stratmann A, Risau W, Plate KH (1998) Cell type-
specific expression of angiopoietin-1 and
angiopoietin-2 suggests a role in glioblastoma
angiogenesis. Am J Pathol 153:1459-1466

Gale NW, Thurston G, Hackett SF et al (2002)
Angiopoietin-2 is required for postnatal angio-
genesis and lymphatic patterning, and only the
latter role is rescued by Angiopoietin-1. Dev
Cell 3:411-423

Folkman J (1971) Tumor angiogenesis: therapeutic
implications. N Engl J Med 285:1182—1186

Hanahan D, Folkman J (1996) Patterns and emerg-
ing mechanisms of the angiogenic switch during
tumorigenesis. Cell 86:353-364

Yancopoulos GD, Davis S, Gale NW, Rudge JS,
Wiegand SJ, Holash J (2000) Vascular-specific
growth factors and blood vessel formation.
Nature 407:242-248

Reiss Y, Machein MR, Plate KH (2005) The role of
angiopoietins during angiogenesis in gliomas.
Brain Pathol 15:311-317

Tait CR, Jones PF (2004) Angiopoietins in tumours:
the angiogenic switch. J Pathol 204:1-10

Morikawa S, Baluk P, Kaidoh T, Haskell A, Jain RK,
McDonald DM (2002) Abnormalities in peri-
cytes on blood vessels and endothelial sprouts in
tumors. Am J Pathol 160:985-1000

Ward NL, Dumont DJ (2002) The angiopoietins and
Tie2/Tek: adding to the complexity of cardiovascu-
lar development. Semin Cell Dev Biol 13:19-27

Stoeltzing O, Ahmad SA, Liu W et al (2003)
Angiopoietin-1 inhibits vascular permeability,
angiogenesis, and growth of hepatic colon cancer
tumors. Cancer Res 63:3370-3377

Hawighorst T, Skobe M, Streit M etal (2002) Activation
of the tie2 receptor by angiopoietin-1 enhances
tumor vessel maturation and impairs squamous cell
carcinoma growth. Am J Pathol 160:1381-1392

Tian S, Hayes AJ, Metheny-Barlow LJ, Li LY
(2002) Stabilization of breast cancer xenograft
tumour neovasculature by angiopoietin-1. Br J
Cancer 86:645-651

Stoeltzing O, Ahmad SA, Liu W et al (2002)
Angiopoietin-1 inhibits tumour growth and
ascites formation in a murine model of perito-
neal carcinomatosis. Br J Cancer 87:1182-1187

Ahmad SA, Liu W, Jung YD et al (2001) The effects
of angiopoietin-1 and -2 on tumor growth and
angiogenesis in human colon cancer. Cancer Res
61:1255-1259

Yu Q, Stamenkovic I (2001) Angiopoietin-2 is impli-
cated in the regulation of tumor angiogenesis.
Am J Pathol 158:563-570

Hayes AJ, Huang WQ, Yu J et al (2000) Expression
and function of angiopoietin-1 in breast cancer.
BrJ Cancer 83:1154-1160

Shim WS, Teh M, Bapna A et al (2002) Angiopoietin
1 promotes tumor angiogenesis and tumor vessel
plasticity of human cervical cancer in mice. Exp
Cell Res 279:299-309

Machein MR, Knedla A, Knoth R, Wagner S,
Neuschl E, Plate KH (2004) Angiopoietin-1 pro-
motes tumor angiogenesis in a rat glioma model.
Am J Pathol 165:1557-1570

Cao Y, Sonveaux P, Liu S et al (2007) Systemic



12

Y. Reiss

overexpression of angiopoietin-2 promotes tumor
microvessel regression and inhibits angiogenesis
and tumor growth. Cancer Res 67:3835-3844

Zhang L, Yang N, Park JW et al (2003) Tumor-derived
vascular endothelial growth factor up-regulates
angiopoietin-2 in host endothelium and destabi-
lizes host vasculature, supporting angiogenesis in
ovarian cancer. Cancer Res 63:3403-3412

Hu B, Guo P, Fang Q et al (2003) Angiopoietin-2
induces human glioma invasion through the acti-
vation of matrix metalloprotease-2. Proc Natl
Acad Sci U S A 100:8904-8909

Etoh T, Inoue H, Tanaka S, Barnard GF, Kitano S,
Mori M (2001) Angiopoietin-2 is related to
tumor angiogenesis in gastric carcinoma: possi-
ble in vivo regulation via induction of proteases.
Cancer Res 61:2145-2153

Tanaka S, Mori M, Sakamoto Y, Makuuchi M,
Sugimachi K, Wands JR (1999) Biologic signifi-
cance of angiopoietin-2 expression in human hepa-
tocellular carcinoma. J Clin Invest 103:341-345

Hashizume H, Baluk P, Morikawa S et al (2000)
Openings between defective endothelial cells
explain tumor vessel leakiness. Am J Pathol
156:1363-1380

Hegen A, Koidl S, Weindel K, Marme D, Augustin
HG, Fiedler U (2004) Expression of angiopoie-
tin-2 in endothelial cells is controlled by positive
and negative regulatory promoter elements.
Arterioscler Thromb Vasc Biol 24:1803-1809

Ochiumi T, Tanaka S, Oka S et al (2004) Clinical
significance of angiopoietin-2 expression at the
deepest invasive tumor site of advanced colorec-
tal carcinoma. Int J Oncol 24:539-547

Sfiligoi C, de Luca A, Cascone I et al (2003)
Angiopoietin-2 expression in breast cancer
correlates with lymph node invasion and short
survival. Int J Cancer 103:466-474

Siemeister G, Schirner M, Weindel K et al (1999) Two
independent mechanisms essential for tumor
angiogenesis: inhibition of human melanoma xeno-
graft growth by interfering with either the vascular
endothelial growth factor receptor pathway or the
Tie-2 pathway. Cancer Res 59:3185-3191

Lin P, Buxton JA, Acheson A et al (1998)
Antiangiogenic gene therapy targeting the
endothelium-specific receptor tyrosine kinase
Tie2. Proc Natl Acad Sci U S A 95:8829-8834

Lin P, Polverini P, Dewhirst M, Shan S, Rao PS,
Peters K (1997) Inhibition of tumor angiogenesis
using a soluble receptor establishes a role for
Tie2 in pathologic vascular growth. J Clin Invest
100:2072-2078

Oliner J, Min H, Leal J et al (2004) Suppression of
angiogenesis and tumor growth by selective inhi-
bition of angiopoietin-2. Cancer Cell 6:507-516

McDonald DM, Thurston G, Baluk P (1999)
Endothelial gaps as sites for plasma leakage in
inflammation. Microcirculation 6:7-22

Gamble JR, Drew J, Trezise L et al (2000)
Angiopoietin-1 is an antipermeability and anti-
inflammatory agent in vitro and targets cell junc-
tions. Circ Res 87:603—607

Wang Y, Pampou S, Fujikawa K, Varticovski L
(2004) Opposing effect of angiopoietin-1 on
VEGF-mediated disruption of endothelial cell-
cell interactions requires activation of PKC beta.
J Cell Physiol 198:53-61

Gavard J, Patel V, Gutkind JS (2008) Angiopoietin-1
prevents VEGF-induced endothelial permeabil-
ity by sequestering Src through mDia. Dev Cell
14:25-36

Murdoch C, Muthana M, Coffelt SB, Lewis CE (2008)
The role of myeloid cells in the promotion of
tumour angiogenesis. Nat Rev Cancer 8:618-631

Grunewald M, Avraham I, Dor Y et al (2006)
VEGF-induced adult neovascularization: recruit-
ment, retention, and role of accessory cells. Cell
124:175-189

De Palma M, Murdoch C, Venneri MA, Naldini L,
Lewis CE (2007) Tie2-expressing monocytes:
regulation of tumor angiogenesis and therapeutic
implications. Trends Immunol 28:519-524

De Palma M, Venneri MA, Roca C, Naldini L (2003)
Targeting exogenous genes to tumor angiogenesis
by transplantation of genetically modified
hematopoietic stem cells. Nat Med 9: 789-795

De Palma M, Venneri MA, Galli R et al (2005) Tie2
identifies a hematopoietic lineage of proan-
giogenic monocytes required for tumor vessel
formation and a mesenchymal population of
pericyte progenitors. Cancer Cell 8: 211-226

Machein MR, Renninger S, de Lima-Hahn E,
Plate KH (2003) Minor contribution of bone
marrow-derived endothelial progenitors to the
vascularization of murine gliomas. Brain Pathol
13:582-597

Fiedler U, Reiss Y, Scharpfenecker M et al (2006)
Angiopoietin-2 sensitizes endothelial cells to
TNF-alpha and has a crucial role in the induction
of inflammation. Nat Med 12:235-239

Winkler F, Kozin SV, Tong RT et al (2004) Kinetics
of vascular normalization by VEGFR2 blockade
governs brain tumor response to radiation: role
of oxygenation, angiopoietin-1, and matrix met-
alloproteinases. Cancer Cell 6:553-563



2 Angiopoietins

13

De Palma M, Mazzieri R, Politi LS et al (2008)
Tumor-targeted interferon-alpha delivery by Tie2-
expressing monocytes inhibits tumor growth and
metastasis. Cancer Cell 14:299-311

Thurston G, Suri C, Smith K et al (1999) Leakage-
resistant blood vessels in mice transgenically
overexpressing angiopoietin-1. Science 286:
2511-2514

Puri MC, Rossant J, Alitalo K, Bernstein A, Partanen J
(1995) The receptor tyrosine kinase TIE is
required for integrity and survival of vascular
endothelial cells. EMBO J 14:5884-5891

Puri MC, Partanen J, Rossant J, Bernstein A (1999)
Interaction of the TEK and TIE receptor tyrosine
kinases during cardiovascular development. Devel-
opment 126:4569-4580

Dumont DJ, Gradwohl G, Fong GH et al (1994)
Dominant-negative and targeted null mutations
in the endothelial receptor tyrosine kinase, tek,
reveal a critical role in vasculogenesis of the
embryo. Genes Dev 8:1897-1909

Puri MC, Bernstein A (2003) Requirement for the
TIE family of receptor tyrosine kinases in adult
but not fetal hematopoiesis. Proc Natl Acad Sci
US A 100:12753-12758

Reiss Y, Knedla A, Tal AO et al (2009) Switching of
vascular phenotypes within a murine breast can-
cer model induced by Angiopoietin-2. J Path 217
(4):571-580



HIF-10c and Cancer Therapy
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Abstract Most solid tumors develop regions
of hypoxia as they grow and outstrip their blood
supply. In order to survive in the stressful hypoxic
environment, tumor cells have developed a coor-
dinated set of responses orchestrating their adap-
tation to hypoxia. The outcomes of the cellular
responses to hypoxia are aggressive disease,
resistance to therapy, and decreased patient sur-
vival. A critical mediator of the hypoxic response
is the transcription factor hypoxia-inducible fac-
tor 1 (HIF-1) that upregulates expression of pro-
teins that promote angiogenesis, anaerobic
metabolism, and many other survival pathways.
Regulation of HIF-1a., a component of the HIF-1
heterodimer, occurs at multiple levels including
translation, degradation, and transcriptional acti-
vation, and serves as a testimony to the central
role of HIF-1. Studies demonstrating the impor-
tance of HIF-1oa expression for tumor survival
have made HIF-1a an attractive target for cancer
therapy. The growing list of pharmacological
inhibitors of HIF-1 and their varied targets mir-
rors the complex molecular mechanisms control-
ling HIF-1. In this chapter, we summarize recent
findings regarding the regulation of HIF-1ol and

G. Powis (D<)

MD Anderson Cancer Center, 1400 Holcombe Blvd.,
FC6.3044, Unit 422, Houston, TX 77030, USA
e-mail: gpowis@mdanderson.org

the progress made in identifying new therapeutic
agents that inhibit HIF-1a.

3.1
Background

More than 50% of locally advanced solid tumors
exhibit hypoxic tissue areas (i.e., areas with oxy-
gen tensions of <2.5 mmHg) heterogeneously
distributed within the tumor mass (Vaupel and
Mayer 2007). Tumor hypoxia occurs due to the
inability of the local vasculature to supply suffi-
cient oxygen to the rapidly growing tumor. In an
attempt to alleviate hypoxia, tumor cells release
factors that generate new vasculature, which is
itself highly irregular, tortuous, and leaky with
arterio-venous shunts and blind ends (Brown
and Giaccia 1998). The insufficient/intermittent
oxygen supply, both from the existing vascula-
ture and from the irregular tumor neovasculature,
gives rise to a highly dynamic tumor microenvi-
ronment containing hypoxic/reoxygenation gra-
dients (Bristow and Hill 2008). Tumor hypoxia
is of major significance since it can promote
both tumor progression and resistance to radia-
tion and chemotherapy.

The tumor response to hypoxia includes the
induction of angiogenesis, a switch from aero-
bic metabolism to anaerobic glycolysis, and the

R. Liersch et al. (eds.), Angiogenesis Inhibition, Recent Results in Cancer Research, 15
DOI: 10.1007/978-3-540-78281-0 3, © Springer Verlag Berlin Heidelberg 2010
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expression of a variety of stress proteins regu-
lating cell death or survival (Table 3.1).The
hypoxia-inducible factor-1 (HIF-1 or HIF) tran-
scription factor is the master regulator of the
hypoxic response, inducing the expression of a
large number of genes critical for adaptation to
hypoxia (Semenza and Wang 1992). Indeed,
hypoxia has been recognized as a primary physi-
ological regulator of the angiogenic switch in
which HIF-1 acts as a focal point, tipping the bal-
ance of anti- and proangiogenic factors toward
hypoxia-induced angiogenesis (Bergers and
Benjamin 2003; Giordano and Johnson 2001).
Hypoxic cells are also more genetically unstable,
more resistant to treatment by ionizing radiation
and chemotherapy, and generally more invasive
and metastatic (Vaupel and Mayer 2007). Hence,
HIF-1 is a positive factor in tumor growth and its
increased expression has been correlated with
poor patient prognosis, making targeting tumor
hypoxia/HIF-1 an attractive approach for the
development of novel anticancer therapies
(Semenza 2004; Welsh et al. 2006).

3.2
Molecular and Cellular Biology of HIF-1

The HIF-1 transcription factor is a heterodimer
of the oxygen-regulated HIF-o. subunit, and
the constitutively expressed HIF-13 subunit
(also known as the aryl hydrocarbon recep-
tor nuclear translocator (ARNT)) (Wang et al.
1995). When HIF-a. is stabilized (such as during
hypoxia), it enters the nucleus and heterodi-
merizes with HIF-1B3 and binds to a conserved
DNA sequence known as the hypoxia responsive
element (HRE) to transactivate a variety of
hypoxia-responsive genes (Maxwell et al. 2001).
Both subunits are basic helix-loop-helix-Per-
ARNT-Sim (bHLH-PAS) domain proteins in
which DNA binding and dimerization is medi-
ated by the basic HLH domains, whilst the PAS
domain is involved in dimer formation (Jiang
et al. 1996) (Fig. 3.1). The HIF-a subunit also

contains an oxygen-dependent degradation
(ODD) domain that regulates its ODD and two
transactivation domains (N-TAD and C-TAD).
To date, three HIF-o isoforms (HIF-1/2/3a) have
been described, of which HIF-1aw and HIF-2a
are the best characterized. HIF-1a is expressed
ubiquitously, whereas HIF-2o. displays more
tissue-specific expression (Wiesener et al. 2003).
Both have been shown to regulate common and
unique target genes (Hu et al. 2003), and may be
differentially regulated depending on the duration
and severity of hypoxia exposure (Holmquist-
Mengelbier et al. 2006). The least studied HIF-o
isoform, HIF-3q, is regulated in a similar man-
ner to HIF-1o and HIF-2a. and can also dimerize
with HIF-1B (Gu et al. 1998). HIF-3a has high
similarity with HIF-1a and HIF-2a in the bHLH
and PAS domains, but lacks the C-TAD found in
HIF-10 and HIF-2a.. HIF-3a has multiple splice
variants, including the best-known, inhibitory
PAS domain protein (IPAS), which is a truncated
protein that acts as a dominant negative inhibitor
of HIF-1 (Makino et al. 2002).

The HIF-1 heterodimer binds a conserved
HIF binding sequence (HBS) within the HRE in
the promoter or enhancer regions of target
genes, thereby eliciting their transactivation and
an adaptive hypoxic response (Semenza 2003).
To date, more than 70 genes have been con-
firmed as HIF-1 target genes (Table 3.1). These
genes regulate a diverse set of cellular processes
critical for the physiological response to hypoxia
important both for normal development and for
the hypoxic adaptation of tumor cells.

33
HIF-1 Regulation

3.3.1
Regulation of HIF-10 Translation

Numerous studies support the idea that in addi-
tion to inhibition of ODD, continued translation
also contributes to the accumulation of HIF-1a
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Table 3.1 Role of HIF-1 in the response to hypoxia

Hypoxic response HIF-1 target genes

Angiogenesis: HIF-1 directly activates the Vascular endothelial growth factor (VEGF),

expression of a number of proangiogenic
factors, the best characterized of which is the
vascular endothelial growth factor (VEGF).
This event promotes the formation of new
blood vessels, thus restoring the supply of
oxygen and nutrients. Increased angiogenesis
is one of the key HIF-1-dependent
protumorigenic events that enable continued
tumor growth

Anaerobic metabolism: HIF-1 promotes both the

uptake and metabolism of glucose through
anaerobic glycolysis by upregulating the
expression of glucose transporters (GLUT1,

GLUT3) and of glycolytic enzymes (PFKFB3).

To maintain the metabolic flux through
glycolysis, HIF-1 activation also leads to the
inhibition of the Kreb’s cycle by upregulating
PDK1 and LDHA. This shift from aerobic to
anaerobic metabolism is frequently observed
in cancer cells, even in normoxia, and is
known as the Warburg effect

pH regulation: To counter the potentially toxic

intracellular acidosis owing to increased
production of lactic acid and CO by
anaerobic glycolysis, HIF-1 also upregulates
MCT4, which mediates lactic acid efflux, and
CA IX, which catalyzes the conversion of
extracellular CO, to carbonic acid (H,CO,)

Apoptosis, survival and proliferation: HIF-1

regulates a complex array of pro- and
antiapoptotic genes as well as genes
regulating cell cycle and proliferation. The
final outcome of HIF-1 activation on cell
growth and survival may be dictated by the
severity and duration of hypoxia as well as
the presence of other regulatory cofactors

Invasion, metastasis, differentiation: HIF-1

promotes tumor cell invasion and metastasis
and particularly when composed of the
HIF-2a isoform, has been implicated in the
inhibition of differentiation and maintenance
of the stem cell phenotype

VEGEF receptor 1 (Flt-1), erythropoietin
(EPO), plasminogen activator inhibitor 1
(PAI-1), adrenomedullin (ADM), endothelin-1
(EDN1), nitric oxide synthase-2 (NOS2A).
leptin (LEP)

Glucose transporter 1 and 3 (GLUT1, GLUT3),

6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase (PFKFB3), pyruvate
dehydrogenase kinase 1 (PDK1), lactate
dehydrogenase A (LDHA), hexokinase 1 and
2 (HK1, HK2), glucose phosphate isomerase
(AMF/GP1), enolase 1 (ENO1),
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), phosphofructokinase L (PFKL),
phosphoglycerate kinase 1 (PGK1), pyruvate
kinase M (PKM)

Carbonic anhydrase 9 and 12 (CAIX, CAXII),

monocarboxylic acid transporter 4 (MCT4)

BCL2/adenovirus E1B 19 kDa interacting protein

3 (BNIP3), BNIP3-like (BNIP3L/NIX),
DNA-damage-inducible transcript 4 (DDIT4),
ADM, Insulin-likegrowth factor 2 (IGF2),
Insulin-like growth factor binding protein 1,

2, and 3 (IGF-BP1, IGF-BP2, IGF-BP3),
NOS2, transforming growth factor a. (TGF-a),
cyclin G2

AMEF/GP1, hepatocyte growth factor receptor

(c-MET), low density lipoprotein-related
protein 1 (LRP1), lysyl oxidase (LOX),
TWIST1, POU class 5 homeobox
1(POUSF1/0OCT4)

Poorly vascularized regions are associated with hypoxia and nutrient deprivation, thereby limiting ATP
production, a requirement for cell proliferation. Hypoxia induces HIF-1, which activates a variety of genes
that regulate the cellular response to hypoxia. These are summarized below. This list is by no means
exhaustive and has been described in greater detail previously (Semenza 2002; Semenza 1999)
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Fig.3.1 Domain structures of HIF-1a, HIF-2a, HIF-
3o and HIF-13/ARNT. The HIF-a and HIF-f sub-
units are basic helix-loop-helix/Per-ARNT-Sim
homology (bHLH/PAS) transcription factors. HIF-
la and HIF-2a contain two transactivation (TAD)
domains, one at the amino terminal and the other at

protein in hypoxia (Koh et al. 2008c). However,
it is well-known that hypoxia inhibits global
protein translation by 20-70%, and the precise
mechanism which allows sustained translation
of HIF-1a as well as other stress proteins dur-
ing hypoxia is unclear. Hypoxia-mediated inhi-
bition of overall protein translation is controlled
mainly by two distinct pathways that are regu-
lated in a biphasic manner. The first pathway,
the unfolded protein response (UPR) is acti-
vated rapidly by hypoxia, leading to phosphory-
lation of the eukaryotic initiation factor 2
(elF2a) by PERK. This prevents the assembly
of the 40S ribosome-binding elF2-GTP-met-
tRNA ternary complex required for initiation of
translation. The second pathway, activated by
prolonged hypoxia, inhibits the activity of the
mammalian target of rapamycin (mTOR) that
promotes protein synthesis by phosphorylating

the carboxy terminal. Six splice versions of HIF-3a
have been identified (only two are depicted here)
and those that have been mapped contain only an
N-TAD. HIF-1B/ARNT, the constitutive member of
the HIF-1 heterodimer contains a C-TAD which is
not required for HIF-1 transcriptional activity

the inhibitory eukaryotic initiation factor 4E
(elF4E)-binding proteins (4E-BPs). Active mTOR
phosphorylates 4E-BPs on multiple sites thus
releasing elF4E allowing it thus, to mediate the
binding of the elF4F complex to the 5’ cap of
the mRNA and engage in translation (Fig. 3.2).

Initially it was suggested that HIF-1a transla-
tion occurs through internal ribosome-entry-site
(IRES) elements, which are RNA sequences that
form secondary or tertiary structures and direct
ribosome binding without the need for the el[F4F
cap-binding complex. Several studies have
reported that the 5’UTR of HIF-1a contains an
IRES capable of promoting translation of a down-
stream reporter in bicistronic reporter assay (Lang
etal. 2002; Zhou etal. 2004; Schepens et al. 2005).
However, recent work convincingly disputes
the role of IRES in HIF1-a translation, and sug-
gests that the measured activity is due to cryptic
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Fig. 3.2 Focal points of HIF-1 regulation. HIF-1a
translation is regulated by the PI3K-AKT/mTOR
pathway and the RNA binding proteins PTB and
HuR. HIF-1a protein is degraded by the ubiquitin-
proteasome system through either oxygen-dependent
or oxygen-independent mechanisms. The mediators
of HIF-1a degradation are pVHL (oxygen-dependent),
HAF and RACKI1 (oxygen-independent) which are
themselves regulated by OS-9, SSAT2, SENP1, and

promoter activity rather than IRES-mediated
translation (Young et al. 2008; Bert et al. 2006).

The RNA-binding proteins polypyrimidine
tract-binding protein (PTB) and HuR bind the
HIF-1o. 3’'UTR and 5°UTR, respectively, and
have also been proposed to enhance HIF-la
translation (Galban et al. 2008; Schepens et al.
2005). A role for calcium in the regulation of
HIF-1a translation during hypoxia is receiv-
ing increased attention. Most cells respond to
hypoxia with a sustained increase in cytoplasmic
free calcium that results from the combined
influx of extracellular calcium and the release of

SSATI as indicated. Stabilized HIF-1a enters the
nucleus where it heterodimerizes with HIF-1f form-
ing the HIF-1 transcription factor and initiating tran-
scription of targets genes containing the HRE
sequence. HIF-1 transactivating activity requires
the cofactors p300/CBP through an interaction
inhibiting by FIH. Other transcriptional cofactors
recruited by HIF-1 are SRC-1, TIF-2, and Ref-1

calcium present in the ER lumen (Seta et al.
2004). Studies addressing the role of calcium in
the regulation of HIF-1a levels have been incon-
sistent with regard to the effect or the mechanism
(Berchner-Pfannschmidt et al. 2004; Liu et al.
2007b; Hui et al. 2006; Liu et al. 2004; Metzen
et al. 1999; Mottet et al. 2002; Salnikow et al.
2002; Werno et al. 2008; Zhou et al. 2006). This
reflects the complexity of calcium-dependent
signaling which is involved in pathways regulat-
ing degradation, translation, and transcription of
HIF-1a. Further studies are needed to define the
role of calcium in HIF-1a regulation.
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A recent study provides a new molecular
mechanism for maintaining translation of HIF-
2o in hypoxia (Zimmer et al. 2008). The authors
showed that in normoxia, the iron-regulatory
protein 1 (IRP1) binds to an iron-responsive ele-
ment (IRE) within the 5’UTR of HIF2a mRNA
and represses HIF-2o. translation. Hypoxia
induces posttranslational changes in IRP1 that
impair its ability to bind IRE, allowing transla-
tion of HIF-2a.. The authors also identified small-
molecule inhibitors that selectively decrease
HIF-2a translation by enhancing the binding of
IRP1 to IRE. Interestingly, the IRP1 mechanism
does not appear to contribute to translation of
HIF-la in hypoxia despite the presence of a
putative IRE sequence within the 5’UTR of
HIF-1o (Zimmer et al. 2008).

Phosphorylation of eIF2a may allow prefer-
ential translation of stress proteins such as HIF-
la by creating a shift in translation, referred to as
“translational reprogramming” (Ron and Walter
2007). This mechanism proposes that elF2a
phosphorylation allows resetting of the transla-
tional machinery by liberating ribosomes and
translation factors from their binding to preexist-
ing mRNA (Harding et al. 2000). Thus, HIF-1a
mRNA is able to compete more effectively for the
limited number of translation factors present in
hypoxia, possibly through its binding to PTB and
HuR (Galban et al. 2008; Schepens et al. 2005).

mTOR has been implicated as contributing to
HIF-1o. accumulation in both normoxia and
hypoxia (Bernardi et al. 2006; Brugarolas et al.
2004; Hudson et al. 2002; Majumder et al. 2004).
The mechanism that may allow translation of
HIF-1a in cancer cells is through accumulation
of mutations in pathways regulating mTOR activ-
ity that bypass the hypoxia-mediated mTOR inhi-
bition. For example, loss of the tumor suppressor
PTEN leads to activation of the PI3K/AKT path-
way, and is associated with the induction of
mTOR-dependent HIF-1a. translation (Zundel
et al. 2000). Another study has shown that
growth of AKT-dependent prostate intraepithelial
neoplasia requires mTOR-dependent activation

of HIF-1a., and that clinical resistance to mTOR
inhibitors may emerge through upregulation of
HIF-1o activity (Majumder et al. 2004). Also,
loss of the VHL gene has been found to sensitize
kidney cancer cells to the mTOR inhibitor CCI-
779 and correlated with inhibition of HIF-la
translation (Thomas et al. 2006). Another exam-
ple of mutation that promotes HIF-1a translation
was demonstrated in breast cancer where overex-
pressed 4E-BP1 and elF4G function as a hypoxia-
activated switch that facilitate cap-independent
translation over cap-dependent translation of
HIF-1a and other key proangiogenic and prosur-
vival mRNAs (Braunstein et al. 2007).

In addition, the antitumor activity of several
mTOR inhibitors has been shown to be related
to their ability to inhibit HIF-1a and its targets,
again supporting the involvement of mTOR in
HIF-1ow translation in tumors. The antitumor
activity of CCI-779 (temsirolimus, Wyeth) was
attributed to its ability to inhibit HIF-1o and
VEGF in both normoxia and hypoxia in the
Her-2 amplified breast cancer cells, BT-747 (Del
Bufalo et al. 2006), and to inhibition of mTOR/
HIF-10/VEGF pathway in human rhabdomyo-
sarcoma xenografts (Wan et al. 2006). Similarly,
the activity of another mTOR inhibitors RAD001
(everolimus, Novartis) was also shown to be
dependent on HIF-1a (Majumder et al. 2004).
Taken together, this information suggests that
the continued translation of HIF-1a in hypoxia
promotes tumorigenesis, and hence translation
may be a promising therapeutic target.

3.3.2
Regulation of HIF-10; Degradation

Under aerobic conditions, HIF-1a is hydroxy-
lated by specific prolyl hydroxylases (PHDI,
PHD2, and PHD3) at two conserved proline
residues (402 and 564) situated within its ODD
domain in a reaction requiring oxygen, 2-oxogl-
utarate, and ascorbate (Jaakkola et al. 2001). A
fourth PHD containing a transmembrane domain,
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P4H-TM has recently been described (Koivunen
et al. 2007). Under hypoxic conditions, PHD
activity is inhibited, resulting in HIF-1a stabili-
zation. In addition to the enzymatic inhibition of
the PHDs, hypoxia causes perturbations in the
mitochondrial electron transport chain, thus
increasing the levels of cytoplasmic reactive
oxygen species (ROS) which alters the oxidation
state of Fe?*, a cofactor for PHD activity, to Fe',
which cannot be utilized. This alteration inhibits
PHD activity and promotes HIF-lo stabili-
zation. Thus the disruption of mitochondrial
function using either pharmacological or genetic
inhibition/knockout of the mitochondrial elec-
tron transport chain prevents HIF-1a stabiliza-
tion during hypoxia (Hagen et al. 2003; Simon
2006). In addition to mitochondrial-dependent
mechanisms, the PHDs are subject to regulation
by other factors including intracellular calcium
concentration (Berchner-Pfannschmidt et al.
2004) and the Siahl and Siah2 E3 ubiquitin
ligases (Nakayama and Ronai 2004).

HIF-1a hydroxylation facilitates binding of
pVHL to the HIF-1o. ODD (Ohh et al. 2000).
pVHL forms the substrate recognition module
of an E3 ubiquitin ligase complex comprising
elongin C, elongin B, cullin-2, and ring-box 1
(Rbx1), which directs HIF-1a poly-ubiquityla-
tion and proteasomal degradation. The central
role of pVHL in HIF-la regulation is mani-
fested in VHL disease where the inactivation of
the VHL gene results in the development of
highly vascularized tumors of the kidney, retina,
and central nervous system (Kaelin 2007).

Although pVHL has been well established as
the key player in the regulation of the ODD of
HIF-1a, a number of alternative pathways have
recently been described (Koh et al. 2008c). HIF-
la can be ubiquitylated and degraded in a man-
ner mechanistically similar to the pVHL pathway
through the binding of receptor of activated pro-
tein kinase C (RACK1) to HIF-1a. As RACK1
competes with Hsp90 for binding to HIF-1a,
Hsp90 inhibitors such as 17-(Allylamino)-17-
demethoxygeldanamycin (17-AAG) cause the

oxygen-independent degradation of HIF-la
through RACK1 (Liu et al. 2007a). The hypoxia-
associated factor (HAF) is a new E3 ligase spe-
cific for HIF-1a thatcauses HIF-1a ubiquitination
and proteasomal degradation in an oxygen- and
pVHL-independent manner (Koh et al. 2008a).
HAF is the first HIF-1a specific E3 ligase to be
identified, and may provide a mechanism for
HIF-1o/HIF-2a isoform selectivity. The charac-
terization of these novel modulators of HIF-1a
degradation may provide novel approaches for
HIF-1 inhibition.

333
Regulation of HIF-1 Transactivation

The transactivation activity of the HIF-1 het-
erodimer is mediated by the N-TAD and the
C-TAD on the HIF-a subunit. Both the N-TAD
and the C-TAD recruit the coactivators p300/
CBP, SRC-1, and TIF-2 (Arany et al. 1996;
Carrero et al. 2000). p300 and CBP are homolo-
gous transcriptional coactivators and are essen-
tial for linking HIF-1 and other transcription
factors with coactivator complexes and the
basal transcriptional machinery. p300/CBP,
SRC-1, and TIF-2 have histone acetyltrans-
ferase activity allowing chromatin remodeling
prior to transcription (Carrero et al. 2000; Lando
et al. 2002). Although HIF-1f also contains a
C-TAD, it appears to be dispensable for HIF-1
transcription activity. A key difference between
the N-TAD and C-TAD is the oxygen-dependent
regulation of the C-TAD. Under normoxic
conditions, the ability of HIF-la to activate
transcription is prevented by another oxygen-
regulated enzyme, factor inhibiting HIF-1 (FTH-1).
FIH-1 hydroxylates asparagine 803 within the
C-TAD of HIF-la, disrupting its interaction
with the transcription coactivators p300/CBP
(Mahon et al. 2001). As with the PHDs, aspar-
agine hydroxylation is inhibited under hypoxic
conditions allowing the p300/CBP complex to
bind to HIF-1a allowing HIF-1 transactivation.
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p53-MDM2 interaction, leading to p53 nuclear
34 translocation and transactivation (An et al. 1998;

Relationship Between HIF-1 and Other Key
Oncogenic Pathways

3441
HIF-1 Activation by Growth Factors

In addition to hypoxia-dependent regulation,
HIF-1 may be activated by a wide range of
growth-promoting stimuli and oncogenic path-
ways such as insulin, insulin-like growth fac-
tor-1, epidermal growth factor and mutant Ras,
Src and/or PI-3K pathways (Brugarolas et al.
2004; Gray et al. 2005; Hudson et al. 2002;
Zundel et al. 2000). Dysregulation of growth
factors and/or their cognate receptors due to
loss-of-function of tumor suppressor genes or
activation of oncogenes may result in constitu-
tive activation of HIF-1, such as through the
PIBK/mTOR pathway (Zhong et al. 2000), or in
increased HIF-la activity through p42/p44
MAPK phosphorylation (Berra et al. 2000;
Richard et al. 1999). Activation of these onco-
genic pathways is associated with increased
angiogenesis through HIF-1 activation (Jiang
and Liu 2008).

3.4.2
Interplay Between HIF-1 and the p53 Tumor
Suppressor

The p53 tumor suppressor is a transcription fac-
tor with an important role in the regulation of
the cellular response to environmental stress
and DNA damage (Giaccia and Kastan 1998).
The p53 gene is one of the most frequently
mutated genes in human cancer (Levine 1997).
In normal, unstressed cells, p53 is present at
low levels due to its association with MDM?2,
an E3-ubiquitin ligase that targets p53 for
proteasomal degradation. Chronic hypoxia or
anoxia may cause the upregulation of p53
through posttranslational modifications (includ-
ing N-terminal phosphorylation) that disrupt the

Giaccia and Kastan 1998; Graeber et al. 1994).
Hypoxia alone may be insufficient to induce p53
(Wenger et al. 1998) but may induce p53 accu-
mulation when accompanied by acidosis and
nutrient deprivation (Pan et al. 2004). Hypoxia-
induced p53 protein is stabilized by a direct
interaction with the ODD of HIF-1a, whereby
one p53 dimer interacts with a single HIF-1a
ODD domain. However, by binding to HIF-1a.,
p53 may also promote the ubiquitin-mediated
degradation of HIF-1a. via recruitment of MDM?2
(Ravi et al. 2000). Consequently, loss of pS3 in
tumor cells results in an increase in hypoxia-
induced HIF-1a and augments HIF-1-dependent
transactivation. p53 may also attenuate HIF-1a
signaling by competing for binding to p300/CBP.
Both HIF-1a and p53 bind to p300/CBP, which
is required for full activity of both transactivators
(Guetal. 1997). The repression of HIF-1a. trans-
activation or protein levels by p53 is supported
by a significant correlation between HIF-1a lev-
els and the presence of mutant p53, suggesting
that increased HIF-1a in cancer may be due at
least partly, to a loss of p53 function (Zhong
etal. 1999). A further link between p53 and HIF-
la is mediated by pVHL. pVHL ubiquitinates
and degrades HIF-lo. under normoxic condi-
tions. Under DNA-damaging conditions, pVHL
has been shown to physically associate with p53,
thus stabilizing and transactivating p53, ATM,
and p300 (Roe et al. 2006). Hence pVHL-defi-
cient renal carcinoma cells (RCC), in addition to
increased HIF-1 activity, also exhibit attenuated
pS3 activation in response to DNA damage.

343
Interplay Between HIF-1 and Myc

Myc is a transcription factor that heterodi-
merizes with Myc-associated protein (Max) to
regulate a large number of processes important
for normal biology and tumorigenesis such as
growth, differentiation, apoptosis, and metabolism
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(Adhikary and Eilers 2005). The Myc transcrip-
tion factors contribute to almost every aspect of
tumor cell biology and aberrantly high and/or
deregulated Myc activity has been implicated
causally in the majority of cancers (Adhikary
and Eilers 2005; Shchors and Evan 2007). Myc
regulates its many target genes by either pro-
moting or inhibiting transcription. In certain
scenarios, HIF-la can act by displacing Myc
from binding to its promoter. For example,
hypoxia-induced HIF-1a increases the expres-
sion of the cyclin-dependent kinase inhibitors
(CKlIs) p21¢®! and p27%r! by displacing the
inhibitory Myc from their promoters (Koshiji
et al. 2004). Myc displacement by HIF-1a has
also been shown to account for repression of Myc
activated genes including genes ATERT and
BRCAI, the DNA repair genes MSH2, MSH6,
and NBSI and the cell-cycle gene CDC254
(Huang 2008; Koshiji et al. 2004). Intriguingly,
in contrast to the Myc-antagonizing properties
of HIF-1a, HIF-2a, can enhance Myc activity
by stimulating its interaction with Max (Gordan
etal. 2007). Hence, HIF-2o overexpression pro-
motes tumorigenesis in pVHL-deficient RCC,
while HIF-1a inhibits RCC growth. However,
both HIF-a isoforms can also act in concert to
inhibit the Myc-activated gene PPARGCIB
(encoding PGC-1f) important in mitochondria
biogenesis by transcriptionally activating Mxil,
a protein that competes with Myc for binding to
Max (Corn et al. 2005). Additionally severe or
prolonged hypoxia results in Myc degradation
via the ubiquitin-proteasome pathway in a
HIF-a. dependent but Mxil-independent man-
ner (Zhang et al. 2007). To add to the complexity,
HIF-1a can also cooperate with Myc in cancer
settings to enhance the expression of shared
target genes such as those involved in glycolysis
(HK2, PDK1) and angiogenesis (VEGFA) (Kim
et al. 2007). Hence, although Myc may function
as a critical hub for the control of normal cellular
growth and proliferation, it appears that under
hypoxic conditions, its activities can be usurped
by HIF-a for tumor-cell adaptation and survival
(Dang et al. 2008).

3.5
Hypoxia and HIF-1 Effects on Cancer Stem Cells

A new concept of “cancer stem cells” has
emerged over the past 10 years (Pardal et al.
2003) defined as a subset population of cancer
cells endowed with extensive potential for cell
division. Experimentally, it has been shown that
cancer stem cells have an increased potential to
form tumors and only relatively few cells are
required to initiate tumors in mice. How cells
acquire properties such as self-renewal poten-
tial that turn them into cancer stem cells can in
some cases be explained by mutational transfor-
mation of either normal stem cells or differenti-
ated cells (Takahashi and Yamanaka 2006).
Another theory suggests that hypoxia, through
activation of HIF-1a and HIF-2a, contributes
by activating pathways that induce dedifferen-
tiation of cancer cells, maintenance of stem cell
identity, and increased metastatic potential
(Barnhart and Simon 2007). For example, HIF-
low stabilizes Notchl, which maintains the
undifferentiated state, and induces lysyl oxidase
(LOX) and matrix metalloproteases (MMP) that
are important for invasive and metastatic phe-
notypes. HIF-2a., on the other hand, induces the
expression of OCT-4, one of the most important
stem cell maintenance factors, and enhances the
activity of c-Myc which increases proliferation.
Thus, despite being mostly speculative at this
stage, the idea that hypoxia, through HIF-1/2a.,
may impact specific pathways supporting stem
cell maintenance is highly intriguing and holds
promise for future novel therapies.

3.6
HIF-1 as a Cancer Drug Target

HIF-1 provides a major defense against hypoxic
stress in the growing tumor by increasing the
expression of survival genes. However, the fact
that HIF-1 also increases the expression of
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proapoptotic genes such as BNIP3, BNIP3L
(NIX) (Bruick 2000; Sowter et al. 2001),
RTP801(DDIT4) (Shoshani et al. 2002) and
Noxa (Kim et al. 2004) has raised the question
of whether HIF-1a is a good target for chemo-
therapy because inhibition of the proapoptotic
effects of hypoxia could conceivably lead to
increased tumor growth (Patiar and Harris
2006). It is well known that anoxia or severe and
prolonged hypoxia induces apoptotic death in
cells (Brown and Giaccia 1998). This is likely to
occur in areas of the tumor where blood vessels
are compressed or obstructed by tumor cells.
However, the type of hypoxia that has been
observed within tumors appears to be less severe
due to the abnormal architecture and blood-flow
dynamics of tumor vasculature that leads to
cycles of vasoconstriction and dilation, and peri-
ods of poor perfusion (Nordsmark et al. 1996;
Thomlinson and Gray 1955). Thus, under the
levels of hypoxia found within tumors, HIF-1-
induced proapoptotic genes may play little role
in inducing apoptotic cell death. Indeed, the
overwhelming evidence is that the antiapototic
effects of HIF-1 outweigh any proapoptotic
effects and that HIF-1 expression increases
tumor growth. Studies with HIF-1a null knock-
out immortalized murine embryonic fibroblasts
(MEFs) (Ryan et al. 2000; Unruh et al. 2003),
CHO cells with mutagen-induced loss of HIF-
lo. (Williams et al. 2002) and human colon
tumor cells with deleted HIF-1o. (Dang et al.
2006) have all shown decreased tumor growth
with increased apoptosis when injected into
mice. The ability of antisense RNA (Chang et al.
2006; Sun et al. 2001; Sun et al. 2003), RNAi
(Li et al. 2005), and dominant negative HIF-1o
(Chen et al. 2003) to inhibit tumor growth in
animal models also suggest that the cell survival
effects of HIF-1 outweigh its apoptotic effects.
There are, however, a few reports that HIF-1a
inhibition may stimulate tumor growth. Murine
embryonic stem (ES) cells with deleted HIF-1a
injected into mice were reported to form tumors
and after several weeks delay, shown to grow
faster and show decreased apoptosis compared

to tumors from wild type cells (Carmeliet et al.
1998). However, this could not be confirmed in
another study where ES HIF-la null cells
formed tumors that grew more slowly and had
increased apoptosis (Ryan et al. 1998). Human
HIF-1a deficient transformed astrocytes injected
subcutaneously into mice have been reported to
form tumors with poor vascularization and
slower growth than wild type astrocytomas.
However, when the same cells were injected
intracranially, the HIF-lo deficient astrocy-
tomas were highly vascularized and grew faster
than wild type astrocytomas (Blouw et al. 2003),
although apoptosis was similar in both HIF-1a
and wild type tumors. A study with A549 human
non small cell lung cancer cells overexpressing
HIF-la also reported slower growth together
with increased apoptosis compared to empty
vector transfected control tumors, although this
occurred despite increased angiogenesis in the
HIF-1a transfected tumors (Savai et al. 2005). It
is noteworthy that AS549 tumors have only low
levels of HIF-1o. and VEGF, and their growth
does not respond to HIF-1a inhibition, suggest-
ing that A-549 is a tumor where HIF-1a is not
critical for angiogenesis and tumor growth
(Jordan et al. 2005). Thus, except for the limited
examples given here, there is overwhelming evi-
dence that HIF-1a is a rational and an exciting
target for anticancer drug discovery.

3.7
HIF-1 Inhibitors

The relative ease of cell-based screening for
inhibitors of HIF-1 transcriptional activity typi-
cally using an HRE-fluorescent or chemilumi-
nescent reporter under conditions where HIF-1a
is elevated, such as by hypoxia or artificially
with a chemical inhibitor of HIF-1a degrada-
tion such as cobalt chloride or desferrioxamine,
has led to the identification of a number of
HIF-1 inhibitors (reviewed in (Melillo 2007;
Patiar and Harris 2006; Powis and Kirkpatrick
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2004; Semenza 2007)). Although such screens
provide little information on the mechanism of
HIF-1 inhibition, follow-up studies have identi-
fied potential mechanisms for the inhibition of
transcription by the CDK inhibitor flavopiridol
(Newcomb et al. 2005), inhibition of translation
by temsirolimus, an inhibitor of mTOR (Del
Bufalo et al. 2006), increased HIF-1o degrada-
tion by Hsp90 inhibitors (Hur et al. 2002; Isaacs
et al. 2002; Kurebayashi et al. 2001), and by
SCH6636, a farnesyl transferase inhibitor (Han
et al. 2005), inhibition of growth factor-induced
HIF-1 signaling by imatinib, a BCR-ABL, c-Kit
inhibitor (Mayerhofer et al. 2002), by the EGF
receptor small molecule inhibitors imatinib and
erlotinib (Pore et al. 2006) and the EGF recep-
tor monoclonal antibody cetuximab (Luwor
et al. 2005). Specific screens have also identi-
fied agents that inhibit the interaction of HIF-1a
with p300 (Kung et al. 2004). However, for
most of the agents, the ability to inhibit tumor
HIF-1 transcriptional activity in an in vivo set-
ting has not been demonstrated. Agents that
have been shown to inhibit tumor HIF-1a are
listed in Table 3.2, and those that have antitumor
activity in animal models are described below.

YC-1 [3-(5-hydroxymethyl-2-furyl)-1-benzyl
indazole] was developed as an activator of solu-
ble guanyl cyclase for treating circulatory disor-
ders caused by platelet aggregation and vascular
contraction. It was also found to decrease HIF-
la levels in vitro (Chun et al. 2001) and in
tumors (Yeo et al. 2003). YC-1 has been reported
to accelerate HIF-1o degradation (Kim et al.
2006), to inhibit PI-3K/AKT/mTor mediated
HIF-1o synthesis (Sun et al. 2007) and most
recently, to stimulate the FIH-dependent disso-
ciation of p300 from HIF-1o (Li et al. 2008).
Although used experimentally, a clinical appli-
cation for YC-1 as an antitumor agent remains
in doubt because of its potential for increasing
bleeding time, to cause hypotension and to act as
an erectogenic (Chun et al. 2004).

Topotecan, a cytotoxic agent that causes DNA
replication-mediated DNA damage through its
action as a topoisomerase poison and approved

for clinical use in lung and ovarian cancer, was
identified as an inhibitor of HIF-1 activity in a
cell-based screen (Rapisarda et al. 2002). It was
subsequently shown to be an inhibitor of HIF-1a
translation through a topoisomerase dependent
mechanism (Rapisarda et al. 2004a). When
administered on a daily schedule to mice with
human glioma tumor xenografts, topotecan
inhibited tumor growth, accompanied by
decreased tumor HIF-1o expression and angio-
genesis (Rapisarda et al. 2004b). Based on these
results, topotecan is being tested in a pilot study
in patients with advanced malignancies to deter-
mine if it inhibits HIF-1a in patients with tumor
over-expressing HIF-1a (Melillo et al. 2007). If
HIF-1a inhibition can be confirmed, it will still
have to be demonstrated that this contributes to
the antitumor activity of topotecan.

It is worth noting that a number of histone
deacetylase (HDAC) inhibitors, particularly
those targeting Class I and II HDACs, decrease
HIF-1a levels in cells (Liang et al. 20006). It is
generally accepted that a major function of
HDAC inhibitors is to decrease tumor angiogen-
esis by inhibiting the formation of proangiogenic
factors such as VEGF (Kim et al. 2001; Mie Lee
et al. 2003). This has led to the assumption that
it is inhibition of HIF-1 that is responsible for
this effect (Liang et al. 2006). The mechanism
responsible for this activity is a subject of debate,
but may involve pVHL and p53 independent
HIF-1a destabilization and proteasomal degra-
dation. This could be due to either direct HIF-1a
acetylation (Kim et al. 2001) or a mechanism
involving Hsp90 acetylation (Liang et al. 2006).
HDAC inhibitors could also repress HIF-1 trans-
activating activity by targeting the HIF-10/p300
complex (Fath et al. 2006). However, what is
lacking is the clear demonstration that HDAC
inhibitors at doses that inhibit tumor growth also
lower tumor HIF-1a levels or decrease HIF-1
transactivating activity. In two early studies of
the HDAC inhibitors trichostatin A (Kim et al.
2001) and FK228 (Mie Lee et al. 2003), HIF-1a
levels appear to be increased or unchanged in
tumors on drug treatment.
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Table 3.2 Compounds reported to inhibit HIF-1a

Compound

Hsp90 inhibitors

17AAG

Radicicol

KF58333 (radicicol analog)

Topoisomerase inhibitors
Topotecan (topoisomerase 1)

GL331 (toposiomerase 2)
Antimicrotubule

Taxol

Vincristine

2ME2

HDAC inhibitors
Trichostatin A

FK228

mTOR inhibitors
Temsirolimus (CCI779)

Everolimus (RAD001)
Thioredoxin inhibitors
PX-12

Pleurotin

PX-916 (TXN reductase I)

Soluble guanyl cyclase stimulator

YC-1

Farnesyl transferase inhibitor

SCH66336

Growth factor signaling inhibitors

Imatinib (BCR-ABL, c-Kit)
Erlotinib, gefitinib (EGFR)
Cetuximab (EGFR)

Other
Chetomin
PX-478

Mechanism of HIF inhibition

Reference

Degradation (Isaacs et al. 2002)
DNA binding (Hur et al. 2002)
Degradation (Kurebayashi et al. 2001)
Translation (Rapisarda et al. 2002;
Rapisarda et al. 2004a)
Transcription (Chang et al. 2003)
Translation (Mabjeesh et al. 2003)
Translation (Mabjeesh et al. 2003)
Translation (Mabjeesh et al. 2003)

Degradation/transactivation

(Fath et al. 2006; Kong
et al. 2006)

Transcription (Mie Lee et al. 2003)
Translation (Del Bufalo et al. 2006;
Wan et al. 2006)
Translation (Majumder et al. 2004)
Unknown (Welsh and Powis 2003)
Unknown (Welsh and Powis 2003)
Unknown (Powis et al. 2006)

Degradation/transactivation

(Yeo et al. 2003)

Degradation (Han et al. 2005)
Translation/ Other (Litz and Krystal 2006)
Translation (Pore et al. 2006)
Translation (Luwor et al. 2005)
Transactivation (Kung et al. 2004)
Translation/other (Koh et al. 2008b; Welsh

et al. 2004)

A more exhaustive list of compounds has been provided elsewhere (Melillo 2007; Powis and Kirkpatrick

2004)

2-Methoxyestradiol (2ME2) is an antiprolif-
erative and antiangiogenic estrogen metabolite
with weak estrogen receptor-binding activity
(Sutherland et al. 2007). 2ME2 has been reported

to have a number of effects which could account
for its biological activity, including oxidative
stress associated with inhibition of superoxide
dismutase and increased production of nitric
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oxide and binding to tubulin to cause microtu-
bule disruption and mitotic arrest (reviewed in
(Sutherland et al. 2007)). 2ME2 has also been
identified as an inhibitor of HIF-1a translation
and nuclear translocation (Mabjeesh et al. 2003).
It is noteworthy that other microtubule agents
destabilizing agents such as Vinca alkaloids and
colchicine-like compounds, as well as microtu-
bule stabilizing agents such as taxanes and
epothilones, have also been reported to inhibit
HIF-1a expression (Escuin et al. 2005). 2ME2
has been reported to lower HIF-1a protein in an
animal human orthotopic human glioblastoma
model (Kang et al. 2006) and is currently in
Phase II clinical trials. It may be difficult to sep-
arate HIF-1o inhibitory activity from 2ME2’s
other effects in relation to its antitumor activity.
Chetomin, a dithiodiketopiperazine fungal
metabolite, was identified in a high-throughput
screen of over half a million natural and syn-
thetic compounds for inhibitors of the interac-
tion of HIF-1a with p300 that regulates HIF-1
transcriptional activity (Kung et al. 2004).
Chetomin also disrupts the binding of other pro-
teins to p300, including HIF-2a. and STAT2,
indicating that it is a nonspecific inhibitor of
transcription. When administered intravenously
to mice with tumor xenografts, chetomin was
shown to inhibit the interaction of HIF-1o and
p300, and to block HIF-1 transcriptional activ-
ity and downstream gene expression. Significant
antitumor activity was also seen against HCT-
116 colon and PC-3 prostate tumor xenografts.
Unfortunately, local toxicity at the site of intra-
venous injection limited the amount of chetomin
that could be administered and whether it will
be pursued as an antitumor agent is in doubt.
The small redox protein thioredoxin, which
is found in high levels in many human tumors,
has been reported to increase HIF-1a. protein
levels in hypoxic cells by an unknown mecha-
nism (Welsh et al. 2002). The thioredioxin
inhibitor PX-12 (1-methylpropyl-2-imidazoly
disulfide) has been found to decrease HIF-la
protein levels, HIF-1 transactivating activity and
downstream gene expression, including VEGF

in cells and in tumor xenografts in mice (Jordan
et al. 2005; Welsh et al. 2004). PX-12 is cur-
rently in Phase I/II clinical trial as an antitumor
agent, but whether HIF-lo inhibition contrib-
utes to its activity remains to be determined. An
inhibitor of thioredoxin reductase, PX-916, a
water-soluble prodrug of the naphthoquinone
spiroketal fungal metabolite palmarumycin CP1,
has also shown the ability to decrease HIF-1a
and VEGF protein levels,in tumor xenografts in
mice, and to cause growth inhibition in a num-
ber of tumor xenografts (Powis et al. 2006).

PX-478  (S-2-amino-3-[4’-N,N,-bis(chloro-
ethyl)amino]-pheny! propionic acid N-oxide dihy-
drochloride) was identified through a screen for
compounds that lowered cellular HIF-1a levels,
HIF-1 transactivating activity and downstream
gene expression through a process that is indepen-
dent of oxygen, pVHL, or p53. The primary mech-
anism for lowering of HIF-1o protein by PX-478
appears to be inhibition of HIF-la translation
since HIF-1q translation is maintained in hypoxia,
whereas translation of most proteins is inhibited.
However, PX478 also decreases levels of HIF-1a
mRNA and causes inhibition of HIF-1o deubig-
uitination (Koh et al. 2008b). PX-478 adminis-
tered intravenously or per orem to mice lowered
HIF-1a levels in tumor xenografts and inhibited
the expression of HIF-1 target genes VEGF' and
GLUT-1. PX-478 showed antitumor activity
against a variety of established tumors with marked
tumor regression accompanied by massive apop-
tosis, and in some cases cures (Jordan et al. 2005;
Welsh et al. 2004). The antitumor response to
PX-478 positively correlated with tumor HIF-1a.
levels. PX-478 is currently in Phase I clinical trial
as an antitumor agent and HIF-1 inhibitor.

3.8
Conclusions

While a number of agents have been found to
inhibit HIF-1a levels in cells, only a few agents
have been demonstrated to inhibit HIF-1a or
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HIF-1 activity in tumors in vivo. This has, how-
ever, been accompanied by antitumor activity
that in some cases, is quite marked. In most
cases the exact molecular target of the agent is
not known. Some agents have properties or bio-
logical activities that preclude their use in
humans. Of agents that are currently being tested
in humans, some have other mechanisms of
action that could more rationally account for
their activity. For these agents it will be difficult,
if not impossible, to determine whether HIF-1
inhibition contributes in any way to antitumor
activity. In this regard, PX-478 is one agent that
appears to show selective inhibition of HIF-1a .
Thus, HIF-1 presents a novel target for cancer
drug discovery and development and, while it is
still early days, agents are being tested in the
clinic that will show whether its preclinical
potential as a target will be realized.
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Abstract Tumor growth is restricted to approx-
imately 2um diameters by simple dissociation
of nutrients and oxygen. Hence, tumors require
the formation of new blood vessels for further
growth progression. This process is referred to as
tumor neo-angiogenesis. The process of tumor
neo-angiogenesis is directed by complex bidi-
rectional interactions between the tumor and the
vessels, and creates a favorable microenviron-
ment for angiogenesis. The tumor vessel system
not only facilitates tumor growth by providing
nutrients and oxygen but also functions as a con-
venient route for metastasis.

A group of small cytokine-like molecules
called chemokines have been shown to partici-
pate in angiogenesis under homeostatic and neo-
plastic conditions. This review summarizes their
role in tumor-associated angiogenesis.
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Angiogenesis

The physiological process of blood vessel forma-
tion from preexisting microvasculature is referred
to as angiogenesis. The process of angiogenesis
has been reported to play an important role in
both health and disease (Auerbach et al. 1976;
Folkman 1995; Folkman and Shing 1992;
Polverini 1995). The regulation of angiogenesis
is dependent on the balance of angiogenic and
angiostatic factors present in the microenviron-
ment. Under homeostatic conditions, turnover of
endothelial cells forming the vasculature is mea-
sured in months or years (Engerman et al. 1967,
Tannock and Hayashi 1972). However, under
conditions requiring rapid neo-vascularization
such as wound healing, the balance between
angiogenic and angiostatic factors in the microen-
vironment is rapidly shifted in favor of angio-
genic factors, enabling the development of new
vessels efficiently within days (Leibovich and
Wiseman 1988). Such a predominance of angio-
genic factors is transient and is followed by an
equally rapid decline of these factors to achieve a
steady state. Thus, under healthy conditions, the
process of angiogenesis is controlled, fast, and
transient, regressing back to a steady-state level
(Strieter et al. 1995a). The termination of angio-
genesis after wound healing is accomplished at

R. Liersch et al. (eds.), Angiogenesis Inhibition, Recent Results in Cancer Research, 35
DOI: 10.1007/978-3-540-78281-0 4, © Springer Verlag Berlin Heidelberg 2010



36

A. Hippe etal.

Table 4.1 Known chemokines, their synonyms, as well as their corresponding receptors are shown on

the table

Synonyms

Chemokine receptor

ELR-motif

Role in

angiogenesis

CXC family
CXCL1
CXCL2
CXCL3
CXCL4
CXCLS
CXCL6
CXCL7
CXCL8
CXCL9
CXCL10
CXCL11
CXCL12
CXCL13
CXCL14
CXCL15
CXCL16
CXCL17

CC family
CCL1
CCL2
CCL3
CCL3L1
CCL3L3
CCL4
CCLA4L1
CCL4L2
CCLS
CCL7
CCL8

CCL11
CCL13
CCL14
CCL15
CCL16
CCL17
CCL18
CCL19
CCL20
CCL21
CCL22

Groa

Grof3

Groy

PF4

ENA-78
GCP-2
NAP-2

IL-8

MIG

1P-10

I-TAC
SDF-1a/f
BLC, BCA-1
BRAK, Bolekine
Unknown

DMC

1-309

MCP-1

Mip-1la, LD78a
LD78pB

LD78pB

MIP-1B
AT744.2

RANTES
MCP-3
MCP-2

Eotaxin

MCP-4

HCC-1

HCC-2

HCC-4

TARC
DC-CK1, PARC
MIP-38, ELC
MIP-3a, LARC
SLC, 6Ckine
MDC, STCP-1

CXCR2>CXCRI1
CXCR2

CXCR2

CXCR3B

CXCR2

CXCR1, CXCR2
Unknown
CXCR1, CXCR2
CXCR3, CXCR3B
CXCR3, CXCR3B
CXCR3, CXCR3B
CXCR4, CXCR7
Unknown
Unknown
Unknown

CXCR6

Unknown

CCRS8
CCR2
CCR1, CCR5

CCR5

CCRI1, CCR3, CCR5

CCRI1, CCR2, CCR3

CCR1, CCR2, CCR3,
CCR5

CCR3

CCRI1, CCR2, CCR3

CCRI1

CCRI1, CCR3

CCRI1, CCR2, CCR5

CCR4

Unknown

CCR7

CCR6

CCR7

CCR4

o+ 4+ + + 1+ + o+

Angiogenic
Angiogenic
Angiogenic
Angiostatic
Angiogenic
Angiogenic
Angiogenic
Angiogenic
Angiostatic
Angiostatic
Angiostatic
Angiogenic
Angiostatic

Angiogenic
Angiogenic

Angiogenic

Angiogenic

Angiogenic
Angiogenic

Angiostatic



4 Chemokines

37

Table 4.1 (continued)

Synonyms

Chemokine receptor

ELR-motif Role in

CCL23 MPIF-1 CCRI1

CCL24 Eotaxin-2 CCR3

CCL25 TECK CCR9

CCL26 Eotaxin-3 CCR3

CCL27 CTACK/ILC CCRI10

CCL28 MEC CCRI10S

C family

XCL1 Lymphotactin, XCR1
SCM-1a

XCL2 SCM-1p

CX3C family

CX3CL1 Fractalkine CX3CRI1

angiogenesis

- Angiogenic

- Angiogenic

The occurrence of the ELR-motif in CXC chemokines is listed, as well as any known angiogenic or angio-
static properties. If the entry under role in angiogenesis is left blank, the chemokine in question either has

no or no known role in angiogenesis

two levels: (a) a reduction of angiogenic factors,
and (b) an increase in expression of angiostatic
molecules (Bouck 1990).

If this tightly controlled mechanism is defec-
tive, pathological conditions occur, as exemplified
by aberrant angiogenesis during tumor progres-
sion or rheumatoid arthritis (Harris 1976).

4.2
Chemokines in Angiogenesis

Chemokines are a family of small (8-14 kDa)
cytokine-like, mostly basic, structurally related
molecules that are known to regulate leukocyte
trafficking through interactions with G-protein-
coupled receptors with seven transmembrane-
spanning domains (Zlotnik and Yoshie 2000).
Chemokines can be subdivided into four classes
based on the alignment of the first two cysteine
residues in their amino acid sequence. If the
cysteines follow each other, the respective
chemokine is part of the CC subgroup, whereas
if the two cysteines are separated by one amino
acid in between, then the respective chemokine

is part of the CXC subgroup. In addition, there
are two subgroups consisting of chemokines
with only one residue (XC) or with three resi-
dues between the cysteines (CX3C) (Zlotnik and
Yoshie 2000). A comprehensive listing of known
chemokines, their receptors, and known roles in
angiogenesis is summarized in Table 4.1.

4.2.1
(XC Chemokine Subfamily

First, the angiogenic potential of members of
the CXC subfamily was identified. The CXC
chemokines can be further subdivided based
on the presence or absence of a three-amino-acid
motif (Glu-Leu-Arg) present at the NH, -terminus,
namely the ELR-motif (Strieter et al. 1995b).
Initially, CXC chemokines lacking an ELR-
motif such as CXCL4 (PF4), CXCL9 (MIG), and
CXCL10 (IP-10) were considered as angiostatic
chemokines, whereas those CXC chemokines
endowed with the ELR-motif such as CXC-
L1-3 (GRO-a-y), CXCL5 (ENA-78), CXCL6
(GCP-2), CXCL7 (NAP-2), and CXCLS8 (IL-8)
were considered as angiogenic chemokines
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(Belperio et al. 2000). The role of the motif as a
structural domain for angiogenic activity was
first demonstrated by a site-directed mutagenesis
substitution of the motif. A switch of the ELR
motif from CXCL8 to CXCL9 caused a shift in
the angiogenic properties of these molecules
both in vitro and in vivo (Strieter et al. 1995b).
In addition, angiostatic interferons upregulated
ELR-motif lacking angiostatic chemokines
(Cole et al. 1998; Miller and Krangel 1992) and
downregulated the expression of ELR-motif
containing angiogenic chemokines (Strieter
etal. 1995a). Analysis of chemokine—chemokine
receptor interactions demonstrated that angio-
genic ELR-motif containing chemokines bound
to CXCR2. The angiostatic non-ELR-motif
chemokines bound to CXCR3 instead, suggest-
ing receptor-specificity to be responsible for effects
on angiogenesis. Indeed, Martins-Green and
Hanafusa demonstrated that CXCL12 (SDF-1), a
chemokine lacking the motif, had angiogenic
properties (Martins-Green and Hanafusa 1997).
CXCLI12 binds to CXCR4; therefore the more
important factor contributing to the angiogenic
property of a chemokine is receptor specificity.
A typical example is the non-ELR-motif angio-
static chemokine CXCL4. Recently, Lasagni
et al. demonstrated that CXCL4 along with
CXCL9, 10, 11 bound to CXCR3-B (a splice
variant of CXCR3) where as CXCL 9, 10, 11
bound to an another variant (CXCR3-A) (Lasagni
et al. 2003). CXCR3-B and not CXCR3-A was
specifically expressed by primary cultures of
human microvascular endothelial cells (HMEC)
and a treatment with CXCL4, 9, 10, 11 resulted
in inhibition of growth, thus implicating not
only CXCR3-B to be the angiostatic receptor
but consequently CXCL4 to be an angiostatic
chemokine by virtue of its receptor specificity
(Lasagni et al. 2003).

The chemokine CXCL14 (BRAK) was first
reported in 1999 by Hromas et al. It is a non-
ELR-motif chemokine (Hromas et al. 1999)
reported to induce chemotaxis in prostaglandin
E,-treated monocytes (Kurth et al. 2001), neu-
trophils, and dendritic cells (Cao et al. 2000), as

well as cell lines from B-cell and monocytic cell
lineages (Sleeman et al. 2000). In one report by
Shellenberger et al., CXCL14 potently inhibited
angiogenesis in vivo in a rat corneal micropo-
cket assay (Shellenberger et al. 2004). The cor-
responding receptor for CXCLI14 is still
unknown and might present itself as another
putative angiostatic CXC receptor.

4.2.2
(C Chemokine Subfamily

Recent findings indicate that CC chemokines,
in addition to the CXC chemokine sub-family
members, also modulate angiogenesis. (Yan
etal. 2006). Out of the CC chemokine subfamily
CCL1, 2, 11, 15, 16, 21, and 23 are involved
under homeostatic, inflammatory, and neoplastic
conditions (Bernardini et al. 2000; Goede et al.
1999; Hwang et al. 2004; Salcedo et al. 2001;
Soto et al. 1998; Strasly et al. 2004). CCL2
induced migration of human endothelial cells
(Salcedoetal.2000) and exhibited an angiogenic
potency similar to vascular endothelial growth
factor (VEGF)-A (Goede et al. 1999). However,
unlike angiogenesis induced by angiogenic fac-
torssuchas VEGF, CCL2-mediatedangiogenesis
was also accompanied by macrophage recruit-
ment (Goede et al. 1999). Hence, indirect effects
might be involved as well.

CCL11, a ligand for the receptor CCR3, has
been demonstrated to induce angiogenesis in vivo.
In a study by Salcedo et al. HMEC migrated
toward CCL11 (Salcedo et al. 2001). In rat aor-
tic assays, matrigel plug assays, as well as
chicken chorian allantois membrane (CAM)
assays, CCL11 was able to induce vasculariza-
tion (Salcedo et al. 2001). Additionally, CCL15,
which also binds to CCR3, induced angiogenic
effects (Hwang et al. 2004). This effect was
stronger when using a truncated form of CCL15,
which consisted of the amino acids 25-92 of
full-length CCL15 (Hwang et al. 2004). It pro-
moted sprouting from rat aortic rings, as well as
induced neovascularization in a chicken CAM
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assay (Hwang et al. 2004). Therefore, CCR3 is
considered to be an angiogenic receptor.

An interesting case is presented by the CC
chemokine CCL21. CCL21 differs from other
CC chemokines, having six cysteines in its amino
acid sequence rather than the four cysteines char-
acterizing most of the CC chemokine family
members (Hedrick and Zlotnik 1997). It is known
for the recruitment of activated, matured den-
dritic cells and naive T cells to T cell zones of
lymph nodes (Arenberg etal. 2001). Interestingly,
it has been demonstrated that murine CCL21 is
able to bind to CCR7 and CXCR3 (Soto et al.
1998), whereas human CCL21 can only bind to
CCR7 (Jenh et al. 1999). Hence, murine CCL21
is able to act as an angiostatic chemokine, as
demonstrated in a rat corneal micropocket assay
in vivo (Soto et al. 1998). Contrary to mCCL21,
human CCL21 was not able to bind to either
human CXCR3 or murine CXCR3, as well as
showing no effect on tumor growth, demonstrat-
ing that the angiostatic effect of CCL21 is caused
by CXCR3 binding and is specific to the mouse
model (Arenberg et al. 2001).

423
(X3C Chemokine Subfamily

CX3CL1 (Fractalkine) presents itself as a unique
chemokine not only by being the sole member of
the CX3C chemokine family, but also by its
presence as a membrane-bound form as well as a
cleaved soluble one (Fong et al. 2000). Inflam-
matory cytokines induce CX3CL1 expression
on endothelial cells, and in the membrane-bound
form, it is able to promote a robust adhesion
of CX3CRl-expressing monocytes and
T-lymphocytes (Imaizumi et al. 2004). By prote-
olytic cleavage, CX3CL1 enters a soluble state,
acting as a chemotatic agent for monocytes and
lymphocytes (Imaizumi et al. 2004). Recently,
CX3CL1 has also been implicated to play a role in
angiogenesis. It was found to be an angiogenic
mediator in theumatoid arthritis (Volinetal. 2001),
as well as in ocular angiogenesis (You et al.

2007). CX3CLI1/CX3CR1 interaction on
endothelial cells activates the Raf-1/MEK/ERK-
and PI3K/Akt/eNOS-dependent signal pathways
(Lee etal. 2006). This induces hypoxia inducible
factor 1o (HIF-1a), which in turn induces
VEGF-A production, inducing angiogenesis via
VEGEF receptor 2 (Ryu et al. 2007).

43
Chemokine Receptor Repertoire
of Endothelial Cells

For modulation of angiogenesis by chemokines,
chemokine—chemokine receptor interaction is
necessary. This necessity implicates the study
of receptor repertoires of cells involved in
angiogenesis. The typical vessel is comprised
of an inner lining of endothelial cells and an
outer layer of mural cells, which can be smooth
muscle cells in larger vessels and pericytes in
the microvasculature, divided by a basal mem-
brane (Alberts et al. 2007). Both cell types play
a role in angiogenesis. Since the mid-1990s,
several studies were published investigating
the presence of chemokine receptors on endo-
thelial cells. These studies were reviewed in
Bernardini et al. 2003, and demonstrated that
HMEC expressed CXCR2, CXCR3, CXCR4,
and CX3CRI1 (Bernardini et al. 2003). HMECs
of a dermal lineage were reported to addition-
ally express CCR2 (Salcedo et al. 2000). There
are two isoforms of CCR2, namely CCR2A and
B, encoded in a single gene, created by alterna-
tive splicing (Charo et al. 1994). De Paepe and
De Bleecker studied the expression of these two
isoforms, demonstrating CCR2A as the most
prominent endothelial CCR2 variant (De Paepe
and De Bleecker 2005). Human umbilical vein
endothelial cells (HUVEC) expressed only low
levels of CXCR2 and CXCR3, while abundantly
expressing CXCR4. Additionally, HUVECs
expressed CXCRS, CCR2, CCR3, CCR4, and
CCR&, which were not expressed on HMEC,
but they lacked the HMEC receptor CX3CR1
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(Bernardini 2003). Aortic endothelial cells were
shown to express CXCR4, CCR2, CCR4, and
CCRS5 (Bernardini 2003).

Knockout of CXCR4 in mice demonstrated
a prenatal lethal phenotype due to defects in
development of arteries of the gastrointesti-
nal tract as well as defects in vascular develop-
ment and cardiogenesis (Tachibana et al. 1998).
Similarly, CXCR2-deficient mice demonstrated
impaired angiogenesis in the cornea in response
to CXCR2-ligand-induced angiogenic activity
(Addison etal. 2000). These observations empha-
size the importance of both CXCR2 and CXCR4
in angiogenesis and organogenesis in vivo.

Despite this progress, there are several chal-
lenges and limitations in the identification of
endothelial cell receptor repertoires. Three major
concerns being, (a) differential expression of the
aforesaid receptors in different endothelial cells
of different origin in vitro, (b) faithfulness of
model systems, and (c) expression in vivo. For
instance, HUVEC (derived from umbilical ves-
sels) are part of the macrocirculation, as described
by Garlanda and Dejana (Garlanda and Dejana
1997), and hence may not be an ideal representa-
tive for cells involved in angiogenic processes.
Similarly, most microvascular endothelial cells
in culture are derived from both blood and lym-
phatic vessels, raising the issue of differences
between these lineages of endothelial cells.
These differences were observed by Krichuber
et al. after separation of podoplanin-positive
lymphatic endothelial cells and podoplanin-neg-
ative blood endothelial cells from dermal cell
suspensions. Besides podoplanin, LYVE-1 and
VEGF-C receptor, among others, were found to
be differentially expressed (Krichuber et al.
2001). Currently, no data for the differential
expression of chemokine receptors between
lymphatic and blood endothelial cells have been
reported. The expression data acquired to date
mostly concentrates on cell line receptor expres-
sion. The few data on in vivo tissue expression
showed that CXCR3 was on middle and large
endothelial cells in vivo (Garcia-Lopez et al.

2001), while CXCR4 was expressed on aortic
endothelium as well as on coronary vessels of
the heart (Berger et al. 1999; Volin et al. 1998).
Of the CC chemokine receptors, high CCR2a
expression could be demonstrated on coronary
vessels, while only low expression of CCR3 and
5 could be demonstrated on these cells (Berger
etal. 1999).

Mural cells associated with the endothelial
cell, for example, pericytes, have not yet been
extensively studied for their chemokine recep-
tor repertoire. Some studies reported chemokine
receptor expression of pericytes, for example,
CXCR3 was demonstrated to be functionally
expressed (Bonacchi et al. 2001). Additionally,
CXCR4 (Pablos et al. 1999) and CCR2 (Carulli
et al. 2005) expression on pericytes was demon-
strated.

4.4
Angiogenesis, Chemokines, and Cancer

Tumor-associated angiogenesis is dependent
on several key factors to accomplish neo-
vascularization. Microvascular endothelial and
mural cells need to proliferate and sprout from
preexisting microvasculature in a directional
migration toward the tumor. Tumors therefore
need to establish a favorable microenvironment
(consisting of extracellular matrix and stromal
cells, e.g., fibroblasts, endothelial cells, and leu-
kocytes), which in turn influences the preexist-
ing nearby microvasculature to change from
a homeostatic condition to a migratory one.
Tumor-associated chemokine production is an
important event in forming the tumor microen-
vironment as it plays a key role in facilitating
angiogenesis and attracting endothelial cells
and leukocytes to the tumor (Belperio et al.
2000; Ben-Baruch 2003; Bernardini et al. 2003).
The neo-vasculature of the tumor then (a) feeds
the tumor mass and allows tumor growth and
(b) presents an accessible route for metastasizing
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cells from the primary site to distant locations.
Here we focus on three cancer types, namely
breast cancer, malignant melanoma, and lung
cancer, and summarize the current knowledge
on chemokine-associated angiogenesis in these
malignancies.

4.4.1
Breast Cancer

Breast cancer represents the leading cause of
cancer-related deaths among women in devel-
oped countries (Parkin et al. 2005). Lack of
estrogen receptor (ER) has been associated with
a poor prognosis of the disease (Skoog et al.
1987). Interestingly, ER-negative breast cancer
cells express CCL2 abundantly (Chavey et al.
2007). In xenomodels, immunodeficient mice
infected with human MDA-MB 231 tumor cells
show significantly inhibited formation of lung
metastases following neutralization of CCL2.
This decrease of metastatic dissemination was
associated with decreased tumor angiogenesis
in vivo (Salcedo et al. 2000). Interestingly,
CCL2 expression of breast cancer cells was
accompanied by the recruitment of tumor-
associated macrophages (Chavey et al. 2007).
These macrophages secreted TNF-a and in turn
were able to stimulate breast cancer cells to
express more CCL2 and 5, forming a vicious
circle (Yaal-Hahoshen et al. 2006). Tumor-
secreted CCL2 is therefore able to both stimu-
late angiogenesis and draw macrophages into
the tumor. These tumor-associated macrophages
are then able to modulate the microenvironment
via their cytokine and growth factor expression
to a tumor-favorable state. Similarly, CXCL8
expression was inversely correlated with the
expression of ER in breast cancers (Freund et al.
2003). The CXCL8-expressing tumor cells not
only demonstrated increased invasiveness into
matrigel, but also when media-conditioned by
CXCLB8-expressing tumor cells matrigel was
able to facilitate angiogenesis when injected

subcutaneously into nude mice (Lin et al. 2004).
Therefore, apart from CCL2, CXCL8 might also
increase angiogenesis in breast tumors.
Interestingly, CCL2 and CXCLS8 expression was
inversely correlated to ER expression (Chavey
etal. 2007; Lin et al. 2004). Loss of ER in breast
cancer cells is accompanied by poor prognosis
and high risk of locoregional recurrence and dis-
tant metastases (Kyndi et al. 2008), giving evi-
dence that an increase in angiogenic chemokine
expression might increase the probability of
metastasis formation.

44.2
Malignant Melanoma

Melanoma, a malignant tumor of melanocytes, is
the main cause for skin-cancer-related deaths.
The large variety of different chemokines
expressed by melanoma cells is evidence for
tumor-associated angiogenesis in this malig-
nancy. Hs294T melanoma cell culture superna-
tants contained CXCL1, which induced autocrine
growth stimulatory activity (Balentien et al.
1991; Richmond and Thomas 1986). CXCLI
mRNA was also reported to be constitutively
expressed in cultured nevocytes and melanoma
cells, but was undetectable in primary melano-
cytes (Bordoni et al. 1990). This change in
expression from melanocytes to premalignant
and malignant forms was identified to be depen-
dent on NF-kB activation (Shattuck-Brandt and
Richmond 1997). CXCL8 has been demonstrated
to be constitutively expressed by melanoma cell
lines in vitro, too. CXCLS8 exhibited an autocrine
effect on melanoma cells as inferred from the
decrease of melanoma cell proliferation either
by neutralizing CXCL8 by antibodies or by
decreasing CXCLS8 expression in melanoma cells
by transfection of antisense oligonucleotides
(Schadendorf et al. 1993). As expected, CXCR1
and CXCR2 expression (the chemokine recep-
tors of CXCLS8) could be identified on melanoma
cells in tissue sections by immunohistochemistry
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(Varney et al. 20006). Interestingly, CXCR2
expression was more abundant in Clark level I1I
to V specimens, than in Clark level I-II speci-
mens. In contrast, CXCR1 expression was ubiq-
uitously detected in the majority of analyzed
specimens (Varney et al. 2006). Therefore,
autocrine stimulation of melanoma cells by
CXCLS, which enhances proliferation, might
be dependent on CXCR2 signaling, as more
advanced stages of melanoma express more
CXCR2. In addition, CXCL8 expression by
melanoma cells enhanced angiogenesis.
Increased proliferation of endothelial cells was
observed during both in vitro and in vivo vessel
formation assays using matrigel plugs contain-
ing conditioned media of M14 melanoma cells,
which was enriched with CXCLS8 (Giorgini et al.
2007). Furthermore, the importance of the tumor
microenvironment for tumor progression and
angiogenesis could be observed in melanoma.
Metastatic human melanoma cells harvested
from subcuteanous areas expressed CXCLS8
much more abundantly than metastases from
liver. Subcutaneous metastases lost their abun-
dant CXCL8 expression when reinjected and
reharvested from liver lesions. This could be
reproduced in coculture experiments of mela-
noma cells with either keratinocytes or hepato-
cytes. Paracrine induction of CXCL8 in
melanoma cells by keratinocyte-derived IL-1
was observed to be the reason for high levels of
CXCLS8, while hepatocyte-derived TGF-f3 was
responsible for a negative regulation of CXCL8
in melanoma, demonstrating the vital impor-
tance of the microenvironment for tumors
(Gutman et al. 1995). Furthermore, CCL2 is
expressed in melanoma and blocking of CCL2
function was able to prevent tumor angiogene-
sis and tumor growth (Koga et al. 2008). The
role of CCL2 might therefore be similar to its
role in breast cancers. Additionally, a more
aggressive behaviour of melanoma in nude
mice was observed after CCLS induction in
melanoma cells by TNF-a (Mrowietz et al.

1999). This is compelling evidence that tumor
infiltrating macrophages might, through enhance-
ment of CCL2 and CCLS5 production, transform
the microenvironment to one favorable for
angiogenesis and tumor progression, which in
turn leads to a tumor in a more aggressive stage.

4.43
Lung Cancer

The role of chemokines in lung cancer angio-
genesis has been well established by Strieter
et al. CXCLS8 expression was elevated in non-
small cell lung cancer (NSCLC) and signifi-
cantly contributed to tumor-derived angiogenesis
(Smith et al. 1994). Neutralizing antibodies to
CXCLS were able to significantly reduce endo-
thelial cell chemotactic activity in response to
NSCLC tissue (Smith et al. 1994). Furthermore,
in a human NSCLC/SCID mouse chimera
model, the cell line A549 (adenocarcinoma)
and the cell line Calu 1 (squamous cell carci-
noma) were studied. In A549-bearing animals,
a progressive increase of tumor size was
observed, while Calu 1-bearing mice demon-
strated little tumor growth (Arenberg et al.
1996a). Correspondingly, A549 tumors pro-
duced greater levels of CXCLS8 than Calu 1
tumors and were up to 50-fold larger in size
than Calu 1 tumors (Arenberg et al. 1996a).
When A549 tumors were treated with neutral-
izing antibodies to CXCLS8, a marked reduction
of tumor growth compared to control tumors
followed (Arenberg et al. 1996a). Furthermore,
in corneal micropocket assays and assessments
of'vessel density in tumors, inhibition of CXCLS8
by antibody treatment resulted in lower vessel
density as well as reduced angiogenesis, dem-
onstrating that tumor-associated CXCL8 medi-
ated tumor angiogenesis in A549 (Arenberg
et al. 1996a). It is important to note that,
although CXCLS is unknown in mice (Zlotnik
and Yoshie 2000), both corresponding receptors,
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CXCRI1 and CXCR2, have been identified in
mice and being responsive to human CXCL8
(Fan et al. 2007). Interestingly, an inversely cor-
related phenomenon was observed after assess-
ing expression of CXCL10 in adenocarcinomas
compared to squamous cell carcinomas. In
squamous cell carcinomas elevated levels of
CXCL10 were observed (Arenberg et al.
1996b). Corresponding to the CXCLS8 experi-
ments, CXCL10 expression was studied in the
same NSCLC/SCID mouse chimera model.
Not surprisingly, CXCL10 expression was
inversely correlated to tumor growth showing
high levels in Calu 1 tumors and low levels in
A549 tumors, and the antibody neutralization
of CXCL10 caused an increase in growth of
Calu 1 tumors (Arenberg et al. 1996b).
Furthermore, neutralization of CXCLI10 by
antibodies increased neovascularization of
squamous cell carcinomas in the cornea as well
as showing an increased endothelial cell
chemotactic activity (Arenberg et al. 1996b).
The balance of CXCL8 vs. CXCLI10 expres-
sion of adenocarcinomas and squamous cell
carcinomas of the lung corresponded to the
prognosis of patients. Patient survival is poorer
and metastatic potential is greater in patients
with adenocarcinomas when compared to
patients with squamous cell carcinomas (Carney
1988; Minna 1991). Therefore, the difference
of behavior observed in these two tumor enti-
ties might be dependent on the balance of
angiogenic CXCL8 and angiostatic CXCL10,
demonstrating an opposing system of angio-
genic and angiostatic factors in the microenvi-
ronment  controlling  tumorangiogenesis.
Furthermore, tumor-infiltrating macrophages
were able to induce CXCLS expression in lung
cancer cells, as demonstrated by a significant
increase in CXCL8 mRNA in lung cancer cells
cocultured with phorbol myristate acetate-
treated THP-1 cells and human primary lung
macrophages (Yao et al. 2005), demonstrating
the vital importance of crosstalk between

tumor-associated macrophages and tumor cells
in modulating the microenvironment.

In contrast, abundant CXCL8 expression
could not be observed in small cell lung cancer
(SCLC) (Zhu et al. 2004). Instead, SCLC cell
lines H711, H69, H345, Lul65, and GLCI9
expressed CXCL6 abundantly, where as in tested
NSCLC cell lines CXCL6 expression could not be
observed (Zhu et al. 2006). Additionally, IL-1p as
well as hypoxic conditions induced the produc-
tion of CXCL6 in SCLC cell lines. Furthermore,
CXCL6 is able to promote cell proliferation by
autocrine stimulation, as evidenced by inhibition
of proliferation when SCLC cells were treated
with neutralizing anti-CXCL6 antibodies (Zhu
etal. 2000). Interestingly, the receptor for CXCL6
is the same as for CXCL8, namely CXCR2
(Zlotnik and Yoshie 2000). It might be possible
that CXCLG6 is the agent modulating angiogenesis
in a SCLC scenario, instead of CXCLS, although
this still needs to be further elucidated.

4.5
Inhibition of Chemokine-Induced
Angiogenesis as a Therapeutic Strategy

Today, cancer therapeutic strategies targeting
angiogenesis are in clinical use. The most
prominent of antiangiogenic drugs for cancer
therapy is bevacizumab, an antibody targeting
VEGF (John et al. 2008). Use of bevacizumab
in addition to standard chemotherapy shows
some promising results in prolonging the sur-
vival of treated patients (John et al. 2008). There
are several other drugs in preclinical and clini-
cal evaluation which target the receptors of
VEGF, matrix-metallo proteinases, and cycloox-
ygenase-2 (COX-2) (John et al. 2008). COX-2
is an inducible enzyme, which catalyzes the
conversion of arachidonic acid to prostaglandin
H, (PGH,) (Williams et al. 1999). PGH, serves
as a subtrate for a number of prostaglandin
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synthetases (Williams et al. 1999). One prosta-
glandin endproduct, prostaglandin E, (PGE)),
has been implicated in acting as an inducer of
angiogenesis regulators like VEGF, endothe-
lin-1 and others (Chiarugi et al. 1998). Not sur-
prisingly, COX-2 is upregulated in many cancer
types and represents a valuable target for antitu-
mor therapy (Harris 2007).

The role of chemokines in angiogenesis pres-
ents an opportunity for novel approaches in can-
cer therapy. It might be worthwhile to pursue a
therapeutic role for angiostatic chemokines like
CXCL4, CXCL9, CXCL10, and CXCL11. These
chemokines could be introduced into a tumor
either by direct application or by gene therapy
approaches to shift the balance of the tumor
microenvironment towards angiostasis, thereby
inhibiting tumor growth. One prominent example
of a tumor therapy strategy utilizing an inhibiting
drug is exemplified by Interferon-o. (INFa). A
tumor-limiting effect of INFo was demonstrated
more than 25 years ago in B16 melanoma (Bart
et al. 1980). Today, it has found clinical applica-
tion as a treatment of several malignancies, includ-
ing non-Hodgkin’s lymphoma, Kaposi sarcoma,
melanoma, and renal cell carcinoma (Parmar and
Platanias 2003). INFa. not only acts through acti-
vation of immune cells, but it was demonstrated to
also directly act on tumor cells by induction of
apoptosis (Parmar and Platanias 2003).

One risk involved in such an approach could
be that the loss of vasculature inside the tumor
could result in hypoxic conditions. Hypoxia in
the tumor might drive the tumor cells toward dif-
ferent ways to escape hypoxic-related cell death.
In fact, antiangiogenic therapies might select
resistant subclones and boost tumor progression
and growth, giving rise to the paradox, that in
antiangiogenic therapy, the induced hypoxic
condition of the tumor needs to be fought, too
(Abbadessa et al. 2007). For example, hypoxia
induced CXCR4 expression in mononuclear
phagocytes, HUVEC, and the ovarian cancer
cell line CAOV3 (Schioppa et al. 2003).
Furthermore, in mouse embryonic fibroblasts

hypoxia-induced CXCR4 induction was

alleviated in HIF-1o-deficient cells, implicating
that CXCR4 is under regulation by HIF-la
(Schioppa et al. 2003). CXCR4 expression on
cancer cells plays a role in invasion and targeted
metastasis to distant sites (Muller et al. 2001).
Therefore, chemokine receptor expression
induced by hypoxia might represent the danger
involved in therapy targeting angiogensis.

Another approach might be the inhibition of
angiogenic chemokines present in the tumor
microenvironment. Drugs which inhibit the cor-
responding chemokine receptor or using
chemokine-specific antibodies to neutralize the
angiogenic effect would realize this approach.
This strategy is already in use with VEGF or
VEGFR-targeting drugs mentioned at the begin-
ning of this chapter. The goal of both general
strategies (a) supplementing the tumor microen-
vironment with agents inhibiting angiogenesis
directly or (b) agents targeting angiogenic mod-
ulators, thereby inhibiting angiogenesis indi-
rectly, are to shift the microenvironment from
an angiogenesis favoring to an angiogenesis
limiting state.

The research for chemokine-based cancer
therapy has mostly been directed toward stimu-
lating immune response (immunotherapy) to
tumors or to inhibit metastasis. One promi-
nent example is the use of antagonists against
CXCR4. The focus on research of CXCR4
antagonists is founded on its role as a coreceptor
for viral infection in HIV (Feng et al. 1996), as
well as its role in cancer metastasis (Geminder
et al. 2001; Muller et al. 2001; Payne and
Cornelius 2002; Taichmanetal. 2002; Zeelenberg
et al. 2001). Several small molecule antagonists
to CXCR4 are in development, among them
BKT140 and its analogs (Takenaga et al.
2004; Tamamura et al. 2003), CTCE-9908 by
Chemokine Therapeutics (Vancouver, Canada)
(Kim et al. 2005), as well as AMD3100 by
AnorMED Inc. (Langley, Canada) (De Clercq
2003). AMD3100, now renamed Mozobil™,
completed Phase II studies (Devine et al. 2004)
for stem cell transplantaion treatment of multi-
ple myeloma and non-Hodgkin’s lymphoma
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patients in 2004. Recently, GenzymeCorporation
(Cambridge,MA,USA),developingMozobil(TM)
after its acquisition of AnorMED Inc., announced
after successful Phase III trials the FDA approval
for Mozobil(TM) at the end of 2008 for the
mobilization of stem cells from the bone marrow
for collection and autologous transplantation.
Incidentally, CXCR4 antagonists might not
only present a way to inhibit metastasis, but
also due to its role in angiogenesis (see Chap.
2), be a viable antiangiogenesis therapeutic.

The research focusing on finding chemokine-
derived agents which inhibit angiogenesis is
much smaller. Abgenix (Thousand Oaks, CA,
USA) has developed an anti-CXCLS8 antibody,
ABX-IL8 (Yang et al. 1999). ABX-ILS inhibited
angiogenesis, tumor growth, and metastasis in
human melanoma both in vitro and in vivo
(Huang et al. 2002) in preclinical trials and inhib-
ited tumor growth and matrix metalloproteinase
activity in orthotopic bladder cancer xenografts
as well (Mian et al. 2003). A Phase II study of
ABX-ILS in patients with malignant melanoma
was planned in 2002, but this study never com-
menced due to failure to meet its endpoint in a
seperate psoriasis trial (Yan et al. 2006).

About 25% of human malignancies contain
activated forms of the Ras protooncogene (Bos
1989). Interestingly, CXCLS, a chemokine with a
prominent role in angiogenesis, is induced by
activation of the epidermal growth factor recep-
tor (EGFR)/Ras signal transduction pathway
(Sparmann and Bar-Sagi 2004). Moreover, acti-
vation of EGFR/Ras signal transduction in skin
malignancies facilitates escape of immune sur-
veillance via downregulation of homeostatic
CCL27 by the tumor (Pivarcsi et al. 2007).
Targeting the EGFR/Ras signal transduction path-
way therefore might not only inhibit angiogenesis
but also establish an immune response to the
tumor. EGFR inhibitors like erlotinib, geftinib,
and cetuximab (John et al. 2008) are either already
in clinical use or in clinical study phases and pres-
ent a promising antiproliferative, immunomodu-
lating, apoptosis-enhancing, and antiangiogenetic
therapeutic approach in cancer therapy.

The possibility of inhibiting tumor angiogen-
esis by (a) antibodies to angiogenic chemokines
or anatgonists against angiogenic receptors, (b)
raising the angiostatic chemokine level in the
tumor microenvironment or (c) targeting signal
transduction pathways modulating chemokine
expression, presents a promising strategy for
novel anticancer therapeutics. Further investiga-
tions and screening for new antagonists to
chemokine receptors or chemokines might pro-
vide physicians with further tools to inhibit tumor
growth and to combat progression of tumors.
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Abstract Vascular endothelial growth factor
(VEGF) is an endothelial cell-specific mitogen
in vitro and an angiogenic inducer in a variety of
in vivo models. VEGF gene transcription is
induced in particular in hypoxic cells. In devel-
opmental angiogenesis, the role of VEGF is
demonstrated by the finding that the loss of a
single VEGF allele results in defective vascular-
ization and early embryonic lethality. Substantial
evidence also implicates VEGF as a mediator of
pathological angiogenesis. In situ hybridization
studies demonstrate expression of VEGF mRNA
in the majority of human tumors. Platelet-
derived growth factor (PDGF) is mainly believed
to be an important mitogen for connective tis-
sue, and also has important roles during embry-
onal development. Its overexpression has been
linked to different types of malignancies. Thus,
it is important to understand the physiology of
VEGF and PDGF and their receptors as well as
their roles in malignancies in order to develop
antiangiogenic strategies for the treatment of
malignant disease.

1. Appelmann (D<)

Department of Medicine/Hematology and Oncology,
University of Miinster, Albert-Schweitzer-Strasse 33,
48129 Miinster, Germany

e-mail: Iris. Appelmann@ukmuenster.de

5.1
Introduction

In vertebrates, virtually all tissues depend on
oxygen and nutrition supply provided by the
blood-vessel system (Risau 1997). The diffusion
limit for oxygen is between 100 and 200 pm;
thus nearly all cells need to reside in proxim-
ity of a capillary (Carmeliet 2003). In addition,
the progression of major diseases and of malig-
nancies in particular is related to an abnor-
mally increased formation of vascular networks
(Hanahan and Folkman 1996), whereas other
important diseases such as cardiac or brain
infarction are caused by poor blood supply.
Thus, in order to overcome diseases related to
the vascular system, an understanding of the
molecular basis of angiogenesis is of major
importance. Several factors have been identified
to play relevant roles in angiogenesis, for exam-
ple, VEGF, PDGF, and angiopoietin. Among
them, VEGF and its receptors are involved in
mammalian blood and lymph vessel formation
from earliest stages in embryogenesis (Alitalo
and Carmeliet 2002; Ferrara and Davis-Smyth
1997), and also play pivotal roles in pathologic
angiogenesis (Cornali et al. 1996; Ferrara et al.
1998; Ferrara and Gerber 2001; Plate et al. 1992;
Shweiki et al. 1992). PDGF is mainly believed
to be an important mitogen for connective
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tissue, especially for fibroblasts that serve in
wound healing. However, PDGF also has impor-
tant roles during embryonal development, and
its overexpression has been linked to different
types of fibrotic disorders and malignancies.
Thus, it is important to understand the physiol-
ogy of VEGF and PDGF and their receptors as
well as their roles in malignancies. This chapter
summarizes the biosynthesis and physiologic
activity of VEGF and PDGF, and the role of
VEGF and PDGF expression in malignant dis-
ease. For detailed information on particular
aspects of VEGF and PDGF biology (e.g., sig-
nal transduction) the reader is kindly referred to
other reviews and original literature, some of
which are cited later in the chapter.

5.2
VEGF

5.2.1
VEGF Isoforms and Their Expression

In 1983, VEGF was first described as having an
important impact on vessel formation (Senger
et al. 1983). It was observed that this factor
induced vascular leakage, and thus it was first
called vascular permeability factor (VPF). Seq-
uencing and purification of VPF took place in

VEGF-A

VEGF-B

PIGF

VEGF-C

VEGF-D
Fig.5.1 Mammalian VEGFs.
Arrows indicates proteolytic

cleavage sites ] propeptide

1990 (Connolly et al. 1989a). Independently,
the term “vascular endothelial growth factor”
was used by Ferrara and Henzel for a specific
endothelial mitogen isolated from conditioned
medium. Finally, Connolly was able to prove in
1989 that VPF and VEGF were the same mole-
cule (Connolly et al. 1989a, b).

VEGF is now recognized to play an essential
role in physiological as well as pathological
angiogenesis (Cornali et al. 1996; Ferrara et al.
1998; Ferrara and Gerber 2001; Plate et al.
1992; Shweiki et al. 1992). Different structur-
ally related dimeric glycoproteins which are
highly homologous to PDGF have been identi-
fied (Keck et al. 1989; Leung et al. 1989), and
constitute the VEGF family. This VEGF family
includes VEGF-A, VEGF-B (Olofsson et al.
1996), VEGF-C (Joukov et al. 1996), VEGF-D
(Achen et al. 1998), VEGF-E, and placenta-
derived growth factor (PIGF) (Maglione et al.
1991; Maglione et al. 1993). Homodimers or
heterodimers of the VEGF family form the
active VEGF molecule. VEGF-A as the pre-
dominant form is a heparin-binding homodi-
meric glycoprotein of 45 kDa and is generated
by alternative exon splicing in four different
isoforms (VEGF121, VEGF165, VEGF189,
VEGF205) (Houck et al. 1992; Keyt et al. 1996;
Tischer et al. 1991) which are generated con-
comitantly (Fig. 5.1). In humans, the VEGF
gene consists of eight exons with seven introns

ﬁul

[ signal sequence [ growth factor core domain [l Cys-rich motif

B basic retention motif
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and is localized on chromosome 6p21.3 (Vincenti
et al. 1996). The two shorter isoforms show
mitogenic activity as well as permeability-
inducing activity. The longer isoforms are only
capable of inducing vascular permeability (Keyt
et al. 1996). VEGF 121 lacks the parts encoded
by Exon 6 and 7 so that it loses its heparin-bind-
ing capability. This lack of heparin-binding
capacity causes a significant reduction of the
mitogenic potential of VEGF (Keyt et al. 1996).
A complete recovery of a tumorigenic pheno-
type in VEGF —/— mice is only caused by the
murine isoform VEGF164 (which is shorter by
one amino acid compared to the human isoform)
(Grunstein et al. 2000). Furthermore, mice
which exclusively express VEGF120 die as
newborns or within the first two weeks
(Carmeliet et al. 1999). Thus, for the initiation of
vascular branch formation, the heparin-binding
capacity seems to play a pivotal role (Carmeliet
1999). An increase in VEGF levels has been
observed in several different human malignan-
cies, for example, breast, lung, pancreatic, ovar-
ian, kidney, and bladder carcinomas (Boocock
etal. 1995; Brown et al. 1993a; Ellis et al. 1998;
Hatva et al. 1995; Volm et al. 1997a; Yoshiji
et al. 1996). Since low oxygen tension serves as
major stimulus for VEGF expression, the high-
est expression is found in proximity to necrotic
areas (Ferrara et al. 1998; Shweiki et al. 1992).
There is a close relationship between the hypoxic
mechanism leading to VEGF expression and the
regulative mechanism of erythropoietin (Epo)
expression (Goldberg and Schneider 1994). The
VEGF gene, as well as the Epo gene, contains a
highly homologous promoter region with simi-
lar affinity to hypoxia-inducible factor 1 (HIF-1)
(Levy et al. 1995; Liu et al. 1995), which is one
of the essential mediators for a response to low
oxygen tension (Madan and Curtin 1993). Other
important mediators linked to the HIF-1 path-
way include products of tumor suppressor genes
like the von-Hippel-Lindau (VHL) protein
(Iliopoulos et al. 1996) and the tumor suppressor
gene PTEN. PTEN is a negative regulator to the

PI3-kinase pathway and is constitutively mutated
in glioblastomas (Li et al. 1997; Zundel et al.
2000). Furthermore, a stimulus for increased
VEGF expression is the amplification of the
oncogene ras (Grugel et al. 1995; Rak et al.
1995), which directly links an upregulation of
VEGF to oncogenic transformation in malig-
nant cells. This strongly suggests a role for
VEGF as autocrine growth factor not only
for endothelial cells. In addition, the expression
of VEGF is upregulated by other growth fac-
tors, cytokines, and hormones such as PDGF,
fibroblast growth factor (FGF), insulin-like
growth factor 1 (IGF-1), tumor necrosis factor
o (TNF-a), and estradiol (Cohen et al. 1996;
Frank et al. 1995; Mueller et al. 2000; Mueller
et al. 2003; Pertovaara et al. 1994; Warren
et al. 1996).

5.2.2
VEGF Receptors

There is evidence that mammalian VEGF recep-
tors (VEGFRs) are derived from the tyrosine
kinase receptor D-VEGFR/PVR found in Droso-
phila, where it is mainly needed to mediate cell
migration (e.g., migration of border cells, hema-
topoietic cells, and epithelial cells for thorax
closure) (Cho et al. 2002; Duchek et al. 2001;
Ishimaru et al. 2004). Only one VEGFR-related
gene has been identified in nonvertebrates like
Drosophila; thus it is believed that the variety of
VEGFR family genes and structurally similar
PDGEFR genes in vertebrates have been gener-
ated by gene duplication or triplication during
early stages of evolution of vertebrates. The
phylogenetical developments of VEGFRs and
PDGEFRs in vertebrates seem to have occured in
a step-wise manner due to which a gain of func-
tion has developed. It explains that vertebrate
VEGFRs do not only transduce signals for cell
migration, but also generate mitotic signals for
vascular/lymphatic endothelial cells. In close
relationship, PDGFRs even generate signals
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for the activation of the PI3-kinase and ras
pathways for cell growth and transformation
(Shibuya 2002; Shibuya and Claesson-Welsh
2006) (Fig 5.2).

5.2.3
Structure of VEGFR1 and VEGFR2

In humans the VEGFR1 consists of 1338 amino
acids and VEGFR2 contains 1356 amino acids.
Both receptors can be separated into four regions:

an extracellular ligand-binding domain, a trans-
membrane domain, a tyrosine kinase domain,
and a downstream carboxy terminal region
(Matthews et al. 1991; Millauer et al. 1993;
Shibuya et al. 1990; Terman et al. 1991). There
isahomology in the overall structure of VEGFR1
(Fltl), VEGFR2 (KDR/Flk-1), and VEGFR3
(F1t-4) (Alitalo and Carmeliet 2002; Shibuya
et al. 1990). The VEGF receptors are closely
related to the PDGF receptor family, for exam-
ple, PDGFR, CSF-1 receptor (c-Fms), SCF
receptor (c-Kit), and Flt-3. There is, however, a
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difference between the two receptor families in
the number of Ig-like domains: the VEGFRs
contain 7 Ig-like domains, whereas the PDGFRs
contain only 5 Ig-like domains.

The binding sites for VEGF-A are located on
the second Ig-like domain in the VEGFR1 and
on the second/third Ig-like domain in VEGFR2.
Several authors observed that the downstream
structure of the fourth to seventh Ig-like domains
plays an important role for receptor dimerization
and thus activation (Fuh et al. 1998; Keyt et al.
1996; Shinkai et al. 1998; Tanaka et al. 1997). In
both VEGFR and PDGFR, a tyronsine residue
can be found in position 801, which in PDGFR
is phosphorylated and binds to c-Src, thereby
provoking a negative signaling (Heldin and
Westermark 1999). In contrast to PDGFR, this
tyrosine residue is not well autophosphorylated
in VEGFR2. Even an exchange of this tyrosine
residue in a phenylalanine mutant did not elicit a
significant difference in MAP-kinase activation
and DNA synthesis (Takahashi et al. 2001).

In the tyrosine kinase domain of VEGFR1
and R2 and PDGFR, similarities can again be
found: the length of the kinase insert shows a
high grade of homology (two inserts of 70 amino
acids), whereas the structure differs between
VEGFRs and PDGFRs. (Shibuya 1995; Terman
et al. 1991). Two Tyr-x-x-Met motifs for auto-
phosphorylation can be found in the PDGFR
insert sequence. These are critical activating
sites for the PI3-kinase/Akt pathway to activate
Ras as survival signal. In the entire sequence of
VEGFRI1 and R2, these motifs are not present.
The lack of these critical motifs suggests only a
weak cross-talk between VEGFR1/R2 and the
PI3K/Akt pathway (Gerber et al. 1998).

The neuropilins (NRP-1 and NRP-2) act as
coreceptors for the VEGFs and increase the
binding affinity of VEGF to VEGFRs. There is
evidence that NRP-1 and NRP-2 can also induce
signal transduction independent from their core-
ceptor function. The effects of NRP-mediated
VEGF activation have not yet been completely
understood. However, recent studies have shown

that dual targeting of the vasculature with anti-
bodies to VEGF and NRP is more effective than
single-agent therapy (Pan et al. 2007).

5.2.4
Signaling and Biological Functions of VEGFR1

On the one hand, different authors observed that
the affinity of VEGF-A to VEGFRI is very high
with a kDa of 2-10 pM (de Vries et al. 1992;
Sawano et al. 1997). On the other hand, the
tyrosine kinase activity of VEGFR1 is relatively
weak and it does not stimulate the prolifera-
tion of NIH3T3 cells overexpressing VEGFRI.
Furthermore, the proliferation of VEGFR1 and
R2-expressing endothelial cells is not stimu-
lated by VEGFRI-specific ligands (PIGF,
VEGF-B) (Waltenberger et al. 1994).

The VEGFRI gene encodes not only the
mRNA for a full-length receptor, but also a
short mRNA for a soluble form of the VEGFR1
protein, which carries only the extracellular
ligand-binding domain (Kendall and Thomas
1993; Shibuya et al. 1990). The soluble ligand-
binding domain could serve as a natural inhibitor
of VEGF-A. Thus, VEGFR1 seems to function
as a positive regulator via its tyrosine kinase
domain and also as a negative regulator via its
ligand-binding domain.

The relatively weak biological activity of
VEGFR1 makes it difficult to assess the down-
stream signaling of VEGFRI. It is autophos-
phorylated in five positions: Tyr-1169, 1213,
1242, 1327, and 1333 (Cunningham et al. 1995;
Ito et al. 2001; Sawano et al. 1997). The major
binding site for the MAP-kinase pathway lead-
ing toward angiogenesis in VEGFR2 is Tyr-
1175. In VEGFRI1, Tyr-1169 corresponds to this
binding site, but the phosphorylation here is
again relatively weak, and in conclusion the
aforementioned pathway is only mildly acti-
vated (Sawano et al. 1997). 1213-Tyr is highly
autophosphorylated on VEGFR1 but its down-
stream pathway remains unclear.
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It was observed by Fong et al. that VEGFR1-
null mutant mice die at embryonic stage E-8.5—
9.0 due to the overgrowth and disorganization
of blood vessels (Fong etal. 1995). This strongly
suggests a negative role for VEGFR1 by sup-
pressing proangiogenic signals in the early
embryo in order to establish a balance essential
for physiological angiogenesis. Hiratsuka et al.
tested if the negative role of VEGFRI involves
the ligand-binding domain or not. Knock-out
mice lacking the tyrosine kinase domain of
VEGFR1 were basically healthy with nearly
normal blood vessels but showed a defect in the
migration of macrophages toward VEGF-A
(Hiratsuka et al. 2001; Hiratsuka et al. 1998).
These results indicate that ligand-binding
domain and transmembrane domain of VEGFR1
together are sufficient for a suppressive effect
on angiogenesis in embryogenesis.

In contrast to the negative role in embryo-
genesis, a positive role of VEGFR1 has been
described concerning tumor growth, metastasis,
and inflammation. The rate of tumor growth in
VEGFRI1 TK (=/-) mice is slower than in wild-
type mice. In particular, the tumor cells grow
faster in VEGFR1 TK (—/-) mice if PIGF. a
VEGFRI-specific ligand, is overexpressed at
the same time (Hiratsuka et al. 2001). The mech-
anisms underlying this phenomenon remain
unclear.

In lung carcinomas, the rate of growth in
VEGFR TK (—/—) mice was similar to the rate of
growth in wildtype mice, but the VEGFR TK
(—/-) mice showed a significant reduction in the
rate of lung-orientated metastasis (Hiratsuka
et al. 2002). Hiratsuka et al. reported further-
more that there was a significant infiltration of
monocytes/macrophages in the pulmonary tissue
before the occurrence of metastasis in tumor-
bearing wildtype mice. This infiltration also
occurs in VEGFR TK (—/-) mice, but to a con-
siderably lower degree. It was also observed that
the expression of matrix metalloproteinase 9
(MMP9) was induced in both tumor-bearing
wildtype mice and VEGFR TK (—/—) mice, but

the extent was again different: the expression
of MMP9 was threefold higher in VEGFR TK
(—/—) mice than in tumor-bearing wildtype mice.
In tumor-bearing MMP9-knockout mice, mac-
rophage-lineage cells also infiltrate the lung
but metastasis is significantly decreased. These
results support the theory that signaling of
VEGFRI1 tyrosine kinase promotes lung meta-
stasis by premetastatic induction of MMP9
expression. Similar results have been reported
by Kaplan et al. in 2005 when bone-marrow
derived cells (e.g., macrophage lineage cells)
infiltrate the lung before the occurrence of metas-
tasis and thus provide a pre-metastatic niche for
the original tumor (Kaplan et al. 2005). This
implies the importance of VEGFR signaling as
target for the suppression of tumor metastasis.

5.2.5
Expression and Signaling of VEGFR2

The expression of VEGFR?2 is first perceived at
E7.5 in murine development in mesodermal
cells of the tail (Kaipainen et al. 1993; Shalaby
etal. 1995). Differentiation into primitive endo-
thelial cells then takes place in E 7.5-8.0 when
VEGFR2-positive cells migrate into the head
region and yolk sac (Hiratsuka et al. 2005;
Shalaby et al. 1995). In the yolk sac, these cells
begin to form blood islands and initiate hema-
topoiesis (Eichmann et al. 1997; Shalaby et al.
1995). Postnatally, there is still an expression of
VEGFR?2 on hematopoietic cells found, but to a
much lower extent compared to its expression
on vascular endothelial cells. The role of these
relatively low expression levels of VEGFR2 on
hematopoietic cells remains to be determined as
well as its role in nonendothelial cells (lower
levels are also described on neuronal cells,
osteoblasts, pancreatic duct cells, retinal pro-
genitor cells, and megakaryocytes) (Matsumoto
and Claesson-Welsh 2001).

Plate et al. reported a 3—5-fold higher expres-
sion of VEGFR2 on tumor vessels compared
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to normal vasculature, and VEGF-A is a stimu-
lus for VEGFR2 expression via a positive feed-
back loop (Ferrara and Davis-Smyth 1997; Plate
et al. 1992). Within the tumor tissue, in contrast
to tumor vasculature, only little VEGFR2 is
expressed, whereas expression levels of VEGF-A
are high. Hence this implies a paracrine regula-
tion loop of VEGF-A and VEGFR2 between
tumor cells and vascular endothelial cells to
stimulate pathological angiogenesis (Alitalo and
Carmeliet 2002; Ferrara and Davis-Smyth 1997,
Shibuya 1995).

VEGFR2 has a pivotal role for signal trans-
duction in both physiological and pathological
angiogenesis: VEGFR2 knockout mice die at E
8.0-8.5 with a lack of vasculogenesis. This
shows the importance of VEGFR2 signaling for
the differentiation of VEGFR2-positive endo-
thelial precursor cells into vascular endothelial
cells and for their proliferation (Shalaby et al.
1995). Carmeliet et al. and other groups reported
a lethal effect of reduced VEGFR2 signaling
due to VEGF-A (+/-) heterozygosity and neu-
ropilin 1 (=/—) gene homozygosity. Death in this
case was caused by a critical abnormality of the
vascular system, in particular by an impaired
aortic heart connection and vascular remodeling
in the yolk sac, although the blood vessel forma-
tion itself was carried out normally (Carmeliet
et al. 1996; Ferrara et al. 1996; Kawasaki et al.
1999; Maes et al. 2002). These results signify
that vasculogenesis may sufficiently be pro-
moted with reduced VEGFR2 TK activation,
but in this condition, however, critical steps
such as morphogenesis of the aorta and the heart
are carried out insufficiently.

Several tyrosine inserts are phosphorylated in
the carboxy tail and kinase insert region when
stimulation of VEGFR2 by VEGF-A takes place,
whereas only one of them, Tyr-1175, is the only
binding site for the SH2 domain of phospholi-
pase Cy (PLCy). The PKC-c-Raf-MEK-MAP
pathway is activated by tyrosine phosphoryla-
tion of PLCy (Takahashi et al. 2001). Despite
this, DURING VEGFR2 pathway activation the

active Ras (GTP-form of Ras) is only rarely
found. Furthermore, dominant negative Ras
mutants were not able to inhibit PKC-dependent
MAP-kinase activation via VEGFR2 (Takahashi
et al. 1999). This is unique since other growth-
promoting receptor tyrosine kinases such as
EGFR utilize the activation of Ras for vari-
ous downstream signaling events. In addition,
Sakurai et al. detected a death at embryonic stage
9.0 which was again due to a lack of vasculogen-
esis in knock-in mutant carrying a Tyr-to-Ph
substitution at position 1173 (in analogy to
human 1175-Tyr) (Sakurai et al. 2005). These
results suggest that the VEGFR2-1175PY-PLCy-
PKC pathway has an important role in vivo,
although its exact biological meaning remains
unclear. There is evidence that signaling via
VEGFR2 might be critical for the maintenance
of the tubular structure of blood vessels during
angiogenesis as well as vascular remodeling.
Interactions of VEGFR2 and VE-cadherin and
integrins have been observed (Shay-Salit et al.
2002; Stupack and Cheresh 2004). The exact
mechanism and the interacting residues involved
have not yet been detected. VEGFR2 is also
expressed on lymph vessels, and thus might be
involved in lymphangiogenesis (Hirakawa et al.
2005; Veikkola et al. 2001).

5.2.6
VEGF and Malignancy

Neovascularization in the proximity of tumors
was first described a century ago, (Goldmann
1907; Ide et al. 1939) and was named angiogen-
esis in contrast to the term vasculogenesis refer-
ring to the development of the vascular system
inembryogenesis. In 1971, the paradigm-shifting
work of Folkman (Folkman 1971; Folkman et al.
1971) proposed a new strategy against malig-
nant tumor: blocking angiogenesis. In the con-
certed play of growth factors (e.g., FGF, PDGF,
VEGF, angiopoietins), which at least partly
causes the angiogenic switch in malignant
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tumors, VEGF is believed to be one of the key
molecules as it stimulates permeability, endo-
thelial cell activation, survival and prolifera-
tion, proliferation of tumor cells, and facilitates
invasion and migration. In situ hybridization
studies have demonstrated the expression of
VEGF mRNA in the majority of human tumors,
including carcinoma of the lung (Volm et al.
1997a, b), breast (Brown et al. 1995; Yoshiji
et al. 1996), gastrointestinal tract (Brown et al.
1993b; Ellis et al. 1998; Suzuki et al. 1996;
Uchida et al. 1998), kidney (Nicol et al. 1997,
Tomisawa et al. 1999), bladder (Brown et al.
1993a), ovary (Olson et al. 1994; Sowter et al.
1997; Yamamoto et al. 1997), endometrium
(Guidi et al. 1996), and several intracranial
tumors, for example, glioblastoma multiforme
(Plate et al. 1992; Shweiki et al. 1992). Sporadic
expression has also been observed in capil-
lary hemangioblastoma (Wizigmann-Voos et al.
1995). In a variety of pituitary tumors, VEGF
expression has also been described (Lloyd et al.
1999). VEGF is expressed in various cell lines
derived from different hematological malignan-
cies, including T-cell lymphoma, acute lympho-
blastic leukemia, Burkitt’s lymphoma, acute
lymphocytic leukemia, histiocytic lymphoma,
promyelocytic leukemia, etc. (for review see
(Gerber and Ferrara 2003)). Expression of both
VEGFRSs has been detected in some, but not all,
leukemia cell lines, and VEGFR-1 was found to
be more frequently expressed than VEGFR-2.
These observations suggest that the production
of VEGF by malignant myeloid precursors
might serve both as an autocrine growth stimu-
lus and a diffusible, paracrine, signal-mediating
angiogenesis within the bone marrow.

Although tumor cells usually represent the
major source of VEGF, tumor-associated stroma
is also an important site of VEGF produc-
tion (Fukumura et al. 1998; Gerber et al. 2000).
Chemotactic signals from tumor cells cause
recruitment of stromal cells, which also produce
VEGEF and other angiogenic factors. The growth
of several human tumor cell lines transplanted

in nude mice is substantially reduced, but not
completely suppressed, by antihuman VEGF
monoclonal antibodies (Kim et al. 1993).
Administration of mFlt (1-3)-IgG, a chimeric
receptor containing the first three Ig-like
domains of VEGFR-1, that binds both human
and mouse VEGF, results in a nearly complete
suppression of tumor growth and tumor cells
necrosis in a nude mouse model of human rhab-
domyosarcoma (Gerber et al. 2000). Similar
observations were made using a chimeric solu-
ble receptor consisting of domain 2 of VEGFR-1
fused with domain 3 of VEGFR-2, referred to
as “VEGF-trap” (Holash et al. 2002). Thus, the
use of VEGF inhibitors that only target human
VEGF in human xenograft models might result
in an underestimation of the role of VEGF in
the process of tumor angiogenesis.

The overexpression of VEGF has been
observed to be a bad prognostic parameter in
carcinomas of the lung (Imoto et al. 1998;
O’Byrne et al. 2000; Volm et al. 1997a), breast
(Gasparini et al. 1997; Toi et al. 1995), gastroin-
testinal tract (Amaya et al. 1997; Ishigami et al.
1998; Maeda et al. 2000; Ogata et al. 2003; Shih
et al. 2000), kidney (Jacobsen et al. 2004), and
ovary (Paley et al. 1997; Yamamoto et al. 1997).
Klein et al. (2001) have shown that VEGF
expression detected by immunohistochemistry
is a negative prognostic marker in papillary thy-
roid carcinoma. In prostate carcinoma, VEGF
expression is regulated by androgens, and recent
studies suggest a correlation between angiogen-
esis and biological aggressiveness of the disease.
In hematologic malignancies, the overexpres-
sion of VEGF also led to an unfavorable out-
come (Aguayo et al. 2002).

A potent inhibitory effect on the growth of
several tumor cell lines in nude mice is exerted by
anti-VEGF monoclonal antibodies (Kim et al.
1993), but this antibody had no effect on the
tumor cells in vitro. As a consequence, various
other tumor cell lines were found to be inhibited
in vivo by anti-VEGF monoclonal antibodies
(Asano et al. 1995; Borgstrom et al. 1996, 1998,
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1999; Melnyk et al. 1996; Mesiano et al. 1998;
Warren et al. 1995). Tumor growth inhibition was
demonstrated also with other anti-VEGF treat-
ments, including a retrovirus-delivered domi-
nant negative Flk-1 mutant (Millauer et al. 1994),
small molecule inhibitors of VEGFR-2 signaling
(Fiedler et al. 2003; Strawn et al. 1996; Wedge
et al. 2000; Wood et al. 2000), antisense oligonu-
cleotides (Oku et al. 1998; Saleh et al. 1996), anti-
VEGFR-2 antibodies (334), and soluble VEGF
receptors (Gerber et al. 2000; Goldman et al.
1998; Kong et al. 1998; Prewett et al. 1999). The
inhibitory effects of small molecule inhibitors tar-
geting VEGFR-1 and VEGFR-2 on the growth of
human myeloid leukemia cell lines have been
documented (Smolich et al. 2001). Further evi-
dence for a functional role of VEGFR-2 in leuke-
mic cell growth was provided by experiments
showing that an anti-VEGFR-2 antibody inhibits
proliferation of xenotransplanted human leuke-
mia cells and significantly increased survival of
nude mice (Dias et al. 2000). Clinical results with
anti-VEGF strategies are detailed in Chap. 9 in
this volume.

53
PDGF

PDGFs and their receptors are known to play
important roles in animal development, for
example, in gastrulation, the development of
cranial and cardiac neural crest, gonads, lung,
intestine, skin, CNS, and skeleton, and thus
have been intensively studied over the past two
decades. Similarly, models for PDGFR-f sig-
naling have been developed in angiogenesis and
early hematopoiesis and are widely accepted.
Furthermore, PDGF signaling is observed in
various pathological conditions and diseases.
Autocrine activation of PDGF signaling path-
ways is observed in gliomas, sarcomas, and leu-
kemias, whereas paracrine PDGF signaling
pathways are important for the development of

epithelial cancers. Here PDGF triggers the
recruitment of stromal cells and seems to be
involved in epithelial-mesenchymal transition.
This has an influence on tumor growth by
affecting angiogenesis, invasion, and metasta-
sis. Besides, PDGF is not only important in
malignancy, but also drives the development of
various other pathological conditions such as
vascular disorders (e.g., atherosclerosis, pulmo-
nary hypertension, retinopathies) and fibrotic
diseases (e.g., pulmonary or hepatic fibrosis,
scleroderma, and glomerulosclerosis). In the fol-
lowing paragraphs, current knowledge on PDGF
functions in health and disease are summarized
and a background to PDGF biochemistry and
cell biology is discussed. The regulation of bio-
availability and tissue distribution of the PDGFs
by certain different mechanisms are shown.

5.3.1
Platelet-Derived Growth Factor and Its Isoforms

PDGF was identified more than three decades
ago for the first time as a serum growth factor
for fibroblasts, smooth muscle cells (SMCs),
and glia cells (Kohler and Lipton 1974; Ross
etal. 1974; Wasteson etal. 1976), and was shown
to be a cationic disulfide-linked homo- or het-
erodimer of two different polypeptide chains, A
and B, separable by using reversed phase chro-
matography (Johnsson et al. 1982).

For almost two decades, the theory existed
that the PDGF family consists of three proteins—
PDGF-AA, PDGF-AB, and PDGF-BB—enco-
ded by two genes, PDGF-A and PDGF-B.

Between the B-chain of PDGF (PDGF-B)
and the product of the retroviral oncogene v-sis
of simian sarcoma virus (SSV) (Doolittle et al.
1983; Waterfield et al. 1983) some homology
was characterized by amino acid sequencing.
Subsequently, it was confirmed by different
studies that the human cellular counterpart to
v-sis was identical to PDGF-B, and that auto-
crine PDGF activity was sufficient for SSV
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transformation in vitro. For the relationship
between neoplastic cell transformation and nor-
mal growth control, this was a staggering discov-
ery because the importance of autocrine growth
stimulation in neoplastic transformation was
demonstrated for the first time. It is now a well-
established model that autocrine PDGF stimula-
tion is also of significance in some human
cancers.

PDGF-A was characterized by ¢cDNA clon-
ing (Betsholtz et al. 1986) and most cell lines
express PDGF-A and secrete PDGF-AA homodi-
mers (Heldin et al. 1986), whereas PDGF-BB
homodimers are produced by SSV-transformed
or PDGF-B-expressing cells. The view of two
encoding genes for PDGF dimers was corrected
20 years after the first description of PDGF when
two additional PDGF genes were identified by Li
et al. and Bergsten et al. (PDGF-C and PDGF-D)
(Bergsten et al. 2001; Li et al. 2000). To current
knowledge, the PDGF genes and polypeptides
belong to a family of growth factors that also
includes the VEGFs (see earlier) (Fredriksson
et al. 2004).

Although the PDGFs play crucial roles dur-
ing development, there is only limited evidence
for, and knowledge about, their physiological

PDGF A

PDGF B

functions in the adult. However, increased
PDGF activity is important in several diseases
and pathological conditions, and even causal
pathogenic roles of the PDGF's have been estab-
lished for some diseases. This might provide
prospects for therapy, using PDGF antagonists.
Intensive testing of PDGF receptor-inhibiting
substances on the one hand and recombinant
human PDGF-BB on the other hand is now tak-
ing place in preclinical models as well as in
human clinical trials.

Nine different genes encode four different
PDGF chains (PDGF-A, PDGF-B, PDGF-C,
and PDGF-D) and five different VEGF chains
(VEGF-A, VEGF-B, VEGF-C, VEGF-D, and
placenta growth factor, PIGF) in mammals
(Ferrara et al. 2003; Fredriksson et al. 2004)
(Fig. 5.3). All PDGFs and VEGFs are dimers of
disulfide-linked polypeptide chains (Heldin and
Westermark 1999).

One heterodimer (PDGF-AB) has been
demonstrated specifically in human platelets
whose physiological importance remains unclear
although its signaling properties have been
shown to be different from those of the homo-
dimers (Ekman et al. 1999; Stroobant and
Waterfield 1984).

-:‘—.
-ii

PDGF C #
PDGF D #

Fig. 5.3 Mammalian PDGFs.
Arrows indicate proteolytic

cleavage sites D propeptide

. signal sequence . growth factor core domain . CUB domain

. basic retention motif
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The nonoverlapping endogenous expression
patterns of PDGF-A and PDGF-B (Hoch and
Soriano 2003) suggest that heterodimers are
infrequent in vivo. Also, there is no evidence for
genetic interactions between PDGF-A and
PDGF-B (Li et al. 2000). Thus, homodimers
appear to dominate, at least during development.
Mammalian PDGFs and VEGFs separate into
four distinguishable classes of proteins (VEGF
structure and isoforms shown earlier). All mem-
bers have a growth factor core domain contain-
ing a set of cysteine residues. The core domain
is necessary and sufficient for receptor binding
and activation. The classification into PDGFs
or VEGFs is based on receptor binding. The
model that PDGFs and VEGFs are selective for
their own receptors had been generally accepted
until recently this was challenged by the demon-
stration that VEGF-A may bind to and activate
PDGEF receptors in bone-marrow-derived mes-
enchymal stem cells (Ball et al. 2007). The view
that VEGFs target mainly endothelial cells,
whereas mesenchymal cells are targeted by
PDGFs is also called into question by the
study mentioned earlier and by findings that
VEGF-C and PDGF-A both regulate oligoden-
drocyte development, however, through dis-
tinct receptors. Both VEGFs and PDGFs also
appear to be of importance in hematopoietic
development, neurogenesis, and neuroprotec-
tion (Andrae et al. 2008).

53.2
PDGF Receptors

PDGFs act via two RTKs that share structures
with c-Kit, c-Fms, and FIt3. The domain struc-
tures include five extracellular immunoglobulin
loops and an intracellular tyrosine kinase (TK)
domain (Fig. 5.4).

Receptor dimerization is promoted by ligand
binding. The dimerization then initiates sig-
naling. Depending on ligand configuration and
the pattern of receptor expression, different

receptor dimers may form (Heldin and
Westermark 1999). Only a few interactions
between PDGF and the PDGF receptors have
been shown in vivo, whereas in cell culture
experiments, the interactions seem to be multi-
ple and complex. An overview of PDGF recep-
tor signal transduction mechanisms is provided
in further reviews on this topic (Heldin and
Westermark 1999; Ronnstrand and Heldin 2001;
Tallquist and Kazlauskas 2004).

533
PDGF Ligand and Receptor Expression Patterns

Although there is evidence for paracrine as well
as autocrine functions of PDGF, autocrine roles,
similar to those recently described for VEGF-A
in endothelial cells (Lee et al. 2007), have not
been demonstrated for the PDGFs. Their func-
tion as paracrine growth factors seems to be of
greater importance; they act locally to drive dif-
ferent cellular responses (Betsholtz 2004; Hoch
and Soriano 2003). The expression patterns of
PDGF and PDGFR are spatio-temporally regu-
lated in vivo during development and in some
physiologicalhypertrophicresponses. Expression
of PDGF in cultured cells is dynamic and
responds to certain stimuli, for example, low
oxygen tension, thrombin, cytokines, and growth
factors including PDGF itself (Heldin and
Westermark 1999). Expression of PDGF-A also
increases in human uterine SMCs during preg-
nancy (physiological hypertrophy). Similarly,
the expression of PDGFR is dynamic. In physi-
ological conditions, the expression of PDGFR
on mesenchymal cells is low in vivo but increases
in conditions of inflammation. Several factors
induce PDGFR expression, including TGF-f3,
estrogen, interleukin-1 (IL-1), fibroblast growth
factor-2 (FGF-2), tumor necrosis factor-a, and
lipopolysaccharide (Heldin and Westermark
1999). Although the detailed expression patterns
of the individual PDGF ligands and receptors are
complex and have been reviewed elsewhere
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Fig.5.4 PDGF and PDGEF receptor interactions. Each
part of the PDGF dimer interacts with the PDGFR and
thus influences receptor configuration and activity.

(Heldin and Westermark 1999; Hoch and Soriano
2003), there are some general patterns of expres-
sion: PDGF-B is mainly expressed in vascular
endothelial cells, megakaryocytes, and neurons.
PDGF-A and PDGF-C are expressed in epithe-
lial cells, muscle, and neuronal progenitors.
PDGF-D expression has been described in fibro-
blasts and SMCs at certain locations but is less
well-characterized. PDGFR-a is expressed in
mesenchymal cells as well as in subtypes of
mesenchymal progenitors in lung, skin, and
intestine and in pericytes of the vessel wall. In
mesenchymal progenitors, a particularly strong
expression of PDGFR-a has been described.
The PDGF and PDGFR genes are located
on different chromosomes. Their transcriptional

Arrows show interactions which have been observed
to be of importance in mammalian development

regulation seems mostly independent. The tran-
scriptional regulation of the PDGF-A and
PDGF-B genes has been extensively studied and
is reviewed elsewhere (Heldin and Westermark
1999; Kaetzel 2003). The transcriptional regula-
tion of PDGF-C and PDGF-D and the PDGFRs
has not been widely studied to date.

5.3.4
PDGF Biosynthesis, Secretion, and Distribution

There are control mechanisms of PDGF bio-
synthesis and processing at multiple levels.
Biosynthesis and processing vary for the differ-
ent PDGFs. There is currently no evidence
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for regulated secretion of the PDGFs. PDGFs
instead appear to be constitutively released
(Fruttiger et al. 2000). PDGF-A and PDGF-B
become disulfide-linked into dimers already
as propeptides. PDGF-C and PDGF-D have
been less studied in this regard. Intracellularly,
the N-terminal prodomains of PDGF-A and
PDGF-B are removed by furin or related pro-
protein convertases (for review, see (Fredriksson
et al. 2004)). N-terminal processing is necessary
for PDGF-A to acquire receptor-binding ability
(for review, see (Fredriksson et al. 2004; Heldin
and Westermark 1999)). Likewise, PDGF-B
also requires N-terminal propeptide removal to
become active. PDGF-C and PDGF-D are not
processed intracellularly but are instead secreted
as conditionally inactive ligands (Fredriksson
et al. 2004; Reigstad et al. 2005). Dissociation
of the growth factor domain from the CUB
domain leads to activation in the extra-cellular
space. Plasmin and tissue plasminogen activator
(tPA) have been shown to remove the CUB
domain in PDGF-C proteolytically, leading to
biological activity (Fredriksson et al. 2004).
Although the endogenous protease responsible
for PDGF-C activation in vivo remains to be
identified, tPA endogenously expressed in cul-
tured fibroblasts activates PDGF-CC expressed
by the same cells. Activation of PDGF-D can
also take place by plasmin cleavage, but not tPA
cleavage (Fredriksson et al. 2004). The tPA
needs to interact with both the CUB domain and
the core domain in order to cleave and activate
PDGF-C, which likely explains its specificity.
Biological activity and action range of growth
factors, cytokines, and morphogens is explained
by their uneven distribution with gradients
and depots. Binding to extracellular matrix
components plays an important role for the dif-
fusion of PDGF in the tissue interstitium. The
binding is attained partly by the positively
charged C-terminal motifs (referred to as reten-
tion motifs) for PDGF-A and PDGF-B. The
C-terminal motifs contain a high proportion
of basic amino acid residues. PDGF-C and

PDGF-D lack basic retention motifs. Still, the
existence of CUB domains results in protein—
protein and protein—carbohydrate interactions in
other contexts. This may be a regulatory factor
for extracellular distribution of constitutively
inactive PDGF-C and PDGF-D. Proteolytic pro-
cessing determines the retention motifs in
PDGF-B, whereas alternative splicing is the
major determinant for the retention motif in
PDGF-A. Alternative splicing of the PDGF-A
transcript is specific for different cell types and
also differs among tumor cell lines (Afrakhte
etal. 1996) and in different organs during devel-
opment. The C-terminal proteolytic processing
of PDGF-B may take place intracellularly or
extracellularly. There are hints that thrombin is
the endogenous protease for extracellular prote-
olysis, and thus might release endogenously
expressed PDGF-B adherent to the cell surface
and the extracellular matrix (Kelly et al. 1993;
Soyombo and DiCorleto 1994).

PDGEF interacts with heparin and heparan sul-
fate proteoglycans (HSPGs) like many other
growth factor and morphogens as well, and the
roles of these interactions remained unclear until
phenotypic analysis of PDGF-B retention motif
knockout mice were carried out by different
groups (Abramsson et al. 2007; Feyzi et al. 1997,
Hacker et al. 2005; Lin et al. 2004; Lustig et al.
1999). Targeted deletion of the retention motif
led to detachment of pericytes from the micro-
vessel wall (Abramsson et al. 2003; Lindblom
et al. 2003). Reduced heparan sulfate (HS)
N-sulfation (caused by lack of the responsible
enzyme N-deacetylase/N- sulfotransferase-1)
similarly led to pericyte detachment and delayed
pericyte migration in vivo (Abramsson et al.
2007). This might be caused by reduced PDGF-
BB binding to HS. PDGF-BB/HS interaction
appears to depend on overall N- and O-sulfation
of HS. Considering these observations, a model
in which PDGF-BB secreted from endothelial
cells interacts with HS at the endothelial surface
or in the periendothelial matrix can be devel-
oped. Consecutively, this would lead to local
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deposits of PDGF-BB that are critical for the
correct investment of pericytes in the vessel
wall. HS binding is also necessary for proper
localization and function of VEGF-A (Ruhrberg
etal. 2002).

PDGEF also binds to certain non-HSPG extra-
cellular proteins. The physiological significance
of these interactions remains unclear. Binding of
PDGF-B to a-2-macroglobulin (Bonner et al.
1995; Bonner and Osornio-Vargas 1995) has
been observed. In this context, a-2-macroglobu-
lin is potentially acting as a scavenger for
PDGF-B through low-density lipoprotein (LDL)
receptor-related protein (LRP) receptors on mac-
rophages and other cells (Bonner et al. 1995).
PDGF-B also binds to SPARC and adiponectin,
which may keep the growth factor in the extra-
cellular space (Arita et al. 2002; Raines et al.
1992; Raines and Ross 1992).

53.5
PDGFR Signal Transduction

Dimerization is crucial in PDGF receptor acti-
vation as it causes receptor autophosphorylation
on tyrosine residues in the intracellular domain
(Kelly et al. 1991). By autophosphorylation the
receptor kinase is activated and docking sites for
downstream signaling molecules are allocated
(Kazlauskas and Cooper 1989). Docking of
receptor substrates and further signal transmis-
sion involves protein—protein interactions. For
these interactions specific domains are essential;
for example, Src homology 2 (SH2) and phos-
photyrosine-binding (PTB) domains recogniz-
ing phosphorylated tyrosines, SH3 domains
recognizing proline-rich regions, pleckstrin
homology (PH) domains recognizing membrane
phospholipids, and PDZ domains recognizing
C-terminal-specific sequences (for review, see
(Heldin et al. 1998)). Binding to specific sites on
the phosphorylated receptors is mostly affected
by the SH2 domains of the PDGFR effectors.
PDGFR-0. and PDGFR-B signaling involves

several well-described signaling pathways, for
example, Ras-MAPK, PI3K, and PLC. These
signaling pathways are involved in various cel-
lular and developmental responses (Fig. 5.5).
PDGFRs connect to Ras-MAPK through the
adaptor proteins Grb2 and Shc. Grb2 binds the
activated PDGFR through its SH2 domain and
complexes Sos1 through its SH3 domains. Sos1
then activates Ras, followed by downstream
activation of Raf-1 and the MAPK cascade.
Gene transcription is activated by MAPK sig-
naling, leading to stimulation of cell growth,
differentiation, and migration (Bar-Sagi and
Feramisco 1986; Campbell et al. 1995). PI3K is
a family of enzymes phosphorylating phospho-
inositides, and effectors of PI3K signaling
include serine/threonine kinases such as Akt/
PKB (Burgering and Coffer 1995; Franke et al.
1995), some members of the PKC family includ-
ing atypical isoforms (Akimoto et al. 1996;
Nakanishi et al. 1993), p70 S6 kinase (Chung
et al. 1994), INK (Lopez-Ilasaca et al. 1997),
and small GTPases of the Rho family (Nobes
et al. 1995). Activation of the PI3K pathway
by PDGFRs stimulates actin reorganization,
directed cell movements, cell growth, and inhi-
bition of apoptosis (Hu et al. 1995). PLC-y
binds PDGFRs, which results in its phosphory-
lation and thereby activation (for review, see
(Tallquist and Kazlauskas 2004)). PLC-y acti-
vation leads to mobilization of intracellular cal-
cium ions and the activation of PKC (Berridge
1993a, b). The effects of PDGFR-f-mediated
PLC-y activation include promotion of cell
growth and motility (Kundra et al. 1994).
Several additional signaling molecules are
engaged by PDGFRs, including enzymes, adap-
tors, and transcription factors. Activation of the
Src TK promotes Myc transcription and mito-
genic responses (for review, see (Erpel and
Courtneidge 1995)). PKC-0 is phosphorylated
by PDGFR-B, leading to its activation and
translocation to the cell membrane. This in turn
promotes cell differentiation (Li and Pierce
1996). STAT transcription factors may bind to
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Fig. 5.5 PDGFR signal transduction: PDGFR a and 3 with intracellular domains. Negative feedback is
illustrated in red. Arrows show linkage to important signaling pathways and effectors

PDGF receptors, causing their phosphorylation
1997).
between PDGF receptors and integrins have

and activation (Darnell Interactions
been reported, and these interactions enhance
cell proliferation, migration, and survival
(Assoian 1997; Frisch and Ruoslahti 1997).
PDGEFR interaction with integrins helps local-
izing PDGFRs and interacting molecules at
focal adhesions, which are sites where several
signaling pathways initiate and cross-talk (Clark
and Brugge 1995). Recently, Na*/ H* exchanger
regulatory factors (NHERFs) were observed to
bind PDGFR-B and thereby cause a linkage
with focal adherence kinase and the cortical
actin cytoskeleton (James et al. 2004), as well
as to N-cadherin (Theisen et al. 2007) and the
phosphatase PTEN (Takahashi et al. 2006).
Feedback control mechanisms accurately reg-
ulate PDGF signaling. Stimulatory and inhibitory
signals arise in a parallel way. The final response

depends on the balance between these signals
(Heldin et al. 1998). The SHP-2 tyrosine phos-
phatase binds PDGFR through its SH2 domain
and dephosphorylates the receptor and its sub-
strates (Lechleider et al. 1993). The negative
regulator of Ras, Ras-GAP, also binds PDGFR-f3
through its SH2 domain (Fantl et al. 1992).

5.3.6
Cellular Responses to PDGFR Signaling

There are certain rapid cellular responses to
PDGFs that proceed within seconds to minutes
after PDGFR activation. These reactions are not
dependent on gene expression and protein syn-
thesis. There are similarities between responses
caused by PDGFR-a and PDGFR-f3, neverthe-
less the responses are not identical. Both recep-
tors are able to promote the rearrangement of
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actin filaments, but only PDGFR-3 causes the
formation of circular ruffles. PDGFR-f also
mobilizes calcium ions more efficiently than
PDGFR-a does(Diliberto et al. 1992; Fatatis
and Miller 1997). Inhibition of cell communica-
tion by phosphorylated gap junctions is observed
to be caused by PDGFR-f (Hossain et al. 1998).
It is unclear whether this ability is shared with
PDGFR-o.

Like other RTKs, PDGFRs initiate fast tran-
scriptional changes involving so-called imme-
diate early genes (IEGs) (Cochran et al. 1983).
IEGs are direct targets of the transcription
factors, which get activated through various
signaling pathways by posttranslational modi-
fication. The IEG responses seem to be neces-
sary for many of the long-term effects of
PDGFs in vitro and in vivo. The extent of
specificity contributed to PDGFR signaling by
IEG responses remains unclear. Different RTKs
induce similar or even identical sets of IEGs
(Fambrough et al. 1999). Furthermore, different
signaling pathways activated by the same recep-
tor (PDGFR-B) induce largely overlapping sets
of IEGs in vitro (Fambrough et al. 1999). These
studies implicate that quantitative rather than
qualitative differences in the IEG responses are
regulators for the specific responses to different
RTKs and signaling pathways. In vivo analy-
sis of an allelic series of pdgfrb tyrosine-to-
phenylalanine mutations supports this view: it
leads to disrupting connection to different sub-
strates and signaling pathways. Mutations in
single or multiple tyrosine residues caused
quantitatively different but qualitatively similar
developmental effects (Tallquist et al. 2003;
Tallquist and Soriano 2003). In contrast, similar
analyzes of PDGFR-o revealed a remarkable
difference in the roles of the downstream sig-
naling pathways. For PDGFR-, there is no or
only limited consequence from the disruption
of signaling through PI3K alone (Heuchel et al.
1999; Tallquist et al. 2000). Quite contrary to
this observation, PI3K is essential for PDGFR-o
function during development (Klinghoffer et al.

2002). Deficient coupling to Src from PDGFR-a
resulted in specific problems with the oligo-
dendrocyte lineage. In contrast, other pro-
cesses, such as skeletal development, remained
normal.

There appears to be cooperation between
different IEGs in their regulation of downstream
cellular and developmental events. Analysis of
gene trap mutants for >20 IEGs downstream
from PDGFR signaling showed a striking
degree of phenotypic overlap and genetic
interaction. Different mutated IEGs produced
qualitatively similar responses. Furthermore,
the combination of mutations in several genes
strengthened specific phenotypic outcomes
known to depend on PDGFR signaling, such as
craniofacial, cardiovascular, or kidney develop-
mental processes (Schmahl et al. 2007).

The overlap and coincidence between sig-
naling pathways, IEGs, and biological processes
leads to a model in which specifity is deter-
mined by quantitative and spatial differences in
dimension and duration of responses in the sig-
naling cascade. Meanwhile, cell type- and
context-specific PDGFR expression is the major
reason for PDGFR specificity in developmental
functions, and correlations between the expres-
sion patterns of the PDGFRs and their major
sites of functions have been described (e.g.,
PDGFR-B is strongly expressed in pericyte pro-
genitors). Lack of redundancy therefore depends
in part on the different transcriptional regula-
tion of the two pdgfr genes. If a PDGFR-f intra-
cellular domain is knocked into the pdgfra gene,
phenotypically normal animals are obtained,
showing that PDGFR-f} signaling might be a
full substitute for PDGFR-a signaling if it is
expressed in a spatially and temporally correct
manner (Klinghoffer et al. 2001). In contrast,
PDGFR-a signaling can only compensate for
the loss of PDGFR-f signaling to some extent
and targeted substitution in PDGFR-a with
other RTK signaling domains also showed only
partial rescue (Klinghoffer et al. 2001). Thus,
specificity of PDGFR signaling might be



5 Angiogenesis Inhibition in Cancer Therapy

67

obtained by a combination of cell type-specific
expression and variable engagement of down-
stream signaling pathways.

Ligand occupancy of PDGFRs drives endo-
cytotic receptor internalization, which is fol-
lowed by lysosomal degradation, and according
to this PDGFR signaling is temporally limited
(Heldin et al. 1998; Sorkin et al. 1991). A lack
of phosphatase TC-PTP, a negative regulator
for PDGFR-B phosphorylation (Persson et al.
2004), signs for a recycling of PDGFR-f can be
observed. PDGFR-o. does not undergo such
a recycling process (Karlsson et al. 20006).
Trafficking toward lysosomal degradation of
PDGFR-B depends on interactions with c-Cbl
and receptor ubiquitination. Alix, an adapter pro-
tein which interacts with the C-terminal domain
of PDGFR-B, facilitates ubiquitination and deg-
radation of ¢-Cbl, and thus inhibits PDGFR--
downregulation (Lennartsson et al. 2006).

53.7
PDGF and PDGFR in Malignancy

PDGF not only has an important role in many
disease processes, but its role might even be
causative, that is, in some malignancies, when
genetic abnormalities cause uncontrolled PDGFR
signaling in tumor cells. A functional role of
PDGFR signaling has also been shown in vari-
ous animal models by genetic or pharmacologi-
calloss-of-function-approaches, whichimplicates
the reversibility of the disease process by PDGF
pathway inhibitors. However, the limitation of
this approach originates in the lack of specificity
of all inhibitors currently available. Furthermore,
it often remains unclear as to what degree the
animal models are relevant for the corresponding
human disease process. Considering these limi-
tations, there is still a growing evidence for the
involvement of PDGF signaling in several dis-
ease processes. Potent and nontoxic PDGFR
inhibitors such as imatinib give augmenting pos-
sibilities to test theories about causative roles of

PDGF signaling in malignancy in humans too.

In general, two types of cells have been
described to respond in a pathological way to
PDGFs — SMCs and fibroblasts — leading to
vessel wall pathologies and tissue fibrosis.
PDGFR-B appears to be the dominant PDGFR
involved in vascular pathology, whereas grow-
ing evidence in contrast suggests a crucial role
for PDGFR-a signaling in various types of
mesenchymal cell/fibroblast-driven patholo-
gies. Thus, there is a certain homology between
the pathological roles of PDGFRs and their
developmental roles in which PDGFR-f sig-
naling has a key role in vascular mural cell
formation, whereas PDGFR-a has both gen-
eral and specific roles in the development of
various mesenchymal and fibroblastic cell
compartments.

Six acquired capabilities of cancer cells are
described in the review on hallmarks of cancer
by Hanahan and Weinberg — self-sufficiency in
growth signals, insensitivity to antigrowth sig-
nals, escape from apoptosis, sustained angio-
genesis, tissue invasion and metastasis, and
limitless replicative potential (Hanahan and
Weinberg 2000).

Several studies have recently shown that
self-sufficiency in growth signals may be estab-
lished for certain cell types via autocrine growth
stimulatory loops involving PDGF-B/PDGFR-f3
signaling (Andrae et al. 2008; Heldin and
Westermark 1999).

Autocrine PDGF signaling drives prolifera-
tive expansion of clones of genetically unstable
or preneoplasitc cells, which then become
malignant by further genetic alteration and thus
contributes to tumorigenesis. Johnsson et al.
demonstrated no difference between autocrine
PDGF stimulation compared to exogenous
PDGF stimulation (Johnsson et al. 1985). In
addition, Uhrbom et al. showed that PDGF stim-
ulation by injection of PDGF-B producing retro-
viruses into the mouse brain results in a
malignant phenotype only by the additive induc-
tion of genetic changes by the retrovirus
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(Uhrbom et al. 1998). PDGF expression and
autocrine signaling has been described particu-
larly in human gliomas (Hermansson et al. 1988;
Lokker et al. 2002; Nister et al. 1988), and an
overexpression is likely to cause the formation
of glioma-like tumors (Newton 2003; Uhrbom
et al. 1998). Subsequently, inhibition of PDGF
signaling (e.g., by administration of imatinib
which has also been tested in clinical trials
(Newton 2003)) slows down the growth of
glioma-like tumors (Lokker et al. 2002; Uhrbom
et al. 2000). The mechanism by which PDGF
signaling induces the formation of gliomas is
not well understood yet, but there is evidence for
a link between PDGF signaling and TGFf sig-
naling via Smad2/3/4. Futhermore, genetic
alterations also lead to overexpression and/or
altered gene products. Several different mecha-
nisms cause genetic changes, for example,
amplification, translocations, and activating
mutation, which have all been described in
human tumors with high PDGF expression.
Upregulation of PDGFR-a is observed again in
human gliomas of all malignant grades; the
higher the expression, the more malignant is the
tumor (Hermanson et al. 1996; Smith and
Jenkins 2000; Smith et al. 2000). Gene amplifi-
cations have also been described in other tumor
entities such as oesophageal squamous cell car-
cinoma (Arai et al. 2003), sarcomas (Zhao et al.
2002), and epithelial carcinomas (see later).
Gastrointestinal stroma tumors (GISTs) carry
activating mutations in the Kit receptor tyrosine
kinase. In a subset of GISTs with wild-type Kit,
gain-of-function mutations in PDGFR-A have
been observed (Heinrich et al. 2003; Hirota et al.
2003). Kit and PDGFR-o. mutations are mutu-
ally exclusive, but around 90% of all GISTs
carry one of the two mutations. Constitutive
activation of the receptor is a consequence of
PDGFR-o. mutation found either in the jux-
tamembrane region or in any of the two TK
domains. Signaling via PI3K and STAT3 seems
to be crucial for this activation (for review, see
(Ali et al. 2007).

In leukemias and myeloid disorders, several
different translocations of the PDGFR-B gene
have been described by Sirvent et al. (2003), but
since most of these translocations are very rare,
their exact role in leukemogenesis remains to be
elucidated. In epithelial carcinomas, PDGF sig-
naling is mostly described as acting in a para-
crine fashion (Heldin and Westermark 1999).
There is evidence, however, that autocrine
PDGF signaling is also important for tumori-
genesis in carcinomas with ectopic onset of
PDGFR expression (Heldin et al. 1988).

Beyond the consequences of autocrine PDGF
signaling as a proliferative stimulus, it also seems
to be of importance in invasion and metastasis of
epithelial malignancies.

Paracrine PDGF signaling is necessary to
recruit different stromal cells (e.g., vascular and
fibroblastic stromal cells) and to regulate their
functions (Abramsson et al. 2003; Forsberg
et al. 1993; Furuhashi et al. 2004; Pietras et al.
2001; Skobe and Fusenig 1998). This seems to
be an explanation for the frequently compro-
mised drug delivery to tumors (e.g., due to high
interstitial pressure caused by PDGF signaling).
Tumor stroma is composed of nonneoplastic
cells and extracellular matrix recruited from the
circulation or from neighboring cells and makes
up a variable proportion of the total tumor mass.
The stroma composition itself is varied as well.
In stromal cells of carcinomas, PDGFR expres-
sion is frequent and is found in lung, colorectal,
breast, skin, and different other carcinomas (see
(Andrae et al. 2008; Heldin and Westermark
1999; Ostman 2004) for further review).

In conclusion, PDGF signaling contributes
to the causes for three of the six cancer cell
traits summarized by Hanahan and Weinberg:
self-sufficient growth, angiogenesis, and metas-
tasis, and moreover is partly responsible for
resistance to cytotoxic therapy.

Thus, VEGF and PDGF both play important
roles in neovascularization, in particular in sev-
eral human malignancies. Oxygen and nutrient
support must be provided by vasculature to enable
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a tumor to grow beyond 1-2 mm diameter. VEGF
and PDGF are causally involved in an angiogenic
switch, which then provides vasculature for the
tumor. Different factors precede and cause the
upregulation of PDGF and VEGF in malignancy,
for example, oncogene activation, inhibition of
tumor supressors, release of growth factors and
tumor hxpoxia, and necrosis, and furthermore, a
certain protection against apoptotic signals is pro-
vided for tumor vasculature. The characteristics
of both VEGF and PDGF make them a putative
therapeutic target for anticancer strategies.
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Abstract Cells, including endothelial cells,
continuously sense their surrounding environ-
ment and rapidly adapt to changes in order to
assure tissues and organs homeostasis. The extra-
cellular matrix (ECM) provides a physical scaf-
fold for cell positioning and represents an
instructive interface allowing cells to communi-
cate over short distances. Cell surface receptors
of the integrin family emerged through evolution
as essential mediators and integrators of ECM-
dependent communication. In preclinical studies,
pharmacological inhibition of vascular integrins
suppressed angiogenesis and inhibited tumor
progression. o B, and o, B, were the first integ-
rins targeted to suppress tumor angiogenesis.
Subsequently, additional integrins, in particular
aB,, aB,, op, and o, emerged as potential
therapeutic targets. Integrin inhibitors are cur-
rently tested in clinical trials for their safety and
antiangiogenic/antitumor activity. In this chapter,
we review the role of integrins in angiogenesis
and present recent advances in the use of integrin
antagonists as potential therapeutics in cancer
and discuss future perspectives.
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6.1
Integrin Structure

Integrins comprise a family of cell surface het-
erodimeric complexes formed by the noncova-
lent association of two subunits, o and 3 (Takada
et al. 2007). There are 18 a and 8 P subunits
capable of forming 24 different functional het-
erodimers. The off composition of the heterodi-
mer largely determines the ligand specificity,
although some ligands can bind directly to
individual subunits, such as collagens, to the
I-domain on the o subunit. Each individual sub-
unit consists of a large extracellular domain
(about 750 amino acids for the B subunits and
around to 1000 amino acids for the a subunits),
a single transmembrane domain (22-24 amino
acids), and a short cytoplasmic tail (15-58 amino
acids, except for the , subunit, which contains
over 1000 intracellular residues). The cytoplas-
mic domain is essential for the regulation of
integrin activity and function: on the one side it
controls extracellular ligand-binding activity of
the complex (“inside-out” signaling), while on
the other, it initiates cellular responses upon
ligand binding (“‘outside-in” signaling) (Ginsberg
et al. 2005). In resting, nonligated integrins, the
B subunit cytoplasmic domain interacts with
the o subunit cytoplasmic domain, thereby
maintaining the receptor in its inactive state

R. Liersch et al. (eds.), Angiogenesis Inhibition, Recent Results in Cancer Research, 83
DOI: 10.1007/978-3-540-78281-0 6, © Springer Verlag Berlin Heidelberg 2010



84

(. Riiegg and G. C. Alghisi

(Luo et al. 2007). Binding of the cytoplasmic
protein talin to the 3 subunit cytoplasmic domain
disrupts this interaction, resulting in a confor-
mational change of the extracellular domain
leading to a high affinity ligand-binding state
(affinity maturation). The “released” 3 cytoplas-
mic tail interacts with additional intracellular
structural (e.g., paxillin, vinculin), adaptor (e.g.,
She, Cas), and signaling (e.g., FAK, ILK) pro-
teins, thereby initiating cytoskeletal rearrange-
ment and cell signaling events. Ligated integrins
can cluster to form small focal contacts at the
cell periphery, large focal adhesions retracted
from the cell border, or fibrillar adhesions located
underneath the cell body along actin stress fibers
(Romer et al. 2006).

6.2
Integrin Functions

6.2.1
Cell Adhesion

Integrins are the main cell adhesion receptors
for ECM proteins for virtually every cell,
including endothelial cells (Hynes 2007). A
particular feature of integrins is their ability to
recognize short amino acid sequences on
exposed loops of their cognate ligands, the trip-
eptide RGD being the best known and studied.
In addition, integrins also bind matricellular
proteins, such as thrombospondins, and cell sur-
face molecules, such as ICAMs (for a compre-
hensive detailed list of ligands, see (Takada
et al. 2007)). Ligand binding specificity is pro-
miscuous and redundant: that is, one integrin
can bind several different ligands, and many
different integrins can bind to the same ligand.
Redundancy may be an advantage when the
cellular response needed in a particular con-
text (e.g., survival or migration during matrix
remodeling) is more important than the nature
of the ECM protein eliciting. For example inte-

grin a8, binds to many ECM proteins present
at sites of inflammation, coagulation, and tissue
remodeling. Promiscuity may reflect the need to
initiate different signaling events and cellular
responses from the same ECM. For example,
integrin o8, and o, f3; bind to fibronectin, but
a3, suppresses cell migration, while a3, stim-
ulates it (Coutifaris et al. 2005; Scott et al.
2004). More recently, integrins have been
reported to bind to a multitude of noncanonical
ligands, which themselves are known modula-
tors of vascular functions, including VEGF
(Vlahakis et al. 2007), FGF (Murakami et al.
2008), angiopoietins (Camenisch et al. 2002),
or matrix-bound VEGFR-1 (Orecchia et al.
2003). These observations open the intriguing
possibility that angiogenic growth factors, when
associated to the ECM, may modulate endothe-
lial cell functions by signaling through integrins
in complement to their activities mediated by
their canonical receptors.

6.2.2
Cell Signaling

Integrin ligation also initiates signaling cas-
cades, modulating complex cell functions like
spreading, migration, survival, proliferation, or
differentiation (Alghisi and Ruegg 2006;
Stupack 2007) (Fig. 6.1). As integrins do not
have intrinsic enzymatic activity, they need to
recruit cytoplasmic structural (e.g., a-actinin,
talin, vinculin) and signaling (e.g., FAK, paxil-
lin, and Src family kinases) proteins at adhesion
complexes to initiate signal transduction (Luo
et al. 2007; Romer et al. 2006). Many signaling
pathways activated by integrins are also acti-
vated by growth factor receptors, and maximal
signal transduction is achieved when integrins
and growth factor receptors are concomitantly
engaged. Signaling pathways activated by inte-
grins, including in angiogenesis, comprise:
MAPK, Akt/PKB, Rho family GTPases, and
NF-xB (Mahabeleshwar et al. 2006).
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Fig. 6.1 Integrin functions and how to inhibit them.
Integrins act as cell adhesion and motility mediators
(green arrows) or as signal transducers (red arrows).
These functions can be modulated by growth factors
and their receptors (green and red dashed arrows).
On one hand, the inhibition or integrin function can
be achieved extracellularly by the action of peptido-
mimetics (a), peptides, most frequently RGD-based,

A pathway activated by integrin, particularly
relevant to vascular biology and angiogenesis,
is the COX-2/prostaglandin pathway. Integrin-
mediated adhesion and binding of soluble
ligands induce COX-2 mRNA expression and
stabilize COX-2 protein in endothelial cells
resulting in enhanced prostaglandin production
(Zaric and Ruegg 2005). In turn, prostaglandins

but also as noncanonical peptides (b) or antibodies
(¢). These three classes of inhibitors could also be
used as imaging tools if they are labeled with a
detectable tracers. On the other hand, peptides dis-
rupting or blocking the interaction between the
integrin cytoplasmic tail with cytoplasmic adaptor or
signaling proteins inhibit integrin function and may
be developed in the future as therapeutic tools (d)

activate the adenylcyclase via prostane receptor
signaling, resulting in PKA activation, acceler-
ated o f,-dependent cell adhesion, spreading,
and migration in a Racl-dependent manner
(Dormond and Ruegg 2003). Consistent with
these findings, COX-2 inhibitors inhibit af,-
dependent endothelial cell spreading and migra-
tion in vitro and angiogenesis in vivo.
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6.3
Integrins in Tumor Angiogenesis

e Integrin a.f, was the first integrin associ-
ated with angiogenesis (Brooks et al. 1994).
a,pB, is highly expressed in angiogenic
endothelial cells in granulation tissue and in
malignant tumors, but is virtually absent
from quiescent endothelial cells (Hynes
2007). Inhibition of a.f, with a function-
blocking monoclonal antibody, or RGD-based
peptides, or peptidomimetics suppressed
corneal neovascularization (Klotz et al.
2000), hypoxia-induced retinal neovascular-
ization (Hammes et al. 1996), tumor angio-
genesis, and tumor progression in various
in vivo models (MacDonald et al. 2001;
Reinmuth et al. 2003), and endothelial cell
sprouting and angiogenesis in an in vitro 3D
model of angiogenesis (Nisato et al. 2004).
Importantly, quiescent and pre-existing ves-
sels were not perturbed by these treatments.
The results obtained with pharmacologi-
cal antagonists of integrins o B,/o B, con-
trast with results obtained through genetic
approaches. Mice deficient in a, integrins
and lacking o, B,, o, B, o, s, o B, and o B
expression, were still able to undergo exten-
sive developmental vasculogenesis and angio-
genesis, although they died in utero or shortly
after birth (Bader et al. 1998). Analysis of
the phenotype of individual 3 integrin knock-
out mice showed that the B, knock-out was
the only one to reproduce the o, knock-out
phenotype (Zhu et al. 2002), thereby reveal-
ing arole for a, B, in the association between
cerebral microvessels and brain parenchymal
cells. Deletion of the B, subunit did not sig-
nificantly disrupt vascular development,
although some embryos died in utero due to
placenta defects, while others died postna-
tally due to bleeding and anemia (Hodivala-
Dilke et al. 1999). B,-deficiency reproduce
the inherited human bleeding disorder known
as Glanzmann thrombasthenia due to the

concomitant lack of o 3, (Tomiyama 2000).
Paradoxically, mice lacking o, integrins
had enhanced pathological angiogenesis,
including tumor angiogenesis (Reynolds
et al. 2002), associated with enhanced
VEGFR-2 signaling (Reynolds et al. 2004).
The reason for the divergence of the results
obtained with pharmacological inhibition vs.
genetic deletion of o, f, are not yet fully
clear (Hynes 2002).

More recently, B, integrins (i.c., o0 B, o B,
O°3Bl, 0“4[31, (XSB], OLvBl), (XVBS, and (XGB4 have
also been shown to promote angiogenesis
(Alghisi and Ruegg 2006; Serini et al. 2000).
B, integrin expression on vascular endothe-
lial cells is dispensable for vasculogenesis,
but crucial for embryonic angiogenesis
(Tanjore et al. 2007). Deletion of the o, gene
is embryonically lethal and is associated with
vascular and cardiac defects (Francis et al.
2002). o B, is up regulated in angiogenesis
and blocking anti-a,, antibodies suppressed
VEGF-induced tumor angiogenesis in both
chick embryo and murine models (Collo and
Pepper 1999; Kim et al. 2000). An o,
antagonist in combination with chemother-
apy reduced metastasis and suppressed
angiogenesis at metastatic lesions (Stoeltzing
etal. 2003).

Integrins o B, and o3, are highly upregu-
lated by VEGF in cultured endothelial cells,
resulting in enhanced cell spreading on col-
lagen I, while anti-o, 8, and anti-a.,f3, anti-
bodies inhibited VEGF-driven angiogenesis
in vivo. Combined administration of anti-
o, B, and anti-o 3, antibodies to mice bear-
ing squamous cell carcinoma xenografts,
resulted in reduced tumor angiogenesis and
tumor growth (Hong et al. 2004; Perruzzi
et al. 2003; Senger et al. 2002). The role of
a,B, for the regulation of murine wound
angiogenesis was confirmed in a genetic
approach (Zweers et al. 2007).

a,f3, promotes an invasive endothelial cell
phenotype at the early phase of angiogenesis
inresponse to growth factors (FGF-2, VEGF)

3
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(Nikolopoulos et al. 2004). Genetic studies
have revealed that o8, signaling promotes
both angiogenesis and tumorigenesis. Impor-
tantly, o. 3, combines with multiple receptor
tyrosine kinases, including ErbB2, EGF-R
and c-Met, and enhances their signaling
function (Giancotti 2007).

6.4
Integrin Antagonists with Antiangiogenic
Activities

Four different types of integrin antagonists have
been developed: antibodies, endogenous inhibi-
tors, peptides, and nonpeptidic antagonists. We
describe here the main representative drugs
within each class that have shown antiangio-
genic activity in preclinical models, with par-
ticular emphasis on drugs that entered clinical
testing. These and additional inhibitors are sum-
marized in Table 6.1.

6.4.1
Antibodies

o LM609/MEDI-522/Vitaxin. The anti-oj3,
monoclonal antibody LM609 blocked endo-
thelial cell adhesion, migration, and sprout-
ing in vitro and angiogenesis in vivo in the
CAM assay (Brooks et al. 1994). Subse-
quently, LM609 was humanized and affinity
maturated allowing the isolation of an
antibody with a 90-fold improved affinity
(MEDI-522 or Vitaxin) (Wu et al. 1998).
Phase I studies demonstrated that treatment
was well tolerated with little or no toxicity.
The most common side effect was infusion-
related fevers. Doses of 1 mg/kg/week or
more produced plasma concentrations suffi-
cient to saturate o B, in vitro. Vitaxin dem-
onstrated a half-life longer than five days
with no tendency to accumulation. One par-
tial response and several stable diseases were

observed (Posey et al. 2001). Combination of
Vitaxin with chemotherapy was well toler-
ated. There was possible effect on tumor per-
fusion detected by dynamic computed
tomography imaging, but no objective antitu-
mor responses (McNeel et al. 2005). In
treated patients, there was evidence of
reduced FAK phosphorylation in skin wound
vessels, consistent with inhibition of o,
signaling (Zhang et al. 2007). Vitaxin has
entered Phase II trials mostly on hormone-
refractory prostate cancers or metastatic mel-
anoma (www.clinicaltrials.gov).

CNTO 95. CNTO 95 is a pan anti-a,, fully
humanized antibody. In a human melanoma
xenograft model, wherein CNTO 95 recog-
nized o B, and o B, on human tumor cells
but not mouse cells, CNTO 95 treatment
inhibited tumor growth by 80%. In a nude rat,
human skin xenograft tumor model where
CNTO 95 blocks o, and a,f, on both
human tumor cells and human skin endothe-
lial cells, treatment reduced final tumor weight
by >99% (Trikha et al. 2004). The antibody
did not show any adverse effects in monkeys
(Martin et al. 2005) and entered Phase I clini-
cal trials in various solid tumors, including
ovarian, colorectal, melanoma, and renal cell
carcinoma. Results on these patients showed
that CNTO 95 was well tolerated up to
weekly doses of 10 mg/kg (www.asco.org).
CNTO 95 is now in Phase I/Il in combination
with other chemotherapeutic drugs in Stage
IV melanoma or metastatic HRPC.
M200/Volociximab. M200 is an affinity
maturated humanized chimeric monoclonal
antibody blocking a3, integrin. It inhibited
tumor angiogenesis and tumor growth in a
rabbit syngenic tumor model (M200 does not
bind to rodent a.3)) despite a 20-fold lower
affinity for rabbit integrin, relative to human
(Bhaskar et al. 2007a). A function blocking
rat-anti-mouse o3, antibody with features
similar to M200 was shown to inhibit angio-
genesis and suppress tumor growth and
metastasis in mice (Bhaskar et al. 2007b;
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Table 6.1 Integrin antagonists in clinical trials

Antibodies

Endogenous
inhibitors

Inhibitor

LM609,
MEDI-522,
vitaxin®

Volociximab,
M200

CNTO 95

17E6

7E3, abciximab,
ReoPro

Ha 31/8
Ha 1/29

NKI-SAM-1,

JBSS5 or ITA1

Endostatin
(C-terminal
fragment of

collagen X VIII)

Tumstatin
(C-terminal
fragment of
collagen IV)

Endorepellin
(C-terminal
module of
perlecan)

Angiocidin

PEX (MMP-2
proteolytic
fragment)

Fastatin (FAS1

domain of Pig-h3

Targeted
integrins

0Lv[‘)’s

ap,

a,, family, strong
affinity for
a,f, and o B

o, family, strong
affinity for

aVB3’ avBs
and o B,
o, B, primarily
but also o 3,
and a3,
(Mac-1)

o,

aB,

0Lz[31

aZBI

avl‘)’s

ayB,

Clinical
development

Passed phase I
In phase II

Passed phase I,
currently in
phase II

Phase I or
phasel/I

Passed phase [
and II.
Currently
in phase I1I
for the
prevention
of
restenosis

Phase [

References

(Gutheil et al. 2000;
McNeel et al. 2005;
Posey et al. 2001)

(Kuwada 2007;
Ramakrishnan et al.
2006) www.pdl.com

(Mullamitha et al. 2007;
Trikha et al. 2004)
www.clinicaltrials.
gov

(Mitjans et al. 1995,
2000)

(Nakada et al. 2006;
Varner et al. 1999)

(Senger et al. 1997,
2002)

(Senger et al. 1997,
2002)

(Francis et al. 2002;
Kim et al. 2000)

(Herbst et al. 2002),
www.clinicaltrials.
gov

(Hamano and Kalluri
2005; Maeshima
et al. 2002)

(Woodall et al., 2008)

(Sabherwal et al. 2006)
(Bello et al. 2001;
Pfeifer et al. 2000)

(Nam et al. 2005)
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Table 6.1 (continued)

Inhibitor Targeted Clinical References
integrins development
Synthetic EMD121974, ao.,B, Passed phase I (Eskens et al. 2003;
peptides cilengitide Phase II Nabors et al. 2007)
www.clinicaltrials.
gov
TP508 oB, (Tsopanoglou et al.
(thrombospondin 2004)
derived peptide)
S247 o, B, (Abdollahi et al. 2005)
ATN-161 aB, Phase 1 (Cianfrocca et al. 2006)
Phase 11 www.clinicaltrials.
gov
CRRETAWAC af, (Koivunen et al. 1994;
(fibronectin Mould et al. 1998)
peptide)
Peptidomimetics SCH221153 a,f, and o B (Kumar et al. 2001)
BCH-14661 a3, and o3, (Meerovitch et al. 2003)
BCH-15056
ST1646 a,B, and o B (Belvisi et al. 2005)
Thiolutin o, B, (indirect), (Minamiguchi et al.
decreases 2001)
paxillin levels
SJ749 af, (Kim et al. 2000;
Marinelli et al. 2005)
ISM6427 apB, (Umeda et al. 20006)

A nonexhaustive list of available antibody, peptide and peptidomimetic antagonists of integrins with anti-
angiogenic activities developed so far is presented (some compounds are further described in the text)

Ramakrishnan et al. 2006). Based on this
activity profile, Volociximab was tested in
Phase I trials in various refractory solid
tumors including renal cell carcinoma and
metastatic melanoma. The study data showed
that adverse events were generally mild to
moderate in intensity and there were no dose
limiting toxicities. Volociximab is currently
evaluated in Phase II trials as a single agent
(Kuwada 2007). Combination trials with
chemotherapy are planned.

e c7E3/Abciximab/ReoPro. cTE3 is a human-
ized monoclonal antibody Fab fragment
approved for use as adjunct therapy to prevent

cardiac ischemic complications in patients
undergoing coronary angioplasty (Cohen
et al. 2000). c7E3 also interacts with integ-
rins a3, and Mac-1 (a,f3,). In animal models,
c7E3 inhibited tumor growth and angiogen-
esis (Nakada et al. 20006).

6.4.2
Endogenous Antagonists

e FEndostatin is a carboxyl-terminal fragment

of Collagen XVIII inhibiting endothelial cell
proliferation in vitro and angiogenesis and
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tumor growth in vivo (O’Reilly et al. 1997).
The generation of endostatin from Collagen
XII is mediated by various proteases (e.g.,
cathepsin L and MMPs). The antiangiogenic
activity of endostatin is due, at least in part,
to binding to integrin B, and caveolin-1
on endothelial cells, causing downregulation
of RhoA activity and Src family kinase-
dependent disassembly of focal adhesions
and actin stress fibers, resulting in decreased
matrix deposition and migration (Wickstrom
et al. 2005). Recombinant human endostatin
entered clinical testing and was found to be
safe and well tolerated (Hansma et al. 2005;
Herbst et al. 2002).

Tumstatin consists of the carboxyl-terminal
noncollagenous 1 (NC1) domain of the a3
chain of Collagen IV. It inhibited in vivo
neovascularization in Matrigel plug assays,
suppressed tumor growth in xenograft mod-
els, and induced endothelial cell apoptosis
(Hamano and Kalluri 2005). Tumstatin binds
to a,f, integrin in endothelial cells, and
selectively inhibits protein synthesis by sup-
pressing mTOR (Maeshima et al. 2002).

6.4.3
Peptides

EMD121974/Cilengitide. The discovery that
many integrins recognize their ligands
through short amino acid sequences, most
notably RGD, led to the development of
small peptides that competitively blocked
ligand-receptor interaction. Cyclized pep-
tides were up to 100-fold more selective than
linear counterparts, and cyclic pentapeptides
that possessed two hydrophobic amino acids
next to the recognition sequence proved to
be highly active and selective for o, 8./a, B..
The cyclic pentapeptide cyclo(-Arg-Gly-
Asp-D-Phe-Val-) (EMD66203 Merck KGaA)
showed nanomolar inhibition of vitro-
nectin binding to the a.,f, integrin without

interfering with o, B, integrin (Haubner
et al. 1996). Modification of the amino acids
flanking the RGD sequence led to the syn-
thesis of EMD121974 (Cilengitide) inhibit-
ing a.,f3, integrin binding to vitronectin with
an IC, of 0.6 nM versus 900 nM for the
o, B, integrin (Smith 2003). Cilengitide
showed antitumor effects in brain, mela-
noma, head and neck, and brain tumors
(MacDonald et al. 2001; Mitjans et al. 2000;
Raguse et al. 2004; Taga et al. 2002). In
Phase I, studies of cilengitide were well tol-
erated with no dose-limiting toxicities, and
showed evidence of activity in recurrent
malignant gliomas (Nabors et al. 2007).
Cilengitide is now in Phase II clinical trials,
alone and in combination with radio and
chemotherapies, in solid tumors, leukemia,
and lymphoma (Stupp and Ruegg 2007).

e ATN-161 is a peptide derived from the
a,f3,-binding sequence PHSRN present in
fibronectin (Livant et al. 2000). Chemical
modifications of this sequence led to the syn-
thesis of ATN-161 (Ac-PHSCN-NH,) that,
in contrast to other integrin antagonist pep-
tides, is not a RGD-based peptide. ATN-161
possesses antitumorigenic antiangiogenic
activities in mice in the absence of toxicities
(Livant et al. 2000). ATN-161 was tested in a
Phase I study in patients with advanced solid
tumors for up to 14 cycles of 4 weeks and
was well tolerated at all dose levels.
Approximately, one-third of the treated
patients manifested prolonged stable disease
(Cianfrocca et al. 2006).

6.4.4
Non-peptidic Inhibitors

Peptidomimetics are compounds containing
non-peptidic structural elements mimicking
the action(s) of a natural parent peptide. Pepti-
domimetics can be administered orally, are
insensitive to protease-mediated degradation,
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and have longer and

Spalluto 2005).

stability (Cacciari

e SCH221153 was obtained by screening and
further modifying an RGD-based peptidomi-
metic library. It targets a3, and o3, integ-
rins with IC,  of 3.2 and 1.7 nM, respectively.
SCH221153 inhibited endothelial cell adhe-
sion to vitronectin and suppressed angiogen-
esis in a CAM assay (Kumar et al. 2001).

e BCH-14661 and BCH-15046 are integrin
antagonists that induce cell detachment and
apoptosis of angiogenic endothelial grown
on RGD-based matrices (i.e., vitronectin and
fibronectin). BCH-14661 is specific for o, B,
while BCH-15046 antagonizes o, o,f;
and o B, (Meerovitch et al. 2003). BCH-
15046 was also capable to induce endothe-
lial cell apoptosis independently of cell
detachment.

e Thiolutin is a non-peptidic antagonist of
cell adhesion interfering with integrin-
post-receptor events (Minamiguchi et al.
2001). The antiadhesive effect of thiolutin
is due to decreased paxillin protein expres-
sion, disruption of focal adhesions, and cell
detachment.

o SJ749, which structure mimics RGD-based
sequences, is a potent inhibitor of a3, inte-
grin (IC,; around 0.8 nM), and it inhibited
angiogenesis in the CAM assay (Kim et al.
2000). The structure of this non-peptidic
compound bound to the head of the o f,
integrin has been resolved, thereby opening
new perspectives in rational design to
improve its specificity and binding constant
(Marinelli et al. 2005).

e JSM6427 is another o, -specific peptido-
mimetic inhibitor with antiangiogenic activi-
ties (Umeda et al. 2006). Interestingly,
JSM6427
hangiogenesis (Dietrich et al. 2007) suggest-

inhibited inflammatory lymp-

ing the possibility of combined targeting
angiogenesis and lymphangiogenesis by tar-
geting one integrin.

6.5
Open Questions and Current Developments

Preclinical studies suggest that vascular integ-
rins are valuable targets for antiangiogenic
treatments. Results obtained in Phase I clinical
trials have shown that the integrin antagonists
tested so far are well tolerated and hint some
antitumor activity. Phase II trials aimed at dem-
onstrating antiangiogenic/antitumor activities
are ongoing (Stupp and Ruegg 2007). Important
basic questions on the role of integrins in angio-
genesis and their therapeutic targeting, how-
ever, have remained unanswered and new ones
have emerged. In this section we review some
of the open outstanding questions.

6.5.1
Most Relevant Targets

Endothelial cells can express up to 12 integrins
(o By o By P By, By, af,, o), o,
o, aB,, a,B,, and o B,) (Alghisi and Ruegg
2006). At this point, we do not know which one
of these integrins is the best therapeutic target
for antiangiogenic treatments, and if angiogenic
vessels in different tumors or at different stages
of development may use different integrins.
More preclinical work is needed to test and
compare the suitability of individual integrins
as therapeutic target and to evaluate the possi-
bility of combined targeting.

6.5.2
Combination Therapies

Combined treatment with integrin antagonists
and chemotherapy or radiotherapy has shown
enhanced therapeutic efficacy in preclinical
models (Ruegg and Mutter 2007). Since combi-
nation therapy appears to be a general rule for
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antiangiogenic treatments in humans, the criti-
cal issue is to define the best combination in
term of drug association, timing, and schedule.

® Radiotherapy. Integrin antagonists enhance
efficacy of radiotherapy. Radiation was found
to upregulate a, B, expression in endothelial
cells and to induce activation of Akt/PKB,
possibly as a mechanism for the tumor vascu-
lature to escape or recover from radiation-
induced injury. Inhibitors of a,f, integrin
suppressed radiation-induced Akt/PKB phos-
phorylation, increased cell death and enhanced
antiangiogenic and antitumor effects in xeno-
graft models (Abdollahi et al. 2005; Ning
etal. 2007). Using a different model, cilengit-
ide sensitized tumors to radioimmunotherapy
(Burke et al. 2002). These results reinforce
the rationale of combining vascular integrin
antagonists with radiotherapy.

e Chemotherapy. Combination of ATN-161
(o B, antagonist) with 5-fluoroacil synergized
the reduction of the number of liver metastases
and tumor burden of CT26 colon cancer cells
in mice (Stoeltzing et al. 2003). Liver tumors
in the ATN-161 and ATN-161/5-FU groups
had significantly fewer microvessels than
tumors in the control or 5-FU-treated groups.

e Tumor Necrosis Factor (TNF). TNF is used in
combination with high dose chemotherapy in
an isolation limb perfusion setting to treat
advanced cancers of the limbs (Lejeune et al.
2006). The mechanism by which TNF exerts
its antitumor activity involves detachment and
death of angiogenic endothelial cells express-
ing o,f, (Ruegg et al. 1998). Integrin-
mediated adhesion is required for TNEF-
induced Akt/PKB activation,
essential for the survival of TNF-stimulated
endothelial cells (Bieler et al. 2007). Consis-
tent with these results, cilengitide sensitizes

to TNF-induced death

in vitro. Thus, combined administration of

an event
endothelial cells

cilengitide may open new perspectives to the
therapeutic use of TNF as anticancer agent.

e Tyrosine Kinase Inhibitors (TKI). Since inte-
grins facilitate signaling from several recep-
tor tyrosine kinases, including ErbB2,
VEGFR-2, EGF-R, and Met, it is reasonable
to hypothesize that integrin inhibition may
sensitize endothelial cells to currently avail-
able TKI antiangiogenic drugs (e.g., bevaci-
zumab, sorafenib, sunitinib, temsirolimus) or
to other TKI with antiangiogenic activities,
such as EGFR antagonists (e.g., cetuximab
or gefitinib), or PDGFRs inhibitors (e.g.,
Imatinib). Indeed, combined administration
of cilengitide and SU5416, a VEGR-2 TKI
reduced tumoral vessel density and intratu-
moral blood flow compared to single drug
treatments (Strieth et al. 2006). o B, might
be an interesting integrin to target in combi-
nation with ErbB2, EGFR, and Met inhibi-
tors, since, in addition to antiangiogenic
effects, it may also have direct antitumor
activity, as o3, and ErbB2, EGF-R and Met
are expressed on many carcinoma cells
(Giancotti 2007). The endogenous antiangio-
genic peptide tumstatin was shown to exert
direct antitumoral effects in o, expressing
glioma cells in vitro and in vivo by suppress-
ing a.,f3,-dependent Akt and mTOR signal-
ing (Kawaguchi et al. 2006), suggesting the
possibility that a combination strategy may
be chosen in a way to target angiogenic
endothelial cells and tumor cells.

6.5.3
Drug Targeting

Vascular integrins expressed on tumoral ves-
sels, such as o B, have been used to target drugs
to tumors. Cationic nanoparticles coupled with
an integrin o, f3,-targeting ligand were used to
deliver a dominant-negative mutant Raf gene to
angiogenic blood vessels in tumor-bearing
mice, resulting in apoptosis of the tumor vessels
and regression of established primary and meta-
static tumors (Hood et al. 2002). Paclitaxel
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(Taxol), an antitumor drug commonly used for
the treatment of advanced metastatic breast can-
cer, conjugated with an RGD-based peptide had
a better uptake kinetic in vivo compared to free
paclitaxel (i.e., 4 h for free PTX vs. 2 h for the
PTX-RGD conjugate), although it did not show
enhanced potency at the cellular level(Chen
et al. 2005). These experiments demonstrate the
feasibility of integrin-based targeted drug deliv-
ery to tumors. More recently, several studies
reported that conjugation of o, f,-targeting
RGD peptides or peptidomimetics to carrier
proteins (e.g., antibody), synthetic scaffold
structures, or micelles (e.g., PEG-polyLys-
associated with plasmid DNA) resulted in
improved pharmacokinetics, retention in the
tumor tissue, and cellular uptake (Mitra et al.
2006; Oba et al. 2007; Shin et al. 2007). oyB;-
integrin-targeted nanoparticles rapidly taken up
by aB,-positive angiogenic vessels and tumors
were developed for delivery and imaging pur-
poses (Xie et al. 2007).

6.5.4
Tumor Imaging

Vascular integrins upregulated in angiogenic
vessels have also been explored for noninvasive
tumor imaging purposes. Most approaches have
targeted o, in combination with positron
emission tomography (PET) and Magnetic
Resonance Imaging (MRI) imaging techniques
(Choe and Lee 2007). The proof of concept
experiment was reported already in 1998, where
gadolinium-labeled LM609 was used to detect
angiogenesis in a rabbit tumor model.

Before this approach be successfully trans-
lated into the clinic, however, substantial gains
in sensitivity brought about by improved coils,
pulse sequences, and contrast agents were
needed (Barrett et al. 2007). Thanks to its high
sensitivity, PET technology has been preferred
and used in animal models and in humans to

detect o, B, using '*F-labeled monomeric or

3

multimeric RGD peptides. The level of expres-
sion a,,f, detected by PET, correlated with the
level of o, f3, determined by immunohistochem-
istry, suggesting that this approach may be used
for the noninvasive measurement of o, f3, and
monitoring antiangiogenic therapy in patients
(Beer et al. 2006). “Cu-DOTA-labeled Vitaxin
(Abegrin) were used in animal models and
showed high levels of late tumor activity accu-
mulation (i.e., 71 h) post injection (Cai et al.
2006). Similarly, *™Tc-labeled RGD peptides
were used to image tumors and angiogenic vas-
cular beds by gamma camera (Decristoforo
etal. 2006) or single photon emission computed
tomography (SPECT) in experimental models
(Liu et al. 2007). Recently, near-infrared fluo-
rescence imaging coupled with 3D optical
imaging systems have been used to image o, f3,-
positive tumor vessels and tumor cells in mice
using Cy5.5-RGD peptides (Hsu et al. 2006).
Taken together, these results illustrate the poten-
tial of employing integrin-targeted molecular
probes to image tumor vasculature and monitor-
ing response to therapy.

6.6
Future Directions

6.6.1
New Generation of Extracellular Antagonists

While most efforts have been focused on the
generation of small molecular inhibitors based
on the RGD sequence or the ligand-binding
pocket, recent studies have reported inhibitors
acting in a RGD-independent manner, such as
tumstatin (Maeshima et al. 2000) or ATN-161
(Livant et al. 2000). The resolution of the 3D
structure of cilengitide-a,, B, complex (Xiong
et al. 2002) and of SJ749-aB, complex
(Marinelli et al. 2005), allows for the explora-
tion of additional regions of the receptor for
binding of novel inhibitory molecules, “in silico”
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design and virtual screenings of improved or
fully novel antagonists (Zhou et al. 2000).
Furthermore, “broad spectrum” inhibitors block-
ing several angiogenic integrins (e.g., B, and f3,)
may be developed, as suggested by the recent
report of BCH-15046, a o B,, a,B; and o f,
antagonist (Meerovitch et al. 2003).

6.6.2
Targeting the Integrin Intracellular Domains

Interaction of the cytoplasmic tail of the 3 subunit
is essential for integrin function (Travis et al.
2003). Expression of isolated 3 integrin subunit
cytoplasmic and transmembrane domains in
adherent endothelial cells caused cell detachment
and death in vitro and in vivo (Hasmim et al. 2005;
Oguey et al. 2000), consistent with the notion that
overexpression of isolated 3-cytoplasmic domain
competes for binding of essential cytoplasmic
adaptor proteins (e.g., talin), resulting in “mechan-
ical uncoupling”of the integrins from focal adhe-
sions and cytoskeletal structures. These results
also suggest the possibility of targeting the cyto-
plasmic domain for therapeutic purposes. Two
main problems need to be addressed: the first one
concerns integrin specificity (current constructs
that do not differentiate between {3, and B, integ-
rins). The second problem concerns intracellular
delivery: to allow penetration into the cell, an
inhibitory peptide has to be fused to cytoplasmic
transduction peptides (Kim et al. 2006). Alterna-
tively, non-peptidic drugs may be developed to
disrupt B,-tail interaction with structural or sig-
naling cytoplasmic proteins.

6.6.3
Targeting Angiogenic Precursor Cells
and Inflammatory Cells

Bone marrow cells are mobilized during tumor
growth and recruited at tumor sites to promote
tumor angiogenesis. While some of the cells

include true endothelial precursors giving rise
to mature endothelial cells, most of them are
of monocyte/macrophage lineage (De Palma
and Naldini 2006). Monocyte/macrophage is
very sensitive to hypoxia and produces angio-
genic factors and chemokines that stimulate
tumor angiogenesis, progression, and metastasis
(Condeelis and Pollard 2006). Since leukocytes
and inflammatory cells use integrins to extravasate
and migrate through the stroma, such as o, f3,,
a,B,, ay,B,, o B, or af, it may be reasonable to
inhibit their recruitment to tumor sites by target-
ing their integrins (Ulbrich et al. 2003). For
example, antagonists of integrin a,f, blocked
extravasation of monocytes into tumor tissue and
prevented monocyte macrophage colonization of
tumors and tumor angiogenesis (Jin et al. 2006).
Since it is also possible that some of the antian-
giogenic effects observed with af, or o B,
antagonists may be due to the inhibition of leu-
kocyte recruitment, in future experimental and
clinical studies it will be important to monitor the
effect of integrin inhibitors on the recruitment of
inflammatory cells to tumor sites. Of note is the
observation that Cilengitide inhibited prolifera-
tion and differentiation of human endothelial
progenitor cells in vitro (Loges et al. 2007).

6.7
Conclusions

Preclinical evidence indicates that integrins
expressed in angiogenic endothelial cells are
potentially relevant targets for antiangiogenic
therapies in cancer. Early clinical trials have
provided initial evidence of activity in human
cancers, and ongoing clinical trials tell us
whether they may bring benefits to human can-
cer treatment. If this is the case, besides further
clinical trials, there will be a race to gener-
ate novel, more potent, and orally bioavail-
able “second generation” antagonists as well
as to define the best combination strategy. The
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possibility of coupling the use of integrin antag-
onists for therapeutic purposes with non-inva-
sive imaging of vascular integrins would open
the possibility to select patients expressing high
levels of the target, and therefore those who are
most likely to benefit from the treatment.
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PDGF and Vessel Maturation

Carina Hellberg, Arne Ostman, and C.-H. Heldin

Abstract Pericytes are smooth muscle-like
cells found in close contact with the endothe-
lium in capillaries, where they regulate the mor-
phology and function of the vessels. During
vessel formation, platelet-derived growth fac-
tor-BB (PDGF-BB) is required for the recruit-
ment and differentiation of pericytes. Tumor
vessels display abnormal morphology and
increased endothelial proliferation, resulting in
leaky, tortuous vessels that are often poorly per-
fused. These vessels typically display decreased
pericyte density, and the tumor-associated peri-
cytes often express abnormal markers and show
abnormal morphology. Anti-angiogenic therapy
targeting pro-angiogenic growth factor path-
ways has been applied to a broad range of solid
tumors with varying results. Studies utilizing
mouse models indicate that the presence of peri-
cytes protect endothelial cells against inhibition
of vascular endothelial growth factor (VEGF)
signaling. Simultaneous inhibition of PDGF
receptors on pericytes therefore improves the
effect of VEGF inhibitors on endothelial cells
and enhances anti-angiogenic therapy.
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Introduction

Newly formed capillaries are stabilized through
the recruitment of a specialized form of mural
cells termed pericytes. In addition to providing
physical stabilization, the presence of pericytes
reduces endothelial cell proliferation and pro-
motes differentiation, a process termed vascular
maturation. During this process, activation of
the platelet-derived growth factor (PDGF)
B-receptor plays a crucial role in the recruitment
of pericytes to the newly formed vessels. In the
present communication, we review the role of
PDGEF in vessel maturation.

7.2
The PDGF Family

The PDGF family of growth factors is com-
posed of disulfide-bonded homodimers of four
polypeptide chains, the classical PDGF-A and
-B chains and the more recently described
PDGF-C and -D chains (Fredriksson et al.
2004). In addition, the A and B chains het-
erodimerize to form PDGF-AB. PDGF iso-
forms exert their biological effects through the
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activation of two tyrosine kinase receptors,
PDGF a- and B-receptors (Heldin et al. 1998).

PDGF family are major mitogens for a num-
ber of cell types, including mesenchymal cells
such as fibroblasts and smooth muscle cells.
During the embryonal development, PDGF
isoforms are important for the development
of mesenchymal cells of different organs, such
as mesangial cells of the kidney, alveolar smooth
muscle cells of the lung, smooth muscle cells and
pericytes of blood vessels, and glial cells of the
central nervous system. Overactivity of PDGF
has been linked to atherosclerosis, fibrotic dis-
eases, and malignancies. In certain types of rather
rare solid tumors, PDGF is involved in autocrine
stimulation of tumor cell growth. In addition,
PDGF is commonly involved in paracrine recruit-
ment of tumor stroma fibroblasts and stimulation
of angiogenesis (Ostman and Heldin 2007).

73
Pericytes

7.3.1
Role of Pericytes

Mature blood vessels are composed of endothe-
lial cells and mural cells, including pericytes
and smooth muscle cells. Arteries and veins are
surrounded by vascular smooth muscle cells,
whereas pericytes are present on capillaries,
postcapillary venules, and collecting venules
throughout the body. Pericytes are smooth mus-
cle-like single cells found in close contact with
endothelial cells within the basement mem-
brane, where they are wrapped around the ves-
sel sending out long protrusions that make
contact with a number of endothelial cells and
other pericytes (Fig. 7.1) (Bergers and Song
2005). The presence of pericytes on these vessel
types is plastic, and varies between tissues.
PDGF made by endothelial cells has a crucial
role in the recruitment of pericytes to vessels

(Betsholtz 2004). Moreover, a basic retention
motif in the common C-terminus of PDGF-BB
is crucial for this process, since it makes contact
with sulfated heparan proteoglycans and ensures
that PDGF-BB remains in the close environment
of the producing endothelial cells (Lindblom
et al. 2003; Abramsson et al. 2007). Since peri-
cytes are contractile cells they presumably exert
parts of their morphogenic control of capillary
diameter through PDGF-BB-induced pericyte
contractility. In addition, pericytes also regulate
capillary diameter by regulating endothelial pro-
liferation and differentiation. Absence of pericytes
in PDGF-B/PDGF B-receptor null mice coin-
cides with endothelial hyperplasia, suggesting
that pericytes negatively control endothelial pro-
liferation (Hellstrom et al. 2001). Absence of
pericytes also leads to defects in endothelial
junction formation, suggesting that pericytes
control endothelial differentiation in vivo.

7.3.2
Identification of Pericytes

Despite their physiological importance, peri-
cytes still remain an understudied cell type. Part
of the problem when studying pericytes is the
difficulty in identifying them, since there is no
convenient pan-pericyte marker. Pericytes reside
within the basement membrane; thus morpho-
logical identification by electron microscopy
remains the most reliable means of identifying a
pericyte in mature tissues (Baluk et al. 2005).
However, during angiogenic sprouting and vas-
cular remodeling, the basement membrane is not
fully developed, making this method of identifi-
cation more difficult to apply (Baluk et al. 2003).
Therefore, several marker proteins are used for
studying pericytes during angiogenesis (Bergers
and Song 2005).

As expected from its importance for the
recruitment of pericytes, the PDGF B-receptor
is one of the most widely used markers for peri-
cytes. However, this receptor is also expressed
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Fig. 7.1 (a) Morphology of capillaries of normal tis-
sues. The pericytes reside between the basement
membrane and the endothelial cells. Each pericyte
makes contact with several endothelial cells and wraps
itself around the vessel. (b) Morphology of capillaries

on other stromal cells such as smooth muscle
cells, fibroblasts and myofibroblasts. Another
commonly used marker is a-smooth muscle
actin (ASMA) that is expressed by pericytes,
smooth muscle cells, and myofibroblasts. The
expression of ASMA by pericytes is primar-
ily restricted to sites of vascular remodeling.
Desmin is a component of intermediate fila-
ments, and is found in mature skeletal, cardiac,
and smooth muscle cells. On pericytes, its
expression appears to be restricted to differenti-
ated cells in close physical contact with the
endothelium. The expression of ASMA and
desmin is likely to reflect the role of pericytes as
contractile cells that participate in the regulation
of capillary blood flow. The NG2 chondroi-
tin sulfate proteoglycan (also known as high-
molecular-weight melanoma-associated anti-
gen, or sometimes AN2 in mice) is expressed
on the surface of activated pericytes during vas-
culogenesis and angiogenesis. The regulator of
G-protein signaling-5 (RGS-5), a regulator of
signaling pathways downstream of heterotri-
meric G-protein coupled receptors, was recently
described as a marker for developing pericytes.

ﬁ

of tumors. The tumor vessels are contorted and often
flattened. Pericytes make contact with the endothe-
lium, but are often partly dethatched and often extend
protrusions away from the vessel. The basement
membrane varies in thickness and has gaps in it.

Its expression overlaps with the expression of
NG2 and the PDGF B-receptor.

Not much is known about the regulation of
the expression of these markers, and they may
represent either distinct or overlapping popula-
tions of pericytes. The expressions of pericyte
markers are dynamic, and their expression var-
ies, depending on the species and tissue studied.
When addressing the involvement of pericytes
in vessel maturation, the difficulty to identify
pericytes still present a problem, and most stud-
ies therefore contain the analysis of several
marker proteins.

733
The Origin of Pericytes

During embryonic development, pericytes and
smooth muscle cells, as well as endothelial cells,
are believed to be derived from mesenchymal
precursors (Bergers and Song 2005). During this
process, PDGF-BB/PDGF B-receptor signal-
ing is essential for the recruitment and differen-
tiation of pericytes. Postnatally, pericytes are
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presumed to either migrate with the endothelial
sprouts during the initiation of angiogenesis, or
to differentiate from a local source of mesen-
chymal cells in response to PDGF and/or trans-
forming growth factor B (TGF-f). However,
recent studies have also described the existence
of bone marrow-derived pericyte progenitor
cells (Lamagna and Bergers 2006) and tissue-
specific pericyte progenitors (Howson et al.
2005; Dore-Duffy et al. 2006; Tamaki
et al. 2007).

The adult bone marrow contains both hema-
topoietic and mesenchymal stem and progenitor
cells. Therefore, the recruitment of bone mar-
row-derived progenitors into tumors supports
the initiation of tumor angiogenesis by incorpo-
rating endothelial and pericyte progenitor cells
into the newly formed vessels. It has been
proposed that the release of cytokines from
tumors induces the mobilization of hematopoi-
etic bone marrow stem cells (Petit et al. 2007).
The recruitment of endothelial progenitor cells
and their incorporation into tumor vessels
have been demonstrated in a number of studies
(Lyden et al. 2001; Shirakawa et al. 2002), and
was recently shown to have an important role in
the vascularization of at least two types of lung
metastases. Circulating progenitor cells positive
for PDGF -receptor, the stem cell antigen-1
(Sca-1) and CD11b have been demonstrated to
incorporate into blood vessels and to mature
into NG2-, ASMA- and desmin-positive peri-
cytes (Song et al. 2005). Circulating cells posi-
tive for CD11b and CD45 have also been shown
to incorporate into vessels as pericyte-like
cells, although these cells only expressed NG2
(Rajantie et al. 2004).

Several studies have also demonstrated the
presence of pericyte progenitor cells in various
other tissues, which appear to contribute to post-
natal vasculogenesis and angiogenesis. Since
these progenitor cells give rise to cell popula-
tions expressing different pericyte markers (see
later in the text), it is unclear as to what extent
the presence of these cells on vessels stabilizes

the vascular function. Thus, the neonatal rat
aorta contains cells positive for the PDGF
B-receptor, Tie2 and CD34, but negative for
endothelial markers (Howson et al. 2005). These
cells differentiates into pericytes when cocul-
tured with endothelial cells or aorta ring explants
in vitro. In the microvasculature of the adult rat
CNS, cells positive for nestin and NG2 that has
the capacity to differentiate into pericyte-like
cells in vitro were identified (Dore-Duffy et al.
2006). In mice, skeletal muscle-derived stem
cells negative for CD31 and CD45 were reported
to differentiate into pericytes, endothelial cells,
and smooth muscle in vivo (Tamaki et al. 2007).
Although these studies indicate the presence of
cells with the capability to differentiate into
pericytes in adult tissues, most of the stud-
ies were performed in vitro. Information is still
scarce about differentiation of tissue pericytes
in vivo during vascular remodeling, or during
tumor angiogenesis. Further studies addressing
the physiological function of vessels that con-
tain pericytes recruited from different sources
are required.

7.4
Vessel Maturation

7.4.1
Normal Vessels

During embryonic development, the nascent
vascular network is formed through de novo
vessel formation from angioblasts or stem cells,
a process termed vasculogenesis. From these
vessels, new vessels sprout and form bridges
by angiogenesis. The vessels are then stabi-
lized through the recruitment of mural cells, and
through generation of the basal membrane. The
final patterning of the vascular network is deter-
mined by signals provided by soluble angiogen-
esis factors as well as components of the
basement membrane and ECM, which stimulates
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proliferation, survival, migration, and differen-
tiation of endothelial and mural cells. As already
described, PDGF-BB is secreted by the endo-
thelial cells during angiogenesis, presumably
in response to vascular endothelial growth fac-
tor (VEGF), which facilitates the recruitment
of mural cells. The endothelial differentia-
tion sphingolipid G-protein coupled receptor 1
(EDGT1 or S1P ) (Allende and Proia 2002), which
is activated by sphingosine 1-phosphate, appears
to be important for mural-cell migration, and its
genetic ablation in mouse led to a similar pheno-
type as that of PDGF ko mice. It remains to be
investigated whether these signals are unrelated
or if the EDG1 receptor signals downstream of
the PDGF B-receptor.

Angiopoietin (Ang) 1 and 2 both act through
the Tie2 receptor, but with different outcomes
(Morisada et al. 2006). Ang1 stabilizes the phys-
ical contacts between endothelial cells and peri-
cytes, thereby making the vessels less leaky. The
role of Ang2 appears to be contextual. When
VEGF is absent, Ang2 destabilizes vessels by
inhibiting Angl signaling, but in the presence
of VEGF Ang2 facilitates vascular sprouting.
TGF-p is expressed by both endothelial and
mural cells. It promotes vessel maturation not
only by inducing differentiation of mesenchy-
mal cells to mural cells, but also by stimulating
ECM production. As with Ang2, TGF-f can be
either pro- or antiangiogenic, depending on the
context (Bertolino et al. 2005).

The presence of pericytes on the capillary bed
is necessary for normal vessel function. Genetic
studies in mice showed that loss of PDGF-BB
or the PDGF B-receptor leads to a severe defi-
ciency in pericyte recruitment, causing micro-
vascular leakage and hemorrhage (Lindahl et al.
1997; Hellstrom et al. 1999). When investigat-
ing animals chimaeric for the PDGF B-receptor,
it was evident that only PDGF B-receptor posi-
tive cells populated the vascular smooth muscle
and pericyte compartment, directly demonstrat-
ing a need for PDGF signaling for the develop-
ment of these cells (Crosby et al. 1998).

During angiogenic sprouting, PDGF-B is
expressed by the endothelial tip cell (Gerhardt
etal. 2003). Tissue-specific knockout of PDGF-
BB in endothelial cells resulted in a similar phe-
notype as that of PDGF B-receptor ko, indicating
that paracrine signaling between the endothe-
lium and pericytes is required in the process
of pericyte recruitment (Bjarnegard et al. 2004).
When examining animals chimaeric for endo-
thelial PDGF-BB, they displayed a variation in
pericyte coverage and morphology of individual
brain capillaries indicative of segments of
PDGF-BB, expressing endothelium with normal
recruitment of pericytes (Bjarnegard et al. 2004).
The PDGF-BB molecule contains a short, basic
sequence that functions as a retention motif
allowing the secreted growth factor to remain
on the tip cell. Mutational loss of the reten-
tion sequence resulted in partial detachment of
the pericytes from the angiogenic sprout, pre-
sumably due to diffusion of PDGF-BB into
the surrounding tissue (Lindblom et al. 2003).
These findings highlight the need for a para-
crine PDGF signal and a physical contact with
endothelial cells for pericyte recruitment and
differentiation.

Although PDGF B-receptor ko mice die from
bleedings due to microanuerysms and a lack of
mural cells, loss of pericytes in all tissues is not
complete (Hellstrom et al. 1999). It thus appears
as if PDGF is critical for the proliferation and
migration of both pericytes and vascular smooth
muscle cells, but that the initial formation of
these cell types can also be induced by other
factors. It is presently unclear where these cells
originate from and what are the factors that
induce their differentiation. It has been pro-
posed that endothelial cells only express
PDGF-BB at the sites of the vessels where peri-
cyte recruitment occurs (Lindahl et al. 1997,
Hellstrom et al. 1999). This is supported by the
finding that in the developing CNS, PDGF-BB
is mainly expressed by the endothelial cells sit-
uated at the tip of the sprouting vessels (Gerhardt
et al. 2003).
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74.2
Tumor Vessels

The growth of large, solid tumors is directly
dependent on the presence of a tumor vascula-
ture (Folkman 1971). As the tumor grows,
hypoxia induces the expression of VEGF by
tumor cells. This induces angiogenesis by acti-
vating the endothelial cells on surrounding ves-
sels, thereby stimulating the branching and
growth of new blood vessels into the tumor
(Bergers and Benjamin 2003) (Fig. 7.2). During
this process, the connections between the
endothelial cells are loosened. Matrix metallo-
proteases are activated, leading to the degrada-
tion of the basement membrane. This serves
two purposes. First, it allows the detachment of
both endothelial cells and pericytes from the
basement membrane, facilitating their migra-
tion into the tumor. Second, it may also activate
proangiogenic factors within the basement
membrane. Endothelial cells and pericytes

Fig.7.2 Angiogenic sprouting.

A new capillary is formed as a tip
cell leads the sprouting capillary
into the tissue. Pericytes may be
recruited through the invasion and
proliferation of pericytes from the
mother vessel, by differentiation
of stromal precursors, or through
the recruitment of bone marrow
precursor cells. Different
molecular markers described for
pericytes derived from mother
vessels (Gerhardt et al., 2003),
bone marrow-derived progenitors
(Song et al., 2005; Rajantie et al.,
2004, respectively) and tissue
progenitors (Dore-Dufty et al.,
2006; Howson et al., 2005;
Tamaki et al., 2007, respectively)
are given.

o

bone marrow
stem cells

-CD11b/CD45

Recruitment of

-PDGF [-rec/Sca-1/CD11b

migrate into the tumor tissue, where they
proliferate and reconnect to form new vessels.
Although most studies suggest that the endothe-
lial cells lead the formation of new vessels,
there are also studies suggesting that the peri-
cytes migrate into the tissue first.

Tumor blood vessels have a number of struc-
tural and functional abnormalities (Jain 2003).
They are dynamic, and vessels are continuously
being initiated, remodeled, and regressed. The
vessels are irregular in size and shape, tortuous
and lack the normal hierarchical arrangement of
arterioles, capillaries, and venules. The struc-
ture of the vessel wall is also abnormal. The
tumor vessel diameter varies greatly, and the
endothelial cells form an imperfect lining and
contain a large number of fenestrations (Baluk
et al. 2005). Although the presence of a base-
ment membrane surrounding tumor vessels have
been reported, it appears to be morphologically
and functionally altered due to the vessel remod-
eling (Baluk et al. 2003). As a result of the

Invading pericytes
-PDGF -rec/ASMA/NG2

—

- )
Differentiation of
stroma myofibroblasts
or tissue progenitors
-PDGF [-rec/Tie2/CD34

-nestin/NG2
-CD31/CD45
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abnormal organization and ultrastructure of the
vessels, the blood flow in the tumor vessels is
chaotic and the vessels are leaky (Hashizume
et al. 2000), resulting in an increase the intersti-
tial fluid pressure (IFP) inthe tumor. Furthermore,
because of continuous remodeling of the vascu-
lature, the blood flow and permeability varies
not only between tumors, but also between
regions of the same tumor, between the same
region over time, and between the tumor and
metastases. This is at least partly due to an
imbalance between various pro- and antiangio-
genic factors such as VEGF and Angl/2. Taken
together, the vessel abnormalities render the
tumor vasculature inefficient at delivering not
only oxygen and nutrients, but also drugs.

The density of pericytes covering normal
capillaries varies between tissues, which is the
case also for the pericyte coverage of tumor ves-
sels (Baluk et al. 2005). In some studies no peri-
cytes were found around the tumor capillaries,
whereas other studies found the vessels covered
to varying extents. It is unclear as to what extent
these variations are due to differences between
the tissues or the tumor types studied. Since
PDGF-BB expression by endothelial cells is
heterogeneous (Hellstrom et al. 1999), this may
explain the uneven pericyte coverage of tumor
vessels. Also, as discussed earlier, there may
also be differences in the expression of the vari-
ous molecular markers between tumor types,
making an accurate pericyte count difficult. It is
not just the pericyte density that is abnormal.
Tumor-associated pericytes often display both
an abnormal expression of markers, as well as
abnormal morphology (Baluk et al. 2005). In
tumors, pericytes are often found to express
both ASMA and NG2, which are known to be
expressed during vascular remodeling. Where
normal pericytes are in close contact with the
endothelium and reside within the basement
membrane, tumor pericytes are often loosely
associated with the endothelium, and may
extend long protrusions into the surrounding tis-
sue. At present, it is not clear whether the cells

displaying the abnormal morphology are truly
pericytes, if they are in the process of differen-
tiation from myofibroblasts, or if they represent
pericytes that are partially detaching from the
endothelium to divide. Furthermore, it is unclear
as to what extent these pericytes are able to par-
ticipate in vessel function.

There are several sources described for peri-
cyte progenitors during normal vascular remod-
eling, but it is currently unclear where tumor
pericytes originate from. In angiogenesis in the
retina, pericytes have been shown to migrate
along the angiogenic sprout in response to the
PDGEF-BB expressed by the endothelial cells
(Gerhardt et al. 2003). In tumors, it is also pos-
sible that components of the tumor microenvi-
ronment induce the differentiation of fibroblasts
into myofibroblasts. Such cues may be TGF-3
or PDGF expressed by tumor cells or the sur-
rounding stroma. The incorporation of bone
marrow-derived circulating pericyte progeni-
tors into tumors have also been described (Song
et al. 2005). The relative importance of these
sources of pericytes is yet to be determined.

7.5
Tumor Therapy Targeting PDGF Receptors
on the Vasculature

The genetic instability of tumor cells poses a
serious problem when developing specific
drugs targeting mutated proteins in tumors.
Tumors that initially respond well to targeted
therapies often develop resistance to the ther-
apy, partly because of the enrichment of cells
with new mutations. It has been proposed that
targeting of tumor stroma, tumor vessels, and
fibroblasts could be a means to avoid drug resis-
tance since these tissues are more genetically
stable (Hofmeister et al. 2008). Given the
importance of PDGF in tumor stroma forma-
tion, the PDGF receptors are interesting targets
in antistromal therapy.
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7.5.1
Antiangiogenic Therapy Targeting Pericytes

Targeting of tumor angiogenesis has long been
an attractive idea for the treatment of solid
tumors (Folkman 1971; Cao 2004). Although
therapies targeting the VEGF pathway are effi-
cient in mouse tumor models, the results of sev-
eral clinical trials suggests that therapies
targeting VEGF alone may not be enough for
efficient antiangiogenic therapy (Cobleigh et al.
2003; Yang et al. 2003).

When revisiting the mouse models, studies
indicated that the response to VEGF-targeting
therapy may be dependent on the maturity of the
tumor vessels. Established, mature tumor vessels
with richer pericyte coverage appear to be less
sensitive to the antiangiogenic therapy than ves-
sels with fewer pericytes. The notion that
PDGF-BB may protect endothelial cells from
antiangiogenic therapy was further supported by
a study by Huang et al. (Huang et al. 2004),
where an increased expression of PDGF-BB was
detected around vessels that became resistant to
anti-VEGF therapy. These observations initiated
the idea that antiangiogenic therapy may be more
efficient if both endothelial cells and pericytes
are targeted using both VEGF receptor and
PDGEF receptor kinase inhibitors. This notion has
recently been corroborated in a study of vessels
in a nonmalignant tissue, chicken chorioallantoic
membranes, displaying different stages of vascu-
lar maturity during development (Hlushchuk
et al. 2007). In tumors, this type of combination
therapy have been shown to give synergistic
antiangiogenic and antitumor effects (Bergers
etal. 2003; Erber et al. 2004; Hasumi et al. 2007),
although the magnitude of the effect of PDGF
inhibitors on the vasculature may be contextual
(Sennino et al. 2007). It is currently not known
why tumor pericytes are targeted during this
treatment, while the vast majority of mural cells
in the body are unaffected. It is possible that
only a subset of abnormal, activated pericytes
that are in the process of being remodeled, are

targeted while more mature subsets are unaf-
fected (Hasumi et al. 2007).

7.5.2
Improving the Efficacy of Conventional Therapies

As a consequence of the poor perfusion and
abnormal functions of tumor vessels, the deliv-
ery of nutrients and oxygen into the tumor is
poor (Jain 2005). This also affects the therapeu-
tic outcome of both chemotherapy and radio-
therapy. In the clinic, hypoxia strongly correlates
with tumor radioresistance (Moeller et al. 2007),
and preclinical data showed that increased tumor
oxygenation improved the response to radia-
tion therapy. Different approaches to modify the
tumor vasculature have been taken to correct for
this problem.

The abnormal tumor vasculature and stroma
results in an elevated IFP in tumors compared
to normal tissues. In addition to forming a barrier
to transcapillary transport of nutrients and oxy-
gen, the elevated IFP also results in inefficient
uptake of therapeutic agents, especially macro-
molecules such as liposomes and antibodies
(Heldin et al. 2004). Thus, lowering of IFP could
be used to improve the therapeutic efficiency of
both chemotherapy and radiation therapy. There
are several factors affecting the IFP in tumors.
The excess VEGF produced by hypoxic tumor
cells induce capillary leakiness, resulting in an
increased outflow of plasma proteins into the
interstitium. Tumors are typically void of func-
tional lymph vessels, which impair the fluid
drainage from the tumor. Also, fibrosis and
contraction of interstitial matrix mediated by
stroma fibroblasts participates in the elevation of
tumor IFP. PDGF contributes to the regulation of
IFP through the phosphatidylinositol-3” kinase
(PI3K) signaling pathway (Heuchel et al. 1999).
Activation of PDGF B-receptors on stromal fibro-
blasts induce awvp3 intergrin-mediated contrac-
tion of the extracellular matrix thereby controlling
the dermal IFP (Liden et al. 2006). The PDGF
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[-receptor may also participate in the regulation
of vessel leakiness by recruiting pericytes that
stabilizes the capillaries (Lindahl et al. 1997).
Lowering of IFP by VEGEF inhibitors (Lee et al.
2000; Tong et al. 2004) as well as PDGF inhibi-
tors (Pietras et al. 2001) have been demonstrated.
At present, it is not clear if the PDGF inhibitors
reduce IFP by acting on pericytes or fibroblasts,
or on both cell types. The reduction in IFP has
been correlated to increased drug uptake (Pietras
et al. 2001; Willett et al. 2004) and increased
effect of chemotherapy (Pietras et al. 2002).

It has been proposed that restoring the bal-
ance between pro-and antiangiogenic factors
could temporary normalize the vasculature,
allowing for drug delivery (Jain2005). According
to this notion, removal of VEGF signaling would
target the immature vasculature, pruning the less
functional vessels and promoting the blood flow
through the remaining vessels. Part of the nor-
malization of vessel function seen after anti-
VEGEF therapy can be explained by decreased
vessel leakiness, which reduces the osmotic
pressure of the interstitium and consequently
reduces the tumor IFP. The reported effects of
anti-VEGF therapy have been transient, which
would be expected if prolonged treatment dis-
rupt also mature vessel function. Studies have
demonstrated that targeting VEGF receptors
alters vessel morphology (Miller et al. 2005;
Taguchi et al. 2008), with temporary improve-
ments in tumor oxygenation and response to
radiotherapy (Dings et al. 2007). Another study
demonstrated decreased effects of chemotherapy
on glioblastomas, presumably due to restoration
of the blood-brain barrier (Claes et al. 2008).

7.6
Future Perspectives

It is increasingly clear that the properties of the
tumor vasculature are important for the outcome
of both antiangiogenic targeted therapies and

conventional cancer therapies. The presence of
pericytes on the vessels gives structural stability to
capillaries, resulting in improved perfusion, and
provides endothelial cells with protection to anti-
angiogenic therapy targeting the VEGF pathway.
Understanding the precise mechanisms underlying
vascular maturation should provide cues for refin-
ing therapies targeting the vasculature, whether
to inhibit tumor angiogenesis or to normalize
the vascular function for more efficient drug deliv-
ery. To achieve this, further studies evaluating
the effects of antiangiogenic inhibitors on vessel
function, both in animal models and in patients, are
needed. The approval of several PDGF receptor
inhibitors for use in the clinic (Ostman and Heldin
2007) will be important for further validation of
the concept of vascular normalization after antian-
giogenic therapy and the concomitant increase in
drug uptake in patients. Such studies should reveal
the extent to which different tumor types vary
regarding their response to the combined target-
ing of VEGF- and PDGF receptor signaling,
and may provide markers for the prediction of
the therapeutic outcome in subsets of tumors.
The pericytes on tumor vessels are abnormal,
both in the expression of molecular markers and
in morphology. Nevertheless, B16 mouse mela-
noma tumors expressing PDGF-BB display
increased pericyte coverage of the vessels, and
an increased growth rate (Furuhashi et al. 2004),
which correlates to an increased perfusion of
small vessels and increased blood-flow rate
(Robinson et al. 2008), indicating that the pres-
ence of abnormal pericytes exert effects on
tumor vessel function. So how do these peri-
cytes differ from the function of a fully differen-
tiated pericyte? Further studies are required to
understand the molecular mechanisms underly-
ing pericyte differentiation and their interactions
with endothelial cells. It will also be important
to determine the source of tumor pericytes and
the signaling pathways involved in their recruit-
ment into the tumor vasculature. These studies
require further development of more refined
methods for studying vessel function in vivo.
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Abstract  Although the lymphatic system has
been initially described in the sixteenth century,
basic research has been limited. Despite its
importance for the maintenance of tissue fluid
homeostasis and for the afferent immune
response, research of the molecular mechanisms
of lymphatic vessel formation and function has
for a long time been hampered. One reason
could be because of the difficulties of visibility
due to the lack of lymphatic markers. But since
the discovery of several molecules specifically
expressed in lymphatic endothelial cells, a
rediscovery of the lymphatic vasculature has
taken place. New scientific insights has facili-
tated detailed analysis of the nature and organi-
zation of the lymphatic system in physiological
and pathophysiological conditions, such as in
chronic inflammation and metastatic cancer
spread. Knowledge about the molecules that
control lymphangiogenesis and tumor-associ-
ated lymphangiogenesis is now expanding,
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allowing better opportunities for the develop-
ment of drugs interfering with the relevant sig-
naling pathways. Advances in our understanding
of the mechanisms have translated into a num-
ber of novel therapeutic studies.

8.1
Introduction

The lymphatic vasculature develops separately,
but is functionally related to the blood vascular
system. While the blood vascular system is a
closed circulatory system, the lymphatic system
is open-ended. It collects the interstitial fluid in
the periphery and drains the absorbed lymph in
the nuchal region into the subclavian veins. This
loop controls the balance of various factors and
10% of the body fluid volume. Next to the trans-
port of interstitial fluid, the lymphatic system
plays an essential role in the circulation of macro-
molecules, dietary fats, lymphocytes, and antigen-
presenting cells. In the immune-regulatory net-
work, the lymphatic system directs the trafficking
of cytokines and immune cells. However, the
lymphatic system is also a common pathway for
lymphatic metastasis, and therefore plays an
essential role for overall survival of cancer
patients.
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8.2
Embryonic Lymphatic Development

The lymphatic system develops in parallel with
the blood vascular system, but although major
progress has been made, it remains controversial
as to whether the lymphatic vasculature is
developing from embryonic veins, from lymp-
hangioblasts, or from both (Wilting et al. 1999).
In 1902, Florence Sabin proposed the most
widely accepted theory that the lymphatic vascu-
lature develops from embryonic veins (Sabin
1902; Sabin 1904) and that the peripheral lym-
phatic system expands from the primary lymph
sacs, originates from vascular endothelial cells,
and then spreads by endothelial sprouting, form-
ing capillaries. Upon the formation of the vascu-
lar system, Lyve-1 (lymphatic vessel endothelial
hyaluron receptor) starts to be expressed in
venous endothelial cells of the cardinal vein, and
endothelial cells become competent to respond
to lymphatic signals (lymphatic competence).
Induced by a so far unknown signal almost at the
same time, Prox-1 expression occurs in restricted
areas of the cardinal vein, determining the lym-
phatic fate (lymphatic bias) of budding endothe-
lial cells. Homebox gene Prox-1 is a transcription
factor related to the Drosophila gene prospero,
and expressing endothelial cells are detected in a
polarized manner in a subset of cells of the cardi-
nal vein, leading to budding of endothelial cells,
initially in the jugular and mesonephric regions
(Wigle and Oliver 1999). The analysis of Prox-1
null mice revealed that Prox-1 is required to pro-
mote lymphangiogenesis in a specific subpopu-
lation in the embryonic vein. The importance
becomes evident by the fact that in Prox-1 null
mice the lymphatics do not develop, whereas the
blood vessels seem to be unaffected (Wigle and
Oliver 1999). Prox-1 promotes the lymphatic
differentiation and leads to the downregulation
of blood vessel markers (Wigle et al. 2002).

The vascular endothelial growth factor
(VEGF)-C plays another essential role during
lymphatic development. Binding of its receptor,
the VEGF-Receptor-3 (VEGFR-3), expressed on

early blood vessels and on lymphatic endothe-
lium is required for migration and budding. In
VEGF-C knockout mice, endothelial cells com-
mit to the lymphatic lineage but do not sprout to
form lymph vessels (Karkkainen et al. 2004).
Xenopus tadpoles with VEGF-C knockdown had
lymphatic commitment but impaired the direc-
tional migration and budding (Ny et al. 2005).
Taken together, these results suggest that Prox-1
activity is required for the commitment of the
venous endothelial cells to lymphatic differentia-
tion, whereas VEGF-C/VEGFR-3 signaling pro-
vides essential signals for sprouting (Karkkainen
et al. 2004; Wigle and Oliver 1999). The devel-
opment of the lymphatic vasculature during
embryogenesis lags behind that of the blood ves-
sels, and these vessels at a later point in time
develop Prox-1, Lyve-1, and CD31 positive ves-
sel structures. Vascular endothelial growth
factor-A and —C, but not basic FGF-2 (basic
FGF), hepatocyte growth factor (HGF), and
hypoxia, stimulate the development of early lym-
phatics (Kreuger et al. 2006; Liersch et al. 2006).
Additional molecules, including the mucin-type
glycoprotein podoplanin, Neuropilin-2 (Nrp-2),
and angiopoietin-2 (Ang2) play major roles in
the further maturation of the developing lym-
phatic system. Integrin a9p1 is required for the
development of the fully functional lymphatic
system and is involved in mediating the effects of
VEGF-C and VEGF-D via VEGFR-3. Mice
deficient in the integrin a.9-subunit show edema
and chylothorax, and die shortly after birth.

An alternative model suggested that the pri-
mary lymphatics develop in the mesenchyme
from precursor cells, so-called lymphangio-
blasts, independent from veins, and only later
establish connections with the venous system
(Huntington and McClure 1910). This was sup-
ported by the findings obtained in birds, where
the lymph sacs develop by sprouting and form
the embryonic mesenchyme (Schneider et al.
1999). Recently it has been shown in the tadpole
model that both mechanisms can also contribute
to lymph vessel development (Ny et al. 2005).
Evidence for both models has been recently

found in murine embroid bodies. In these



8  Lymphangiogenesis in Cancer: Current Perspectives

117

Vessel formation

Prox-1
LYVE-1

Podoplanin
CCL21

Prox-1  Podoplanin

Prox-1
VEGFR-3 Prox-1 r‘" # LYVE-1  CCL21 VEGFR-3 Neuropilin-2
LYVE-1 VEGFR-3 BRI VEGFR-3
/ﬂ&\;\:\(vm - ki\ #
, { / N\ ~\ /Mt |
* * Y - ; ‘.‘ ature vessel
f‘ N ; formation
) VEGFR-3 VEGFR-3 (] P
LYVE-1 LYVE-1 ./

Lymphatic competence Lymphatic bias

Fig.8.1 Embryonic development of the lymph system.
Lymphatic competence of vascular structures in
embryoid bodies (EB) show differential expression
of Lyve-1 and Prox-1. Double immunofiuores-
cence stains of 21 days old EBs for CD31 (red; a, d)
and Prox-1 (green, e) revealed CD31-positive blood
vessels and CD31+/Prox-1+ (e; arrow) positive lym-
phatic vessels (f; merged image). Differential immun-
ofluorescence stains for CD31 (a, d; red) and
LYVE-1 (b; green) revealed that vascular structures
are CD31+/Lyve-1 positive (b; arrow/arrowhead)

three-dimensional structures lymphatic endothe-
lial cells (LEC) seem to develop not only from
blood vessels. In agreement with earlier obser-
vation, LYVE-1/CD31 positive vessels develop
much earlier than Prox-1 expression occurs. But
Prox-1 was partially expressed not only in a sub-
population of LYVE-1/CD31 positive blood
endothelial vessels (Fig. 8.1), but also in addi-
tional areas of newly formed lymphatic vessels
not associated to any blood vessel.

In summary, until now published data sug-
gest that the lymphatic vasculature is budding

Lymphatic specification

)

with no expression of Prox-1 (e; arrowhead). (¢, f)
Merged images. Scale bars: 100pum. (g) At early
embryonic development endothelial cells of the cardi-
nal vein express LYVE-1 and VEGFR-3 (lymphatic
competence). Upon stimulation a subset of endothelial
cells express the transcription factor Prox-1, a master
regulator of lymphatic differentiation (lymphatic bias).
These Prox-1 cells bud off and migrate out to form the
primitive lymph sacs and then the mature lymphatic
network. During this process, they upregulate the
expression of additional lymphatic lineage markers

A

of from pre-existing veins, with a contribution
from mesenchymal progenitors.

8.3
The Lymphatic Function

The lymphatic system consists of capillaries,
collecting vessels, lymph nodes, trunks, and
ducts. In the periphery, the blind-ended, finger
shaped capillaries consist of a single layer of
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overlapping cells, connected to the surrounding
tissue by fibrillin-containing anchoring filaments
(Gerli et al. 2000). Due to an absent basal mem-
brane, no smooth muscle cells, and lack of tight
cell—cell junctions (Barsky et al. 1983; Leak and
Burke 1968; Sauter et al. 1998), only these fila-
ments stabilize the lymphatic capillaries and
facilitate lymphatic flow and drainage (Leak and
Burke 1966). Under physiological conditions,
lymphatic capillaries remain collapsed, but espe-
cially in the case of increased interstitial pres-
sure the anchoring filaments provide a better
drainage by increasing their luminal volume.
After the capillaries merge into collecting ves-
sels, they consist of valves and are surrounded
by smooth muscle cells. Intrinsic pump activity,
nitric oxide-responsiveness (Shirasawa et al.
2000; von der Weid 2001), skeletal muscle
action and valves regulate the unidirectional
lymph flow (von der Weid 2001). Collecting
vessels become the afferent lymphatics of lymph
nodes, emptying into the subcapsular sinus.
Lymph nodes are discrete structures surrounded
by a capsule composed of connective tissue.
Lymph nodes function as filters and reservoirs
and exist for the activation of T-lymphocytes
and B-lymphocytes. The capsule is perforated at
various points by afferent lymphatics. Lymph
fluid, macromolecules, and cells travel through
the subcapsular, the trabecular, and marginal
sinuses to reach the efferent lymphatic. The lin-
ing endothelium of the sinuses is lymphatic
endothelium, expressing the typical lymphatic
markers. Lymph node sinuses have an irregular
surface with many reticular cells and fibers pro-
truding into or crossing the lumen and, equiva-
lent to the anchoring filaments of the peripheral
capillaries, these fibers support the intranodal
vessel lumen (Okada et al. 2002). Casts of these
sinuses are connected with the surrounded nodal
parenchyma and blood vessels by lymphaticov-
enous shunts (Okada et al. 2002). All collecting
lymphatic vessels pass through lymph nodes,
which are organized in clusters through the lym-
phatic systems. After leaving the lymph node,

the efferent lymphatic vessels merge to thoracic
ducts and drain the collected fluids, proteins, and
cells back into the blood vascular circulation.
Reflecting this specialized function in drainage,
transport, and dissemination the lymphatic vas-
culature is crucially involved in the pathogenesis
of various diseases or inflammatory conditions.

8.3.1
Molecular Players in the Regulation
of Lymphangiogenesis

The lymphatic endothelium expresses most of
the common endothelial cell markers and shares
various biological similarities with the blood
endothelium (Sauter et al. 1998; Wissmann and
Detmar 2006). The main regulator of lymphatic
differentiation is the homebox transcription fac-
tor Prox-1 (Drosophila prospero related homeo-
box gene) (Alitalo and Carmeliet 2002; Wigle
et al. 2002). Essential for lymph vessel growth
are growth factors like VEGF-C and VEGF-D
(Jeltsch et al. 1997; Oh et al. 1997; Veikkola et al.
2001). These were the first described stimulators
of lymphangiogenesis (Fig. 8.2). Both are mem-
bers of the VEGF-family, and they bind and acti-
vate the vascular endothelial growth factor
receptor (VEGFR)-3 (Achen et al. 1998; Cao
et al. 2004; Joukov et al. 1996; Lee et al. 1996;
Makinen et al. 2001a; Veikkola et al. 2001), but
after stepwise proteolytic processing by enzymes
such as plasmin and proprotein convertases, they
also bind VEGFR-2 (Joukov et al. 1997; Stacker
et al. 1999) influencing angiogenesis as well
(Cao et al. 1998; Marconcini et al. 1999;
Witzenbichler et al. 1998). VEGFR-3, also
known as FLT-4, was the first lymphangiogenic
specific growth factor receptor (Kaipainen et al.
1995). It is expressed in early embryonic devel-
opment in venous and lymphatic endothelium
(Kaipainen et al. 1995) and synthesis is in parts
controlled via activation of the p42/p44 MAPK
signaling cascade, in protein C kinase dependent
fashion, and via AKT phosphorylation (Makinen
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Fig. 8.2 Lymphangiogenic growth factors and their
receptors. VEGFR vascular endothelial growth
factor receptor; HGFR hepatocyte growth factor
receptor; /GFR insulin-like growth factor receptor;

et al. 2001b). However, in adults the expression
of VEGFR-3 becomes confined to the lymphatic
endothelium (Kaipainen et al. 1995), but in addi-
tion also monocytes, macrophages, dendritic
cells, and fenestrated capillaries and veins express
VEGFR-3 (Hamrah et al. 2003; Partanen et al.
2000; Schoppmann et al. 2002). Interestingly,
VEGFR-3 is reexpressed on capillary endothelium
in tumor tissue and is even involved in tumor-
angiogenesis and tumor growth (Laakkonen et al.
2007). Signaling via VEGFR-3 is also important
for the remodeling of primary vascular networks
into larger blood vessels, a function essential for
the development of the cardiovascular system in
embryos (Dumont et al. 1998). Targeted inacti-
vation of VEGFR-3 results in embryonic lethal-
ity as a result of failure to remodel the capillary

PDGFR platelet derived growth factor receptor, FGF
fibroblast growth factor, T/E Tyrosine kinase with
immunoglobulin-like and EGF-like domains

network before the emergence of lymphatic ves-
sels (Dumont et al. 1998). VEGF-C induces
lymphangiogenesis both in embryos and tumors
mainly by its interaction with VEGFR-3 (Jeltsch
et al. 2003). VEGF-C knockouts fail to form ini-
tial lymphatic vessels indicating the pivotal role
in embryogenesis (Karkkainen et al. 2004). In
contrast, VEGF-D is not required for embryo-
genesis (Baldwin et al. 2005), but is the strongest
inducer of lymphangiogenesis in the adult when
given via adenoviral delivery (Rissanen et al.
2003). Exogenous VEGF-D can rescue the phe-
notype of VEGF-C deficient mice (Karkkainen
etal. 2004). Recent studies revealed that VEGF-A
also supports lymphangiogenesis through inter-
action with VEGFR-2, expressed on LEC
(Fig. 8.2). VEGF-A induces proliferation of LEC
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and overexpression in vivo induces lymphangio-
genesis in tissue repair and inflammation (Hong
et al. 2004; Kunstfeld et al. 2004; Nagy et al.
2002). Even neutralizing anti-VEGF-A antibod-
ies reduce both lymphatic vessel density (LVD)
and lymph node metastasis in xenograft models
(Whitehurst et al. 2007). Recently, it has been
suggested that VEGF-A predominantly promotes
lymphatic enlargement, but not the formation of
lymphatic vessels (Wirzenius et al. 2007). How-
ever, whether the effect is mainly direct or indi-
rect is still not well understood, because VEGF-A
also might stimulate lymphangiogenesis indi-
rectly by recruitment of VEGF-C/-D secreting
mononuclear cells (Cursiefen et al. 2004b).

Podoplanin is a transmembrane sialomuco-
protein expressed at high levels on lymphatic
vessel endothelium (Breiteneder-Geleff et al.
1999). It appears to be important for their cor-
rect function and formation. In humans, podo-
planin is also expressed in osteoblastic cells,
kidney podocytes, and lung alveolar Type-I
cells (Wetterwald et al. 1996). The precise func-
tion of podoplanin is unclear; however, mice
with a targeted gene deletion were shown to
have impaired lymphatic function and lym-
phedema (Schacht et al. 2003). Podoplanin
knockout mice having defects in lymphatic, but
not blood vessel patterning, show symptoms of
lymphedema and die at birth due to respiratory
failure (Schacht et al. 2003). Podoplanin is also
able to aggregate platelets by interaction with the
-C-type lectin-like receptor2 (CLEC-2), prevent-
ing leaks between the both vasculatures (Kato
et al. 2003; Suzuki-Inoue et al. 2007). Interest-
ingly, Wicki et al. (2006) recently published that
podoplanin is upregulated in the invasive front
of a number of human carcinomas and promotes
tumor-cell invasion.

LYVE-1, the primary lymphatic endothelial
receptor for hyaluronan has been shown to be a
highly specific marker for lymphatic endothe-
lium in a wide variety of different tissues, and
to distinguish lymphatic from blood vascu-
lar endothelium in numerous human tumors

(Banerji et al. 1999). The considerable structural
similarity between LYVE-1 and the leukocyte
inflammatory homing receptor CD44 suggests a
potential role for LYVE-1 in lymphatic traffick-
ing (Banerji et al. 1999). However, the precise
function of LYVE-1 remains unknown, and
LYVE-1 7 mice display no obvious phenotype
(Gale et al. 2007). Recently, Lyve-1 expression
has also been reported to be absent in some
tumor- and inflammation-associated lymphatic
vessels (Rubbia-Brandt et al. 2004). It could
be downregulated upon incubation of cultured
LEC with tumor necrosis factor-alpha (Johnson
etal. 2007).

Evidence is mounting concerning the role
of integrins in lymphangiogenesis. Especially
09B1 seems to have a crucial role in lymp-
hangiogenesis. Mice deficient in the integrin o9
subunit show edema, extra vascular lympho-
cytes surrounding lymphatic vessels, and die
shortly after birth (Huang et al. 2000). Because
integrin Bl can stimulate to some degree
VEGFR-3, and VEGF-C and VEGF-D can bind
091, the integrin-complex might be involved
in lymphatic vessel formation and stabilization
(Wang et al. 2001). Integrin 91 has a role in
growth factor induced lymphangiogenesis as
Prox-1 upregulates the integrin and VEGFR-3
(Mishima et al. 2007). Antagonism of a9 1 sup-
pressed VEGF-C induced motility. Additional
studies revealed that olfl and a2fl are
expressed on LEC in healing wounds, and antag-
onists could block lymphangiogenesis (Hong
et al. 2004). Antagonists of a4fB1, which is
expressed on tumor lymphatic endothelium, has
been shown to block tumor metastasis as well as
lymphangiogenesis (Garmy-Susini et al. 2007).

While Neuropilin-1 is mainly expressed on
arterial endothelial cells, Neuropilin-2 is
restricted to veins and lymphatics and is known
to mediate axonal guidance during neuronal
development. Neuropilin-2 is expressed by LEC
and deficient mice develop a reduced small
lymphatic endothelium (Yuan et al. 2002). It is
also a receptor for VEGF-C and VEGF-D,
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raising the possibility that VEGF-C signaling is
enhanced by Neuropilin, similar to Neuropilin-1
promotion of VEGF-A binding to VEGFR-2
(Karkkainen et al. 2001).

Subsequent studies have also identified addi-
tional lymphangiogenic factors, including fibro-
blast growth factor-2 (bFGF), platelet derived
growth factor (PDGF-BB), HGF, insulin-like
growth factor (IGF), and angiopoietins (Ang-1/-
2). bFGF promotes lymphangiogensis in a mouse
cornea assay, but it is more likely that this is
due to an indirect effect by inducing VEGF-C
production (Chang et al. 2004; Kubo et al.
2002). Recently, HGF was described as a novel
lymphangiogenic growth factor. HGF promoted
lymphangiogenesis and promoted peritumoral
lymphangiogenesis (Kajiya et al. 2005). Of inter-
est, HGF-receptor, also known as MET/c-met
has been reported to correlate with metastatic
spread of cancer (Danilkovitch-Miagkova and
Zbar 2002). Studies also revealed that the insu-
lin-like growth factor 1 and 2 (IGF-1/-2) induce
lymphangiogenesis, but the effect could not be
blocked by antagonist of VEGFR-3 (Bjorndahl
et al. 2005), although IGF-receptors promoted
expression of VEGF-C and lymph node metasta-
sis in a Lewis lung carcinoma model (Tang et al.
2003). Whether IGF-1/-2 has a direct or indirect
effect has to be further analyzed. In addition to
Prox-1, VEGF-C, VEGF-D, and VEGFR-3, sev-
eral molecules are known to be especially impor-
tant for later stages of lymphatic development.

While angiopoietin-2 (Ang-2) is not required
for the formation of lymphatics, it plays a key
role in their subsequent remodeling and matura-
tion. Mice lacking Ang-2 develop subcutaneous
oedema and chylous ascites and die shortly after
birth, due to impaired lymphatic vessel forma-
tion (Gale et al. 2002). Ang-1 can rescue these
effects, although the abnormal angiogenesis also
observed in Ang-2 ~ mice is not corrected (Gale
etal.2002). Interestingly, VEGF-Cinduces Ang-2
expression in cultured LEC through VEGFR-
2, indicating a possible connection between
the VEGF and angiopoietin families during

lymphangiogenesis (Veikkola et al. 2003).
However, so far there are no data published about
the angiopoietins enhancing tumor-lymphangio-
genesis and lymphatic metastasis, although a
majority of tumors show an increased expression
(for review (Tait and Jones 2004).

The PDGF-family (Platelet derived growth
factor) includes at least four structurally related
members, PDGF-AA, PDGF-BB, PDGF-CC,
and PDGF-DD, that can form both homodimers
and hetereodimers (Heldin and Westermark
1999). PDGF signaling is critical for proper
embryonic development, whereas in the adult it
plays a role in wound healing and in the control
of interstitial fluid pressure. Besides stimulation
of stromal cell recruitment, PDGF seems to be
an important factor in regulating angiogenesis,
pericyte recruitment, and tumor growth (Heldin
and Westermark 1999; Ostman and Heldin
2007; Reinmuth et al. 2009). PDGF-BB plays a
direct role in promoting lymphangiogenesis and
metastasis. Expression of PDGF-BB in murine
fibrosarcoma cells induce tumor lymphangio-
genesis, leading to enhanced metastasis in
lymph nodes (Cao et al. 2004). Cao et al. sug-
gest that PDGF-BB acts as a survival factor for
newly formed lymphatics through interaction
with receptors PDGFR-alpha and -beta, both
detected on isolated primary lymphatic endothe-
lia cells. PDGFs may modulate the postnatal
remodeling of lymphatic vessels, but not the
development of rudimentary lymphatic vessels.
This has to be validated in future.

Several other molecules were additionally
found to be required for the development. The
tyrosine kinase Syk and the adaptor protein SLP-
76 were found to be involved in the separation of
blood and lymph vessels (Abtahian et al. 2003).
Deficiency resulted in arteriovenous shunting
and connections between blood vessels and blood-
filled lymph vessels. A similar role has been
reported for Spred-1/Spred-2. In knockout mice,
blood-filled lymphatic vessels have been reported
indicating a possible role in vascular separation
(Taniguchi et al. 2007) and angiopoietin-like
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protein-4 might be required for sustained separa-
tion of the two vasculatures (Backhed et al.
2007). Recently, two membrane proteins have
been described specifically expressed in activated
tumor-associated LEC. Applying double-staining
techniques with established LEC markers, Fiedler
et al. (2006) have screened endothelial cell dif-
ferentiation antigens for their expression in LECs.
Their experiments identified the sialomucin
CD34 as being exclusively expressed by LECs in
human tumors but not in corresponding normal
tissues. LyP-1, a molecular marker of tumor lym-
phatics in the MDA-MB-435 breast carcinoma
cell line, which was grown in nude mice, was
identified by combining ex vivo screening of
phage-displayed peptides and in vivo screening
for tumor homing. LyP-1 does not appear in nor-
mal lymphatics, and it remains to be determined
whether it is expressed in other tumor types
(Laakkonen et al. 2002). Since LEC’s can be suc-
cessfully isolated by tissue micropreparation
from lymphatic channels, embryonic stem cells,
even when established in primary culture, pro-
vide a valuable opportunity to further explore
molecular mechanisms of lymphangiogene-
sis and the biology of lymphatic metastasis
(Hirakawa et al. 2003; Kono et al. 2006; Petrova
et al. 2002; Podgrabinska et al. 2002; Wick et al.
2007). This may lead to the identification of
endothelial lineage specific signatures.

8.4
Pathology of the Lymphatic Vasculature

Lymphatic vessels have multiple functions and
play an important role in various diseases.
Impaired function of lymphatic vessels results in
lymphedema. Based on the cause, lymphedema
occurs as a hereditary (primary) edema or
acquired (secondary) edema, but share common
features—the dysfunctional lymphatic vessel
showing fibrosis and susceptibility to inflamma-
tion and infection. The secondary lymphedema

is a frequent clinical finding in industrialized
countries due to cancer treatment including sur-
gery, radiotherapy, and chemotherapy.

8.4.1
Secondary Lymphedema

In the setting of inflammation, lymphatic vessels
have multiple functions. In acute inflammation,
edema is one typical sign and a significant fea-
ture. It results when the amount of inflamed tissue
fluid exceeds the capacity of lymphatic vessel for
drainage. Lymphatic vessels have the passive role
to transport the interstitial fluid and cytokines to
the sentinel lymph nodes. In addition, the lym-
phatic vessels actively participate in the inflam-
matory process and are responsible for the afferent
immune response by enhancing the migration of
dendritic cells, which could be induced in two
different ways. One is the increasing level
of markers such as the secondary lymphoid
chemokine (CCL21) or by increased lymphangio-
genesis, triggered by infiltrating immune cells. In
the case of an inflammatory response, the infil-
trating immune cells are a major source of growth
factors and even stromal fibroblasts secrete
chemokines and other cytokines such as VEGF-A,
VEGF-C, and monocyte-colony stimulating fac-
tor (M-CSF). They are chemotactic for further
monocytes and macrophages (Barleon etal. 1996;
Melder et al. 1996). Macrophages, in particular,
secrete many angiogenic and lymphangiogenic
factors, including VEGF-C and VEGF-D
(Schoppmann et al. 2002), and therefore trigger
lymphangiogenesis. It has even been reported
that macrophages contribute to lymphangiogene-
sis by incorporation into newly formed lymphatic
vessels in the inflamed cornea (Kerjaschki et al.
2006). Thus, VEGFR-3 might have crucial roles
in amplification of pathological lymphangiogen-
esis. Cornea inflammation increased the expres-
sion of VEGFR-3 and induced VEGF-C in
dendritic cells, possibly by the secretion of
proinflammatory cytokines (Hamrah et al. 2003).
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It further induces pronounced recruitment of den-
dritic cells to lymph nodes and triggers graft-
rejection. VEGF-C producing macrophages were
also found to participate in lymphangiogenesis in
human renal transplant rejection (Kerjaschki et al.
2004). Therefore, antilymphangiogenic strategies
may improve transplant survival in the setting of
transplantation (Cursiefen et al. 2004a, 2003).

In one setting of lymphatic dysfunction, the
clinical finding of lymphedema is associated
with a blockade of the lymphatic fluid uptake.
Filiariasis, a parasitic worm infection (Brugia
malayi or Wuchereria bancrofii), often causes
massive fibrosis of the lymph nodes and lymph
channels in the inguinal region. The resulting
edema of the external genitalia and the lower
limbs is so extreme that it is called elephantiasis.
In Europe, one often finds edema resulting from
trauma, surgery, tissue grafting, and congenital
edema (Daroczy 1995; Gerber 1998; Mortimer
1998; Witte et al. 1998). Treatment of cancer by
removal or irradiation of lymph nodes induces
posttreatment lymphedema. Impaired lymphatic
drainage produces swelling, scarring, and immun-
dysregulatory disorders. Lymphedema can be a
result of an induced imbalance between lymph
formation and absorption. The induced fluid
accumulation causes pain, chronic and disabling
swelling, tissue fibrosis, adipose degeneration,
poor immune function, and susceptibility to
infections, as well as impaired wound healing
(Rockson 2001). Recent studies of experimental
lymphedema revealed that VEGF-C protein
injection into the wounded area and virus-medi-
ated VEGF-C gene therapy induce the growth of
functional lymphatics (Karkkainen et al. 2001;
Szuba et al. 2002). Furthermore, it has been
shown that adenoviral delivery regenerated lym-
phatic vessels in mice (Tammela et al. 2007).
Postsurgical lymphedemas might be a future
indication for VEGF-C-based therapies; how-
ever, in the case of cancer treatment related lym-
phedema, future studies are warranted. VEGF-C
might increase the risk of distant organ metasta-
sis if not all tumor cells have been removed.

8.4.2
Primary Lymphedema

Primary lymphedemas are rare genetic develop-
mental disorders which can manifest at birth
(Milroy’s disease) or at the onset of puberty
(Meige’s disease) (Witte et al. 1998). Milroy’s
disease is a congenital form of disease. It has
been mapped to the telomeric part of chromo-
some 5q, in the region 5q34-q35 and Irrthum
et al. (2000) have shown that this region includes
a VEGFR-3 intragenic polymorphism. Several
heterozygous VEGFR-3 missense mutations have
been found in Milroy’s disease, resulting in the
expression of an inactive tyrosine kinase (Irrthum
et al. 2003; Karkkainen et al. 2000). The effect of
these mutations was the inhibition of autophos-
phorylation of the receptor causing this congeni-
tal hereditary lymphedema (Irrthum et al. 2000).
In Milroy’s disease, the superficial or subcuta-
neous lymphatic vessels are usually aplastic or
hypoplastic, whereas in other lymphedema syn-
dromes, such as in lymphedema distichiasis
(LD), the microlymphatic network is normal or
larger than in healthy controls (Bollinger et al.
1983). The inactivating mutation of the forkhead
transcription factor FOXC2 in autosomal domi-
nant LD syndrome relates to pubertal onset of
lymphedema and double row of eyelashes (disti-
chiasis) (Fang et al. 2000). FOXC2 is a member
of the forkhead/winged helix family of transcrip-
tion factors involved in developmental pathways.
FOXC2 knockout mice display aortic arch and
ventricular septal defects and also defective
lymphatic valve formation and abnormal peri-
cyte recruitment (Petrova et al. 2004). FOXC2
is necessary in lymphatic maturation and is
expressed in the developing lymphatic vessels
and lymphatic valves of adults (Dagenais et al.
2004; Petrova et al. 2004). Dysfunction of
SOX18, a transcription factor of the SOX family,
has been identified as a cause for hypotrichosis ly
mphedema-teleangiectasia syndrome in humans
(Irrthum et al. 2003), and is interestingly regulated
by VEGFR-3 activation (Cermenati et al. 2008).
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However, the detailed function is unclear. Reelin
mutations, a gene coding for a protein guiding
neuronal-cell migration, is accompanied with
congenital lymphedema and chylous ascites
(Hong et al. 2000).

In many lymphedema patients none of the
aforementioned genetic defects are visible, indi-
cating more relevant genes in human lymphatic
development. Different familial lymphedema
syndromes emphasize even bigger phenotypic
and genotypic heterogeneity in inherited lym-
phedema angiodysplasia syndromes, where the
mutated genes have not been characterized yet
(Northup et al. 2003).

8.5
Role of Lymphangiogenesis in Cancer

The metastatic spread of tumor cells is respon-
sible for the majority of cancer deaths, and with
few exceptions, all cancers can metastasize. The
lymphatic system is the primary pathway of
metastasis for most human cancers. For migrat-
ing tumor cells, the lymphatic system has many
advantages over the blood circulation. Even the
smallest lymphatic vessels are larger than blood
capillaries; flow velocities are lower and there is
less interference with serum factors. High shear
stress and mechanic deformation in the blood
vascular system often kills metastatic cells
(Liotta et al. 1991; Weiss 1992). Lymphatic ves-
sels have no or a discontinuous basal membrane,
intercellular gaps, and lymphatic capillaries are
not surrounded by pericytes.

8.5.1
Lymphvascular Invasion

Lymphatic vessels in comparison to blood ves-
sels are easier to invade and provide ideal con-
duits. In addition, LEC’s secret chemotactic
agents attract malignant tumor cells toward
areas of high LVD (Shields et al. 2007). Tumor

cells protrude and migrate between LEC, known
as lymphovascular invasion (LVI), an important
parameter in the prognosis of cancer patients
associated with relapse-free and overall survival
in various cancers (Lee et al. 2006, 2007; Lotan
et al. 2005; May et al. 2007). Once tumor cells
gain access to lymphatic vessels, they embolize
as single cells or in clusters to the sentinel lymph
node (SLN) (Yancopoulos et al. 2000). When
tumor cells infiltrate, the SLN further metastasis
to distant lymph nodes or distant organs occurs.
Through lymphaticovenous connections cancer
cells metastasize via blood vessels, although
hematogenous metastasis could also occur with-
out SLN metastasis (Fisher and Fisher 1966).

8.5.2
Tumor-Lymphangiogenesis

Lymphangiogenesis has been found in the tissue
of many malignancies. Studies revealed that
tumors can actively induce the formation of
tumor lymphangiogenesis and promote metasta-
sis (Mandriota et al. 2001; Skobe et al. 2001;
Stacker et al. 2001). VEGF-C and VEGF-D
induced lymphatic vessel proliferation intratu-
morally and peritumorally. Size of the peritumoral
lymphatic vessel was observed to be a most reli-
able and significant predictor for cutaneous mel-
anoma metastasis and survival (Dadras et al.
2003). There is still an ongoing controversy
regarding the significance and functionality of
intratumoral lymphatics or intratumoral lymp-
hangiogenesis. Although there have been studies
demonstrating that intratumoral lymphatics are
nonfunctional for fluid drainage (Padera et al.
2002), others could describe the prognostic influ-
ence of intratumoral lymphatics in immunhis-
tochemical analysis (Dadras et al. 2003). Tumor
lymphangiogenesis predicts the presence of mel-
anoma metastasis in sentinel lymph nodes at
time of surgery (Dadras et al. 2003). In addition,
several clinical studies have correlated intratu-
moral LVD with metastasis (reviewed by (Achen
et al. 2005; Stacker et al. 2002), but nevertheless
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the importance of intratumoral lymphangiogen-
esis in regard to metastasis is debatable and may
depend on the organ and/or experimental model
used. This leads to the general problem that cur-
rent methodology of lymphangiogenesis quanti-
fication is still characterized by high intra- and
inter-observer variability. For using the amount
of lymphatic vessels in a tumor as a clinically
useful parameter, a reliable quantification tech-
nique needs to be developed.

853
Lymphatic Endothelial Cell Activation

Aside from peritumoral lymphangiogenesis,
activation of lymphatic vessels has also been
proposed as a way to enhance tumor cell infil-
tration and sentinel lymph node metastasis. He
et al. (2005) recently noted that peritumoral
LEC proximal to subcutaneous LNM35 lung
tumors often displayed an activated phenotype
— characterized by increased vessel sprouting,
dilation, and permeability. VEGF-C may also
activate lymphatics to promote tumor cell
chemotaxis, lymphatic intravasation, blood ves-
sel leakage with enhanced lymphatic vessel
dilatation and hence tumor cell dissemination
(Hoshida et al. 2006). Others have speculated
that activated lymphatics might upregulate
secretion of chemokines that could attract
tumor cells (Alitalo et al. 2004). This activated
phenotype can apparently be reversed by aden-
oviral delivery of soluble Flt-4 (He et al. 2005).
Experimental evidence has been obtained sug-
gesting that LEC’s could attract tumor cells by
secreting chemokines, and therefore actively
promote lymphatic metastasis. One of the
chemokines, named secondary lymphoid
chemokine (SLC/CCL21), is highly expressed
in lymph nodes, specifically in endothelial cells
of high endothelial venules and T cell-rich
areas, and also in the lymphatic endothelium of
multiple organs (Gunn et al. 1998). CCL19 and
CCL21, chemokines produced by LEC (Saeki
et al. 1999), induce a biochemical change

when bound to CCR?7. Inactivation of CCR7 or
CCL21 blocked dendritic cells to migrate from
peripheral tissues to draining lymph nodes
(Gunn et al. 1999). Recent reports have also
shown that human (Takeuchi et al. 2004) and
murine (Wiley et al. 2001) melanomas express
CCR7, the receptor for CCL21 and CCL19 and
that in gastric carcinoma, head/neck squamous
cell carcinoma, nonsmall cell lung cancer, and
breast cancer, these two factors are associated
with lymph node metastasis (Mashino et al.
2002; Muller et al. 2001; Takanami 2003; Wang
etal. 2004; Yan et al. 2004). It has been reported
earlier that CCR7 and CXCR4, receptors for
SLC/CCL21 and CXCL12, respectively, are
significantly expressed in human breast cancer
cells. Their ligands exhibit high levels of expres-
sion in regional lymph nodes, bone marrow,
lung, and liver, which represent the first destina-
tions of breast cancer metastasis (Muller et al.
2001). Inhibiting the interaction between this
receptor—ligand pair in vivo reduced the ability
of MDA-MB-231 breast cancer cells to metas-
tasize to both lung and lymph nodes. These data
suggest active interactions between tumor cells
and endothelial cells. Furthermore, overexpres-
sion of CCR7 by B16 murine melanoma cells
enhanced the incidence of lymph node but not
lung metastasis when the tumor cells were
implanted into the footpads of mice (Wiley
et al. 2001). CCR7-mediated enhancement of
lymphatic metastasis could be completely sup-
pressed by treatment with neutralizing anti-SLC
antibodies (Wiley et al. 2001). These data indi-
cate that chemokines and their receptors play a
critical role in determining the metastatic desti-
nation of tumor cells.

8.5.4
Lymph Node Lymphangiogenesis

Paget (1889) concluded that metastasis occurred
only when certain favored tumor cells (the seed)
had a special affinity for the growth milieu pro-
vided by certain specific organs (the soil). The
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Fig.8.3 Lymph node lymphangiogenesis. Cancer pro-
motes tumor-associated lymphangiogenesis lead-
ing to enhanced metastasis to sentinel lymph nodes
(SLN). Lymphangiogenic factors (VEGF-C or
VEGF-A) are drained to the SLN where they induce
expansion of the lymphatic network (lymph node

concept of the “Seed and soil hypothesis”
(Fig. 8.3) for tumor lymphangiogenesis has been
recently described by Hirakawa et al. (2007,
2005). They describe an increased lymphangio-
genesis in the sentinel lymph node, even prior to,
and after metastatic colonization (Hirakawa et al.
2007,2005) (Fig. 8.3). Similar observations have
been also made in malignant melanoma experi-
ments (Harrell et al. 2007) and in hematological
malignancies such as lymphomas (Ruddell et al.
2003). Interestingly, these investigators also
observed a 20-30-fold increase in lymph flow.
Equivalent changes of lymph node lymphangio-
genesis have been recently described in unin-
volved axillary lymph nodes of human breast
cancer patients (Qian et al. 2006), and lymph
node lymphangiogenesis was even associated
with nonsentinel lymph node metastasis (Van
den Eynden et al. 2006, 2007). That lymph nodes
respond to inflammation or neoplasia is a long-
known fact. Activated lymph nodes can increase
many-fold in size and weight (Cahill et al. 1976;
Hall and Morris 1965; Hay and Hobbs 1977).
This can be a morphological change known as
reactive lymphadenopathy also observed during
inflammatory processes. Although the exact

promoting distant LN-
lymphangiogenesis

haematogenous metastasis

to distant organs lymphatic metastasis

to distant lymph nodes

lymphangiogenesis) preparing the lymph node for
the later arrival of the metastatic cells. Metastatic
cells then further stimulate sentinel lymph node
lymphangiogenesis and distant lymph node lymp-
hangiogenesis, enhancing cancer spread to distant
lymph nodes and organs

mechanism underlying cancer-associated lymph
node lymphangiogenesis remains unclear, it
could be proposed as a possible way for tumors
to disseminate faster throughout the lymphatic
system and, subsequently, to distant sites.

8.6
Targeting Lymphangiogenesis

Dissemination of tumor cells is an early and
common event and is associated with poorer
prognosis for human cancer patients. Targeting
lymphangiogenesis could prevent lymphatic
metastasis and further dissemination to distant
lymph nodes or even distant organs. In the set-
ting of adjuvant tumor therapy, antilymphangio-
genic treatment may be an interesting approach
after the primary tumor has been surgically
removed. Preventing the dissemination of micro-
metastasis and keeping the metastasis in a local-
ized stage might increase the therapeutic
opportunities and improve prognosis. Thus far,
therapeutic agents include antibodies, soluble
receptors, and tyrosine kinase inhibitors.
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8.6.1
Antibodies

The most extensively targeted molecular system
is the VEGFR-3/VEGF-C and VEGFR-3/
VEGF-D system. Inhibition by neutralizing anti-
bodies reduced lymphangiogenesis and pre-
vented lymphatic metastasis in various animal
models (He et al. 2002, 2005; Hoshida et al.
2006; Roberts et al. 2006; Stacker et al. 2001).
Interestingly, neutralizing VEGFR-3 antibody
blocked the formation of new lymphatics, while
the preexisting lymphatics have not been affected
(Pytowski et al. 2005). Of further importance is
the expression of VEGFR-2 and the stimulation
of LEC by VEGF-A and by proteolytically pro-
cessed VEGF-C. Clinical studies inhibiting the
activation of VEGFR-2 by the neutralizing
VEGF-A antibody (bevacizumab) showed to be
beneficial in human tumors (for review (Ferrara
et al. 2004). An antilymphangiogenic effect of
this antibody has never been evaluated system-
atically so far. Treatment of breast carcinoma in
animal models with an anti-VEGF-A antibody
revealed a reduced LVD and lymph node metas-
tasis (Whitehurst et al. 2007). The effect might
be more pronounced by a combined blockade of
both VEGF-C and VEGF-A, leading to dual
blocking of angiogenesis and lymphangiogene-
sis. Double blockade by an anti-receptor target-
ing may lead to enhanced antiangiogenic and
antitumor effect (Tammela et al. 2008).

8.6.2
Soluble Receptors

Soluble receptors compete with membrane-
bound receptors. They comprise their extracel-
lular portions and retain the ability to bind their
ligand. Even due to the binding of multiple
soluble factors they might be very effective.
Inhibition of VEGFR-3 signaling with a soluble
receptor, VEGFR-3-Ig, suppressed tumor lymp-
hangiogenesis and lymphatic metastasis in a

breast and lung carcinoma model (He et al.
2002; Karpanen et al. 2001).

8.6.3
Small Molecule Inhibitor

A similar approach, but interacting intracellularly
with the signal transduction are the receptor
tyrosine kinase inhibitors such as sorafenib and
sunitinib. Both interact with the VEGFR-2 and
VEGFR-3 phosphorylation pockets and inhibit
consecutive signaling pathways, but no studies
have been published so far on their specific anti-
lymphangiogenic effect. Cedarinib and vande-
tanib, which block VEGFR-2 and VEGFR-3
signaling, yielded no inhibition of lymphatic
metastasis in animal models, suggesting that
kinase inhibition of both receptors may not be
enough (Padera et al. 2008). But further studies are
warranted to determine the role of tyrosine kinase
inhibitors in antilymphangiogenic treatment.

8.7
Conclusions

Lymphangiogenesis is currently receiving
increasing scientific and clinical interest. The
identification of novel mediators of lymphan-
giogenesis will likely lead to new advances in our
understanding of the mechanisms underlying
tumor metastasis. Comprehensive research strat-
egies have revealed a number of novel targets
supporting biologically based therapeutic stud-
ies. Novel lymphangiogenic targets for the treat-
ment of cancers and inflammation support the
future development of individualized therapies,
possibly avoiding adverse side effects.
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Abstract Targeted therapies against cancer
have become more and more important. In par-
ticular, the inhibition of tumor angiogenesis and
vascular targeting have been the focus of new
treatment strategies. Numerous new substances
were developed as angiogenesis inhibitors and
evaluated in clinical trials for safety, tolerance,
and efficacy. With positive study results, some
of these molecules have already been approved
for clinical use. For example, this is true for the
vascular endothelial growth factor neutralizing
antibody bevacizumab (BEV) in metastatic col-
orectal cancer, nonsmall cell lung cancer, renal
cancer, and breast cancer. The tyrosine kinase
(TK) inhibitors sorafenib and sunitinib have
been approved for metastatic renal cancer as
well as for hepatocellular carcinoma, and suni-
tinib has also been approved for gastrointestinal
stroma tumors. In this chapter we try to give an
overview of the substances currently investi-
gated in Phase III studies and beyond with
regard to antiangiogenesis in cancer therapy.
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9.1
Introduction

Besides surgery and radiation, chemotherapy has
been the cornerstone of cancer treatment for
decades. Over the past ten years, a new genera-
tion of substances has come into focus targeting
molecular pathways in the malignant cell itself
or in cells supporting tumor growth, more spe-
cifically. For example, strategies aiming at tumor
angiogenesis have been extensively studied, fol-
lowing observations that the growth and metas-
tasis of tumors depend on the development of
vascular supply. This research led to the isolation
of an array of mediators that are capable of inhib-
iting tumor angiogenesis. Possibly the most piv-
otal positive regulator of angiogenesis is vascular
endothelial growth factor (VEGF). Strategies to
either block binding of VEGF to its receptors or
to block intracellular signaling events in the
downstream cascade represent the basis of many
new developments in antiangiogenic cancer
therapy (Ferrara et al. 2003).

During the 1990s, the first angiogenesis
inhibitors entered clinical trials for cancer ther-
apy. The first drug in this class that was granted
approval by the Food and Drug Administration
(FDA) in the United States was the anti-VEGF
antibody BEV in 2004 (Ferrara et al. 2004).
Soon, broad-spectrum receptor tyrosine kinase
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(TK) inhibitors (RTKI) targeting the VEGF/
VEGEFR pathway followed in clinical develop-
ment. The idea behind the development of these
compounds was partly based on the rather mod-
est activity of the BEV when used as monother-
apy, giving a rationale for higher efficacy when
aiming at more than one target. In fact, most
agents currently investigated in clinical studies
work by mechanisms illustrated in Fig. 9.1. By
now at least the RTKIs sorafenib and sunitinib
are also approved for treatment of certain can-
cers, and more than 40 other drugs that were
preclinically screened and selected for their anti-
angiogenic activity are listed in clinical trials of
the National Cancer Institute’s (NCI) database.

VEGF-TRAP

Signal Transduction

Fig. 9.1 Therapeutic strategies to target the VEGF/
VEGF receptor (VEGFR) system. (a) Tumors secrete
VEGF in response to hypoxia, VEGF binds to
VEGFR-2 on endothelial cells, thereby switching
on the intracellular tyrosine kinase (TK) activity.
Subsequent signal transduction steps promote pro-
liferation, migration, invasion and tumor angiogen-
esis. Downregulation of VEGF secretion on the
tumor side can be achieved by antagonists of the
Epidermal Growth Factor Receptor (EGFR) and

This chapter summarizes some of the sub-
stances currently approved or investigated as
antiangiogenic cancer drugs in Phase III studies
and beyond.

9.1.1
Anti-VEGF Antibody (Bevacizumab, Avastin™)

The humanized monoclonal anti-VEGF anti-
body BEV is the first VEGF targeting drug
which has been officially approved for cancer
therapy (Ferrara et al. 2004). In particular, BEV
is approved, in combination with intravenous
S-fluorouracil-based (5-FU) chemotherapy, for

other “accidental” antiangiogenic drugs. (b) VEGF-
TRAP (Aflibercept), fusion protein of the second
1gG domain of VEGFR-1, the third IgG domain of
VEGFR-2 and the Fc region of human IgG func-
tions as decoy receptor. (¢) Mab against VEGF
(bevacizumab; Avastin™) prevents binding to
VEGFR. (d) Small molecule Receptor tyrosine
kinase inhibitors (RTKI) suppress kinase activity of
VEGFR after VEGF binding; e.g., sorafenib, suni-
tinib, axitinib, vatalanib, vandetanib, cediranib
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first- or second-line treatment of patients with
metastatic carcinoma of the colon or rectum and
in combination with carboplatin and paclitaxel
for the first-line treatment of patients with unre-
sectable, locally advanced, recurrent, or meta-
static nonsquamous nonsmall cell lung cancer
(NSCLC). Furthermore, it has been approved in
combination with paclitaxel for first-line treat-
ment of patients with metastatic breast cancer
and in combination with interferon a.-2a for first-
line treatment of patients with advanced and/or
metastatic renal cell cancer (RCC). The original
FDA approval for BEV in 2004 was based on
data from a large, placebo-controlled, random-
ized study demonstrating prolongation in the
median survival of patients with metastatic col-
orectal cancer (CRC) treated with BEV in addi-
tion to a combination chemotherapy regimen
containing 5-FU, Leucovorin, and Irinotecan
(IFL) by approximately five months, compared
to patients treated with the IFL chemotherapy
regimen alone (20.3 vs. 15.6 months). At that
time, this study represented one of the largest
improvements in survival ever reported in a ran-
domized, Phase III study of patients with meta-
static CRC (Hurwitz et al. 2004). The following
approval for second-line therapy was based on
results of a randomized, controlled, multicenter
Phase III trial (E3200) of 829 patients with
advanced or metastatic CRC who had received
previous treatment with irinotecan and 5-FU as
initial therapy for metastatic disease or as adju-
vant therapy (Giantonio et al. 2007). In detail, it
could be shown that patients who received BEV
plus the 5-FU-based chemotherapy regimen
known as FOLFOX4 (oxaliplatin/5-FU/leuco-
vorin) had a 33% improvement in overall sur-
vival (OS), compared to patients who received
FOLFOX4 alone (hazard ratio (HR) 0.75).
Median OS for patients receiving BEV plus
FOLFOX4 was 13.0 months, compared to 10.8
months for those receiving FOLFOX4 alone.
The third approval and first in another cancer
type was based on results from E4599, a ran-
domized, controlled, multicenter trial that
enrolled 878 patients with unresectable, locally

advanced, recurrent, or metastatic nonsquamous
NSCLC (Sandler et al. 2006). Results showed
that patients receiving BEV plus paclitaxel and
carboplatin chemotherapies had a 25% improve-
ment in OS, the trial’s primary end point, com-
pared to patients who received chemotherapy
alone (hazard ratio (HR) 0.80). One-year sur-
vival was 51% in the BEV arm vs. 44% in the
chemotherapy-alone arm. Median OS of patients
treated with BEV plus chemotherapy was 12.5
months, compared to 10.2 months for patients
treated with chemotherapy alone. Notably, a
pilot study including NSCLC patients with
squamous histology prior to E4599 showed an
increased death rate in the BEV arm due to fatal
pulmonal hemorrhages, leading to exclusion of
this subtype for further studies (Johnson et al.
2004). Subsequently, BEV has been approved in
first-line therapy of metastatic breast cancer,
which was based on an improvement in progres-
sion-free survival (PFS) only. In this study 722
patients who had not received chemotherapy for
locally recurrent or metastatic breast cancer were
randomized to receive either paclitaxel alone or
in combination with BEV (Miller et al. 2007).
The addition of BEV to paclitaxel resulted in an
improvement in PFS (11.3 vs. 5.8 months;
»<0.0001) with no significant improvement in
OS (26.5 vs. 24.8 months; p=0.14). Partial
response (PR) rates in patients with measurable
disease were higher with BEV plus paclitaxel,
but no complete responses (CR) were observed.
This has led to a limited approval of BEV not
including patients with breast cancer that has
progressed following anthracycline and taxane
chemotherapy administered for metastatic dis-
ease. The most recent approval for BEV has been
granted for the combination with interferon-o
(IFN-ov) as first-line treatment of patients with
advanced and/or metastatic clear RCC. This was
based on a multicentre, randomized, Phase III
study, randomizing 649 patients with previously
untreated metastatic RCC to receive IFN-a plus
BEV or placebo (Escudier et al. 2007a). Median
duration of PFS was significantly longer in the
BEYV plus IFN-a group than it was in the control
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group (10.2 vs. 5.4 months; p<0.0001). With
regard to OS, only a trend in favor of the BEV
group could be observed.

Currently, BEV is listed in 47 clinical phase I1I
trials, mostly evaluating new combinations for
approved indications such as breast cancer, CRC,
and NSCLC, but also for other entities such as
lymphoma or osteosarcoma (see Table 9.1).

9.1.2
Aflibercept (VEGF - Trap)

Another approach to target the VEGF/VEGF
receptor system is to deliver a soluble decoy for
VEGEF. To this end, a recombinant fusion protein
was constructed from the second Ig domain of
VEGFR-1 and the third Ig domain of VEGFR-2,
fused to the Fc region of human IgG (Aflibercept;
VEGF — trap, Regeneron in cooperation with
Sanofi-Aventis). The resulting decoy receptor
possesses an affinity for all VEGF isoforms that
is significantly higher than that of the monoclonal
antibody. In addition, aflibercept binds Placental
Growth Factor (PLGF), which has also been
implicated in tumor angiogenesis. Numerous
preclinical models demonstrated significant inhi-
bition of angiogenesis and tumor growth (Holash
et al. 2002; Kim et al. 2002a). The first clinical
Phase II study published is an open-label, multi-
center, two-stage trial in patients with metastatic
CRC with at least one prior systemic therapy
and good performance status (Tang et al. 2008).
Prior treatment with a VEGF or VEGFR inhibi-
tor other than BEV was not allowed. Aflibercept
(4 mg/kg) was administered every 2 weeks intra-
venously. In total, 51 patients were included
(BEV naive=24 patients; prior BEV=27; median
age=>59). During 287 therapy cycles, most com-
mon adverse events (AE) of any grade were
fatigue (n=40), hypertension (n=28), proteinu-
ria (n=25), headache (n=22), voice alteration
(n=16), anorexia (n=12), and joint pain (n=9).
Serious AE (Grade 3/4) consisted of hyperten-
sion (n=4), proteinuria (n=4), fatigue (n=3),

headache (n=3). One patient died during treat-
ment due to progressive disease (PD). In the
BEV naive group (n=24), disease control rate
defined as either PR or stable disease (SD) for at
least 16 weeks was 29% (95% Confidence
Interval (CI) 13-51%), and median PFS was 2.0
months (95% CI 1.7 — not reached). In the group
with prior BEV treatment (n=27), disease con-
trol rate was 30% (95% CI 14-50%) and median
PFS was 3.4 months (95% CI 1.9 — not reached).
The authors concluded that aflibercept is well
tolerated in pretreated patients with CRC and
shows single agent activity (Tang et al. 2008).
Based on the study results, aflibercept is now
tested in a randomized Phase III study in combi-
nation with irinotecan based second-line chemo-
therapy for patients with CRC. Other currently
listed Phase 111 studies for aflibercept evaluate its
efficacy in prostate cancer, NSCLC, advanced
ovarian and pancreatic cancer (see Table 9.1).

9.1.2.1
Sorafenib (Nexavar™)

Sorafenib (Nexavar™; Bayer Pharmaceuticals)
represents the class of small-molecule compounds
with activity against a broad spectrum of receptor
tyrosine kinases. Originally developed as RAF-1
inhibitor in a high-throughput screening program,
sorafenib later was found to be active against
VEGFR-1/-2/-3; platelet derived growth factor
(PDGF) -B receptor; Fms-like tyrosine kinase-3
(FLT-3); c-Kit protein and RET receptor tyrosine
kinases (Adnane et al. 2006). Thereby, sorafenib
inhibits tumor growth by targeting the endothelial
cell as well as the tumor cell and was shown to
inhibit proliferation, promote apoptosis, and dis-
rupt angiogenesis. In preclinical mechanism of
action studies, sorafenib demonstrated a potent
antiangiogenic effect in nearly all models tested,
resulting in significant reduction of micro-vessel
density (Strumberg 2005; Wilhelm et al. 2006). It
also showed promising activity in tumor xeno-
graft models in nude mice in combination with
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Table 9.1 Inhibitors of angiogenesis currently approved and investigated in clinical phase III studies
(Numbers in brackets according to the U.S. National Cancer Institute Clinical Trial Identifier Code)

Drug Approved Phase 11
Bevacizumab First approval 2004: Forty-seven active phase IlI trials: evaluating
(Avastin™) in combination with further combinations for approved entities but

Monoclonal antibody

that binds and
inactivates
VEGF

Aflibercept (VEGF-
trap) binds and

neutralizes VEGF

as decoy receptor

Sorafenib (Nexavar™)

RTKI active
against VEGFRs,
PDGFR, c-Kit,
FLT-3, RET,
RAF-1

Sunitinib (Sutent™)
RTKI active
against VEGFRs,
PDGFR, ¢-Kit,
FLT-3

Axitinib (AG-013736)

RTKI active
against VEGFRs,
PDGFR, c-Kit

chemotherapy for
metastatic CRC (first
and second line),
unresectable NSCLC
(2006), metastatic
breast cancer (2007),
in combination with
IFN-a for RCC

First approval 2005:

advanced RCC
after failure of
cytokine therapy or
patients unsuitable
for such therapy.
Advanced HCC

as first-line

therapy (2008)

First approval 2006:

advanced RCC as
first-line therapy.
Advanced GIST
after imatinib
failure

also new indications such as mesothelioma
(NCTO00651456 ), ovarian cancer
(NCT00262847 ), GIST (NCT00324987),
lymphoma (NCT00486759), gastric cancer
(NCT00548548), carcinoid (NCT00569127),
head-and-neck cancer (NCT00588770),
osteosarcoma (NCT00667342), and cervix
carcinoma (NCT00803062)

Four active phase III trials: with docetaxel in

metastatic HRPC (NCT00519285), with
docetaxel as second-line therapy in metastatic
NSCLC (NCT00532155), with irinotecan and
5-FU for metastatic CRC as second line after
oxaliplation failure (NCT00561470), with
gemcitabine for first-line therapy of metastatic
pancreatic cancer (NCT00574275)

Ten active phase III trials: further combinations

for approved entities, new indications include
unresectable stage III and IV melanoma
(NCTO00111007) and in combination with
gemcitabine for advanced pancreatic cancer
(NCT00541021)

Twenty active phase III trials: further

combinations for approved entities, new
indications include the combination with
paclitaxel in breast cancer (NCT00373256),
with capecitabine in breast cancer
(NCTO00373113), for pancreatic islet tumors
(NCT00428597), with erlotinib in NSCLC
(NCT00457392), with FOLFIRI in mCRC
(NCTO00457691), after failure of docetaxel in
HRPC (NCT00676650). Head-to-head study
against sorafenib for advanced HCC first line
therapy (NCT00699374)

Two active phase I1I trials: in combination with

gemcitabine for advanced pancreatic cancer
(NCT00471146), as second-line therapy for
metastatic RCC (NCT00678392)

(continued)
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Table 9.1 (continued)

Drug
Cediranib (AZD2171;

Recentin™) RTKI
active against
VEGFRs, PDGFR,
c-Kit, EGFR

Vandetanib (ZD6474;

Zactima™) RTKI
active against
VEGFR-2 and -3,
RET and EGFR

Vatalanib (PTK787/

7K222584) RTKI
active against
VEGFRs, ¢-KIT
and PDGFR

rh-Endostatin (YH-

16, Endostar™)
endogenous
angiogenesis
inhibitor

Thalidomide not fully

clarified mechanism:
postulated direct
apoptotic effect on
endothelial cells

via downregulation
of angiogenic
growth factors

Combretastatin-A4

(Zybrestat™)
VDA with direct
disrupting effect
on the endothelial
cytoskeleton

DMXAA (ASA404)

VDA with direct
disrupting effect on
the endothelial
cytoskeleton and
cytokine induction

Approved

First approval in 2005

(China): in
combination with
chemotherapy as
first-line therapy
of NSCLC

First approval 1998:

treatment of
erythema nodosum
leprosum (ENL). in
combination with
Dexamethason as
first-line therapy of
multiple myeloma
(MM) (2003)

“Fast-track” status for

anaplastic thyroid
cancer

Phase III

Five active phase III trials: in combination with

FOLFOX or XELOX for first-line therapy of
mCRC (NCT00384176, NCT00399035),
with platinum based chemotherapy for
ovarian epithelial, fallopian tube or primary
peritoneal carcinoma (NCT00544973), with
lomustin in recurrent glioblastoma
(NCTO00777153), with carboplatin/paclitaxel
in stage IITb/IV NSCLC (NCT00795340)

Four recently completed phase III trials: vs. erlotinib

in second line therapy of NSCLC
(NCT00364351), after EGFR-antagonist
failure as monotherapy (NCT00404924), in
combination with pemetrexed in second-line
therapy of NSCLC (NCT00418886), combined
with docetaxel in second-line therapy of NSCLC
(NCT00312377). Significant improvement in
PFS for vandetanib (press release)

Two completed phase I1I trials: in combination

with FOLFOX in first-line (NCT00056459 )
and second-line therapy of mCRC
(NCT00068679). Clinical benefits in LDH
high patients

Two active phase I1I trials (China): in

combination with Cisplatin and Vinorelbine
as adjuvant therapy in stage IB-IIIA NSCLC
after complete resection (NCT00576914).
Combined with chemotherapy in metastatic
NSCLC (biomarker analysis; NCT00657423)

Twenty active phase III trials: new indications

in MM, e.g., maintenance therapy after
autologous stem cell transplantation
(NCT00049673), in advanced HCC with
poor liver reserve (NCT00225290), with
transarterial chemoembolization in
advanced HCC (NCT00522405)

One active phase III trial: in combination with

paclitaxel/carboplatin in the treatment of
anaplastic thyroid cancer (NCT00507429)

Two active phase I1I trials: in combination with

paclitaxel/carboplatin as first line therapy
of stage IITB/IV NSCLC (NCT00662597).
In combination with docetaxel in second-
line therapy of stage IIIB/IV NSCLC
(NCT00738387)
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chemotherapy. The first clinical entity in which
sorafenib was tested again was clear-cell RCC
(Kane et al. 2006). This cancer is special due to its
loss of the von Hippel-Lindau tumor suppressor
gene, which results in overexpression of hypoxia
inducible factors (HIF) — 1 and — 2, subsequently
upregulating pro-angiogenic factors (e.g., VEGF).
The tumors are usually hypervascularized and
increased RAF-1 activity also is found. All these
pathways are within the target range for sorafenib
providing a strong rationale for testing it in RCC.

In a number of Phase I/II trials, the optimal
dose was determined to be 400 mg twice daily
(b.i.d.) with dose-limiting toxicities (DLT) such
as fatigue, skin rash, hand-foot syndrome, and
diarrhea (Richly et al. 2006; Siu et al. 2006;
Strumberg et al. 2006). Also, the postulated
antiangiogenic effect was confirmed by dimin-
ished blood flow in dynamic contrast-enhanced
magnetic resonance imaging (Flaherty et al.
2008). The most promising result was the sig-
nificant increase in PFS in RCC patients treated
with sorafenib (24 weeks) vs. placebo (6 weeks;
p=0.0087) (Ratain et al. 2000).

This prompted the Phase III treatment app-
roach in RCC global evaluation trial (TARGET),
which represents the biggest randomized treat-
ment trial for this disease so far (Escudier et al.
2007b). From November 2003 to March 2005,
the participating 117 centers in 19 countries ran-
domized 903 patients with advanced or meta-
static RCC who failed standard therapy to
receive either continuous treatment with oral
sorafenib (at a dose of 400 mg b.i.d.) or pla-
cebo; resulting in 451 patients who received
sorafenib and 452 who received placebo. A
single planned analysis of PFS in January 2005
already demonstrated a statistically significant
benefit of sorafenib over placebo. Regarding
this result, patients who were on placebo were
allowed to crossover to the sorafenib arm later
that year. In detail, the PFS was 5.5 months in
the sorafenib group and 2.8 months in the pla-
cebo group (HR for disease progression in the
sorafenib group=0.44; 95% CI 0.35-0.55;

»<0.01). The first interim analysis of the pri-
mary end point OS in May 2005 indicated that
sorafenib reduced the risk of death, as compared
with placebo (HR=0.72; 95% CI 0.54-0.94;
»=0.02). However, this survival benefit did not
meet the previously specified criteria for statisti-
cal significance. Only in a preplanned placebo-
censored analysis, excluding patients who crossed
over to sorafenib, results showed a significant
survival advantage (17.8 months median OS vs.
14.3 months; HR=0.78; 95% CI 0.62-0.97;
p=0.0287) (Bukowski et al. 2007). Partial
responses were reported as the best response in
10% of patients receiving sorafenib and in 2%
of those receiving placebo (p<0.001). Again,
diarrhea, rash, fatigue, and hand-foot skin reac-
tions were the most common AE associated with
sorafenib. Hypertension and cardiac ischemia
were more common in patients receiving sorafenib
than in those receiving placebo. At the time of
publication, the authors concluded that sorafenib
prolongs PFS as compared with placebo in
patients with advanced clear-cell RCC in whom
previous therapy has failed. However, sorafenib
therapy was associated with increased toxicities
(Escudier et al. 2007b). In a concomitant quality
of'life (QOL) analysis it was shown that sorafenib
had a positive effect on cancer-related symptoms
and did not negatively impact QOL (Cella et al.
2006).

This result led to the approval of sorafenib
for the treatment of patients with advanced RCC
who have failed prior IFN-a or interleukin-2-
based therapy, or are considered unsuitable for
such therapy.

Apart from RCC, hepatocellular carcinoma
(HCC) also represents a rather chemoresistant,
but highly vascularized tumor with vast expres-
sion of VEGF. Furthermore, Raf-1 is constitu-
tely overexpressed in HCC offering a rationale
for treatment with sorafenib. A number of
Phase I and II trials showed promising results
for sorafenib either as monotherapy or in com-
bination with doxorubicin (Abou-Alfa et al.
2006; Furuse et al. 2008; Gollob et al. 2007;
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Richly et al. 2008). This prompted a random-
ized Phase I1I trial for patients with advanced or
metastatic HCC in which sorafenib was com-
pared with placebo (SHARP-trial). Patients
with advanced measurable HCC in good perfor-
mance status and Child-Pugh status A were
treated with either sorafenib 400 mg b.i.d. or
placebo. Overall, 602 patients were randomized
leaving 299 in the sorafenib arm and 303 in the
placebo arm. Baseline characteristics were sim-
ilar for both arms. Based on 321 deaths
(Sorafenib n=143; Placebo n=178), the HR for
OS was 0.69 (95% CI 0.55-0.87; p=0.0006),
representing a 44% improvement. This met
early stopping criteria and median OS was 10.7
months for sorafenib vs. 7.9 for placebo. There
was no accumulation of serious AE in the
sorafenib arm. The most frequent grade 3/4 AE
for sorafenib vs. placebo were diarrhea (11 vs.
2%), hand-foot skin reaction (8 vs. 1%), fatigue
(10 vs. 15%), and bleeding (6 vs. 9%). At the
time of presentation at the annual meeting of the
American Society of Clinical Oncology (ASCO)
in 2007, the authors concluded that sorafenib is
the first drug to demonstrate a statistically sig-
nificant improvement in OS for patients with
advanced HCC (Llovet et al. 2007). Again,
these findings led to the approval of sorafenib
for this indication.

Currently, sorafenib is listed in ten active
Phase III studies for treatment of RCC, HCC,
NSCLC, unresectable melanoma and adenocar-
cinoma of the pancreas (see Table 9.1).

9.1.3
Sunitinib Malate (SU11248; Sutent™)

Sunitinib (SU11248; Sutent™; Pfizer Oncology)
is a broad-spectrum orally available TK inhibi-
tor of VEGFR, PDGFR, c-kit, and Flt-3 kinase
activity. Just like sorafenib, it emerged from a
drug-discovery program that was initiated to
identify compounds with activity against selected
receptor tyrosine kinases involved in tumor

angiogenesis (Atkins et al. 2006; Roskoski
2007). Again, the highly vascularized clear cell
RCC was one of the first diseases in which suni-
tinib was tested. After the promising Phase I and
IT results, a large multicentered, international
randomized Phase III trial was started (Motzer
et al. 2007). Single-agent sunitinib was com-
pared with IFN-a in patients with treatment-
naive advanced or metastatic RCC. Altogether,
750 patients were randomized (1:1) to receive
either 50 mg sunitinib once daily in 6-week
cycles (4 weeks on treatment, 2 weeks off) or to
receive IFN-a administered subcutaneously at
nine million units 3 times a week until disease
progression or withdrawal from the trial.

Median duration of treatment was 11 months
for sunitinib vs. 4 months for IFN-o. The
2008-updated response rate was 47% (95% CI
42-52%) for sunitinib vs. 12% (95% CI 9—-16%)
for IFN-a (p<0.000001), including 11 CR for
sunitinib and four for IFN-a (Figlin et al. 2008).
Median PFS was significantly higher in the suni-
tinib arm (11 months vs. 5 months; »p<0.000001).
Also the median OS was significantly longer for
sunitinib (26.4 months; 95% CI 23.0-32.9) vs.
IFN-a (21.8 months; 95% CI 17.9-26.9), which
results in a HR of 0.821 (95% CI 0.673-1.001;
»=0.051). The most common grade 3/4 treat-
ment-related AEs for the sunitinib group were
hypertension (12%), fatigue (11%), diarrhea and
hand-foot syndrome (both 8%), and for IFN-a
fatigue (13%) and anorexia (2%).

These results led to the approval of sunitinib
in patients with advanced or metastatic RCC as
first-line therapy and based on two other Phase
I studies also as second-line therapy after
cytokine or interferon failure (Motzer et al.
20064, b).

Another malignant disease for which suni-
tinib has been approved is the gastrointestinal
stroma tumor (GIST). Based on its strong activ-
ity against the GIST driving c-kit receptor, there
was an imminent rationale for the therapy with
sunitinib. Also, in cases of advanced, unresect-
able, or metastatic disease, the other TK
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inhibitor imatinib was already established as
standard first-line therapy for this indication.
However, after failure of imatinib, there was no
accepted standard therapy available in unresect-
able GIST tumors (Faivre et al. 2007; Heinrich
et al. 2008; Liegl et al. 2008).

Sunitinib was first tested in a population of
GIST patients in two multicenter randomized
studies. The first one represented a two-sided,
randomized, double-blind, placebo-controlled
trial of sunitinib in patients with GIST who had
disease progression during prior imatinib treat-
ment or who were intolerant of imatinib. Alto-
gether, 312 patients were randomized (2:1) to
receive either 50 mg sunitinib (2=207) or pla-
cebo orally (n=105), once daily, on the same 4
weeks on and 2 weeks off schedule until disease
progression or withdrawal from the study for
another reason. Patients randomized to placebo
were then offered to crossover to open-label
sunitinib (Demetri et al. 2006).

Demographics were comparable between
the sunitinib and placebo groups with regard to
age (69 vs. 72% younger than 65 years for suni-
tinib vs. placebo, respectively), gender (male:
64 vs. 61%), performance status (ECOG 0: 44
vs. 46%, ECOG 1: 55 vs. 52% and ECOG 2: 1 vs.
2%). Prior treatment included surgery (94 vs.
93%) and radiotherapy (8 vs. 15%). Reasons for
imatinib failure were also comparably balanced
between both arms; being intolerance (4 vs. 4%),
progression within 6 months of starting treat-
ment (17 vs. 16%), or progression beyond 6
months (78 vs. 80%).

The trial was unblinded early after the pre-
planned interim analysis including the first 149
cases of disease progression or death revealed
significantly longer time to tumor progression
(TTP) in patients initially treated with sunitinib
than in those who started with placebo. In detail,
the primary study endpoint, median TTP, was
more than 4 times as long with sunitinib (27.3
weeks; 95% CI 16.0-32.1) as with placebo
treatment (6.4 weeks; 95% CI 4.4-10.0; HR
0.33, 95% CI 0.23-0.47; p<0-0001). All other

efficacy analyzes were uniformly statistically
and clinically significant and confirmed the
findings of the primary endpoint data. The
median PFS was similar to TPP (24.1 weeks;
95% CI 11.1-28.3 for sunitinib; 6.0 weeks for
placebo, respectively; HR 0.33;95% C10.24-0.47;
»<0-0001). Moreover, 16% (33) of patients in
the sunitinib group were progression-free for at
least 26 weeks, compared with 1% (one) in the
placebo group. As more than half the patients in
the initial sunitinib group were still alive at the
time of the interim analysis, OS data were not
mature at the time of publication and a median
OS was not calculated. However, there was a
gain in OS in patients treated initially with suni-
tinib compared to those who started on placebo
despite the availability of the crossover option
(HR 0.49, 95% CI 0.29-0.83; p=0.007). Later
on, an update presented at the ASCO 2008 con-
ventional analysis showed that OS converged in
the two treatment groups (Sunitinib median
74.7 weeks; 95% CI 61.4-85.7; placebo 64.9
weeks, 45.7-98.4; HR 0.82, p=0.128) as
expected for the crossover design (Demetri
et al. 2008). However, rank-preserving struc-
tural failure time analysis yielded an estimated
median OS for placebo of 36.0 weeks (95% CI
25.9-51.0), revealing a significant sunitinib
treatment effect (HR 0.46, p<0.0001) compa-
rable to that of the blinded phase. The most
common treatment-related AEs throughout the
entire study were fatigue, diarrhea, nausea, and
skin discoloration, mainly grade 1/2; incidences
increased slightly with extended duration of
sunitinib treatment. In terms of best overall
objective tumor response, 7% (14) of patients in
the sunitinib group showed PR as the best
response, 58% (120) had SD, and 19% (39) had
PD, compared with rates of 0 48 (50), and 37%
(39), respectively, for placebo. Six of fifty-nine
patients who crossed over to sunitinib from the
placebo group also had confirmed PR (10.2%,
95% CI 3.8-20.8). Four patients (7% overall)
who crossed over to sunitinib from placebo had
SD for at least 26 weeks after crossover. Based
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on these results, sunitinib is now approved for
the therapy of GIST patients with advanced or
unresectable disease after imatinib failure or
intolerance (Goodman et al. 2007).

Currently, sunitinib is listed for 20 Phase I1I
studies involving the approved indications RCC
and GIST, as well as NSCLC, breast cancer,
CRC, and pancreatic islet cell tumors (see
Table 9.1).

9.1.4
Axitinib (AG-013736)

Axitinib (AG-013736; Pfizer Oncology) repre-
sents a potent small molecule TK inhibitor of all
known VEGFRs at subnanomolar concentrations
and PDGFR-B and c-Kit in low nanomolar
concentrations. Structurally, it is a substituted
indazole derivative discovered by using a
structure-based drug design. In vitro, axitinib
selectively blocks VEGF stimulated receptor auto-
phosphorylation leading to inhibition of endo-
thelial cell proliferation and survival. In numerous
preclinical models, axitinib inhibited tumor
angiogenesis and the growth of human colorec-
tal and murine lung tumors. In a transgenic
mouse model of spontaneous islet cell tumors,
axitinib eliminated suppressed vascular sprout-
ing within 24 h. At 7 days, vascular density
decreased more than 70%, and significant tumor
shrinkage was seen at 21 days (Inai et al. 2004).

The first-in-human Phase I trial was con-
ducted to test axitinib in patients with advanced
solid malignancies in order to determine DLTs
and the maximum-tolerated dose (MTD).
Altogether, 36 patients received axtinib at doses
ranging from 5 to 30 mg orally b.i.d. (Rugo et al.
2005). Similar to other TK inhibitors, observed
DLTs included hypertension, hemoptysis, and
stomatitis primarily seen at higher dose levels.
All toxicities were manageable with medication
or drug holidays. The MTD and recommended
Phase II dose of AG-013736 was specified for
5 mg b.id. The trial demonstrated three

confirmed partial responses and other evidence
of clinical activity (Rugo et al. 2005).
Subsequently, axitinib was tested in advanced or
metastatic RCC in a multicenter, open-label,
Phase II study (Dutcher et al. 2008). Altogether,
58 patients with sorafenib or sunitinib-refractory
(progression or unacceptable toxicity) metastatic
RCC, and measurable disease, regardless of
additional prior therapies, were enrolled. All
patients received a starting dose of axitinib 5 mg
orally b.i.d., which was titrated to 7 mg b.i.d.
and then to 10 mg b.i.d. according to tolerance.
Stratification was performed by prior therapy
into three groups: 14 patients were refractory to
sunitinib and sorafenib (Group 1), 29 patients
were refractory to cytokines and sorafenib
(Group 2), and 15 patients were refractory to
sorafenib alone (Group 3). With a median fol-
low-up of 10.3 months, the overall response rate
(ORR) was 7, 28, and 27% and the median PFS
was 7.1, 9.0, and 7.7 months for groups 1, 2, and
3, respectively. Overall, grade 3/4 treatment-
related AEs included fatigue (13%), hyperten-
sion (11%), hand-foot syndrome (11%), diarrhea
(5%), and dyspnea (5%). The authors concluded,
that axitinib appears to have antitumor activity
in metastatic RCC refractory to sunitinib and
sorafenib (Dutcher et al. 2008). To this end, a
randomized Phase III trial is currently recruiting
patients. The Axis-trial is a head-to-head com-
parison of axitinib (5 mg b.i.d.) and sorafenib
(400 mg b.i.d.) for second-line therapy of meta-
static RCC and is designed to enroll 540 patients
until 2010 (NCT00678392).

The other malignant disease in which axi-
tinib is currently evaluated in a Phase III trial is
pancreatic cancer (see Table 9.1). So far, stan-
dard of care for patients with advanced pancre-
atic cancer is gemcitabine-based chemotherapy.
Therefore, axitinib was tested in a Phase 1/I1
trial in combination with gemcitabine in patients
with pancreatic cancer (Spano et al. 2008). In
detail, eight patients were treated on the Phase I
part and 103 for the Phase II part of the trial.
Prior gemcitabine or VEGF/VEGFR inhibitors
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were not allowed. The randomization took place
between standard dose gemcitabine (1,000 mg/
m? over 30 min on days 1, 8, 15) plus axitinib
(5 mg b.i.d.) or placebo. The median number of
days on axitinib was 158 days (range: 57-330
days). The most commonly reported AEs were
anemia (48%), alkaline phosphatase elevations
(48%), leukopenia (45%), and thrombocytope-
nia (27%). The most common nonhematologic
AEs were nausea (24%), vomiting (20%),
fatigue (19%), diarrhea (18%), anorexia (18%),
constipation (13%), dyspnea (12%), and fever
(12%). In the axitinib group 66% of patients
(n=45) reached at least disease stabilization,
including 7% PRs compared to 59% SD (n=20)
and no PR for gemcitabine plus placebo. This
yielded a median OS of 210 days in the axitinib
group in comparison to 169 days for gemcit-
abine plus placebo (HR 0.74; 95% CI 0.427—
1.284) for the whole study group. For the
subpopulation in very good performance status
(ECOG PS 0/1), the calculated death risk reduc-
tion for axitinib was even bigger with 33% (HR
0.67; 95% CI 0.372-1.196). These results
prompted the currently recruiting randomized,
double-blind Phase III study of gemcitabine
plus axitinib vs. gemcitabine plus placebo for
the first-line treatment of patients in good per-
formance status with locally advanced, unresec-
table, or metastatic pancreatic cancer. The trial
is estimated to enroll more than 500 patients
until planned completion date in September
2009 (NCT00471146).

9.1.5
Cediranib (AZD2171; Recentin™)

Another broad-spectrum kinase inhibitor is
cediranib (AZD2171; Recentin™; AstraZeneca).
Its predominant effect is directed against
VEGFR-2 with additional potent inhibition of
VEGFR-1 and -3, c-Kit, FIt-3 and to a lesser
extent against epidermal growth factor receptor
(EGFR). This broad activity range was deter-

mined in a wide range of cell lines (Wedge et al.
2005). Cediranib significantly inhibits VEGF
driven vascular sprouting and demonstrated
potent antitumor effects in a number of preclini-
cal studies. It is orally bioavailable and was
preclinically tested at a dose range of 1.5-6 mg/
kg bodyweight per day. Based on these observa-
tions, a range of clinical Phase I studies were per-
formed, the first being a dose-finding trial with
83 patients suffering of different solid tumors. In
this study, cediranib was generally well tolerated
at doses not higher than 45 mg/day and gave
encouraging antitumor activity. Pharmacokinetic
data revealed a half-life of approximately 20 h
and the optimal dosing was determined to be
20-30 mg once daily (Drevs et al. 2007).

The next step was the initiation of Phase /11
study in conjunction with standard doses of
carboplatin (AUC 6) and paclitaxel (200 mg/m?)
in order to assess the tolerability, safety, and
antitumor activity of this combination in
patients with stage I1IB / IV NSCLC of any
histology in first-line therapy (Laurie et al.
2006; Laurie et al. 2008). Cediranib was started
on Day 2 of the first cycle at a dose of 30 mg
p.o. daily. Of the 20 enrolled patients, nine
received cediranib at 30 mg/day, 11 at 45 mg/
day. Again, most common grade 3/4 toxicity
was hypertension, other common toxicities
were: fatigue, anorexia, mucositis, and diar-
rhea. Hematologic toxicity was not greater than
that expected with chemotherapy alone. At
time of presentation, 15 patients were evalu-
able for response, with 6 PR, 8 SD, and 1 PD.
The authors concluded that, full single-agent
dose of cediranib may be administered with
standard chemotherapy. However, the subse-
quent started randomized Phase II/I11 trial CTG
BR.24 comparing carboplatin/paclitaxel plus
cediranib (30 mg/day) vs. this chemotherapy
combination plus placebo did not reach Phase
III. The National Cancer Institute of Canada
Clinical Trials Group (NCIC-CTG) decided in
2008 that the BR.24 study should not continue
into Phase III following the planned end of
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Phase 1II efficacy and tolerability analysis by
the study’s data safety monitoring committee,
mostly because of an imbalance in toxicity.
Although cediranib gave evidence of clinical
activity, the study did not meet the predefined
criteria for automatic continuation into Phase
III (Laurie et al. 2008). Instead, NCIC-CTG
agreed to start a new randomized Phase III
study evaluating this combination in advanced
or metastatic NSCLC with a lower dose of
cediranib (20 mg/day); this BR.29 trial is
expected to enroll the first patients in 2009.
Another step in the clinical development of
cediranib was the initiation of a two-stage, mul-
ticenter Phase II clinical trial in patients with
recurrent ovarian, peritoneal, or fallopian tube
cancer (Hirte et al. 2008). Of the 60 patients
who were enrolled; 49 had ovarian, 8 perito-
neal, and 3 fallopian tube cancer; follow up was
available for 154 cycles of treatment given to 46
patients. As in other Phase I studies with
cediranib, the most frequent AEs were fatigue
(85%), diarrhea (80%), hypertension (72%),
anorexia (57%). Hypertension (33%) and
fatigue (20%) were the most frequent grade 3/4
AEs. The median TTP and median OS for all
patients was 4.1 months (95% CI 3.4-7.6) and
11.9 months (95% CI 9.9-not reached). This
prompted a randomized Phase III study evaluat-
ing the combination of carboplatin/paclitaxel
with or without cediranib in treating women
with relapsed ovarian epithelial cancer, fallo-
pian tube cancer, or primary peritoneal cancer.
Altogether, cediranib is currently listed in five
active Phase III studies, such as the HORIZON II
Phase II/I11 study of chemotherapy with cediranib
vs. placebo in first-line metastatic CRC and
HORIZON III, which represents a head-to-head
comparison with bevacizumab (Avastin™) for
this indication. Both studies completed recruit-
ment by the end of 2008 and results are eagerly
awaited. Also, the Phase III REGAL trial, in
recurrent glioblastoma comparing cediranib
monotherapy vs. lomustine+cediranib began
enrolling patients in late 2008 (see Table 9.1).

9.1.6
Vandetanib (ZD6474; Zactima®)

Vandetanib (ZD6474; Zactima™; AstraZeneca),
an orally bioavailable 4-anilinoquinazoline deri-
vate, acts as selective and reversible inhibitor of
ATP binding to TK receptors VEGFR-2, -3, RET,
and EGFR. In comparison to other kinase inhibi-
tors, vandetanib is somehow more selective,
which is demonstrated by a lack of effect against
structurally related receptors such as PDGFR or
c-Kit. Its antiangiogenic and antitumor activity
has been shown in a wide range of preclinical
animal models (Herbst et al. 2007). The potent
anti-EGFR activity gave a reasonable rationale
for testing vandetanib in cancers in which EGFR
antagonists have been proven effective.

The clinical development so far was focused
on NSCLC. First, the antitumor activity of vande-
tanib monotherapy or vandetanib with paclitaxel
and carboplatin was compared with paclitaxel and
carboplatin in previously untreated patients with
NSCLC in a partially blinded, placebo-controlled,
randomized Phase II study (Heymach et al. 2008).
Patients were randomly assigned 2:1:1 to receive
vandetanib alone, vandetanib plus chemotherapy,
or chemotherapy alone. Interestingly, the risk of
progression was reduced for patients receiving
vandetanib plus chemotherapy (n=56) vs. che-
motherapy alone (n=52; HR=0.76; p=0.098);
but median PFS differed only by 1 week (24 vs.
23 weeks). The vandetanib monotherapy arm
(n=73) was discontinued after a planned interim
PFS analysis met the criterion for discontinuation.
Also, the OS was not significantly different
between groups. Rash, diarrhea, and hypertension
were common adverse events. The authors con-
cluded, that vandetanib could be safely adminis-
tered to patients with NSCLC, including those
with squamous cell histology and treated brain
metastases. The slightly longer PFS for vande-
tanib met the prespecified study end point, but
was not significant (Heymach et al. 2008).

The next set of studies focused on vandetanib
in second-line therapy of NSCLC. Eligible
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patients had locally advanced or metastatic
(stage I1IB/IV) NSCLC after failure of first-line
platinum-based chemotherapy (Heymach et al.
2007). First, a randomized Phase II study was ini-
tiated comparing vandetanib (100 or 300 mg/day)
plus docetaxel (75 mg/m? intravenous infusion
every 21 days) vs. placebo plus docetaxel. After
including 127 patients, median PFS was 18.7
weeks for vandetanib 100 mg plus docetaxel
(n=42; HR=0.64; p=0.037); 17.0 weeks for
vandetanib 300 mg plus docetaxel (n=44;
HR=0.83; p=0.231); and 12 weeks for doc-
etaxel (n=41). There was no statistically signifi-
cant difference in OS among the three treatment
arms. Common AEs included diarrhea, rash,
and asymptomatic prolongation of corrected QT
(QT,) interval. At the time of publication, the
authors concluded that the primary objective
was achieved, with vandetanib 100 mg plus
docetaxel demonstrating a significant prolonga-
tion of PFS compared with docetaxel in relation
to the prespecified significance level. On the
basis of these encouraging data, Phase III evalu-
ation of vandetanib 100 mg plus docetaxel in
second-line NSCLC (ZODIAC trial) was initi-
ated in 2006. Until completion in September
2008, the study enrolled 1,391 patients previ-
ously treated with one prior anticancer therapy
for advanced NSCLC. Median duration of
follow-up was 12.8 months, with 87% patients
progressed and 59% dead. Addition of vande-
tanib to docetaxel showed a statistically signifi-
cant improvement in PFS versus docetaxel (HR
0.79,97.58%C10.70-0.90; P<0.001). Significant
advantages for vandetanib plus docetaxel were
also seen for ORR (17% vs 10%, P<0.001).
Overall survival showed a positive trend for
vandetanib plus docetaxel that was not statisti-
cally significant (HR 0.91, 97.52% CI 0.78-
1.07; P=0.196). The adverse event profile was
consistent with that previously observed for
vandetanib in NSCLC. Common AEs occurring
more frequently in the vandetanib arm included
diarrhea (42% vs 33%), rash (42% vs 24%) and
neutropenia (32% vs 27%). (see Table 9.1).

Three other Phase III trials with vandetanib
in second- and third-line therapy of NSCLC
recently stopped recruiting patients and will
complete data collection in 2009. The so-called
ZEAL trial is a randomized, double-blind, pla-
cebo-controlled Phase III study evaluating the
combination of vandetanib 100 mg with peme-
trexed vs. pemetrexed alone. This study enrolled
534 patients previously treated with one prior
anticancer therapy for advanced NSCLC. There
were positive trends seen for vandetanib plus
pemetrexed for both PFS (HR 0.86, 97.58% CI
0.69 -1.06; P=0.108) and OS (HR 0.86, 97.54%
CI0.65 -1.13; P=0.219). There was a statistically
significant advantage for ORR (19.1% vs 7.9%,
P<0.001) in the combination arm. The ZEST
study also is a randomized, double-blind, Phase
III study evaluating the efficacy of vandetanib
300 mg vs. erlotinib 150 mg, which enrolled
1,240 patients with locally advanced or metastatic
NSCLC after failure of at least one prior antican-
cer therapy. There was no difference in PFS for
patients treated with vandetanib versus erlotinib
(HR 0.98, 95.22% CI 0.87 -1.10; P=0.721), and
no difference in the secondary endpoints of OS
(HR 1.01, 95.08% CI 0.89 -1.16; P=0.830) and
ORR (both 12%). Finally, the ZEPHYR trial is a
randomized Phase III study to assess the efficacy
of vandetanib vs. best supportive care in patients
with NSCLC (Stage IIIB-1V) after therapy with
an EGFR inhibitor. This study is expected to
enroll over 900 patients and data collection will
be completed by April 2009.

At the time of writing this review, there was
no active Phase III trial listed in the NCI’s data-
base, but 26 Phase II and 17 Phase I studies,
including trials on medullary thyroid carcinoma,
breast cancer, and glioma, were ongoing.

9.1.7
Vatalanib (PTK787/ZK222584)

Vatalanib (PTK787/2K222584; Bayer Schering
Pharma AG, Berlin; Novartis, East Hanover, NJ)
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is an oral multitargeted kinase inhibitor that acts on
VEGFR-1, -2, -3, ¢-KIT, and PDGFR (Wood et al.
2000). After oral administration, vatalanib reaches
peak concentration in 1.0-2.5 h and has a half-life
of 4.5 h, with no evidence of accumulation at
steady state following once-daily dosing.
Vatalanib demonstrated clinical activity in patients
with several types of human cancer (Drevs et al.
2000; Roboz et al. 2006; Sharma et al. 2009;
Thomas et al. 2005; Thomas et al. 2007). For
further clinical development, vatalanib was
investigated in two multinational randomized
phase III studies in first- (CONFIRM-1) and
second-line (CONFIRM-2) metastatic CRC. In
CONFIRM-2, 855 patients were randomized to
FOLFOX4 chemotherapy plus vatalanib
(1,250 mg/day) or placebo (Kohne et al. 2007).
Eligibility included histologically documented
metastatic CRC, pretreatment for metastatic
disease with irinotecan-/fluoropyrimidine- based
therapy, measurable disease by Response Eval-
uation Criteria In Solid Tumors (RECIST), good
performance status, and adequate organ func-
tion. In both trials, toxicities were similar. In
detail, for the CONFIRM-2 trial, grade 3—4 AEs
were hypertension (21% for vatalanib vs. 5% for
placebo), diarrhea (16 vs. 8%), fatigue (15 vs.
7%), nausea (11 vs. 5%), vomiting (9 vs. 5%),
and dizziness (9 vs. 1%). Thrombotic and embo-
lic events of all grades occurred in 6% of the
vatalanib treated patients vs. 1% of the placebo
group. At the time of interim analysis in July
2005, OS was 12.1 months in the vatalanib and
11.8 months in the placebo group (HR 0.94;
p=0.511). PFS was significantly longer in the
vatalanib arm (5.5 vs. 4.1 months; HR 0.83;
p=0.026). Interestingly, Lactat dehydrogenase
(LDH), a rather unspecific marker related to
poor prognosis in CRC, was predictive for the
outcome in the vatalanib group. Especially
patients with high LDH gained improvement in
PFS when treated with vatalanib (5.6 vs. 3.8
months; HR 0.63; p<0.001) and in OS (9.6 vs.
7.5months; HR 0.78;p=0.10). For CONFIRM-1,
1,168 patients were randomized to receive

FOLFOX-4 plus vatalanib (1250 mg/day) or
FOLFOX-4 plus placebo. The addition of vata-
lanib did not result in differences in the response
rate (42% for FOLFOX-4 plus vatalanib vs.
46% for FOLFOX-4 plus placebo) or PFS time
(7.7 months for FOLFOX-4 plus vatalanib vs.
7.6 months for FOLFOX-4 plus placebo). Thus,
it was concluded that significant clinical bene-
fits for vatalanib treatment in CRC seems to be
limited to LDH-high patients, the reason for
this remains unclear (Hecht et al. 2005; Kohne
etal. 2007).

Currently, no active Phase III studies with
vatalanib are listed, but six Phase II and four
Phase I studies for therapy of glioma, multiple
myeloma, pancreatic cancer, and melanoma are
active.

9.1.8
Endostatin (rh-Endostatin, YH-16, Endostar™)

Endostatin, a 20-kiloDalton (kDa) fragment of
collagen X VIII, is a group member of endogenous
antiangiogenic proteins activated by proteolytic
processing (Ferreras et al. 2000). Endostatin was
shown to inhibit endothelial cell proliferation,
migration, invasion, and vascular sprouting
(O’Reilly et al. 1997). The reduction in endothelial
cell survival induced by endostatin has been pro-
posed to involve binding to the fibronectin recep-
tor o3, (Sudhakar et al. 2003), interference with
VEGF/VEGFR signaling (Hajitou et al. 2002;
Kim et al. 2002b), inhibition of matrix metallopro-
teinases (MMP), e.g., MMP-2 (Kim et al. 2000),
and downregulation of c-myc and cyclin-D1
(Hanai et al. 2002; Shichiri and Hirata 2001). Also,
endostatin seems to downregulate a number of
proteins essential to angiogenesis such as the Id1
and -3, HIF1-a and Ephrin B1 and B2 (Shichiri
and Hirata 2001). Despite initial high hopes, the
clinical development of endostatin came close to
an unsuccessful end after treatment of about 160
cancer patients in Phase I and II studies when the
sole manufacturer (EntreMed, Rockville, USA)
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announced the cease of production in 2003 due to
lack of efficacy, difficult application scheme, and
concerns about its production in yeast. Some years
later, the Chinese protein chemist Luo may have
solved the folding problem by adding nine amino
acids to the endostatin molecule (Fu et al. 2008).
This reformulation apparently made it possible to
manufacture a soluble rh-endostatin (Endostar™,
Simcere Pharmaceutical Co., Nanjing, China)
using not yeast but bacteria and providing higher
in vivo stability, now eligible for daily application
once rather than twice. Phase I/II studies revealed
that rh-endostatin was effective as single agent
with good tolerance in clinical use. The first ran-
domized study presented was designed to compare
the response rate, median TTP, clinical benefit, and
safety in patients with advanced NSCLC, treated
with rh-endostatin (7.5 mg/m? on days 1-14) plus
standard dose vinorelbine (25 mg/m? on day 1 and
5) and cisplatin (30 mg/m? on Days 2-4), or pla-
cebo plus chemotherapy (Sun et al. 2005).
Altogether, 493 NSCLC patients in good perfor-
mance status were recruited for this double-blind
study (326 in the rh-endostatin group, 167 as con-
trol). Of the 486 assessable patients, overall
response rates were 35.4% for rh-endostatin and
19.5% in the control group (»p=0.0003). The
median TTP were 6.3 and 3.6 months for rh-
endostatin vs. control (p<0.001), yielding a clini-
cal benefit rate of 73.3 vs. 64.0% respectively
(p=0.035). Grade 3/4 neutropenia, anemia, nau-
sea/vomiting were comparable in both arms. There
was no data on OS reported. The authors con-
cluded that the addition of rh-endostatin to stan-
dard chemotherapy resulted in significant
improvement in response rate, median TTP, and
clinical benefit rate compared with chemotherapy
alone in advanced NSCLC patients (Sun et al.
2005). Subsequently, the national Food and Drug
Administration of China approved Endostar™ for
this setting. The currently listed Phase III studies
involving rh-endostatin exclusively originate in
China and enroll only NSCLC patients testing dif-
ferent combinations with chemotherapy or appli-
cation in the adjuvant setting (see Table 9.1).

9.1.9
Thalidomide

One drug that exhibits an antiangiogenic effect
by still not fully clarified mechanisms is thali-
domide (D’Amato et al. 1994). Originally
introduced as sedative and withdrawn due to
deleterious side effects, today there is increas-
ing evidence for the efficacy of thalidomide in
cancer therapy. Thalidomide was developed in
the 1950s and chiefly sold from 1957 to 1961
in almost 50 countries under at least 40 names
to pregnant women, as an antiemetic to combat
morning sickness and sleeping problems.
Later, the teratogenic effects of thalidomide
became clear when approximately 10,000 chil-
dren mainly in Africa and Europe were born
with severe malformations, including phoc-
omelia in the late 1950s and early 1960s (Lenz
1967; Lenz and Knapp 1962). However, it was
soon found that the teratogenicity caused by
thalidomide was only associated with one par-
ticular optical isomer. Research continued,
although the drug was not prescribed for
decades, and finally the US FDA granted
approval for treatment of erythema nodosum
leprosum (ENL) in 1998. One year later, the
first report was presented demonstrating activ-
ity of thalidomide in multiple myeloma (MM)
tested in 180 patients with advanced disease
(Singhal et al. 1999). Clinical development
continued under strict regulations regarding
the pregnancy status of patients and even their
partners and finally the US FDA granted accel-
erated approval for thalidomide in combina-
tion with dexamethasone for the treatment of
newly diagnosed MM in 2006. Since then, tha-
lidomide was shown to be useful in a variety of
tumors. Its mechanism of action in cancer is
attributed to multiple, including direct cyto-
toxic, antiangiogenic, and antiinflammatory
effects (Kumar 2006). The combination of
temozolomide and thalidomide has shown
promising activity in metastatic melanoma
(Hwu et al. 2003), metastatic neuroendocrine
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tumors (Kulke et al. 2006), and unresectable or
metastatic leiomyosarcoma (Boyar et al. 2008).
Recently, the surprising effects of thalidomide
have led to the development of a series of
immunomodulatory drugs (IMiDs) and selec-
tive cytokine inhibitory drugs (SELCIDs) with
even higher antiangiogenic potency (Dredge
et al. 2005; List et al. 2005). The modulation
of the immune system consists of stimulation
of T — cells and NK — cells (Chang et al. 2006).
In our own studies, thalidomide demonstrated
biological and clinical activity in myelodys-
plastic syndrome (MDS) and acute myeloid
leukemia (AML) with ORR up to 56 and 25%,
respectively (Steins et al. 2003; Steins et al.
2002). Responding patients experienced hema-
tologic improvements including an increase in
hemoglobin values and platelet counts. In four
of 20 AML patients, a bone marrow blast
clearance of at least 50% was achieved after
treatment with thalidomide for at least 1 month
(PR). Furthermore, we observed a long-term
response in one AML patient of more than 20
months, subsequently meeting the criteria of
complete remission. Interestingly, the decrease
in leukemic blast infiltration in the bone mar-
row of responders was accompanied by a sig-
nificant reduction of MVD. While it still remains
unclear how exactly thalidomide inhibits angio-
genesis, some data suggests a downregulation
of VEGF as one possible mode of action
(Komorowski et al. 2006; Li et al. 2003).
Currently, thalidomide and the subsequently
developed IMiDs Revlimid™ (lenalidomide,
CC-5013) and Actimid™ (CC-4047) are listed
in 27 active Phase III trials in the NCI database.
Apart from hematological malignancies, these
substances are tested for treatment of poor liver
function HCC and RCC (see Table 9.1).

9.1.10
Vascular Disrupting Agents

While classic inhibitors of tumor angiogenesis
mostly compromise the formation of new blood

vessels, occlusion of the existing tumor vascu-
lature by inducing thrombosis or extensive
endothelial damage leading to severe hemor-
rhagic necrosis is the main goal of the sub-
stances referred to as vascular disrupting agents
(VDA). The largest group of VDAs already in
clinical stage of development is the family of
combretastatins, which act as microtubulin
destabilizing drugs, and the structurally distinct
flavonoid 5,6-dimethylxanthenone-4-acetic acid
(DMXAA).

The first agent extensively studied was
Combretastatin-4 (CA-4), which demon-
strated rapid and extensive vascular disrup-
tion concomitant with hemorrhagic necrosis
within the first hour of treatment in preclinical
models (Dark et al. 1997). The fast onset of
action is attributed to cytoskeletal shift
changes including contraction of actinomyo-
sin and the malformed assembly of stress
fibers (see Fig. 9.2). Subsequently, this leads
to disruption of the endothelial monolayer
with increased permeability for macromole-
cules and shear-stress activation of platelets
with intravascular thrombosis (Galbraith et al.
2001; Kanthou and Tozer 2002; Tozer et al.
1999). Finally, this endothelial disruption and
platelet aggregation results in rapid almost
complete vascular obstruction and tumor
necrosis.

For the clinical setting, Combretastatin-A4P
is developed by OXiGENE (Waltham, MA,
USA) as Zybrestat™. In July 2007, the company
initiated a 180-patient pivotal registration study
with Zybrestat™ for the treatment of anaplas-
tic thyroid cancer, under a Special Protocol
Assessment (SPA) agreement with the US FDA.
For this study, the FDA granted Zybrestat™
“Fast-Track™ status as potential cancer therapy.
This is a randomized open-label Phase II/III
study in which the experimental drug is tested in
combination with conventional chemotherapeu-
tics carboplatin and paclitaxel (NCT00507429).

In a previous Phase II study with 18 patients
suffering of advanced anaplastic thyroid cancer
Zybrestat™ as monotherapy achieved a median
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Fig.9.2 Proposed mechanism of vascular disrupting
agents. The lead compounds of this class,
Combretastatin A-4 (Zybrestat™) or 5,6-dimeth-
ylxantheonone-4-acetic acid (DMXAA; ASA404)
induce rapid vascular obstruction within the tumor
by acting on the endothelial cytoskeleton. In detail,
shape changes and intracellular damage is seen
leading to subsequent disruption of the endothelial

PFS of 7.4 weeks (range 2—84 weeks); with five
patients remaining progression-free for more
than 3 months (Cooney et al. 2006). The median
OS in this study was approximately 20 weeks.
Zybrestat™ also demonstrated activity in other
Phase I studies for treatment of advanced solid
neoplasms, such as NSCLC and ovarian cancer
(Anderson et al. 2003; Bilenker et al. 2005;
Dowlatietal. 2002; Rustin etal. 2003a; Stevenson
et al. 2003). It is also the first VDA that has
been clinically tested in combination with clas-
sic antiangiogenic drugs such as bevacizumab
(Avastin™) (Nathan et al. 2008). In this study, 9
of 14 patients with advanced solid tumors expe-
rienced disease stabilization for more than 12
weeks. Three patients experienced SD for more
than 24 weeks. Besides, DCE-MRI demonstrated
statistically significant reductions in tumor per-
fusion. This effect rapidly reversed after
Zybrestat™ alone, but was sustained following
the combination of Zybrestat™ and BEV (Nathan
et al. 2008). This observation and other preclini-
cal evidence have prompted another randomized
Phase II study in which the combination of car-
boplatin, paclitaxel, and BEV is evaluated with
and without Zybrestat™ for patients with
advanced NSCLC (Stadium IIIb and IV) as first-
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— lial apoptosis

ot Increased interstitial - s
| fluid pressure

Necrosis

monolayer. Increased vascular permeability and
high interstitial fluid pressure in the tumor adds up
to vascular collapse and obstruction. Due to direct
exposure of the basement membrane to blood cells,
platelets and plasmatic coagulation are activated
leading to rapid tumor vessel thrombosis within
minutes of exposure

line therapy. Like in other studies involving anti-
angiogenic drugs, patients with predominant
squamous cell histology are excluded. This study
started in March 2008 and is aimed for enroll-
ment of 60 patients until 2010 (NCT00653939).

The current lead compound of the structur-
ally and mechanistically distinct flavonoids is
DMXAA (AS1404, Antisoma Research Limited,
London, UK) (Rewcastle et al. 1991). In con-
trast to combretastatins, cytoskeletal effects of
DMXAA seem to be confined to actin assembly
leaving interphase microtubules unharmed. In
experimental models, DMXAA has been shown
to enhance antitumor effects of melphalan and
other cytotoxic agents as well as hyperthermia
and radiation (Murata et al. 2001; Pruijn et al.
1997; Siim et al. 2003).

The first clinical Phase I study was presented
in 2003 (Rustin et al. 2003b). DMXAA was
applied to 46 patients for a total of 247 infusions
of over 15 dose levels ranging from 6 to
4,900 mg/m>. The MTD was reached at
3,700 mg/m? with DLTs observed in form of uri-
nary incontinence, visual disturbance, and anxi-
ety at the highest dose level (4,900 mg/m?).
Dose-dependent increases in the serotonin
metabolite 5-hydroxyindoleacetic acid were
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found at dose levels of 650 mg/m? and above.
There was one unconfirmed PR at 1,300 mg/m?.

Phase II studies have been published for ovar-
ian cancer, NSCLC, and hormone refractory pros-
tate cancer (HRPC). The first randomized study
evaluated DMXAA in combination with carbopl-
atin (AUC 6) and paclitaxel (175 mg/m?) in
NSCLC with histologically confirmed stage I1Ib
or IV NSCLC previously untreated with chemo-
therapy (McKeage 2006). Until 2006, 77 patients
were randomized to receive up to six cycles of car-
boplatin/paclitaxel with or without DMXAA
(1,200 or 1,800 mg/m?). Thirty-five patients
received chemotherapy alone, 36 chemotherapy
plus 1,200 mg/m? DMXAA and 6 plus 1,800 mg/
m?> DMXAA. The safety profile in the control arm
and DMXAA arm was comparable. Twenty-three
of thirty patients in the control arm achieved dis-
ease control and seven progressed, for the
1,200 mg/m*> DMXAA arm 28 of 33 patients
reached disease control and five progressed.
Finally, all six patients receiving 1,800 mg/m?
DMXAA achieved disease control, with three
confirmed PRs. The encouraging updated survival
data was presented in 2008 (McKeage and
Jameson 2008); median OS for chemotherapy
alone being 8.8 months (n=36), 14.0 months for
chemotherapy plus 1,200 mg/m*> DMXAA
(n=34) and 14.9 months for the 1,800 mg/m?
DMXAA group (n=30). It is noteworthy that in
this trial, patients with squamous NSCLC were
also benefited.

These data prompted the currently recruiting
international multicenter, randomized Phase III
trial ATTRACT-1 (Antivascular Targeted Therapy
Researching ASA404 in Cancer Treatment;
NCT00662597). Previously untreated patients
with advanced NSCLC (St. IIIb or IV) are ran-
domized to receive standard chemotherapy carbo-
platin/paclitaxel in combination with 1,800 mg/m?
DMXAA (AS1404, now licensed to Novartis,
Basel, Switzerland) or placebo. It is planned to
recruit 1,200 patients with comparison of OS as
primary objective. Safety data from the previous
studies described earlier indicates a different

toxicity profile in contrast to other antiangiogenic
drugs. Typical vascular effects such as proteinu-
ria, arterial hypertension and thrombosis, pulmo-
nary hemorrhage, wound healing or other
bleeding complications were almost not observed
with DMXAA both in squamous and non-
squamous histology. This allows also patients
with predominant squamous histology to be
recruited, a group that is usually ruled out in
other trials involving most other antiangiogenic
agents. Also, a second randomized Phase III
study (ATTRACT-2) evaluating the efficacy of
DMXAA in second-line therapy of NSCLC was
initiated in late 2008 (see Table 9.1).

92.1.1
Accidental Antiangiogenesis Agents

Apart from the aforementioned agents, some
already FDA-approved anticancer drugs were
later to be shown to have antiangiogenic activity
as well. For example, the FDA-approved EGFR
antibodies cetuximab (Erbitux™; Merck) and
panitumumab (Vectibix™; Amgen) as well as
the EGFR antagonists erlotinib (Tarceva™,
Genentech, OSI Pharmaceuticals in collabora-
tion with Genentech and Roche) and gefitinib
(ZD1839; Iressa™,; AstraZeneca) were shown to
inhibit tumor angiogenesis by partly blocking the
VEGF receptor and downregulation of various
pro-angiogenic factors such as VEGF (Ciardiello
et al. 2001; Hoffmann et al. 2007; Huang et al.
2002; Perrotte et al. 1999; Pore et al. 2006), basic
fibroblast growth factor (bFGF) (Albanell et al.
2001), HIF1-o (Li et al. 2008) and transforming
growth factor- (TGF) (Pino et al. 2006). Also, the
proteasome inhibitor bortezomib (Velcade™;
Millennium Pharmaceuticals), approved for mul-
tiple myeloma, demonstrated potent antiangio-
genic activity in clinical and preclinical models
(Galimberti et al. 2008; Nawrocki et al. 2002;
Williams et al. 2003). Even drugs like celecoxib
(Celebrex™; Pfizer Inc.) originally approved
not for therapy of malignant disease but for
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treatment of rheumatoid arthritis have been
shown to increase production of endogenous
angiogenesis inhibitors like endostatin and dem-
onstrated clinical anticancer activity as well.
Celecoxib is currently listed in four randomized
Phase III trials for therapy of metastatic CRC,
NSCLC, pancreatic, and prostate cancer
(NCT00268476, NCT00295035, NCT00300729,
NCT00486460). Also, the concept of metronomic
chemotherapy was introduced meaning the inhi-
bition of tumor angiogenesis by simply changing
the dose and frequency of a cytotoxic chemother-
apeutic agent like cyclophosphamide (Browder
et al. 2000; Hanahan et al. 2000). Vice versa
to these “accidental” antiangiogenic drugs, it
became clear that “classic” antiangiogenic drugs
affect not only endothelial but also tumor cells
directly (Beaudry et al. 2008). Especially pancre-
atic and breast cancer cells were shown to express
VEGFR-2 offering the possibility to directly
target them with VEGF/VEGFR antagonists
(Higgins et al. 2006a; Higgins et al. 2006b).

9.1.12
Conclusions and Future Perspectives

Taken together, the classic concept in cancer ther-
apy that a drug is either directed exclusively
against the tumor cell or against the vascular cell
in tumor angiogenesis has been replaced by a far
more complex model of tumor-stroma interac-
tions. Thus, (multi-)targeted therapies against
cancer have become more and more important.
Up to date, numerous new substances were devel-
oped as angiogenesis inhibitors and evaluated in
clinical trials for safety, tolerance, and efficacy.
Yielding positive study results, some of these
molecules have already been approved for clini-
cal use as described earlier. Although the clinical
benefit for patient groups studied is only in the
range of few months, the benefit for single
patients can be considerably more long-lasting.
Treatment results begin to change even in dis-
eases where no therapeutic advances could be

made for decades. Today, the wide array of avail-
able agents offers the clinician multiple treatment
choices.

However, the question of the optimal antian-
giogenic approach is still an open debate and
subject to a number of clinical studies described
in this chapter; for example, which combinations
for what tumors, treatment in early stage vs.
advanced stage or maintenance?

In particular, the concept of tumor dormancy
induced or maintained by angiogenesis inhibitors
is widely discussed in the expert field. One intrigu-
ing observation for this model is the vast differ-
ence between the prevalence of clinically
presenting cancer and unapparent malignant
tumors found in autopsy studies. Besides, tumor
dormancy may be a clinically relevant phenome-
non in patients who have been treated for primary
cancer and relapse after a long disease-free period
(Demicheli et al. 2005; Uhr et al. 1997).
Hypothetically, a small number of remaining
malignant cells are able to re-activate their tumori-
genic potential even years later. Most often, this
phenomenon has been explained as consequence
of a complex and poorly understood shift in the
balance between host and tumor, the angiogenic
switch. Historically, the failure to induce the
angiogenic switch has been proposed as one of the
mechanisms that may be responsible for tumor
dormancy (Brem and Folkman 1975; Folkman
and Kalluri 2004; Hanahan and Folkman 1996).

However, it is not clear whether a sustained
production of angiogenic factors is required to
finally break the balance or a short-term angio-
genic burst may suffice to break dormancy. To
this end, it is absolute speculative that the lower
incidence of clinically apparent breast cancer in
women with Down syndrome might be due to
constant elevated serum values of endogenous
angiogenesis inhibitor endostatin regulated on
chromosome 21 (Retsky et al. 2009; Zorick et al.
2001). So far, it is still just an outlook into the
future when hopefully our diagnostic tools are
sensitive enough to detect recurrent disease
before it leaves the dormant state and becomes
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symptomatic again or even better it might be
possible to actively halt the tumor dormancy by
antiangiogenic maintenance. However, the chal-
lenge for both basic researchers and clinicians
will remain to integrate these numerous novel
treatment approaches into existing protocols to
eventually improve individual patient outcome.
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Abstract By frequent and protracted admin-
istration of conventional cytotoxic drugs with-
out prolonged interruptions, the primary
treatment target shifts from the tumor cell popu-
lation to the tumor vasculature. This “metro-
nomic” way of chemotherapy administration
results in antivascular effects, the mechanistic
basis of which remains to be fully elucidated.
We outline the basic aspects of the metronomic
concept, describe the results of clinical applica-
tions of such chemotherapy by focusing on
studies in metastatic prostate cancer, and dis-
cuss certain shortcomings. Based on preclinical
findings, we finally point to the possible ways to
address these shortcomings in order to bring
this novel and promising use of conventional
anticancer agents to full fruition.
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10.1
Introduction

The concept of using antiangiogenic therapies
as an anticancer strategy was formulated in
1971 by Folkman (1971) and clinically vali-
dated three decades later with the first success-
ful application of an antiangiogenic agent,
that is, the vascular endothelial growth factor
(VEGF) targeting monoclonal antibody beva-
cizumab (Hurwitz et al. 2004). During this
period, a sometimes tortuous path of discover-
ies led to an ever-increasing understanding of
the complex process of tumor angiogenesis
(Kerbel 2000). At present, the use of antian-
giogenic agents is considered (part of) the
standard of care for the treatment of colorec-
tal, nonsmall cell lung, breast, kidney, and
hepatocellular cancer, and involves the use of
drugs such as bevacizumab and the antiangio-
genic small molecule receptor tyrosine kinase
inhibitors sunitinib and sorafenib (Kerbel 2006;
Zhu 2008).

One interesting finding of the development
of antiangiogenic therapies was that some tar-
geted agents that were originally not developed
as antiangiogenic drugs have been found to
have “accidental” antiangiogenic properties
(Kerbel et al. 2000). Furthermore, most conven-
tional cytotoxic drugs can exert significant
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antiangiogenic effects (Miller et al. 2001).
However, when chemotherapeutics are used in
a conventional manner (i.e., bolus drug admin-
istration followed by a 3-4-week drug-free
period to allow the host to recover from the
adverse side effects), the vascular damage
inflicted by the cytotoxic drug(s) is thought to
be rapidly repaired during the recovery period,
thus negating any significant overall antiangio-
genic effects. Conversely, Browder et al. showed
that by shortening the drug-free break period
between individual chemotherapy administra-
tions, the net antiangiogenic effects of conven-
tional cytotoxic drugs can be largely augmented
(Browder et al. 2000). In addition, we showed
that this form of antiangiogenic chemotherapy,
commonly referred to as metronomic chemo-
therapy (Hanahan et al. 2000), is more potent
when combined with targeted antiangiogenic
agents, especially drugs that interfere with the
endothelial cell survival activity of VEGF
(Klement et al. 2000). As summarized by Kerbel
and Kamen (2004), metronomic chemotherapy
protocols are generally characterized by:

e Frequent (dose-dense) and regular (metro-
nomic) — often daily — chemotherapy admin-
istration without any prolonged interruptions.

e Absence of a dose-escalation up to the maxi-
mal tolerated dose (MTD).

e Absence of the need for hematopoietic
growth factor support.

e Preference for oral, outpatient regimens by
using drugs such as cyclophosphamide (CPA).

e Low incidence or absence of treatment-
related side effects.

e Potential for delayed emergence of resistance.

Because of mostly inconsequential side
effects, metronomic regimens can be coadmin-
istered with targeted therapies for prolonged
periods of time. Furthermore, the use of inex-
pensive, off-patent drugs such as CPA results in
reduced costs compared to many MTD chemo-
therapy regimens (Bocci et al. 2005).

The feasibility and clinical benefits of this
novel use of conventional cytotoxic drugs have
been shown in various Phase II trials involving
diverse tumor types such as breast, prostate, and
ovarian cancer as well as non-Hodgkin’s lym-
phomas among others (Colleoni et al. 2002;
Glode et al. 2003; Burstein et al. 2005; Bottini
etal. 2006; Buckstein et al. 2006; Colleoni et al.
2006; Young et al. 2006; Lord et al. 2007;
Garcia et al. 2008). These findings remain to be
confirmed in Phase III trials. Furthermore,
important questions remain to be addressed
such as the optimal dose and most effective dos-
ing interval, improved monitoring of the antian-
giogenic effects, the choice of cytotoxic drugs
used for a given tumor type, and the most effica-
cious way to integrate metronomic chemother-
apy into standard therapy protocols.

We provide an overview of the molecular
mechanisms behind the antivascular effects of
metronomic chemotherapy, and discuss clinical
results as well as some shortcomings of the met-
ronomic concept by focusing on published
applications for the treatment of metastatic cas-
tration-resistant prostate cancer (CRPC). Finally,
we discuss the potential future role of metro-
nomic as compared to conventional MTD chemo-
therapy.

10.2
Mechanisms of Action
of Metronomic Chemotherapy

that
administered in a condensed schedule slows

Experimental evidence chemotherapy
down the repair of the drug-induced damage to
the tumor vasculature was first reported in 2000.
Browder et al. showed that CPA administered
every 6 days produced more sustained antian-
giogenic effects compared to conventional every
3-week MTD CPA administration (Browder
et al. 2000). Intriguingly, CPA was even effec-

tive in tumors that had been made resistant
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in vivo to a conventional CPA regimen, further
suggesting that mechanisms other than direct
antitumor effects are the basis of the antitumor
effects seen with metronomic protocols. In addi-
tion, when mice bearing large, established
human neuroblastoma xenografts were treated
by Klement et al. with twice weekly metronomic
administrations of vinblastine combined with
DC101, a monoclonal antibody blocking the
murine vascular endothelial cell growth factor
receptor 2 (VEGFR2), this combination ther-
apy resulted in a significant therapeutic bene-
fit (Klement et al. 2000). Tumors completely
regressed over time and did not relapse during a
7-month period of uninterrupted therapy. Both
studies suggest that metronomic regimens act
largely by inhibiting tumor angiogenesis.

10.2.1

Preferential Antiproliferative Effects
of Metronomic Chemotherapy
Toward Endothelial Cells

In vitro studies indicated that a 6-day continu-
ous exposure of human micro- and macrovascu-
lar endothelial cells to low concentrations of
chemotherapy drugs such as paclitaxel or the
CPA precursor 4-hydroperoxy-CPA resulted in
preferential endothelial cell growth inhibition
compared to other cell types, for example,
human fibroblast and breast cancer cells (Bocci
et al. 2002). These results provided further evi-
dence that metronomic regimens using various
chemotherapy drugs may have a highly selec-
tive effect against rapidly dividing vascular
endothelial cells.

Subsequently, we reported that protracted
in vitro exposure of endothelial cells to low con-
centrations of several cytotoxic agents causes a
marked induction in the expression of thrombo-
spondin-1 (TSP-1) at the mRNA and protein
level (Bocci et al. 2003). TSP-1 is a potent
endogenous inhibitor of angiogenesis, which
acts primarily by binding to endothelial cells

expressing the CD36 receptor, resulting in the
induction of endothelial cell death (Volpert et al.
2002; Yap et al. 2005). TSP-1 also exerts indi-
rect antiangiogenic effects by binding and
sequestering VEGF (Gupta et al. 1999). With
regard to metronomic chemotherapy in vivo,
induction of circulating TSP-1 plasma levels
was observed in mice bearing human xenografts
that were treated with metronomic CPA (Bocci
et al. 2003). Further evidence for the role of
TSP-1 was obtained by administering metro-
nomic CPA to TSP-1 knockout mice bearing
Lewis lung carcinoma. Compared to wild-type
mice, the metronomic regimen lost its antitumor
activity in the knockout mice. However, when
CPA was administered at the MTD, retention of
the antitumor effects in both wild-type and
TSP-1 deficient mice was observed. Similar
results were obtained by another group when
CPA was administered on a weekly basis to
TSP-1 knock-out mice bearing B16 mouse mel-
anoma, and others (Hamano et al. 2004; Damber
et al. 2006; Ma and Waxman 2007; Ma and
Waxman 2008). Interestingly, the antitumor
effects of metronomic regimens were retained in
mice that were unable to produce either endosta-
tin or tumstatin, both of which are other endog-
enous inhibitors of angiogenesis (Hamano et al.
2004). Taken together, these results suggested
that TSP-1 is a mediator of the antiangiogenic
effects of at least some metronomic regimens
and confers endothelial cell specificity.

10.2.2

Circulating Bone Marrow-Derived Endothelial
Precursor Cells as Targets of Metronomic
Chemotherapy

In addition to angiogenesis mediated by local
sprouting of rapidly dividing endothelial cells
from pre-existing capillaries, the tumor vascu-
lature also depends on vasculogenesis mediated
by circulating endothelial precursor cells (CEPs)
originating from the bone marrow. Following
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mobilization, CEPs enter the blood circulation
and subsequently home to sites of active
angiogenesis, where they differentiate and
incorporate into the lumen of growing blood
vessels and proliferate (Bertolini et al. 2006). A
number of preclinical studies suggest that cer-
tain tumors are highly dependent on this vascu-
logenic support, namely lymphomas, Ewing’s
sarcomas, and inflammatory carcinomas of the
breast (Bertolini et al. 2003; de Bont et al. 2001;
Bolontrade et al. 2002; Shirakawa et al. 2002).
For example, using NOD SCID mice bearing
Namalwa or Granta 519 human lymphomas,
Bertolini et al. demonstrated that shortly after
the administration of an intensive MTD course
of CPA, levels of CEPs were substantially
reduced for the first few days, followed by a
marked rebound during the drug-free break
period. This rebound and its timing are reminis-
cent of the process of hematopoietic recovery
after myelosuppressive therapy (Bertolini et al.
2003). In contrast, when CPA was administered
in a metronomic regimen, that is, either injected
i.p. every 6 days (Browder et al. 2000) or con-
tinuously via drinking water (Man et al. 2002),
levels of CEPs gradually declined and remained
suppressed during the entire treatment period.
The degree of mobilization of CEPs and their
viability during treatment with MTD versus
metronomic CPA is depicted in Fig. 10.1.
Interestingly, we reported a similar or even
more important CEP rebound after treatment
with vascular disrupting agents (VDAs) (Shaked
et al. 2006). As opposed to antiangiogenic
agents, this class of drugs causes an acute occlu-
sion of tumor blood vessels, which subsequently
results in tumor cell death. However, some
remaining viable tumor tissue is usually
observed at the rim, from which tumor growth
rapidly resumes. We have shown that CEPs can
be mobilized from the bone marrow in a matter
of hours of treatment with a VDA, and subse-
quently home to the viable tumor rim. CEPs
then incorporate into the tumor blood vessels
and promote angiogenesis, which results in

rapid tumor repopulation. Taken together, the
surge of CEPs following MTD chemotherapy
or treatment with a VDA could contribute to the
vascular repair process referred to by Browder
et al. (2000). Conversely, the metronomic
administration of cytotoxic drugs may inhibit
the CEP rebound phenomenon and promote the
antiangiogenic effects of such chemotherapy.
Suppression of the CEP surge is one of the
mechanisms that might account for the benefi-
cial effects seen when metronomic or other anti-
angiogenic therapies are combined with MTD
chemotherapy (Kerbel 2000).

10.2.2.1
Benefit of Combined Bolus
and Metronomic Chemotherapy Administration

One aspect of the aforementioned study by
Bertolini et al. (2003) was whether the combi-
nation of metronomic with intermittent bolus
dose chemotherapy administration could be
effective as a long-term antitumor treatment
strategy. We hypothesized that the metronomic
regimen might inhibit the CEP rebound follow-
ing bolus chemotherapy administration. Using
three different tumor models, that is, human
prostate cancer xenografts (PC-3), Friend virus-
induced murine erythroleukemia, and murine
breast cancer (EMT-6), we demonstrated that
the combination of bolus dose CPA (in our case
one-third of the conventional MTD adminis-
tered every 3 or 6 weeks) plus metronomic CPA
was more effective than MTD or metronomic
monotherapy (Shaked et al. 2005b). Importantly,
the levels of CEPs remained suppressed despite
bolus CPA administration. In another study,
Pietras and Hanahan reported similar findings.
Briefly, a “chemo-switch” regimen (defined by
upfront MTD CPA, followed by metronomic
CPA combined with targeted antiangiogenic
agents) produced significant antitumor responses
and survival benefits in a mouse pancreatic can-
cer model (Pietras and Hanahan 2005).
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Fig.10.1 The effect of metronomic
and MTD chemotherapy
regimens on CEP levels. Human
Namalwa lymphoma bearing

—&— MTD CPA
—— Metronomic CPA
---&--- PBS Control

NOD/SCID mice were treated 10000
with CPA administered either at W
the MTD for this mouse strain,
i.e., 75 mg/kg i.p. injection every
other day for three doses per &~ 10007
cycle (purple arrows), or as a £
metronomic regimen, i.e., é
170 mg/kg i.p. injection every 6 “E’
days (black arrows). Tumor 2 100
o
volumes (upper graph) and levels >
of CEPs detected in peripheral o
£
blood (lower graph) were 2
monitored regularly (adopted 10
with minor modifications from
Bertolini et al. 2003, with
permission from the publisher)
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10.2.2.2
CEPs and Optimal Biological Dose
of Antiangiogenic Agents

Evidence for antivasculogenic effects of metro-
nomic chemotherapy was also reported in our
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study that sought to determine whether CEPs
can serve as a pharmacodynamic biomarker to
determine the optimal biological (=antiangio-
genic) dose of antiangiogenic drugs or treat-
ment strategies. The fact that CEPs gradually
declined after treatment with metronomic CPA
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(Bertolini et al. 2003) led us to investigate
whether the levels of such circulating cells may
reflect the level of antivascular activity in mice.
A previous study had demonstrated that various
mouse strains exhibit different levels of angio-
genic responsiveness as measured by the cor-
neal micropocket assay (Rohan et al. 2000).
The angiogenic stimulus, that is, basic fibroblast
growth factor (bFGF), was implanted into the
corneas of different mouse strains and vessel
growth/sprouting was evaluated. Strains such as
C57B1/6 exhibited a low number of sprouting
vessels (indicating a low level of angiogenic
responsiveness), whereas others strains, for
example, BALB/c or 129, showed a very strong
angiogenic response. In our studies, we evalu-
ated the baseline CEP levels in different mouse
strains and found a striking correlation between
the number of such cells in peripheral blood and
the angiogenic responsiveness previously deter-
mined for the same strains with the corneal
micropocket assay (Shaked et al. 2005a). These
results suggest that CEPs might be used as a
biomarker to determine the level of angiogenic
activity in mice. Subsequently, CEP levels were
measured 1 week after treatment with antian-
giogenic drugs such as DC101 or ABT-510, a
TSP-1 mimetic peptide (Shaked et al. 2005a).
In both cases, we found that the drug doses pro-
ducing maximum antitumor activity also caused
the greatest decline in viable CEPs. Similar
results were obtained with metronomic regi-
mens using various chemotherapy drugs, for
example, CPA, vinblastine, vinorelbine,
cisplatinum, ABI-007 (Abraxane®, a cremo-
phor-free nanoparticle paclitaxel preparation),
and UFT (Uftoral®, tegafur-uracil), adminis-
tered to mice bearing various human tumor
xenografts (Shaked et al. 2005¢; Munoz et al.
2006; Ng et al. 2006). In fact, after a single
week of treatment we found a striking correla-
tion between the metronomic drug dose result-
ing in maximal antitumor activity without overt
toxicity and the greatest decline in CEP levels
in peripheral blood (Shaked et al. 2005c¢).

10.2.3
Mechanisms of Action Summarized

Figure 10.2 demonstrates some of the possible
mechanisms of action of metronomic chemo-
therapy regimens. Thus far, such regimens have
mostly been investigated with respect to their
antivascular effects involving the inhibition of
both the locally dividing activated endothelial
cells and the systemic vasculogenic process
mediated by CEPs. However, much needs to be
learned about the effects of metronomic therapy
on other bone marrow cell types that might pro-
mote angiogenesis or tumor growth via differ-
ent mechanisms, possible direct effects of
metronomic regimens on tumor cells, potential
immunomodulatory activities of drugs like
CPA, in particular when used in a protracted
manner (Ghiringhelli et al. 2007), and possible
adverse side effects (Fig. 10.3).

10.3

Metronomic Chemotherapy

for the Treatment of Metastatic
Castration-Resistant Prostate Cancer

Protracted cytotoxic drug administration was
studied as early as in the 1970s (Vogelzang
1984). However, such chemotherapy regimens
often included regular treatment-free breaks
and the dosing was oriented toward maximizing
the cytototoxic effects. Since the first preclini-
cal descriptions in 2000 (Browder et al. 2000;
Klement et al. 2000), the results of more than 50
clinical trials embracing the metronomic con-
cept have been published. Breast and prostate
cancer are among the best studied tumor types
in this respect (Colleoni et al. 2002; Glode et al.
2003; Burstein et al. 2005; Bottini et al. 2006;
Colleoni et al. 2006; Lord et al. 2007).

CRPC is particularly well suited for a metro-
nomic chemotherapy type of treatment strategy.
The role of angiogenesis in prostate cancer in
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Fig.10.2 Antivascular effects of metronomic chemo-
therapy. Metronomic chemotherapy affects dividing,
activated tumor endothelial cells and inhibits the
mobilization and/or the viability of bone marrow
derived CEPs, which can contribute to tumor neoan-
giogenesis. Furthermore, drugs like CPA used in a
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Fig.10.3 Hypothetical dose-
response curves of various
metronomic CPA effects. When
given at the optimal biological
dose, metronomic CPA results in
antiangiogenic and possibly also
immunostimulatory effects.
Higher CPA doses increase the
risk of immuno/
myelosuppression, likely without
added benefit as far as
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protracted, low-dose manner might also exert immu-
nomodulatory effects. Direct anti-tumor effects seem
not to play a major role in most instances when che-
motherapy is given in a metronomic manner (modi-
fied from Shaked et al. 2005¢, with permission from
the publisher)
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general, and in the castration-resistant stage in
particular, is well documented (Nicholson and
Theodorescu 2004). Furthermore, CRPC is
mainly a disease of the elderly where treatment-
related adverse effects may limit the use of
overly toxic approaches (Pienta and Smith
2005). Historically, the focus on quality of life

Cyclophosphamide concentration

aspects rather than improving overall survival
has been a necessity in the treatment of CRPC in
the absence of therapies impacting on the latter
(Tannock et al. 1996). The current standard
MTD chemotherapy approach, that is, 3-weekly
administration of docetaxel-based chemother-
apy (Petrylak et al. 2004; Tannock et al. 2004),
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results in prolonged overall survival, improved
pain control, and better quality of life. However,
the impact on survival is only a modest 2-3
month increase compared to the former standard
therapy of mitoxantrone/prednisone (Tannock
et al. 1996). Thus, there is a clear need for novel
strategies in patients that are not considered
suitable for docetaxel chemotherapy or those
that develop severe docetaxel-related side
effects. In addition, there is an unmet need for
new approaches in the maintenance setting fol-
lowing maximal response to docetaxel (Lin
et al. 2007). Metronomic and other antiangio-
genic therapies might meet these needs and are
also an interesting option in early CRPC, where
the possible benefits of conventional cytotoxic
therapy do not outweigh the risk of adverse
side-effects and their potential impact on the
quality of life.

10.3.1
From Bench to Bedside

Given the lack of feasible metastatic prostate
cancer models, the benefit of using metronomic
chemotherapy in advanced metastatic disease
has thus far been studied preclinically in spon-
taneous metastatic breast cancer and melanoma
models (Munoz et al. 2006; Cruz-Munoz et al.
2008). An unexpected lesson from such studies
is that the primary tumor response is not neces-
sarily indicative of the effects of metronomic
treatment strategies against metastatic disease.
Briefly, breast cancer xenografts were allowed
to grow in mice as primary, orthotopically
implanted tumors, or to develop (following sur-
gical removal of primary tumors) into visceral
metastatic disease. Both primary tumors and
metastases were then treated with metronomic
CPA and UFT, administered as monotherapies
or in combination. The results showed that the
combination of CPA and UFT did not improve
primary tumor response compared to CPA
alone. However, the same combination was

highly efficacious against metastatic disease
involving multiple organs. Similar results were
obtained with vinblastine and CPA in a meta-
static melanoma model (Cruz-Munoz, Man and
Kerbel, unpublished observations). Thus, had
the analysis been carried out only on a primary
tumor model, it would likely have suggested the
erroneous interpretation that UFT (or vinblas-
tine) was ineffective in improving the antican-
cer benefits of metronomic CPA monotherapy.
These results highlight the importance of con-
sideration that is needed to identify new metro-
nomic combinations, and the importance of
assessing them in appropriate disease models
including metastatic cancer. Restricting studies
to primary tumors may result in novel metro-
nomic regimens being erroneously discarded as
ineffective. For the same reason, it is therefore
important that better metastatic prostate cancer
models be developed to carry out similar stud-
ies in prostate cancer.

In attempting to develop improved metro-
nomic therapies and compare them to conven-
tional chemotherapy administration, another
factor might be relatively overlooked, that is, the
lack of significant observable host toxicity result-
ing from metronomic regimens, particularly
when compared to conventional MTD chemo-
therapy. The limited preclinical studies of met-
ronomic regimens against metastatic disease
have thus far confirmed this finding. The toxic-
ity aspect has hitherto been little appreciated
because host toxicity is seldom a limiting factor
in the design and execution of preclinical studies
involving primary tumor xenografts. If the
impact of treatment-related toxicity is not con-
sidered, the benefit of metronomic treatment on
survival in preclinical metastatic disease might
be underappreciated when compared to standard
MTD regimens. Although this assumption
remains yet to be formally tested in metastatic
models, there already is confirmatory evidence
from long-term therapy studies involving metro-
nomic vs. MTD dosing in primary tumor models
by du Manoir et al. and Shaked et al. (2005b; du



10 Metronomic Chemotherapy: Principles and Lessons Learned from Applications in the Treatment of Metastatic Prostate Cancer

173

Manoir et al. 2006). Thus du Manoir et al. treated
a human breast cancer model with trastuzumab
(Herceptin®) plus CPA, where the alkylating
agent was administered either metronomically
or in a MTD fashion. Shaked et al. described a
detailed comparison of MTD CPA with a metro-
nomic CPA regimen that included interspersed
bolus administrations of CPA at one third of the
MTD in order to minimize toxicity. Both studies
showed tumor responses that are schematically
shown in Figs.10.4a, b. When tumor volume
measurements were analyzed, there was indica-
tion that MTD CPA therapy was more effective
against primary tumor growth than the metro-
nomic-based regimen, particularly over a short
treatment period (e.g., less than 50 days). This is
important since currently most preclinical stud-
ies are completed within a relatively short time
frame in which it is not unusual for the treatment

Tumor volume

(1]

Host body weight

>
>

Fig. 10.4 Potential pitfalls in the design and interpre-
tation of preclinical studies in mice using metro-
nomic regimens. A number of studies have shown
that in some cases, particularly over short periods of
time, MTD (blue lines) can be more effective than
metronomic (red lines) chemotherapy. This is some-
thing that would be assessed by (caliper based)
tumor measurements (a), or surrogate marker analy-

to involve only one or two cycles of MTD ther-
apy. However, over a longer treatment period,
the mice on the MTD therapy had to be sacri-
ficed. This was not because of complications
arising from tumor growth, but because of overt
toxicity, exemplified by weight loss (Fig. 10.4c).
When the toxicity and tumor response were
jointly considered in a Kaplan—-Meier analysis,
as done by du Manoir et al. (du Manoir et al.
2006), MTD CPA therapy did not show as sig-
nificant an advantage over the metronomic-
based regimen. Indeed, the fact that the mice on
the MTD-based regimen died after three cycles
of MTD actually made the metronomic regimen
look better in the Kaplan—-Meier plot compari-
son (Fig. 10.4d). On the other hand, in the study
by Shaked et al. it was noted that mice on the
MTD CPA regimen bearing human prostate can-
cer xenografts died after nine treatment cycles

Surrogate marker
level

o

Survival
(Kaplan-Meier)

>
>

sis (b). However, such studies risk failing assess-
ment of the relative impact of host toxicity which
may only appear after a number of cycles of MTD
administration, e.g., exemplified by progressive weight
loss (¢). This can be appreciated in a Kaplan—-Meier
plot (d), in which both toxicity and tumor growth
are taken into account
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due to toxicity (Shaked et al. 2005b). This is in
sharp contrast to the metronomic CPA mono-
therapy regimen, which did not give rise to tox-
icity in the same mouse strain, even after several
months of drug administration (Emmenegger
et al. 2004; Emmenegger et al. 2006). Future
preclinical metastasis studies reporting tumor
size parameters and Kaplan—Meier plots will
better define the contrast between MTD and
metronomic dosing.

In clinical trials, parallel considerations may
arise if a metronomic regimen proves equally
effective to an MTD regimen in terms of sur-
vival, yet without the degree of toxicity that is
often associated with MTD dosing (Rivera et al.
2008). To date, a number of clinical trials have
reported the low incidence of high-grade toxic
side effects with metronomic regimens (Colleoni
et al. 2002; Bottini et al. 2006; Colleoni et al.
2006; Lord et al. 2007). Thus, one interesting
possibility which would conceivably emerge is
that metronomic chemotherapy protocols may
be established as a valid alternative to MTD
regimens, not because they are superior in pro-
longing survival, but because of an improved
overall therapeutic benefit.

10.3.2

Key Findings of Metronomic Trials

in Castration-Resistant Prostate Cancer
and Emerging Questions

Table 10.1 summarizes the key findings of pub-
lished metronomic CRPC trials (Nishimura
et al. 2001; Glode et al. 2003; Nicolini et al.
2004; Di Lorenzo et al. 2007; Lord et al. 2007).
With the exception of the study by Lord et al.
(2007), many of the study subjects enrolled
onto these trials had been previously exposed to
conventional cytotoxic therapy. One of the
drugs administered in all these studies is CPA,
an agent that has been commonly used in the
past for the treatment of CRPC using various
nonmetronomic intravenous and oral regimens

(Mike et al. 2006; Winquist et al. 2006). The
applied CPA dose varied from 50 mg/day — the
dose most commonly used in metronomic trials
involving CPA (Kerbel and Kamen 2004; Gille
et al. 2005) — to alternating 100/150 mg/day
(Nicolini et al. 2004). Although PSA responses
of >50% were typically rare, clinical benefit in
the form of either minor PSA responses <50%
or PSA stabilization were commonly seen and
maintained for several months.

Toxicity has not been a major issue in metro-
nomic trials for CRPC. In fact, grade 3—4 side
effects are rare, the only exception being G3
lymphopenias seen in one-third of the patients
in the study by Lord et al. (2007). The rather
high daily CPA dose of 50 mg/m? used by these
authors (representing ~100 mg/day for most
patients) might be an explanation for this unex-
pected high rate of lymphopenia. However, it is
reassuring that the lymphopenias described did
not result in opportunistic infections. Although
lymphopenias have been described as a conse-
quence of metronomic CPA therapy in mice at
the optimal biological dose (Emmenegger et al.
2004), the commonly used CPA dose in metro-
nomic clinical trials of 50 mg/day seems to be
devoid of this side-effect despite clear evidence
of clinical activity (Colleoni et al. 2002; Glode
et al. 2003; Burstein et al. 2005; Bottini et al.
2006; Buckstein et al. 2006; Colleoni et al.
2006; Garcia et al. 2008).

In the study by Lord et al., 22 patients received
fewer than 8 weeks of CPA therapy. Most of
them had to be removed from the study because
of rapid disease progression (Lord et al. 2007).
This is a reminder that this type of therapy needs
to be used with caution in patients with rapidly
progressive disease. An alternative might be to
consider an initial intravenous bolus dose of CPA
(or another cytotoxic agent) before commencing
metronomic scheduling (Fontana et al. 2007).

In summary, metronomic studies in CRPC
show reasonable clinical activity combined with
a very appealing toxicity profile, findings that
need to be confirmed in Phase I11 trials. Similarly,
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positive observations have been reported with
other tumor types (Bottini et al. 2006; Buckstein
et al. 2006; Colleoni et al. 2006; Garcia et al.
2008). However, these studies also raise many
questions such as: What is the best choice of
drug(s) used in such regimens? What is the opti-
mal biological dose of a given drug? What are
the most efficacious drugs or drug combinations
to be used in metronomic protocols? How can
metronomic regimens be integrated into current
standards of practice?

10.3.2.1
Choice of Cytotoxic Drugs Used
in Metronomic Regimens

CPA is an obvious choice for metronomic use in
CRPC in that (a) the beneficial effects of metro-
nomic CPA are well documented (pre)clinically
(Man et al. 2002; Emmenegger et al. 2006), (b)
the potential (long-term) side effects of CPA are
well known from immunosuppressive protocols
using CPA, albeit at higher daily doses than typi-
cally applied in metronomic regimens (Hoffman
et al. 1992; Haubitz et al. 1998), and (c) CPA is
available in an oral form. Furthermore, CPA has
been used in the past for the treatment of CRPC,
either orally or administered intravenously, albeit
applying more conventional dosing schedules
(Mike et al. 2006, Winquist et al. 20006).
Interestingly, cytotoxic drugs successfully used
in a conventional manner for a certain tumor
type often also show clinical activity in metro-
nomic protocols for the same tumor type. It
remains to be seen whether this reflects certain
tumor-related characteristics or whether it is
rather a bias dictated by the experience of the
prescribing oncologists. In fact, it is currently not
known whether certain agents are more active in
certain tumor types when used metronomically.
Similarly, further study is needed to define
whether the sequential use of cytotoxic drugs in
metronomic regimens might be able to delay or
overcome resistance (Kieran et al. 2005).

There is limited evidence that cytotoxics are
not interchangeable when used as antiangiogen-
ics. In fact, while inhibition of proliferation of
endothelial cells seems to be likely a universal
consequence of the metronomic use of chemo-
therapeutic agents (Bocci et al. 2002; Wang et al.
2003), other biological effects might be more
drug-specific, such as the (a) TSP-1 induction by
CPA and various microtubule inhibitors (Bocci
et al. 2003; Hamano et al. 2004), (b) anti-Hif-1a.
activities of topoisomerase I inhibitors and
microtubule inhibitors (Rapisarda et al. 2004;
Escuin et al. 2005), and (c) the induction of
CD95 on endothelial cells by agents such as
doxorubicin and CPA (Quesada et al. 2005; Yap
et al. 2005). Furthermore, pharmacokinetic char-
acteristics might make certain chemotherapeu-
tics drugs more or less suitable for metronomic
use (Hahnfeldt et al. 2003).

Besides the question of which drug to use, it
is also important to define patient and/or tumor
characteristics that predict prolonged benefit
from metronomic therapies. As an example,
Orlando et al. have described advanced breast
cancer patients receiving metronomic CPA/
methotrexate with a median time to progression
of almost 2 years (Orlando et al. 2006). In this
study, patients achieving remissions or stable
disease for 12 months or more comprised 15.7%
of the entire study population.

10.3.2.2
Optimal Biological Dose

Preclinically, metronomic dosing often implies
the frequent administration of ~1/3rd to 1/10th
of the MTD of a given cytotoxic drug (Kerbel
and Kamen 2004; Gille et al. 2005; Lam et al.
2006). More recently, a less empirical way to
characterize the optimal biological dose was
determined preclinically, that is, the dose with
maximal CEP suppression in the absence of
significant toxicity such as myelosuppression
and body weight loss, as described earlier
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(Shaked et al. 2005¢). Unfortunately, the use of
CEP levels for individual dosing is hampered in
humans because of the lower number of such
cells compared to mice (Bertolini et al. 2007).

Takahashi proposed the concept of the indi-
vidualized maximum repeatable dose (Takahashi
et al. 2005). Briefly, the weekly dose of gemcit-
abine was titrated to a dose resulting in stable
Grade 1 toxicity despite prolonged gemcitabine
use. As appealing as such an approach might be,
it would likely be restricted to situations of met-
ronomic monotherapy. As an alternative, the
assessment of pharmacokinetic and/or pharma-
codynamic parameters might become a way to
tailor individual dosing in the future (Kamen
et al. 2006; Emmenegger et al. 2007). However,
despite major efforts there continues to be a lack
of validated pharmacodynamic surrogate mark-
ers for antiangiogenic activity (Jubb et al. 2006).

Even when more sophisticated metronomic
dosing might become feasible in the future,
practical aspects need to be considered as well.
As an example, in the metronomic clinical trial
by Colleoni et al. in metastatic breast cancer, a
daily CPA dose of 50 and 2.5 mg of methotrex-
ate b.i.d. on Day 1 and 2 of every week were
administered (Colleoni et al. 2002). The choice
of these doses was driven by practical consider-
ations such as available tablet size, and was
assumed to facilitate a high level of patient
compliance.

10.3.2.3
Combination Therapies

High levels of proangiogenic cytokines can
confer endothelial cell resistance to the effects
of cytotoxic drugs (Tran et al. 2002). Therefore,
by combination with targeted antiangiogenic
agents such as inhibitors of the VEGF pathway,
the effects of metronomic chemotherapy can be
augmented and vice versa (Klement et al. 2000;
Burstein et al. 2005; Pietras and Hanahan 2005).
In contrast to combinations involving MTD

chemotherapy, which are generally limited to
6-10 continuous cycles, protocols involving
targeted antiangiogenics combined with metro-
nomic chemotherapy might be used for pro-
longed periods of time, given the excellent
safety profile of such regimens (Bottini et al.
2006; Buckstein et al. 2006; Colleoni et al.
2006; Garcia et al. 2008). However, much needs
to be learned about what type of drugs should
be combined. For example, the combination of
metronomic chemotherapy (CPA/methotrexate
and CPA/vinblastine) with thalidomide or mino-
cycline, respectively, two agents known to
inhibit angiogenesis, seem not to be superior to
metronomic chemotherapy alone (Colleoni
et al. 2006; Young et al. 2006). On the other
hand, the combination of bevacizumab with
metronomic CPA has yielded very promis-
ing results in breast and ovarian cancer
(Burstein et al. 2005; Garcia et al. 2008).
Indeed, in the randomized Phase II trial of
advanced breast cancer by Burstein et al. the
bevacizumab plus metronomic CPA/metho-
threxate arm was superior compared to CPA/
methotrexate therapy alone in terms of response
rate and median time to progression (Burstein
et al. 2005).

Besides doublet metronomic chemotherapy
involving CPA and methotrexate, combinations
of CPA and fluorinated pyrimidines are also
showing promising clinical activity. The com-
bination of metronomic CPA and UFT was
clearly superior to monotherapy with either
CPA or UFT in a preclinical model of advanced
metastatic breast cancer (Munoz et al. 2000).
A similar metronomic doublet of CPA and
capecitabine combined with bevacizumab has
been successfully applied for the treatment of
advanced breast cancer, and seems to confirm
the preclincial findings of Munoz et al. (2006).
As far as the treatment of CRPC is concerned,
Nishimura et al. successfully combined CPA
with UFT and estramustine in a nonrandomized
Phase 1II (Table 10.1) (Nishimura
etal. 2001).

trial
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Integration of Metronomic Chemotherapy
into Current Standards of Practice

for Prostate Cancer

Metronomic chemotherapy has been generally
studied in situations of advanced disease stages,
with metastatic CRPC being a typical example
(Kerbel and Kamen 2004; Gille et al. 2005).
Such applications will likely continue to domi-
nate in the near future. However, the results of a
few studies suggest other indications worthy to
be pursued.

For instance, metronomic chemotherapy
might be considered as an adjunct to docetaxel
chemotherapy, similar to other clinical trials
which are comparing docetaxel monotherapy
with docetaxel plus various antiangiogenics as
first-line therapy in CRPC (Ryan et al. 2006). In
fact, concomitant conventional and metronomic
chemotherapy administration has shown to be
beneficial preclinically (Shaked et al. 2005b)
and clinically (Ellis et al. 2002; Casanova et al.
2004). As far as clinical results are concerned,
the pilot study by Casanova et al. demonstrated
the feasibility and activity of MTD vinorelbine
and daily oral CPA in children with refractory
or recurrent sarcomas. Furthermore, Ellis et al.
described the use of continuous CPA combined
with dose-dense doxorubicin in the adjuvant
therapy of node-positive breast cancer patients,
a promising regimen that is being further pur-
sued in a Phase III trial.

An alternative to concomitant administration
is the sequential use of MTD and metronomic
chemotherapy, as preclinically described by
Pietras and Hanahan (2005). Indeed, mainte-
nance strategies following initial tumor debulk-
ing are actively studied in CRPC (Lin et al.
2007). Metronomic chemotherapy is an inter-
esting treatment option in this respect, besides
the use of various targeted agents.

Finally, beneficial effects of metronomic
temozolomide combined with radiation therapy
have been described for pediatric brain tumors

(Sterba et al. 2002). Similarly, metronomic ther-
apy might find a place in the CRPC setting when
given concomitantly with radiation therapy.

Earlier stages of prostate cancer could also
be considered for metronomic chemotherapy
applications. While a metronomic combination
of CPA and methotrexate is being studied in the
adjuvant setting involving patients with ER-
and PR-negative breast cancer (IBCSG 22-00,
www.ibcsg.org), no such studies are yet under-
way for locally advanced prostate cancer fol-
lowing definite local therapy. Interestingly,
adjuvant androgen deprivation therapy (ADT),
the standard therapy in this setting, seems to act
through antiangiogenic mechanisms (Nicholson
and Theodorescu 2004). Thus, a strategy of
combined ADT plus metronomic chemother-
apy might be an interesting alternative to other
approaches currently being studied which
involve MTD chemotherapy (Glode 2006). For
similar reasons, metronomic chemotherapy
might also become an option for the treatment
of hormone-sensitive prostate cancer, either
concomitant with ADT or sequentially (in
ADT-free intervals) when intermittent ADT is
applied.

10.4
Conclusions and Perspectives

Over the last few years, beneficial effects of
antiangiogenic tumor therapies have been
described in several tumor types (Ferrara and
Kerbel 2005). It also became increasingly clear
that by changing the way of administration, the
primary cellular target of cytotoxic drugs can
shift from the tumor cell population to the tumor
neovasculature, representing a potent antiangio-
genic treatment approach. Metronomic chemo-
therapy is unlikely to replace conventional
MTD chemotherapy administration when rapid
tumor cell killing is needed. However, given the
particular mode of action and the beneficial
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safety profile, it is likely to become a valuable
alternative in combination therapies involving
targeted (antiangiogenic) agents and in the pal-
liative setting. Because many aspects of the
metronomic approach remain empirical, major
efforts are still needed to bring this novel and
emerging concept to full fruition. Furthermore,
the long-term administration of oral drugs
involves new challenges such as treatment
adherence and possibly an increased risk of
interference with comedications (Emmenegger
et al. 2007). Despite these drawbacks, metro-
nomic chemotherapy has already come a long
way from its description less than 10 years ago.
It is hoped that the exciting Phase II trial results
will be confirmed in future Phase III trials.
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Abstract Vascular endothelial growth factor A
(VEGF-A) is a well-characterized regulator of
physiological and pathological angiogenesis.
Multiple therapeutic compounds interfering with
VEGF-A-regulated signal transduction pathways
are currently being developed for the treatment
of neoplasias and other malignancies associated
with pathological angiogenesis. A major chal-
lenge in developing anti-VEGF therapies are
tumor intrinsic refractoriness and the emergence
of treatment-induced resistance. A variety of
molecular and cellular mechanisms contribute to
tumor angiogenesis, including the recruitment of
bone marrow (BM)-derived endothelial cell pro-
genitors (EPCs) and inflammatory cells to the
tumor mass. Among the latter, two types of
tumor infiltrating, inflammatory cells were
recently identified to mediate refractoriness to
anti-VEGF treatment: CD11b + Grl+ myeloid
derived suppressor cells (MDSC) and tumor-
associated macrophages (TAMs). In this chapter,
we review some of the inflammatory compo-
nents regulating tumor angiogenesis and their
roles in mediating refractoriness toward anti-
VEGEF treatment. In addition, we discuss poten-
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tial therapeutic strategies targeting angiogenic
pathways regulated by inflammatory cells. A
better understanding of the biological and molec-
ular events involved in mediating refractoriness
to anti-VEGF treatment may help to further
improve therapeutic strategies targeting tumor
angiogenesis.

1.1
Role of Bone Marrow-Derived Tumor
Infiltrating Cells in Tumor Angiogenesis

Traditionally, tumor cells were recognized as
the major source of angiogenic factors, and
therapeutic compounds targeting tumor-derived
growth factors or signaling pathways regulated
by these factors induced tumor growth inhibi-
tion in preclinical and clinical studies. More
recently, it has become apparent that cancer
development largely depends on the ability of
tumor cells to engage and exploit normal physi-
ological processes of the host, including the
recruitment and activation of untransformed
stromal cells. Many of the stromal cells that
were shown to play important roles during tis-
sue regeneration were also found to regulate
tumor angiogenesis and to contribute to the
development of refractoriness toward anti-
VEGEF therapy. Primary inducers of recruitment
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of inflammatory cells to sites of tissue injury are
ischemia, hypoglycemia, and tissue necrosis.
Many of these conditions are also part of the
pathophysiological changes observed in tumors
treated with anti-VEGF (Gerber and Ferrara
2005). Therefore, it is tempting to speculate that
anti-VEGF refractoriness may be caused by
misguided inflammatory cells responding to
stress signals induced by anti-VEGF treatment,
initiating physiological changes associated with
tissue regeneration (Dvorak 1986).

The production of angiogenic activities by
tumor infiltrating stromal cells was attributed to
fibroblasts (Dong et al. 2004; Orimo et al. 2005),
endothelial progenitor cells (EPCs) (Asahara
et al. 1997; Nolan et al. 2007; Shi et al. 1998),
mesenchymal stem cells (MSCs) (Kanehira et al.
2007), and leukocytes (reviewed by (de Visser
and Coussens 2006)). Hematopoietic cells exert-
ing angiogenic functions include tumor-associ-
ated macrophages (TAMs) (De Palma et al. 2005;
Yang etal. 2004), T- and B-lymphocytes (Freeman
et al. 1995), vascular leukocytes (Conejo-Garcia
et al. 2005), dendritic cells (Conejo-Garcia et al.
2004), neutrophils (Coussens et al. 2000), mast-
cells (Coussens et al. 1999), and myeloid cells
(Shojaei etal. 2007a; Yang et al. 2004) (Fig. 11.1).
Such tumor-infiltrating leukocytes are variably
loaded with chemokines, cytokines, cytotoxic
mediators including reactive oxygen species
(ROS), serine-cysteines and metalloproteases,
membrane performing agents, interleukins, and
interferons (Tlsty and Coussens 2006). Many of
these factors were shown to be either pro- or anti-
angiogenic, depending on the experimental model
employed. Recent preclinical studies conducted
with compounds interfering with VEGF signaling
identified a novel role for tumor-infiltrating leu-
kocytes in mediating refractoriness to anti-VEGF
treatment (Fischer et al. 2007; Shojaei et al.
2007a; Shojaei et al. 2007b). The identification of
a key role of inflammatory cells in mediating
refractoriness toward anti-VEGF treatment vali-
dates these cells as potential targets for tumor
therapy. Despite the important contributions of

inflammatory cells to tumor angiogenesis identi-
fied in various preclinical studies, their overall
role for tumor development in cancer patients
remains controversial (reviewed in (Coussens and
Werb 2002)). Here, we review some of the key
features associated with tumor-infiltrating leuko-
cytes and the preclinical and clinical evidence in
support of their potential role during tumor angio-
genesis and escape from anti-VEGF treatment.

11.2
Endothelial Progenitor Cells (EPCs) and
Circulatory Endothelial Progenitor Cells (CEPs)

Studies conducted with a large variety of
experimental tumors in mice demonstrated that
BM-derived EPCs are important for blood ves-
sel formation through a process known as vascu-
logenesis (reviewed in Rafii et al. 2002). In this
process, EPCs are mobilized to the peripheral
circulation, from where they home as circula-
tory endothelial cells (CEPs) to distal sites of
neovascularization, followed by their in situ dif-
ferentiation to mature endothelial cells. Vascu-
logenesis does not only contribute to tumor
angiogenesis, but also to tissue revascularization
and regeneration in preclinical models of wound
healing, hind-limb ischemia, postmyocardial
infarction, atherosclerosis, and retinal and lym-
phoid organ neovascularization (reviewed in
Rafii and Lyden 2003).

EPCs and CEPs were originally defined as
cells expressing the hematopoietic stem cell
markers CD34, CDI133 and the endothelial
marker VEGF receptor-2 (VEGFR-2). Studies
with such triple positive EPCs demonstrated that
their recruitment to the tumor vasculature is
required for vascularization of certain experimen-
tal tumors (Table 11.1, (Asahara et al. 1997; Shi
et al. 1998)). Initial preclinical studies demon-
strating the requirement of EPCs for tumor angio-
genesis were conducted in Id-mutant mice, which
failed to generate CEPs and did not support tumor
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Fig. 11.1 Differentiation of hematopoietic lineages.
Self-renewing totipotent stem cells in the bone
marrow give rise to cells of the immune system.
Colony-formingunit-myeloid-lymphoid (CFU-ML)
precursor cells divide to produce two types of stem
cells: Lymphoid precursor cells giving rise to NK
cell, T cells and B cells, and myeloid precursor cells
give rise to CFU-GM, CFU-Meg and BFU-E which
eventually differentiates to granulocytes/mono-
cytes, megakaryocytes producing platelets and
erythrocytes, respectively. After encounter with an
antigen, T cells become activated and differentiate
to effector cells while B cells differentiate into anti-
body-secreting plasma cells. CFU-GM are the pre-
cursor cells giving rise to CFU-M and CFU-G,

angiogenesis and growth (Lyden et al. 2001). The
consensus marker expression for EPCs in men
and mice is defined as CD133+CD34+VEGFR2+
cells, which facilitates the direct comparisons
between their angiogenic activities when tested in
different experimental models (Urbich and
Dimmeler 2004). In general, failure of EPCs to
migrate from the BM to the tumor vasculature

second lymphoid organs

which are phenotypically CD11b+Gr-1+. CFU-M
differentiates to monocytes that travel to the blood
and eventually become macrophages in the tissue,
these cells are phenotypically CD11b+Gr-1-. While
monocytes are in the bone marrow, they are CD11b+
, whereas Gr-1 is expressed only transiently. CFU-G
is the precursor that eventually differentiates to
neutrophils, basophils and eosinophils. They are
termed granulocytes due to cytoplasmic granules
and irregular shape of nuclei and they maintain
CD11b+ and Gr-1+ on their cell surface. Mast cells
arise from an unknown precursor and complete
their maturation in the tissues and are known to be
CD11b+, the expression of Gr-1 on these cells has
not been assessed

resulted in reduced tumor angiogenesis and
growth (reviewed in (Luttun et al. 2002b)). The
frequencies of EPCs within the vasculature of
experimental tumors varies significantly, ranging
from 0-100%, depending on the type of tumor,
host, and stage of tumor growth (Lyden et al.
2001; Natori et al. 2002; Peters et al. 2005;
Shaked et al. 2005). Despite the important roles
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Table 11.1 Potential therapeutic targets to interfere with anti-VEGF refractoriness of solid tumors

Cell type targeted Migration from bone

marrow to circulation

TAMs

EPCs VEGE-A, PIGF,
SDF-1a, GM-CSF,
Angl, elastase, cathepsin
G, MMPs, Kit-ligand,
e-NOS

Neutrophils

CD11b + Grl + MDSCs  Grl
Mast cell and
lymphocytes

Homing to tumors Tumor mass

CD51, CCL2, CCL3,
CCL4,CCLS5, CCLS,
VEGF-A

PIGF, VEGF-A, bFGF,
TNF-a, IL-8, MMP-2,
MMP-7, MMP-9,
MMP12, Cox2, uPA
MMP-9, integrin,

avfB3 and avfs,

E-and P-selectin,

glycoprotein ligand-1

VEGF-A, IL-8, MMP-2,
MMP-9, elastase

Grl Bv8, Grl
CD20 CD20, VEGF, bFGF, IL-8
and TNF-a

of EPCs for growth of experimental tumors in
mice, the frequencies of EPCs in advanced stage
tumors in patients are low, ranging from 1 to 12%
and averaged 4.9% (Peters et al. 2005). Some of
the discrepancies between the frequencies of
EPCs in the tumor vasculature between clinical
and preclinical studies may be caused by the rapid
kinetics of EPC recruitment to tumor vasculature,
with maximum levels during the first couple of
days post tumor implantation in animals. In con-
trast, the patient tumors analyzed in various stud-
ies represent mostly advanced-stage tumors.

The molecular mechanisms regulating the
mobilization of EPCs from the BM to peripheral
circulation are only incompletely understood.
Initial experiments revealed that distinct classes
of genes and environmental factors contribute to
this process (reviewed in (Papayannopoulou
2004; Urbich and Dimmeler 2004)). Among
them, local tissue ischemia is considered a pre-
dominant signal-inducing event, leading to mobili-
zation of EPCs to sites of tissue injury or tumors
(Akita et al. 2003) (reviewed in (Kawamoto et al.
2002)). Local hypoxia was shown to induce EPC-
mobilizing cytokines within tumors, including
VEGF-A, PIGF, SDF-1a (Yamaguchi et al. 2003),
granulocyte macrophage colony-stimulating factor

(GM-CSF) (Rehman et al. 2003), and angiopoi-
etin-1 (Hattori et al. 2001). In addition, activation
of proteinases such as elastase, cathepsin G,
matrix metalloproteinases (MMPs), cleavage of
Kit ligand (Heissig et al. 2002), and expression
of endothelial-nitric oxide synthetase (e-NOS)
(Aicher et al. 2003; Ii et al. 2005; Wassmann
et al. 2006) was also associated with the mobili-
zation of EPCs from the BM to the peripheral
circulation.

Homing of CEPs is initiated in specific “hot-
spot” regions within the tumor microvascula-
ture, followed by their extravasation into the
tumor interstitium and the formation of multi-
cellular clusters, ultimately giving rise to func-
tional vascular networks (Vajkoczy et al. 2003).
Several genes that were found upregulated on
the tumor vasculature are associated with the
regulation of circulatory EPCs (cEPCs) homing
and extravasation, including MMP-9, integrins
a B, and o B,, E-and P-selectin and glycopro-
tein ligand-1 (Urbich and Dimmeler 2004).
Many of these genes were independently identi-
fied as downstream targets of VEGF signaling
in endothelial cells (Hesser et al. 2004).

The relevance of EPCs to anti-VEGF refracto-
riness was investigated by using VEGF blocking
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compounds and experimental models employing
genetically marked BM progenitor cells. Nolan
et al. demonstrated critical roles for these cells
during the early stages of tumor development. At
later stages, however, vessels consisting of
BM-derived EPCs became diluted with non-BM-
derived vessels from the periphery (Nolan et al.
2007). Importantly, selective ablation of EPCs
shortly after tumor implantation resulted in a
marked tumor growth delay, suggesting that tar-
geting EPC during early stages, but not at later
stages of tumor progression, may be most benefi-
cial. Lack of BM-derived EPCs in the tumor vas-
culature during later stages of tumor growth was
confirmed independently by Shojaei et al., who
investigated the recruitment of EPCs to tumor
vasculature in mice treated with an VEGF-A
selective antibody (G6-23), or a compound block-
ing VEGF-A, PIGF, and VEGF-B combined by
using Flt-IgG. When assessed between Days 14
and 18 post tumor cell implantation, the frequen-
cies of EPCs were low, and no differences in the
numbers of EPCs in the vasculature of anti-VEGF
sensitive and refractory tumors were discernable,
irrespective of the treatment modality (Shojaei
et al. 2007a). Combined, these finding suggest
that recruitment of BM derived EPCs may not
contribute significantly to refractoriness of late
stage tumors to anti-VEGF treatment. These
observations may help to enhance our under-
standing of some of the controversial reports
regarding the frequencies and functional rele-
vance of EPCs for tumor angiogenesis reported
for different experimental models.

11.3
Tumor-Associated Macrophages

Macrophages are derived from CD34+ BM pro-
genitors, which shed their progeny into the
blood stream as promonocytes. They then
develop into monocytes and extravasate to tis-
sues where they differentiate into specific types
of resident tissue macrophages, with marked

phenotypic differences between different tis-
sues. Resident macrophages share a set of com-
mon functions, including the defense against
microbial infections, the regulation of normal
cell turnover and tissue remodeling, and repair
at sites of injury. Recruitment of macrophages
to sites of tissue injury or tumor growth is a
well- documented phenomenon, and environ-
mental conditions including hypoxia, lack of
nutrients, inflammation, and cell death were
described as key stimulators of macrophage
recruitment (Leek et al. 1999; Leek et al. 1996;
Negus et al. 1997; Ohno et al. 2004). TAMs
secrete a variety of cytokines and proteolytic
enzymes that are capable of promoting tumor
progression by stimulating tumor-cell prolifera-
tion, angiogenesis and by inducing alterations
in the extracellular matrix favorable for tumor
growth (reviewed in Knowles et al. 2004).
Despite the angiogenic functions of mac-
rophages identified in various preclinical mod-
els, the role of tumor-associated macrophages
in cancer patients remains controversial (Bingle
et al. 2002; Ohno et al. 2003). A positive corre-
lation between the relative numbers of TAMs in
breast, prostate, and kidney tumors and clinical
prognosis was inferred from clinical studies.
While a few reports correlated high TAM num-
bers with good prognosis, such as in the case of
stomach, colorectal, and melanoma tumors, the
majority of the clinical studies linked high TAM
numbers with reduced patient survival (Lewis
and Pollard 2006). In most human tumors stud-
ied, infiltration of high numbers of macrophages
correlated with increased angiogenesis (Leek
et al. 1996; Lin and Pollard 2007), and poor
prognosis (Bingle et al. 2002). Combined, these
findings led to the proposal to consider cytokine
blockades as a potential strategy to modulate
angiogenesis during inflammation and in cancer
(Crivellato and Ribatti 2005). However, other
preclinical studies associated inhibitory activi-
ties on tumor growth with increased levels of
macrophages within tumors (reviewed in
Kohchi et al. 2004). Thus, depending on the
specific type of inflammatory cells recruited to
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tumors, immune cell infiltration may either
antagonize tumor formation and growth (Dunn
et al. 2004; Lin and Pollard 2004) or promote
tumor growth by stimulating angiogenesis and
tumor-cell proliferation (Coussens and Werb
2002; de Visser et al. 2005).

In the context of solid tumors, circulating
monocytes are shown to be recruited to the
tumor vicinity by a number of tumor-derived
chemoattractants, including colony-stimulating
factor-1 (CSF-1), CC chemokines such as
CCL2, CCL3, CCL4, CCL5, CCLS, and VEGF
(Murdoch et al. 2004; Sica et al. 2006) . TAMs
were described as a significant source of proan-
giogenic activities in solid tumors and they play
important roles in mediating tumor angiogene-
sis. TAMs release potent proangiogenic cytok-
ines and growth factors, including VEGF-A,
bFGF, TNF-a, and IL-8 (Lewis et al. 1995;
Mantovani et al. 2002; Sunderkotter etal. 1991).
They also upregulate other genes associated
with the regulation of angiogenesis, including
MMP- 2, MMP-7, MMP-9, MMP-12, and
cyclooxygenase-2 (Cox-2, reviewed in (Lewis
and Pollard 2006)). To sum up, the many proan-
giogenic activities produced by TAMs render
them likely candidates for mediating escape
from anti-VEGF treatment.

One of the key problems in defining the role
of TAMs during tumor development is the lack of
a common definition for their phenotypic mark-
ers or functional properties. TAMs have been
characterized inconsistently by low expression
levels of differentiation-associated macrophage
antigens, carboxypeptidase M and CDS51, high
constitutive expression of interleukin (IL)-1, IL-6
and low expression of TNF-a, and the presence
of the myeloid marker F4/80 in mice or CD68 in
humans (Bingle et al. 2002). Macrophages
derived from experimental or human tumors dis-
play greatly reduced immuno-stimmulatory
activities on cytotoxic T-cells and NK cells. It
was suggested that this may be the result of their
exposure to IL-4 and IL-10 within the tumors,
inducing TAMs to develop into polarized Type II
or M2 macrophages (Mantovani et al. 2004).

Early macrophage ablation studies provided
experimental evidence that TAMs are essential
for the growth of certain experimental tumors in
mice (Polverini and Leibovich 1987). Based on
these findings, a model was proposed, wherein
macrophages are capable of modulating angio-
genesis (Sunderkotter et al. 1991). From studies
conducted in a genetic model of mammary
tumor, a correlation between the recruitment of
TAMs to premalignant lesions before the onset
of angiogenesis and transition to malignancy
was identified. Depletion of macrophages in
this model was associated with a significant
reduction in vessel formation and an increase in
hypoxic and necrotic areas in the tumors (Lewis
and Pollard 2006).

More recently, a novel role for TAMs in the
development of refractoriness toward treat-
ment with anti-VEGF compounds was
reported. When comparing the antitumor
effects of therapeutic compounds blocking
either PIGF selectively, or PIGF and VEGF-A
combined with other antineoplastic agents,
improved antitumor activity for the anti-PIGF
selective compound was noted. The improved
antitumor activity observed for the combina-
tion treatment correlated with a similar fold
reduction in the numbers of tumor associated,
F4/80 positive macrophages in anti-PIGF
treated mice when compared to anti-VEGF
treatment alone. Importantly, compounds
blocking VEGFR-2 signaling induced differ-
ent pharmacodynamic alterations, and gene
expression analysis of tumors treated with
anti-VEGF compounds revealed a shift toward
aproangiogenic rescue/ antiangiogenesis escape
signature. In contrast, anti-PIGF treatment did
not induce such escape signature, providing an
advantage of anti-PLGF compounds by poten-
tially circumventing the development of
refractoriness to antiangiogenic treatment
(Fischer et al. 2007). In conclusion, the effects
of blocking VEGF in combination with com-
pounds targeting TAMs will be of relevance
for future clinical development of anti-VEGF
compounds.
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1.4
(D11b+ Gr1+ Myeloid-Derived
Suppressor Cells

CD11b+ Grl+ myeloid cells, also termed myel-
oid suppressor cells (MSCs) or myeloid-derived
suppressor cells (MDSC, (Gabrilovich et al.
2001)), were originally described based on their
immuno-suppressive characteristics, enabling
tumors to escape from immune surveillance
(reviewed in Vieweg et al. 2007). Recently, pre-
clinical studies identified potent proangiogenic
activities by CD11b+Grl+ cells in the context of
experimental tumor models, enabling refractori-
ness toward anti-VEGF treatment (Shojaei et al.
2007a; Shojaei et al. 2007b). MDSC were inves-
tigated intensively within the context of their
anti-inflammatory activities. MDSCs can exert
immunosuppressive functions within the tumor
environment by inhibiting the activation of
CD4+ and CD8+ T-cells. Several other immuno-
suppressive mechanisms are employed by
MDSCs, including the inhibition of antigen-specific
T-cell functions via CD80 or B7-H1 expression,
nitric oxide production, or the L-arginine metab-
olism. Thus, in addition to providing proangio-
genic stimuli, the presence of MDSCs within
solid tumors may significantly inhibit desirable
antitumor adaptive immune responses. By defi-
nition, MDSCs express Grl and CD11b, which
are typical markers of the myeloid precursor
derived lineages, MDSCs display reduced
expression on mature myeloid cells such as
monocytes or macrophages, which differentiates
these cells from TAMs described earlier
(Fig. 11.1). When analyzed in BM cell isolates,
most of the cells within the CD11b+Grl+ popu-
lation belong to the class of neutrophils and only
a minority are representing monocytic lineages
(Shojaei et al. 2007a; Shojaei et al. 2007b). Thus,
MDSC:s are rather heterogeneous and variable in
their phenotype and functional properties. The
precise nature of MDSCs depends on the tumor-
type and the nature of the tumor-derived factors.
Therefore, different tumor-types may contain

MDSCs expressing different phenotypic mark-
ers and exerting different functional potencies.
Given the difficulties in determining the nature
of MDSCs, a proposal was made to standardize
the phenotypic markers to CD11b+Grl+ cells.
Such consensus phenotype allows for the direct
comparison between different experimental
models and facilitates the use of a common term
of “myeloid derived suppressor cells” (MDSCs)
to describe these cells (Gabrilovich et al. 2007).

Importantly, ablation of CD11b+Grl+ cells
by means of an antibody binding to Grl resulted
in improved antitumor effects when tested in
combination with anti-VEGF compounds, com-
pared to the antitumor effects obtained for single-
agent treatments. These studies validated MDSCs
as therapeutic targets for combination treatments
with anti-VEGF in solid tumors (Shojaei et al.
2007a). In the clinic, accumulation of immature
myeloid suppressor cells in peripheral blood of
cancer patients was observed (Almasri et al.
2004; Serafini et al. 2004). Therefore, quantifica-
tion of circulatory MDSCs in the peripheral
blood of cancer patients and analysis of potential
correlations with response to anti-VEGF therapy
may represent a valuable diagnostic approach to
identify patients with optimal responses. Lastly,
the methods and cell surface makers used to
identify TAMs in experimental or patient tumors
frequently overlap with the phenotypic markers
used to define MDSCs. Therefore, some of the
activities reported for TAMs may be attributable
to MDSCs, and vice versa. Further investigations
regarding the identity of MDSCs and TAMs may
help to better understand some of the similarities
in the biological functions reported for these cell

types.

115
Lymphocytes and Mast Cells (MCs)

Experiments conducted in genetic models of
cancer in mice demonstrated that T- and/or
B-cell deficiency is associated with significant
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alterations in tumor growth rates compared to
tumors grown in immune-competent mice.
Activation of the adaptive immune system iden-
tified CD8+ T cells to be necessary for the improve-
ment of the antitumor immune responses in
mice (Zitvogel et al. 2006). However, cancer
burden, incidence, and angiogenesis of tumors
developing in the skin and cervix were variable
and dependent on the location and genetic back-
ground of the tumors (reviewed in de Visser
et al. 2006). In a genetic model of mouse
squamous cell carcinoma of the skin, B- and
T-cell deficiency was associated with a marked
decrease in the infiltration of innate immune
cells and a decrease in tumor formation and pro-
gression. Transfer of B-cells or serum from
immuno-competent, tumor-bearing mice was
sufficient to restore tumorigenicity, demonstrat-
ing that soluble mediators derived from B-cells
are critical for the stimulation of tumor growth
(de Visser et al. 2005). In contrast, adoptive
transfer of tumor-associated B-cells yielded
opposite effects, stimulating tumor invasion and
metastasis through antibody—antigen complex-
mediated granulocye and macrophage induction
(Barbera-Guillem et al. 1999). Thus, different
elements of the adaptive immune-system can
introduce confounding effects on tumor growth,
depending on the tumor type and the model
used. Importantly, the potential of B- and T-cells
to mediate refractoriness toward anti-VEGF
treatment has been addressed experimentally in
SCID beige mice, which are deficient in B- and
T-cell lineages and have low granulocytes.
Tumor-growth experiments in these mice
implanted with either anti-VEGF refractory or
sensitive tumor cell lines revealed that anti-
VEGEF refractoriness is T- or B-cell independent
(Shojaei et al. 2007a).

The presence of tumor-infiltrating mast cells
(MCs) was described in a variety of human can-
cers, including breast carcinomas (Kankkunen
etal. 1997), colorectal cancer (Lachter et al. 1995),
basal cell carcinomas (Yamamoto et al. 1997),
nonsmall cell lung cancer (Shijubo et al. 2003),

and pulmonary adenocarcinomas (Imada et al.
2000). Experiments in preclinical tumor models
revealed important roles for MCs in the induc-
tion of tumor angiogenesis (Hiromatsu and
Toda 2003; Toda et al. 2000). Activated MCs
represent a source for many known angiogenic
factors, including VEGF-A, bFGF, IL-8, and
TNF-a.. In addition, histamine and heparin
stored in the secretory granules of MCs were
shown to stimulate endothelial cell prolifera-
tion. The angiogenic potential of the granules of
MCs was significantly reduced in presence of
neutralizing compounds targeting VEGF-A or
bFGF. Genetic depletion of MCs in mice
resulted in reduced tumor angiogenesis of sub-
cutaneously grown, syngeneic mouse tumors
(Starkey et al. 1988), and reduced progression
of malignant squamous cell carcinomas. Deple-
tion of MCs was associated with diminished
premalignant angiogenesis and reduced carci-
noma incidence in a skin carcinoma model
(Coussens et al. 1999; Coussens et al. 2000).
Combined, these studies identified a critical role
for the adaptive immune system, specifically
B-cells, in the development of angiogenic
responses in tumors. However, the role of MCs
in mediating refractoriness to anti-VEGF treat-
ment has not been addressed experimentally.

11.6
Neutrophils

Neutrophils play an active role in enhancing
tumor angiogenesis, either directly via the
release of vesicle-stored growth factors, cytok-
ines such as VEGF-A or IL-8 (Schaider et al.
2003) and proteolytic activities, including matrix
metalloproteinases (MMP-2) (Masson et al.
2005), MMP-9 (Coussens et al. 2000) and
clastases (Iwatsuki et al. 2000). In general, neu-
trophil recruitment precedes the induction of
angiogenesis in several preclinical tumor mod-
els, including genetic models (Coussens et al.
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2000) or heterotransplant models of human can-
cers in nude mice (Gutschalk et al. 2006;
Obermuelleretal. 2004). Therelease of VEGF-A
by neutrophils appears to be a key mechanism
underlying the angiogenesis-promoting capacity
of neutrophils, as depletion of neutrophils abro-
gated the angiogenic response to stimulation
with CXCLI/MIP-2 in vivo (Scapini et al.
2004). Importantly, the angiogenic activities of
MMP-9 positive neutrophils were potently sup-
pressed by anti-VEGF compounds, indicating
that these cells may not be part of the mecha-
nism inducing refractoriness toward anti-VEGF
treatment (Vosseler et al. 2005). The essential
role of neutrophils during tumor angiogenesis
was further supported by studies conducted with
the Rip-Tag2 model of pancreatic islet carcino-
genesis. In this model, transient depletion of
neutrophils reduced the frequency of the angio-
genic switch in dysplastic islets (Nozawa et al.
2006). Most of the proangiogenic activity pro-
duced by neutrophils was mediated by MMP-9,
which releases matrix bound VEGF-A from the
ECM and promotes VEGF-A binding and acti-
vation of VEGFR-2 on the tumor vasculature. In
addition to the regulation of proangiogenic
activities, an important role of neutrophils in the
modulation of the phenotypes of TAMs was
described (Gutschalk et al. 2006; Obermueller
et al. 2004). Combined, these findings clearly
demonstrated VEGF-dependent regulation of
angiogenesis by neutrophils.

monocytic colonies in BM colony formation
assays in vitro (LeCouter et al. 2003; LeCouter
et al. 2004). Several human tumor-cell lines
implanted into nude mice are infiltrated with
CD11b+Grl+ myeloid cells expressing high
levels of Bv8. Pharmacological studies block-
ing Bv8 along with VEGF-A revealed improved
antitumor effects. An increase in CD11b+Grl1+
cells could be observed within anti-VEGF
treated tumors, which correlated with the onset
of central tumor necrosis. These findings sug-
gested that the pathophysiological changes
induced by anti-VEGF treatment, including
local hypoxia and/or necrosis of the tumor,
increases Bv8 production and induces resis-
tance to anti-VEGF treatment. In contrast, anti-
VEGEF treatment in syngeneic tumor models in
mice did not increase the numbers of CD11b+
Grl+ cells in the tumors. These finding suggest
that tumor intrinsic refractoriness and treat-
ment-induced resistance to anti-VEGF may be
the result of the differences in the experimental
models used. Alternatively, the differences
between intrinsic versus and treatment-induced
refractoriness may indicate that upregulation of
Bv8 is treatment induced, whereas the recruit-
ment of inflammatory cells to the tumor is tumor
intrinsic. In conclusion, these studies demon-
strated that blocking proangiogenic factors pro-
duced by tumor infiltrating, BM-derived
CD11b+Grl+ myeloid cells improved antian-
giogenic therapy.

1.7
Therapeutic Targets to Overcome Anti-VEGF
Refractoriness

11.71
Bv8

Bv8 is an endothelial cell mitogen that also
induces haematopoietic cell mobilization and
increases the production of granulocytic and

11.8
VEGF-B, -C, -D, and PIGF

VEGF-A, a member of the platelet-derived
growth factor family, is among the most potent
angiogenic factors described so far. Other fam-
ily members are VEGF-B, VEGF-C, VEGF-D,
VEGF-E, and placental growth factor (PIGF).
VEGF-A promotes angiogenesis by binding to
two receptor tyrosine-kinases, VEGFR-1 and
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VEGFR-2, found predominantly on the surface
of vascular endothelial cells. Studies show,
however, that VEGFR-2, not VEGFR-1, is the
principle receptor for VEGF signaling (reviewed
in (Ferrara 2004)). VEGF-A and PIGF exhibit
additional regulatory functions on nonendothe-
lial cells, including the stimulation of hematopoi-
etic stem cell survival (Gerber et al. 2002) and
EPC recruitment to the circulation (Hattori et al.
2001; Hattori et al. 2002). Increased expression
of VEGFR-1, VEGF-A, VEGF-B, and PIGF
was reported in different models of tumor
growth (Autiero et al. 2003b; Lyden et al. 2001).
Studies using VEGFR-1 blocking antibodies
also identified a critical role for VEGFR-1 in
EPC recruitment to peripheral circulation (Autiero
et al. 2003a; Autiero et al. 2003b; Lyden et al.
2001). Blocking PIGF was shown to be anti-
inflammatory, consistent with the fact that PIGF
is a chemoattractant for VEGFR-1+ mac-
rophages (Luttun et al. 2002a; Pipp et al. 2003).
The efficacy of VEGFR-1 blockade during
tumor growth in mice, however, is variable
(Luttun et al. 2002¢), and was most pronounced
in tumors expressing high endogenous or ecto-
pic levels of ligands activating VEGFR-1
(Stefanik et al. 2001).

To investigate the roles of different VEGF
family members in the recruitment of myeloid
cells to experimental tumors, the effects of anti-
VEGF compounds blocking either VEGF-A
along (G6-23-IgG), or combined with VEGF-B
and PIGF (mFlt(1-3)-IgG) were determined in
syngeneic tumors or human tumor xenografts
grown in mice (Shojaei et al. 2007a; Shojaei et al.
2007b). Both compounds induced comparable
tumor growth delays in mice implanted with anti-
VEGF-sensitive or refractory tumors, suggesting
that endogenous levels of PIGF and VEGF-B are
redundant during VEGF-A blockade. However,
these observations did not exclude the possibility
that PIGF or VEGF-B may potentially contribute
to EPC recruitment in conditions when VEGF-A
is not neutralized.

The effects of a neutralizing antibody selec-
tively blocking PIGF were tested in experimental
tumor models in mice, when administered either
alone or in combination with anti-VEGF or cyto-
toxic agents (Fischer et al. 2007). Improved ther-
apeutic effects were noted when the anti-PIGF
antibody was combined with anti-VEGF com-
pounds or chemotherapy, relative to single agent
treatment groups. Interestingly, such increase in
efficacy inversely correlated with the frequency
of TAMs in treated tumors. Moreover, treatment
with the anti-VEGF compound induced a set of
angiogenic factors, which was not observed in
anti-PIGF treated tumors (Fischer et al. 2007).
Combined, these findings suggest that PIGF not
only represents an important regulator of EPC
recruitment to pathologic vasculature, but is also
a key regulator of TAM recruitment to anti-
VEGEF resistant tumors. Therefore, compounds
blocking PIGF may have therapeutic utility for
the treatment of carcinomas.

11.9
Targeting MDSCs and TAMs

Recent experiments demonstrated a critical role
of MDSCs and TAMs in mediating refractori-
ness to anti-VEGF treatment. These experi-
ments were conducted with compounds inducing
either systemic ablation of inflammatory cells or
blocking of specific angiogenic activities pro-
duced by these cells. However, gene knock-out
or pharmacological experiments demonstrated
that prolonged ablation of more differentiated
monocytes or macrophage lineages in mice
resulted in severe toxicity and mortality due to
secondary infections. Therefore, identification
of therapeutic targets that interfere selectively
with a subset of tumor-associated monocytic
cells or with proangiogenic activities produced
by these cells may be required to circumvent
these limitations (Table 11.1).
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11.10
Targeting EPCs

Blocking of the genes involved in the homing of
EPCs to tumor vasculature carries the potential
to improve antiangiogenic and antitumor effects.
However, due to rapid kinetics of EPC recruit-
ment to tumor vasculature, EPCs may represent
promising targets in prevention type anticancer
treatment strategies, which are initiated during
the earliest stages of tumor development. Due to
the low incidents of EPCs in advanced tumors,
targeting EPCs in already established tumors
may induce only limited antiangiogenic effects.

1.1
Conclusions

The identification of tumor-infiltrating inflam-
matory cells as key mediators of refractoriness to
anti-VEGF treatment validates MDSCs and
TAMs as potential targets for therapeutic inter-
vention in combination with anti-VEGF modali-
ties and eventually other antineoplastic agents.
Conceptually, interference with tumor-associated
inflammatory cells can occur at three stages dur-
ing leukocyte differentiation and development:
(1) interference with migration of progenitors
from the BM to the peripheral circulation. (2)
Interference with endothelial cell transmigration
of leukocytes from the peripheral circulation to
tumors. (3) Interference with proangiogenic
functions of leukocytes within tumors.

Several therapeutic strategies targeting differ-
ent subsets of inflammatory cells for the treat-
ment of autoimmune and inflammatory diseases
are currently undergoing clinical development
and some have gained approval. Targeting inflam-
matory cells has revealed some challenges. For
example, prolonged treatment with compounds
inducing systemic leukopenia or neutropenia

frequently leads to discontinuation of treatment
due to secondary infections. On the other hand,
chronic use of anti-inflammatory agents, specifi-
cally COX-2 inhibitors, induced promising anti-
tumor effects in preclinical and clinical studies
(Clevers 2004; Turini and DuBois 2002).
Pharmacological studies targeting COX-2 pro-
vided evidence that targeting inflammatory pro-
cesses in cancer can be beneficial. Inflammatory
cells display a remarkable plasticity with regard
to their surface marker expression and functional
potencies, and the specific type of cells and the
expression of phenotypic marker of inflammatory
cells is largely dependent on the tumor type and
the environment. Thus, careful selection of the
most relevant inflammatory cell type and/or
molecular targets for each cancer indication will
be critical to optimize the therapeutic benefit.
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Abstract The inhibition of angiogenesis
represents a major step toward a more selective
and better-tolerated therapy of cancer. An alter-
native way to take advantage of a tumor’s abso-
lute dependence on a functional neovasculature
is illustrated by the strategy of “antibody-based
vascular tumor targeting.” This technology aims
at the selective delivery of bioactive molecules
to the tumor site by their conjugation to a carrier
antibody reactive with a tumor-associated vas-
cular antigen. A number of high-affinity mono-
clonal antibodies are nowadays available which
have demonstrated a remarkable ability to selec-
tively localize to the tumor vasculature. Indeed,
some of them have already progressed from
preclinical animal experiments to clinical stud-
ies in patients with cancer, acting as vehicles
for the site-specific pharmacodelivery of proin-
flammatory cytokines or radionuclides.

In this chapter, we present a selection of well-
characterized markers of angiogenesis which
have proven to be suitable targets for antibody-
basedvasculartargetingapproaches. Furthermore,
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different transcriptomic and proteomic method-
ologies for the discovery of novel vascular tumor
markers are described. In the last two sections,
we focus on the discussion of antibody-based
vascular tumor targeting strategies for imaging
and therapy applications in oncology.

12.1
Concept and Definitions

Conventional pharmaceuticals currently in use
for the treatment of cancer often suffer from
a lack of specificity, leading to the uninten-
tional exposure of normal tissues and — in some
cases — life-threatening side effects. The devel-
opment of more selective and better-tolerated
cancer therapeutics is possibly one of the most
important goals in modern oncology. As we
have seen in the previous chapters, the inhibi-
tion of critical angiogenic pathways may repre-
sent an attractive therapeutic approach without
the disadvantages of classical cytotoxic cancer
therapies. Alternatively, one may prefer to tar-
get the tumoral neovasculature by the devel-
opment of monoclonal antibodies, which are
able to discriminate between a mature blood
vessel and a tumor blood vessel, thus poten-
tially acting as “delivery vehicles.” This approach
is generally termed “antibody-based vascular
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tumor targeting” and involves the selective
delivery of bioactive agents to the tumor site by
their conjugation to an antibody specific to a
tumor-associated vascular antigen. The target-
ing to the tumor vasculature results in increased
local concentrations of the delivered compound
in the tumor tissue, while minimizing side effects
to healthy organs. Indeed, the favorable toxicity
profile of site-specific vascular-targeted thera-
peutics may open new avenues in the treatment
of cancer, allowing the systemic administration
of highly potent and promising agents, such as
interleukin-12, whose clinical application has
been to date compromised by unacceptable tox-
icities when administered in a nontargeted fash-
ion (Cohen 1995; Halin et al. 2002b).

In principle, ligand-based tumor targeting
applications fundamentally rely on good-quality
markers of pathology, which allow a clear-cut
discrimination between tumor and healthy tis-
sues. It is not surprising at first sight that most
efforts in the field have been made using targets
expressed on the surface of cancer cells. However,
targeting of antigens on tumor cells is a complex
task and associated with a number of physical
and kinetic barriers such as interstitial hyperten-
sion, long diffusion distances, or antigen hetero-
geneity, all significantly hindering deep-tissue
penetration (Heldin etal. 2004; Jain 1999). Consid-
ering these obstacles, target molecules expressed
in tumor-associated blood vessels seem particu-
larly attractive in view of their inherent acces-
sibility for blood-borne agents, their selective,
abundant and stable expression, and their wide
range of therapeutic options that they allow,
from the recruitment of immune effector cells to
intraluminal blood coagulation. Furthermore, as
angiogenesis is a common feature of virtually
all malignant tumors, including hematological
malignancies, a single vascular targeting com-
pound should, in principle, be applicable to a
number of different tumor entities.

In this chapter, we refer to “vascular tumor
targeting” as the targeted delivery of a bioactive
agent (the effector molecule, typically a cytokine,

procoagulant factor, drug, radionuclide or toxin)
or an imaging molecule to the tumor site using
an antibody specific for a tumor-associated
vascular marker (the target molecule, either
expressed on the surface of endothelial cells or
in the subendothelial extracellular matrix). It is
of significance that there is a fundamental con-
ceptual difference between the targeted inhi-
bition of an angiogenesis-related signaling
pathway and the concept of vascular targeting as
defined here. While the first strategy aims at the
inhibition of target molecules involved in the
process of new vessel development, the latter
takes advantage of the target molecule as an eas-
ily accessible binding site for specific ligands
capable of delivering bioactive molecules to the
tumor site. The difference between both con-
cepts becomes more obvious in light of the fact
that the pathophysiological function of some
well-characterized target molecules, proven to
be excellently suitable for vascular targeting
applications, is still largely unclear and possibly
redundant (e.g., the extra domains of fibronec-
tin). Depending on the properties of the selected
effector function, the main therapeutic effect of a
vascular targeting compound can be primarily
directed either against the tumor cells them-
selves (whenever a vascular targeting approach
is used to improve the therapeutic index of an
otherwise less specific pharmaceutical) or
against the endothelial cells of the vasculature
(to destroy the tumor's blood supply). An exam-
ple for the first scenario would be the delivery of
immunostimulatory cytokines to the tumor envi-
ronment. The latter scenario is illustrated by the
targeted delivery of a toxin to the tumor vascular
endothelium as reported in a proof-of-principle
study by Burrows and Thorpe (1993) or by the
delivery of an a-particle emitting radionuclide
with a near-acting range to a target on the lumi-
nal aspect of endothelial cells (Singh Jaggi et al.
2007). Of note, many effector molecules such as
[-emitters exert overlapping actions against both
cell types, thereby combining vascular disrup-
tion with direct cytotoxicity against tumor cells.
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Vascular targeting
compound

Fig. 12.1 Concept of antibody-based vascular tumor
targeting. The vascular targeting agent, consisting
of an antibody as a carrier molecule and an effector
molecule, is administered systemically and homes
to the tumor-specific vascular antigen, leading to the

The general concept of antibody-based vascular
tumor targeting is illustrated in Fig. 12.1.

12.2
Discovery of Novel Vascular Targets

Until recently, most efforts for the identification
of novel tumor-associated vascular antigens
were based on the study of in vitro cultures
of endothelial cells, exposed to culture condi-
tions which would mimic cell proliferation or
quiescence. Another popular strategy has been to
use endothelial cultures for the generation of
antibodies either by immunization or phage dis-
play approaches. Major advances have arisen in
the last years with the accessibility of full genome
transcriptomic technologies, in particular, serial

Blood vessel

Tumor

accumulation of the delivered pharmaceutical at the
tumor site. As shown in the close-up, vascular anti-
gens can be expressed on the luminal aspect of vas-
cular endothelial cells (EC) or in the subendothelial
extracellular matrix (ECM)

analyzes of gene expression (SAGE) in combi-
nation with bioinformatics, and, more recently,
with perfusion-based proteomic technologies.

e The SAGE approach is based on the serial
sequencing of short tags that are unique to
each and every gene. These gene-specific
tags are produced by a series of molecular
biological manipulations and concatenated
for automated sequencing. St. Croix and col-
leagues constructed SAGE libraries using
isolated endothelial cells derived from nor-
mal and tumoral tissues and identified a
number of genes that were specifically upregu-
lated in the tumor endothelium, leading to the
identification of several novel tumor endothe-
lial markers (TEMs) (St Croix et al. 2000;
Velculescu et al. 1995). Since target accessi-
bility from the bloodstream is of fundamental
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importance for vascular targeting approaches,
further work has focused on those genes that
encode proteins with predicted transmem-
brane domains. In a recent analysis, a SAGE
approach revealed differences in gene expres-
sion patterns in endothelial cells derived from
physiological and pathological angiogenic
events (Seaman et al. 2007). Interestingly, 13
transcripts were identified in tumor-derived
endothelial cells that were undetectable in the
angiogenic endothelium of normal, regenerat-
ing tissue. One of the most promising tumor-
specific endothelial markers was CD276.

e The increasing availability of transcriptome
databanks has facilitated the in silico search
for novel endothelial cell-specific tumor mark-
ers by comparative bioinformatics. One such
approach applied a subtractive algorithm to the
sequence tag expression data available in pub-
lic databases and identified magic roundabout
(Robo4) and an endothelial-specific protein
disulfide isomerase (EndoPDI) as potential
TEMs (Huminiecki and Bicknell 2000).

In general, transcriptomic analyzes are able to
provide precise information on the quality and
quantity of messenger RNAs that are expressed
in the cell types and tissues of interest. However,
a subsequent validation of the findings is of par-
ticular importance, since endothelium-associated
targets identified in transcriptomic analyzes are
not necessarily equally expressed at the protein
level and surface-accessible for targeting agents.
Thus, the most direct way to identify novel vas-
cular antigens would involve the in vivo labeling
of vascular structures, followed by the isolation
and comparative proteomic analysis of proteins.

e Schnitzer and coworkers have demonstrated
the use of colloidal silica for the in vivo coat-
ing of the vasculature, allowing the isolation of
silica-coated luminal endothelial plasma mem-
branes by subcellular fractionation, which are
then analyzed by two-dimensional gel electro-
phoresis or multidimensional mass spectrom-
etry techniques to produce high-resolution

protein maps (Durr et al. 2004; Jacobson et al.
1992; Oh et al. 2004). Differential spot anal-
ysis, mass spectrometry of tryptic peptides,
database searching and immunoblotting then
allow the characterization of differentially
expressed proteins. As an example, annexin
A1 was found to be preferentially expressed on
the surface of tumor-endothelial cells and was
demonstrated to be suitable marker for anti-
body-based targeting applications (see below).

e More recently, a technology for the in vivo
chemical labeling of vascular proteins based
on the terminal perfusion of tumor-bearing
animals with reactive derivatives of biotin
has been described (Roesli et al. 2006; Rybak
et al. 2005). This approach allows the biotiny-
lation of proteins on the surface of endothelial
cells or in the vessel-associated subendothe-
lial matrix, which are readily accessible from
the bloodstream. The purification of biotiny-
lated proteins on a streptavidin column and
comparative proteomic analyses based on
LC-MS/MS methodologies subsequently per-
mit the identification of hundreds of accessible
vascular proteins and are able to reveal both
quantitative and qualitative differences in the
recovery of biotinylated antigens between
the tumor and normal organs. Recently, this
approach has been extended to the ex vivo
perfusion of surgically resected human organs
with tumors. The biotinylation of resected
human kidneys bearing renal cell carcinomas
led to the identification of a total of 637 pro-
teins, 184 of which were exclusively expressed
in the tumor vasculature, such as isoforms of
periostin, versican, annexin A4 or MGS50
(Castronovo et al. 2000).

12.3
Validated Markers of the Tumor Vasculature

In principle, vascular antigens can be either
expressed on the surface of endothelial cells or
in the subendothelial extracellular matrix (ECM)
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Fig. 12.2  Immunohistochemical stainings of tumor
sections with an anti-EDB antibody. Sections of a
human glioblastoma xenograft (U87) (a) and a

of tumor blood vessels. The intuitive impression
that antigens expressed on the luminal aspect of
endothelial cells may be superior for targeting
applications may not be valid in general. Indeed,
luminal markers are easily reached from the cir-
culation, but may carry the disadvantage of a
relatively low abundance, precluding the accu-
mulation of large quantities of the vascular tar-
geting compound. In contrast, antigens expressed
in the remodeled perivascular matrix offer the
convenience of a typically more abundant and
stable expression. Although they might seem
less accessible, extravasation enables the ligand
to bind to its antigen. In this section, we will
discuss a selection of well-characterized targets
of the tumor vasculature.

12.3.1
Extra Domains of Fibronectin

The extra domain B (EDB) is a type III homol-
ogy domain of fibronectin which is not present
in the fibronectin molecule under physiologi-
cal, quiescent conditions but becomes inserted
during tissue remodeling and angiogenesis by
alternative splicing (Zardi et al. 1987). EDB
fibronectin is virtually absent in normal adult
tissues (exception made for the endometrium in

human colorectal carcinoma (b) were stained with
L19. Expression of extra domain B (EDB) fibronec-
tin clearly associates with tumor vascular structures

the proliferative phase and some vessels in the
ovary), but is highly abundant in the suben-
dothelial matrix of the neovasculature of many
aggressive tumors (Fig. 12.2) (Birchler et al.
2003; Carnemolla et al. 1989; Castellani et al.
1994; Khan et al. 2005). The EDB sequence
is completely identical in mouse, rat, rabbit,
monkey and man. This feature facilitates animal
experiments in immunocompetent syngeneic
settings, but has, so far, prevented the genera-
tion of antibodies using hybridoma technol-
ogy. However, synthetic human antibody phage
libraries have allowed the isolation of specific
EDB-antibodies (Carnemolla et al. 1996; Neri
etal. 1997). These include the high-affinity anti-
body L19, which has been shown to efficiently
localize to tumor-associated angiogenic blood
vessels in various animal models (Borsi et al.
2002; Tarli et al. 1999) and in patients with can-
cer (Birchler et al. 2007; Santimaria et al. 2003).
Among more than 30 L19-based fusion proteins
that have been developed and investigated in
animal models, L19 fused to interleukin-2
(L19-IL2), L19 fused to tumor necrosis factor
(L19-TNF) and L19 in small immunoprotein
format (SIP) labeled with *'I are three therapeu-
tic derivatives of the L19 antibody that have
moved to clinical trials in patients with different
types of cancer (Menrad and Menssen 2005).
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Recently, the extra domain A (EDA) of
fibronectin has been identified as a marker of
primary tumors and metastatic lesions using a
combination of in vivo vascular biotinylation
and mass spectrometry (Rybak et al. 2007a). The
human monoclonal antibody F8, directed against
EDA, exhibited an impressive preferential local-
ization at the tumor site, comparable to the tar-
geting performance of L19 in the tumor models
and antibody formats analyzed so far (Villa et al.
2008). Further comparative studies will assess
which fibronectin antibody is the best suited tar-
geting agent for a given tumor type, based on
antigen expression data and quantitative biodis-
tribution analyses.

12.3.2
Large Isoforms of Tenascin C

Tenascin C is a high molecular mass glycoprotein
of the extracellular matrix. Alternative splicing
generates several isoforms by insertion of addi-
tional domains (Siri et al. 1991). Although not
completely absent from normal tissues, these large
isoforms of tenascin C exhibit a more restricted
pattern of expression as compared to the iso-
forms without extra domains (Borsi et al. 1992).
Radiolabeled derivatives of monoclonal antibod-
ies specific to the domains Al and D have been
used for imaging and radioimmunotherapy in
patients with cancer for over a decade (Paganelli
etal. 1999; Reardon et al. 2006; Riva et al. 1999).
Among all domains, the C domain of tenascin C
features the most restricted expression: while
being essentially undetectable in normal human
tissues, it is highly abundant in high grade astro-
cytomas and lung cancer. The tumor-targeting
performance of the human high-affinity antibody
G11, specific to the domain C of tenascin C, has
been demonstrated in an orthotopic rat glioma
model (Silacci et al. 2006). Similarly, the recently
described human monoclonal antibody F16,
specific to the domain Al of tenascin C, exhib-
ited an excellent tumor-targeting performance in

quantitative biodistribution experiments (Brack
et al. 2006). A Fl6-based immunocytokine
(“F16-1L2”) has entered clinical trials for the
treatment of metastatic breast, ovarian and lung
cancer in combination with chemotherapy.

12.3.3
Phosphatidylserine

Phosphatidylserine (PS), an anionic phospho-
lipid, is an essential component of the cell mem-
brane, which is preferentially found in the inner
leaflet of the lipid bilayer under normal condi-
tions. Under conditions such as cellular stress,
apoptosis, and proliferation, PS becomes exposed
on the outer surface of the plasma membrane of
angiogenic endothelial cells, rendering it acces-
sible for targeting agents (Ran et al. 2002).
Targeting experiments using monoclonal anti-
bodies specific to PS have confirmed the acces-
sibility of the antigen on the external surface of
vascular endothelial cells in tumors (Ran et al.
2002, 2005). The PS-antibody 3G4 has been
shown to exhibit potent single-agent activity as a
naked antibody (by antibody-dependent cellular
cytotoxicity against endothelial cells) (Ran et al.
2005) and to enhance the efficacy of chemo-
therapy in rodent models of cancer (Huang et al.
2005). Recently, the plasma protein -2-glyco-
protein 1, a member of the complement control
protein family, has been identified as a critical
cofactor mediating the interaction between 3G4
and surface-exposed PS (Luster et al. 2006). A
chimeric version of 3G4, Bavituximab, is cur-
rently being investigated in Phase II clinical
studies (Peregrine Pharmaceuticals, Inc.).

1234
Annexin A1

Annexins are cytosolic proteins that can associ-
ate with plasma membranes in a calcium-
dependent manner. Some annexins translocate



12 Antibody-Based Vascular Tumor Targeting

207

the lipid bilayer to the outer cell surface. Using
the methodology described above, Schnitzer and
coworkers discovered annexin Al as a target for
vascular targeting applications (Oh et al. 2004).
A monoclonal antibody to this antigen has been
successfully used for the radioimmunoscinti-
graphic detection of solid tumors in a rat model.
Furthermore, relatively low doses of the anti-
body labeled with ' (50 uCi as a single injec-
tion) showed therapeutic efficacy in the same
animal model.

1235
Prostate-Specific Membrane Antigen (PSMA)

PSMA, a membrane glycoprotein with prote-
olytic activity, has been originally found to
be overexpressed in prostate cancer. However,
several studies have documented that PSMA
is also expressed in the neovasculature of sev-
eral solid tumors (Chang et al. 1999; Liu et al.
1997; Silver et al. 1997), whereas its expres-
sion in healthy tissues appears to be restricted
to prostatic, duodenal and breast epithelium
and renal tubules. Of particular importance
for vascular targeting strategies, it is virtually
absent in normal blood vessels. The monoclo-
nal-PSMA antibody J591 labeled with differ-
ent radionuclides has demonstrated promising
targeting efficacy in patients not only with pros-
tate cancer but also with solid tumors in gen-
eral (Bander et al. 2005; Milowsky et al. 2007;
Morris et al. 2007).

12.3.6
Endoglin

Endoglin (CD105) is a homodimeric trans-
membrane glycoprotein which is overexpressed
in neovascular endothelial cells of various
solid tumors (Burrows et al. 1995; Wang et al.
1993). Although immunohistochemical studies
revealed that endoglin is also significantly

detectable in normal organs (Balza et al. 2001;
Minhajat et al. 2006), monoclonal anti-endoglin
antibodies have been used in biodistribution
studies and for imaging and therapy purposes in
rodent and dog models of cancer (Bredow et al.
2000; Fonsatti et al. 2000; Korpanty et al. 2007;
Matsuno et al. 1999).

123.7
Integrins

Integrins represent a class of cell-surface pro-
teins which are critically involved in endothe-
lial cell adhesion to the ECM or cellular receptor
proteins. Due to their significant involvement in
angiogenesis events, integrins have gained sig-
nificant attention as targets for the pharmaco-
logical inhibition of angiogenesis (for details
see Chap. 6).

In addition, integrins have been proposed as
targets for the ligand-based delivery of thera-
peutic agents to the tumoral neovasculature. A
murine antibody specific to the integrin o f3,
(LM609), selectively labeled neovessels in a
breast cancer model and was shown to localize
at the tumor site in a magnetic resonance imag-
ing setup in rabbits (Sipkins et al. 1998). A
humanized and affinity-matured version of
LM609, the high-affinity antibody Abegrin
(Medi-522, MedIlmmune, Inc.), has completed
Phase II clinical trials as an antiangiogenic
agent (McNeel et al. 2005; Mulgrew et al.
2006). However, when used as a ligand for anti-
body-based targeting applications, only moder-
ate targeting results have been observed using
%4Cu-labeled Abegrin in quantitative biodistri-
bution experiments in an orthotopic mouse
model of human breast cancer (Cai et al. 20006).
As an alternative ligand for o integrins, the
peptide RGD has been isolated by in vivo phage
display (Pasqualini et al. 1997) and a variety of
RGD derivatives have been evaluated both for
imaging and therapy applications (Temming
et al. 2005).
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12.3.8
Vascular Endothelial Growth Factors
(VEGFs) and Receptors

As key mediators in the regulation of pathologi-
cal angiogenesis, VEGFs have been success-
fully exploited for antiangiogenesis approaches.
In addition, the VEGF/VEGEFR signaling system
is also being recognized as a potential target for
vascular targeting approaches. The in vivo local-
ization of monoclonal antibodies to VEGF-A,
VEGF receptor 2, and the VEGF/VEGFR-2
complex has been studied. However, the abso-
lute amounts of antibodies accumulating at the
tumor site were often only modest, which pos-
sibly reflects kinetic limitations in the targeting
of antigens of low abundance, even though they
are easily accessible from the bloodstream
(Cooke et al. 2001; Jayson et al. 2002; Stollman
et al. 2008). Interestingly, in a very recent study
using radiolabeled preparations of the anti-
VEGF monoclonal antibody bevacizumab, an
inverse correlation between the administered
dose of radiolabeled antibody and the tumor tar-
geting performance was observed (Stollman
et al. 2008). The highest tumor uptake (as
expressed in percent injected dose per gram of
tissue) and the highest tumor-to-blood ratios
were observed at protein doses as low as 1-3 ug
(20-25%1D/g), while at doses exceeding 100 pg
the absolute tumor uptake was lower than
3%ID/g.

12.3.9
Nucleolin

Porkka and coworkers discovered a synthetic
31-amino acid peptide (F3) which may be suit-
able for the targeted delivery of therapeutic
effector molecules into tumors, because it is
internalized into tumor-associated endothelial
cells and tumor cells upon binding to the cell
surface (Porkka et al. 2002). Later, the receptor
protein which is recognized by F3 was identified

as nucleolin. Originally described as a nuclear
protein involved in the regulation of cell prolif-
eration and nucleogenesis, nucleolin is also
expressed on the surface of proliferating
endothelial cells but restricted to the nucleus in
resting endothelium (Christian et al. 2003).
However, although nucleolin seems to feature
a restricted expression pattern and the ability
to internalize binding molecules, quantitative
biodistribution studies using antibodies specific
to nucleolin have not been reported yet.

12.4
Vascular Tumor Targeting: Imaging
Applications

As we have seen in the previous sections, a
number of high-affinity monoclonal antibodies
are nowadays available, which selectively local-
ize to angiogenic blood vessels upon systemic
administration and allow a clear-cut discrimi-
nation between proliferating and quiescent vas-
culature. In principle, these antibodies may
represent valuable tools for the macroscopic
imaging of active angiogenesis in vivo, not only
for the diagnosis and staging of cancer but also
for monitoring response to therapy, especially
with angiogenesis inhibitors. From a theoretical
point of view, two essential requirements for the
successful visualization of a ligand homing to
neovascular structures are necessary:

e a suitable chemical modification strategy
which makes the ligand visible for the cor-
responding physical detection system;

e a target molecule which is abundant enough
to compensate the small contribution of the
vasculature to the overall tumor mass.

In practice, the ability of radiolabeled anti-
bodies to image tumors in vivo using SPECT or
PET or methodologies is very well established
(Verel et al. 2005). Furthermore, antibodies
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conjugated with near-infrared fluorophores have
been shown to be suitable for in vivo and ex vivo
photodetection procedures in both animal mod-
els and patients with cancer (Bremer et al. 2003;
Neri et al. 1997; Pelegrin et al. 1991). However,
while yielding high resolutions in the detection
of superficial lesions and transparent structures
of the body (e.g., for angiogenesis-related ocular
disorders), fluorescence-based imaging tech-
niques are limited in the detection of deeper
lesions, even when diffuse optical tomography
procedures are used. In both cases, the antibody
label (a radionuclide or a fluorophore) is rela-
tively small and does not significantly influence
the pharmacokinetic properties of the antibody.
As long as antigens expressed on the luminal
aspect of endothelial serve as targets, also larger
structures such as microbubbles or paramagnetic
nanoparticles for contrast-enhanced ultrasound
or MRI imaging can be used for in vivo molecu-
lar imaging (Korpanty et al. 2007; Sipkins et al.
1998). However, it is not obvious at the time
whether antibodies equipped with microbubbles,
magnetic nanoparticles or luminescent quantum
dots can efficiently bind to targets “behind” the
endothelial cell layer, particularly in light of
experiences of our group suggesting that anti-
body derivatives >250 kDa or with extreme p/
values lose their tumor targeting ability in vivo,
while retaining the antigen binding properties of
the parental antibody in vitro (Halin et al. 2002a,
2003; Melkko et al. 2002; Niesner et al. 2002). In
contrast to our observations, anti-PSMA antibod-
ies labeled with encapsulated quantum dots have
been suggested as suitable compounds for the
direct in vivo imaging of PSMA-positive pros-
tate cancer cells (Gao et al. 2004). In this study,
the accumulation of antibody-quantum dot con-
jugates at the tumor site was primarily attributed
to the active targeting of cancer cells. However,
as no convincing microscopic analyzes have
been reported that the conjugate was able to
extravasate and reach the tumor cells in vivo, the
expression of PSMA on vascular endothelial
cells (see above) may have contributed to the

promising targeting performance as seen in the
macroscopic imaging experiments. Thus, the
issue remains controversial and it may well be
possible that vascular-targeted imaging applica-
tions based on larger antibody labels may only
be feasible with antibodies specific to antigens
which are expressed on the inner surface of vas-
cular structures.

12.5
Vascular Tumor Targeting: Therapeutic
Applications

The selective localization of a targeting agent
onto neovascular structures at the site of disease
is an essential feature for the development of
superior biopharmaceuticals, but it does not
elicit a therapeutic response per se. Most often,
ligands need to be coupled to suitable bioactive
molecules, in order to mediate a therapeutic
action. Before discussing the various therapeutic
strategies which have been conceived and imple-
mented experimentally over the years, it is use-
ful to consider a few pharmacokinetic aspects
related to vascular targeting.

After intravenous injection, a vascular target-
ing antibody (or antibody derivative) rapidly
distributes in the body, while mainly remaining
confined to vascular structures. The rates of
elimination from blood greatly differ among the
various molecular formats which can be consid-
ered. Two extreme cases may be represented by
full immunoglobulins in IgG formats (which
may remain in circulation for several weeks) and
by the small scFv antibody fragments (for which
the alpha phase accounts for over 95% of the
biphasic clearance profile, with a typical half-
life of 15-20 min) (Borsi et al. 2002). Similarly,
clearance routes highly depend on the molecular
features of the vascular targeting agent. While
antibody derivatives with size below 60 kDa are
rapidly filtered through the kidneys, larger anti-
body derivatives are typically eliminated via the
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hepatobiliary route. Also intact IgGs, which dis-
play long serum half-lives as a result of FcRn-
mediated recirculation properties, are eventually
cleared via the liver. Similar long circulatory
half-lives can be obtained by PEG-modification
of biopharmaceuticals, by their covalent fusion
with serum albumin, or by a suitable modifica-
tion with albumin-binding molecules (Dennis
etal. 2007; Dumelin et al. 2008). For good qual-
ity tumor-associated vascular targets, high-
affinity antibody derivatives display increasingly
favorable tumor-to-blood and tumor-to-organ
ratios at later time points after injection (Neri
and Bicknell 2005). These ratios may be greater
at early time points for small biopharmaceuti-
cals, but the absolute amount delivered to
tumoral lesions is typically larger for biophar-
maceuticals which display longer circulatory
half-lives (Adams et al. 2006; Borsi et al. 2002;
Wu and Senter 2005). These considerations

Fluorophores for near-
infrared fluorescence
imaging
Radionuclides for \W
immunoscintigraphy or
PET

Microbubbles for
ultrasound imaging

IMAGING

dru
cleavable J

Drug conjugates

Effector rnolacuia

should not be forgotten when planning a thera-
peutic strategy. Certain antibody derivatives
start mediating toxic events immediately after
injection (e.g., radiolabeled antibodies) when
the biopharmaceutical has distributed to all tis-
sues, and only gradually gain in selectivity, as
the agent clears from all organs except tumors.
By contrast, other strategies appear to be ideally
suited for matching the slow build-up of a pref-
erential antibody accumulation at the tumor site.
For example, antibody-drug conjugates with
suitable cleavable linkers may continue releas-
ing the drug at the tumor site for a long time
period, while most of the biopharmaceutical has
cleared from blood and normal tissues. In most
cases, special care will have to be devoted to the
minimization of the toxic effects to the organs
responsible for clearance (e.g., liver or kidney).

Figure 12.3 summarizes some of the anti-
body modification strategies which have been
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Fig. 12.3 Schematic representation of antibody modification strategies. A variety of L19-derivatives have
been produced and investigated in animal models of cancer and clinical studies
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considered for the development of targeted bio-
pharmaceuticals. Many of these strategies have
been experimentally implemented with the L19
antibody, specific to the EDB domain of
fibronectin, thus allowing a direct comparison
of the relative advantages and drawbacks of the
different strategies. Such strategies are descri-
bed in detail elsewhere (Rybak et al. 2007b;
Schliemann and Neri 2007) and will only be
briefly analyzed here.

Radiolabeled antibodies for cancer radioim-
munotherapy represent a class of therapeutic
agents of special interest, in light of the fact
that their performance can be predicted on the
basis of biodistribution and/or imaging data. It is
generally believed that solid tumors may be
cured if they receive a radiation dose of at least
50 Gy delivered by the radionuclide '*'I, while
the bone marrow can tolerate at most 2.5 Gy.
A systematic analysis of various antibody for-
mats revealed that mini-antibodies are ideally
suited for radioimmunotherapeutic applications
(Berndorff et al. 2005; Hu et al. 1996; Tijink
etal. 2006). By contrast, smaller fragments (e.g.,
scFv fragments) are rapidly cleared via the renal
route and deliver excessive radiation doses to
the kidneys, while the performance of radiola-
beled IgG is often suboptimal, due to their long
circulation time in the blood. The L19 antibody,
in mini-antibody format and labeled with *'I, is
currently being investigated in Phase I/II clini-
cal trials for the radioimmunotherapy of cancer.
In animal models, this agent has shown a thera-
peutic activity both in monotherapy and in com-
bination with Erbitux (Tijink et al. 2006).

Immunocytokines represent a second class of
considerable therapeutic potential. The targeted
delivery of certain proinflammatory cytokines
(e.g., IL-2, TNF, IL-12, IL-15, GM-CSF) has
been shown to mediate superior therapeutic
effects compared to the nontargeted version of
the same cytokine (Borsi et al. 2003; Carnemolla
et al. 2002; Ebbinghaus et al. 2005; Halin et al.
2002b, 2003; Kaspar et al. 2007). Indeed,
L19-IL2 and L19-TNF are currently being
investigated in clinical trials in patients with

cancer. It is worth mentioning that, upon fusion
to certain cytokines or growth factors, vascular
targeting antibodies may display a reduced
tumor uptake. For example, fusion to interferon-
y was shown to reduce the tumor targeting per-
formance of the L19 antibody. However, the
tumor targeting potential could be restored in
mice in which the interferon-y receptor had been
knocked out (Ebbinghaus et al. 2005). Similarly,
fusion of the L19 antibody to murine VEGF-164
(but not VEGF-120) or to other highly charged
polypeptides abrogates tumor targeting (Halin
et al. 2002a; Melkko et al. 2002; Niesner et al.
2002). While our group has always preferred to
construct immunocytokines by sequential gene
fusion with scFv fragments, other groups have
favored to append cytokines at the C-terminal
end of antibodies in IgG format (Dela Cruz et al.
2004; Schrama et al. 2000).

A third class of therapeutic antibody deriva-
tives of particular interest is represented by anti-
body-drug conjugates with cleavable linkers
(Chari 2008; Doronina et al. 2003). Most groups
have so far used this technology with antibodies
capable of selective internalization on tumor
cells, but it would be conceivable to deliver
potent drugs to the tumor neovasculature by
means of antibodies which remain in the extra-
cellular space and slowly release a drug as a con-
sequence of hydrolytic processes. Considering
the difference in molecular weight between anti-
bodies and cytotoxic drugs, the availability of
chemotherapeutic agents which are active at
nano- or picomolar concentration and which can
be coupled to antibodies will greatly facilitate
progress in this area, thus leading to a new gen-
eration of armed monoclonal antibodies.

Finally, it is worth mentioning that intact
IgGs continue to represent an important segment
of pharmaceutical biotechnology. In general,
they display a low toxicity profile which makes
them ideally suited for combination therapy. It is
becoming increasingly clear that even IgGs spe-
cific to tumor cell antigens are often confined to
the perivascular space, as a result of the high
interstitial pressure in the tumor environment
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and of capture by antigen in stoichiometric
excess immediately after extravasation (Adams
etal. 2001; Dennis et al. 2007). Modern research
in protein engineering aims at potentiating the
IgG-mediated cytotoxic activity (ADCC) by
increasing the affinity between the antibody Fc
portion and the corresponding FcyRIII receptor,
either by glycosylation engineering (Umana
et al. 1999) or by introducing mutations in the
Fc fragment (Lazar et al. 2000).
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Abstract  All blood vessels are lined by a layer
of endothelial cells that help to control vascular
permeability. The luminal surface of vascular
endothelial cells is studded with transport vesicles
called caveolae that are directly in contact with the
blood and can transport molecules into and across
the endothelium. The vasculature within distinct
tissue types expresses a unique array of proteins
that can be used to target intravenously injected
antibodies directly to that tissue. When the tissue-
specific proteins are concentrated in caveolae, the
antibodies can be rapidly pumped out of the blood
and into the tissue. Tumors appear to be a distinct
tissue type with their own unique marker proteins.
Targeting accessible proteins at the surface of
tumor vasculature with radiolabeled antibodies
destroys tumors and drastically increases animal
survival. One day, it may be possible to specifi-
cally pump targeted molecules into tumors. This
could increase therapeutic efficacy and decrease
side effects because most of the drug would accu-
mulate specifically in the tumor. Thus, targeting
caveolae may provide a universal portal to pump
drugs, imaging agents, and gene vectors out of the
blood and into underlying tissue.
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13.1
Vascular Endothelium

All blood vessels are lined by a monolayer of
endothelial cells called the endothelium that helps
to control vascular permeability. To serve the spe-
cific needs of the underlying organs, vascular
endothelial cells show molecular and functional
variation, depending on their location in the body
(Gumkowski et al. 1987; Janzer and Raff 1987;
Aird et al. 1997). Three major types of endothe-
lium have been identified based on structural dif-
ferences. Sinusoidal endothelium lacks abasement
membrane and is characterized by large intercel-
lular gaps between endothelial cells. Thus, this
endothelium is minimally restrictive and allows
rapid and relatively nonselective flow from the
blood into the tissue. Liver, spleen, and bone mar-
row all have sinusoidal endothelia. Fenestrated
endothelium exhibits fenestrae, 60—80 nm circu-
lar transcellular openings. This endothelium is
generally found in organs that need to rapidly
exchange small molecules, such as the kidney,
endocrine glands, and intestine. Continuous
endothelium forms the most restrictive barrier via
amonolayer of attenuated cells linked by intercel-
lular junctions with various degrees of tightness
(Jennings and Florey 1967).

Molecules can pass through the endothelial
barrier via both passive and active mechanisms.
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Generally, water, solutes, and other small
molecules may be passively transported by dif-
fusion and convection through intracellular
junctions, fenestrae, or transendothelial chan-
nels (Wagner and Chen 1991). Larger molecules
may require active transport to move into the
endothelial cell (endocytosis) or across the
endothelial cell barrier (transcytosis).

13.2
Caveolae Structure

Two major forms of active transport are clathrin-
coated vesicles and caveolae. Caveolae are 60 nm
omega-shaped invaginations found at the plasma
membrane in most continuous endothelia that
may mediate both endocytosis and transcytosis
(Palade 1953; Ghitescu et al. 1986; Milici et al.
1987; Ghitescu and Bendayan 1992; Ghinea
et al. 1994; Schnitzer et al. 1994; Jacobson et al.
1996). Caveolae are abundant structures at the
endothelial surface, occupying up to 50-70% of
the surface plasma membrane and 10-15% of the
total cell volume (about 500600 vesicles/um?®)
(Bruns and Palade 1968; Simionescu et al. 1974;
Johansson 1979). Caveolae are most abundant in
the microvascular endothelia of the lung, skeletal
muscle, and heart; relatively rare in the highly
restrictive microvascular endothelia of brain,
retina, and testes; and largely absent in passively
leaky vessels with sinusoidal endothelia (Ogi
et al. 2003), such as in liver.

Electron microscopy reveals that caveolae are
structurally distinct from clathrin-coated vesi-
cles, which have a thick, electron-dense coat.
Instead, caveolaec have bipolar oriented, thin
striations that are formed by the oligomerization
of the structural coat protein caveolin (Peters
et al. 1985; Rothberg et al. 1992). The mamma-
lian caveolin gene family has three members.
Caveolin-1 is a 21 kDa integral membrane pro-
tein with two isoforms produced by alternative
initiation, o and 3, and which oligomerize to

form the structural coat of the caveolar bulb
(Monier et al. 1995; Sargiacomo et al. 1995).
Caveolin-1 is both necessary and apparently suf-
ficient to drive formation of caveolae in vitro and
in vivo (Fra et al. 1994; Parolini et al. 1999; Drab
et al. 2001; Razani et al. 2002a). Additionally,
caveolae are lost from the cell surface when
caveolin-1 mRNA expression is reduced with
antisense oligonucleotides (Griffoni et al. 2000).
Caveolin-2 is a 20 kDa protein that can form sta-
ble hetero-oligomeric complexes with caveolin-1
(Scherer et al. 1997) and is co-expressed with
caveolin-1 in some endothelial cells, adipocytes,
epithelial cells, smooth muscle cells, and fibro-
blasts (Scherer et al. 1997). Caveolin-2 requires
caveolin-1 for proper membrane targeting and
protein stability (Mora et al. 1999; Parolini et al.
1999), but caveolin-1 appears to be able to local-
ize to the plasma membrane and influence cave-
olac formation without caveolin-2. Yet, the
co-expression of both caveolin-1 and caveolin-2
appears necessary for the formation of stable,
deep, plasma membrane-attached caveolae
(Razanietal. 2002b; Sowaetal. 2003). Caveolin-3
appears to be expressed mainly in muscle cells,
including smooth, skeletal, and cardiac myocytes
(Tang et al. 1996).

133
Isolation of Caveolae

Early attempts to isolate caveolae relied on deter-
gent-resistance and/or buoyant density after cell
fragmentation. These isolates were often con-
taminated with significant amounts of low-den-
sity, detergent-resistant membranes derived from
other intracellular organelles, such as nuclei,
Golgi, and endoplasmic reticulum, as well as
other membrane domains, such as lipid rafts
(Smart et al. 1995; Oh and Schnitzer 1999).
Alternative methods to isolate caveolae, espe-
cially in vivo, have been recently developed
to isolate purer populations. In one method, a
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solution of colloidal silica nanoparticles is per-
fused through the blood vessels to selectively
coat the luminal surface of endothelial cells.
After tissue homogenization, the denser, silica-
coated plasma membranes can be isolated away
from the rest of the tissue by ultracentrifugation
through a high-density media gradient. This
effectively isolates luminal plasma membranes
of endothelial cells, as can be seen by electron
microscopy and western analysis. Known
endothelial cell surface markers are highly
enriched (>15-fold) while markers of blood,
other tissue cells, and subcellular organelles are
markedly depleted (15-fold).

The silica coat stabilizes the surface mem-
brane but silica nanoparticles are too large to
readily enter the caveolae. Caveolae can be sep-
arated from endothelium by mechanical force
(Schnitzer et al. 1995c). GTP can also cause
caveolae to bud through activation of dynamin
(Schnitzer et al. 1996; Oh and Schnitzer 1998),
allowing a more physiologically induced sepa-
ration for isolation. Once separated from the
endothelial cell membrane, caveolae can be iso-
lated by flotation using a sucrose density gradient.
Electron micrographs of the isolated membranes
showed a homogeneous population of 60-80 nm
vesicles. Caveolae markers such as caveolin are
highly enriched whereas markers for other sub-
cellular organelles are markedly depleted. Addi-
tionally, using beads conjugated to caveolin
antibodies to further isolate caveolac showed
that the population was highly pure (>95%) (Oh
and Schnitzer 1999). These methods are espe-
cially valuable to separate caveolae from lipid
rafts. Though lipid rafts are functionally distinct,
they are difficult to isolate away from caveolae
because both domains have a similar density. As
lipid rafts are flat domains at the surface, they
are coated by silica and retained with the rest of
the plasma membrane when caveolae are sepa-
rated (Schnitzer et al. 1995c¢). The proportion of
lipid rafts to caveolae appears quite low in vivo,
unlike in vitro where caveolaec abundance
decreases 50—100-fold in cultured endothelial

cells and lipid rafts appear far more prevalent in
the isolated detergent-resistant membrane.

13.4
Caveolae in Signal Transduction

By selectively isolating caveolae, the molecular
and functional aspects of these structures can be
studied with greater confidence. In the past few
decades, significant research has accumulated
showing that caveolae participate in signal trans-
duction, either by directly transducing signals
themselves or by concentrating and organizing
signaling complexes (Carver and Schnitzer
2007b). The vascular endothelium is directly
exposed to the blood and constantly subjected to
mechanical forces, including shear forces and
pressure. One of the major roles of the endothe-
lium is to rapidly respond to changes in mechan-
ical stressors to prevent damage. Caveolae
themselves may be acute mechanosensing organ-
elles (Oh and Schnitzer 1996; Liu et al. 1997,
Rizzo et al. 1998b; Rizzo et al. 1998a; Oh and
Schnitzer 2001).

Caveolae are responsive to changes in pres-
sure or shear stress both in vitro and in vivo. In
cultured endothelial cells, increasing flow rates
increases the amount of caveolin and the number
of caveolae at the luminal cell surface (Park et al.
2000; Boyd et al. 2003; Rizzo et al. 2003). In
high-pressure conditions in vivo (Lee and
Schmid-Schonbein 1995), caveolae are distorted
and can even disappear or “pop.” Caveolin may
play a central role in signal transduction through
caveolae. Caveolin oligomerizes to form a shell
around caveolae that may allow these structures
to directly transduce changes in mechanical stress
by acting as tension-bearing springs (Rizzo et al.
1998a). Caveolin may also serve as a mechano-
sensitive scaffold, concentrating and inhibiting
key signaling molecules in caveolae. Molecular
mapping studies show that caveolae are enriched
in various signaling molecules including specific
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G-proteins, select nonreceptor tyrosine kinases,
Ras, Raf, and eNOS (Rizzo et al. 1998b; Rizzo
et al. 1998a; Oh and Schnitzer 2001; Rizzo
etal. 2003). Many of these are enriched in cave-
olae under basal conditions and may be inhibited
by interaction with caveolin (Li et al. 1995; Li
etal. 1996; Song et al. 1996). Increasing hemody-
namic stressors rapidly activates signaling path-
ways. Specific pathways, such as ERK, are
dependent on both cholesterol and caveolin-1 for
activation (Park et al. 1998; Park et al. 2000;
Boyd et al. 2003). Proteins concentrated within
caveolae are often tyrosine-phosphorylated in
responses to changes in mechanical stress (Rizzo
et al. 1998a), which can alter functional interac-
tions. Caveolin interacts with eNOS and inhibits
activity. Increased flow in situ rapidly dissociates
eNOS from caveolin, freeing eNOS to associate
with positive modulators such as calmodulin
(Rizzo et al. 1998b; Feron and Balligand 20006).
Conversely, overexpression of caveolin decreases
activation of select mechanotransduction path-
ways, including the p42/44 MAPK pathway
(Engelman et al. 1998). Also, mice lacking cave-
olin-1 have impaired mechanotransduction, show-
ing a decreased ability to regulate blood vessel
diameter in response to changes in flow rates, as
well as a decreased activation of eNOS (Yu et al.
2006).

13.5
Caveolae as Active Transport Vesicles

Since caveolae were first identified in 1953
(Palade 1953); researchers have debated over
whether these membrane invaginations might
play a role in transport (Severs 1988). Over 50
years of evidence has accumulated to suggest
that caveolae can indeed function as active trans-
port vesicles. Cultured endothelial cells have been
used to show that caveolae are dynamic vesicu-
lar carriers. Caveolae appear to traffic select
ligands, such as cholera toxin and albumin-gold

complexes, to specific locations within the cell,
such as endosomes and lysosomes (Tran et al.
1987; Schnitzer et al. 1988a; Parton et al. 1994).
Caveolae may also provide a route of entry for
SV40 (Norkin 1999; Pelkmans et al. 2001), ebo-
lavirus (Empig and Goldsmith 2002), and poly-
omavirus (Mackay and Consigli 1976;
Richterova et al. 2001). Furthermore, choles-
terol-binding agents, such as filipin, reduce cav-
eolae number and significantly decrease
caveolae-mediated cellular trafficking of such
molecules as albumin (Schnitzer and Oh 1994,
Orlandi and Fishman 1998).

The discovery that caveolae contain proteins
classically associated with transport vesicles,
including v-SNARES, NSF, and SNAP, sug-
gested that caveolae might function as transport
vesicles. Additionally, several GTPases known to
play roles in vesicle budding have been found
within caveolae (Schnitzer et al. 1995a). These
proteins are found in caveolae under basal condi-
tions; no activation is necessary to translocate the
necessary machinery to the caveolae. This sug-
gests that caveolae are ready to bud under basal
conditions and may be primed for rapid transport.
Like other vesicular pathways, caveolae-medi-
ated endocytosis is sensitive to N-ethylmaleimide
(NEM), a thioalkylating agent that inhibits the
fusion of vesicles to target membranes (Goda and
Pfeffer 1991; Schnitzer et al. 1995b).

More recently, isolated endothelial cell
plasma membranes were used to show that cav-
eolae can bud and form free vesicles. When
GTP and ATP are added to isolated plasma
membranes, caveolae budding is induced. Cav-
eolae separate from the membrane and the bud-
ded caveolae can be isolated. This reconstituted,
cell-free, in vitro assay was used to identify
dynamin as the GTPase mediating this fission.
Dynamin forms a ring around the neck of cave-
olae, likely acting as a pinchase to form free
vesicles (Oh and Schnitzer 1996; Oh et al. 1998)
This was subsequently confirmed in hepatocytes
(Henley et al. 1998) which have readily appar-
ent caveolae in cell culture but interestingly,
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have very few to no caveolae natively in liver
tissue in vivo.

Caveolae appear to function in vesicular trans-
port in vivo as well. Normally, albumin can be
endo- or transcytosed by caveolae through inter-
action with caveolar proteins, even when conju-
gated to gold particles (Ghitescu et al. 1986;
Milici etal. 1987; Schnitzer et al. 1988b; Schnitzer
et al. 1992). In caveolin-1 knockout mice, the
caveolae in microvascular endothelium are absent
and this transport pathway is lost (Razani et al.
2001). Although albumin-gold particles bound to
the endothelial cell surface in vivo, they were not
transported into or across endothelial cells.
Because caveolin-knockout mice are viable, other
mechanisms must mediate the transport of essen-
tial nutrients and other molecules to underlying
tissue cells. Indeed, these animals demonstrate
increased paracellular transport. They have an
overall increased microvascular permeability
in vivo (Drab et al. 2001; Razani et al. 2001),
resulting in rapid, nonselective transvascular
transport of both large and small molecules from
the bloodstream, apparently due to significant
changes to intercellular junctions between the
endothelial cells (Schubert et al. 2002).

13.6
Vascular Targeting

Caveolae are found at the luminal surface of
most endothelium and may underlie transport to
many different organs and even solid tumors.
Many tumors, especially malignant ones, are
highly vascularized. Without the ability to rap-
idly recruit new blood vessels, tumors must rely
on passive diffusion to receive nutrients and are
thus limited in size (1-2 mm) and localized to
their primary site (Nicolson 1988; Blood and
Zetter 1990). Tumor blood vessels differ signifi-
cantly from blood vessels in normal tissue.
Tumor blood vessels are usually disorganized
and dilated with reduced basement membranes

(Workman 2001; Anzick and Trent 2002). They
also lack some normal endothelial cell markers,
suggesting that they may express a unique array
of proteins (Schlingemann et al. 1991). Because
tumor growth depends on neovascularization,
many investigators have suggested that both the
process of angiogenesis and the vasculature itself
are potential targets for tumor therapy (Dvorak
etal. 1991; Drews 2000; Lindsay 2003).

A major part of recent anti-cancer research has
focused on using antibodies to target treatments to
the tumor cells themselves. These treatments have
been successful in vitro, but the vast majority has
failed when used in humans, probably because the
endothelium limits movement into the tumors
(Dvorak et al. 1991; Huang et al. 1997). Unlike
antibodies, chemotherapeutic drugs are small
molecules that can readily enter all tissues. As a
result, these agents are rapidly diluted, cleared
from the blood, and excreted. For both large anti-
bodies and small chemotherapeutics, it appears
that only a small portion of the injected dose actu-
ally reaches the inside of the tumor where it can be
effective. Thus, higher doses must be administered
to reach effective levels within the tumor, often
leading to severe systemic side effects (Vitetta
2000). The vascular surface and its caveolae are a
promising alternative target. Though targeting
antibodies passively cross the endothelium of
many organs very poorly, they may be transported
more readily and rapidly across the endothelial
cell barrier via caveolae.

To be effective, vascular targeting depends
on the specific and unique expression of target
proteins in different tissues and disease states.
Multiple methods have been developed over the
years to identify differential gene and protein
expression. Initial work was performed in vitro,
where large quantities of endothelial cells could
be grown and analyzed. These early studies in
culture revolutionized the study of vascular
biology by providing both a pure population of
cells to study and by identifying endothelial
specific markers (for review see Jaffe 1987).
Even in culture, endothelial cells are responsive
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to components of the environment, including
mechanical forces such as shear stress and
chemical factors such as chemokines (Malek
and Izumo 1995), suggesting that it is vital to
study these cells in the native environment.

Both in vitro and in vivo, endothelial cells
from different vascular beds are unique
(Auerbach et al. 1985; Kallmann et al. 2002;
Durr et al. 2004; Oh et al. 2007). However, once
in culture, endothelial cells rapidly de-differenti-
ate into a more common phenotype (Madri and
Williams 1983; Schnitzer 1997; Thum et al.
2000). Many tissue-specific proteins are no lon-
ger expressed and the number of caveolae
decreases up to 100-fold (Schnitzer 1997). In
spite of these changes, endothelial cells derived
from different organs express different genes and
proteins. Differences between different vascular
beds and the rapid de-differentiation seen in cul-
ture strongly suggest that tissue microenviron-
ment can profoundly influence the structure and
function of endothelial cells. Recent mass spec-
trometry analysis shows that approximately 40%
of the proteins expressed in vivo are not found in
cultured endothelial cells (Durr et al. 2004).
Cultured cells lack a normal microenvironment,
including circulating blood, the basement mem-
brane, perivascular cells, the tissue parenchyma,
and hemodynamic forces (Rizzo et al. 2003), all
of which can alter protein expression, structure,
and function of endothelial cells. Therefore,
experiments seeking to identify tissue-specific
vascular targets must be performed, or at the very
least, validated in vivo.

13.7
Phage Display Libraries

The idea of phage display libraries was first intro-
duced by George Smith in 1985 (Smith 1985). He
suggested that filamentous bacteriophages could
be used to display proteins or antibody fragments
by fusing a protein of interest to the coat protein
of the bacteriophage. In 1991, he showed that

these phage could be used to display vast amounts
of short peptides (Smith 1991). These peptides
were expressed on the surface of the bacterio-
phage and could bind to antibodies or other pro-
teins. It is also possible to express larger proteins,
such as antibody fragments, which are expressed
in their native configuration on the outer surface
of the phage. Because each bacteriophage
expresses one protein of interest, huge libraries of
random peptides can be rapidly screened for the
ability to bind proteins, antibodies, or even tissue.
Because the approach can use a large, random
library, it is unbiased and unknown targets can be
identified. In a process called panning, unbound
phage are washed away, and the bound phage are
isolated and amplified. This process is repeated
until the phage that bind tightly are separated
from those that bind non-specifically. Phage that
bind to available proteins can be purified and
used as probes themselves to isolate the binding
partner foridentification (Pasqualini and Ruoslahti
1996; Rajotte et al. 1998).

Phage can also be injected intravenously.
Presumably, these phage circulate and bind to the
endothelial surface in vivo if the protein targets
are available. Then they can be isolated from each
organ or tissue of interest. Several iterations cre-
ate the opportunity for selection of specific pep-
tides or antibodies with defined tissue tropism.
However, phage are rapidly scavenged from the
blood by the liver and spleen, preventing suffi-
cient equilibrium to bind to endothelial cell sur-
face proteins in vivo. Additionally, short peptides
can lack specificity and may bind a large range of
proteins in a multitude of organs, requiring addi-
tional ex vivo validation. Problems with in vivo
targeting can be partially overcome by using
phage that recognize specific proteins on endothe-
lial cell extracts to create antibody-like fusion
proteins. These can successfully immunotarget
in vivo (Valadon et al. 1998). Though phage dis-
play libraries have revealed some promising tar-
gets, it seems particularly challenging for this
approach on its own to be used in a high through-
put manner to identify selective tissue-targeting
probes, as well as their molecular targets.
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13.8
Large-Scale Approaches

Comprehensively defining all the genes or pro-
teins in an organ, cell type, or disease state can
help to define the function of these cells, as well
as identify therapeutic targets and biomarkers. Addi-
tionally, diseases such as cancer are extremely
heterogeneous; tumors can differ widely within
the same patient or even within the same tumor.
Accordingly, tumors show marked variability in
invasiveness, metastatic potential, and response
to therapy. Comprehensively identifying the
changes in gene or protein expression in an indi-
vidual tumor may better predict the clinical out-
come and allow more effective, personalized
therapy. It is likely that hundreds of genes or pro-
teins must be identified in order to successfully
classify tumors, which demands rapid, high
throughput methods.

Genomic approaches theoretically provide a
means to identify gene expression in tissues or
disease states and identify differences among
samples in a relatively rapid manner (Huber
2003; Lindsay 2003). Thus genomic analysis can
be used to compare global changes in gene
expression. Large changes are needed to detect
differences and to differentiate real changes.
Even so, thousands of possible targets are often
identified, requiring laborious in vivo validation.
Additionally, changes in gene expression do not
always correlate with changes in protein expres-
sion and proteins can be altered in subtler ways.
Moving from the cell membrane to anintracellu-
lar compartment can render a protein at the
endothelial cell surfaceinaccessible. Additionally,
posttranslational modifications can rapidly alter
protein function. To truly define the proteins
present at the endothelial cell luminal surface,
protein expression itself must be characterized.

Several methods allow for identification of
proteins within a sample. Two-dimensional (2D)
gels are a simple and rapid way to visualize dif-
ferences between samples. By separating pro-
teins based on multiple characteristics, these gels

provide better separation between proteins. Spots
that are unique to one tissue can be isolated,;
known proteins can be identified with antibodies
and unknown proteins can be identified with
mass spectrometry. For these approaches, suc-
cessful identification of proteins requires that the
proteins migrate onto the gel. Many proteins,
especially integral membrane proteins, simply
do not separate well on such gels and can be
underrepresented or lost altogether. Mass spec-
trometry-based techniques can identify proteins
based on the presence of digested peptides.
Similar to genomics approaches, mass spectrom-
etry allows relatively rapid analysis of large
numbers of proteins. Because highly complex
samples are difficult to separate, samples are
often prefractionated before analysis. This has
traditionally been done by 2D gels; however,
analyzing each distinct spot can be prohibitively
time consuming. An attractive alternative uses
2D liquid chromatography to further separate
proteins before they are analyzed by the mass
spectrometer (Washburn et al. 2001). Samples
are separated on a column and directly fed into
the mass spectrometer, decreasing handling time.
A third alternative, protein arrays, uses antibod-
ies or peptides to identify the proteins present in
the sample, but is limited by affinity of the probes
and the complexity of the sample. A detailed
description of this field has recently been reported
(Carver and Schnitzer 2007a).

13.9
Reducing Complexity

Each of these methods is limited by the com-
plexity of the starting sample. Sample complex-
ity can be reduced by focusing on subsets of
cells or even subdomains of cells. Proteins at the
surface of endothelial cells are directly exposed
to the blood and can be labeled by perfusion
with radiolabeled or biotinylated compounds.
Radiolabeling has most often been used to verify
the presence of known proteins because the fact
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that there is no simple way to separate and iden-
tify radiolabeled proteins significantly limited
the utility of this approach. In contrast, in vivo
biotinylation chemically labels proteins at the
luminal surface of vascular endothelial cells and
the strong interaction between biotin and avidin
can be used to purify biotinylated proteins which
can be identified with mass spectrometry (Rybak
et al. 2005; Scheurer et al. 2005) or antibodies
(Sargiacomo et al. 1989; Fujimoto et al. 1992).
Though this method indeed labels a subset of
endothelial cell-surface proteins (De La Fuente
et al. 1997), some surface proteins may be
missed or the small biotin compounds may per-
meate throughout the tissue and identify proteins
beyond the endothelial surface. Labeling other
cell types can effectively dilute the pool and
increase the false-positive discovery rate of
endothelial surface targets considerably.

As discussed earlier, using silica-based nano-
particles can selectively coat the luminal surface
of endothelial cells in vivo, allowing this surface
to be isolated from the rest of the tissue and fur-
ther subfractionated to yield a pure population of
caveolae. Though far simpler than total tissue
homogenate, the membrane isolate is still a com-
plex mixture of proteins. Further separation can
be provided by linking 2D chromatography to
mass-spectrometry (MudPIT). In MudPIT, pro-
teins are solubilized and digested, then separated
by both hydrophobicity and charge. Even with
these extra separation steps, each mass spectrom-
etry measurement only identifies a portion of the
proteins present in a sample. Identifying new
tissue-specific proteins requires comprehensive
analysis of the proteins present in different tis-
sues. Five to ten replicates are needed to identify
approximately 95% of the proteins identifiable
by a single method (Durr et al. 2004).

Additionally, combining multiple mass spec-
trometry-based methods can increase the number
of proteins identified. Recently, traditional 2D
mass spectrometry methods such as MudPIT
were compared with first separating peptides by
size on SDS-PAGE gels followed by analysis by

mass spectrometry. These experiments showed
that gel prefractionation preserved many mem-
brane proteins that do not re-solubilize after the
sample preparation steps required for traditional
mass spectrometry. Each technique identified
unique peptides; therefore, combining multiple
techniques dramatically increased sensitivity,
especially for integral membrane proteins. Pre-
vious analysis of the plasma membranes identi-
fied 450 proteins (Durr et al. 2004). Using the
combination of methodologies described earlier
identified 1834 proteins were (Y. Li et al. 2009).

Though replicate measurements and multiple
methods appear necessary to comprehensively
map all proteins present in a sample, intrinsic
variability between measurements and method-
ologies makes it difficult to compare the levels
of peptides found with different techniques.
New, label-free methods offer a way to over-
come these limitations by normalizing and
quantifying mass spectrometry data using
intrinsic properties of the data. By normalizing
data around a Spectral Index that takes peptide
number, spectral count, peak precursor ion
intensities, and protein length into account, this
method reduces the variance between replicates
and across a dynamic range of protein loads.
Such quantification and normalization of the
data is essential for mapping the proteome of
endothelium and its caveolae and to identifying
tissue or disease-specific targets.

13.10
Tissue-Specific Targets

When samples of the luminal surface of vascu-
lar endothelial cells from the lung were ana-
lyzed by mass spectrometry, nearly 2000
proteins were identified (Y. Li et al. 2009).
Though further analysis must be undertaken to
fully map proteins found within subdomains
such as the caveolae, this analysis provides the
first step in identifying tissue-specific targets.
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Endothelial cells depend on the tissue
microenvironment to maintain both structure
and protein expression. Different vascular beds
or even diseases such as cancer can lead to
changes in the structure, function, and protein
complement of the endothelial cells. Therefore,
proteins that are expressed both in vivo and in
culture may also be expressed universally across
different vascular beds or disease states. Simi-
larly, if protein expression is lost when endothe-
lial cells are grown in culture, this could indicate
that expression is dependent upon a specific
tissue microenvironment. Thus, eliminating
proteins found in culture focuses attention on
those proteins that might be more selectively
expressed. Only endothelial cell surface pro-
teins that extend into the blood are readily
accessible to circulating antibodies. By analyz-
ing the sequences of identified proteins, those
likely to have extracellular domains can be
identified. Of the 450 proteins identified at the
luminal surface of lung endothelium at that
time, and of the 187 proteins that were not
detected in lung endothelial cells grown in cul-
ture, only APP and OX-45 were both specific to
lung and likely to extend into the luminal space
(Durr et al. 2004; Oh et al. 2004).

Further analysis showed that APP is concen-
trated in caveolae and accessible to circulating
antibodies (Oh et al. 2007). Electron microscopy
studies showed that antibodies against APP col-
lected in endothelial caveolae in lung tissue and
were internalized and transcytosed across the
endothelial cell layer (Mclntosh et al. 2002; Oh
et al. 2007). When APP antibodies were imaged
with dynamic intravital microscopy, this traf-
ficking proved to be extraordinarily rapid.
Fluorescently labeled APP antibodies bound to
the lung microvascular endothelium within 10 s
after intravenous injection and were detected
within 15 s outside the endothelium in the
perivascular space and interstitium of the tissue.
Within minutes, the antibody was cleared from
the blood (>80%) as it rapidly accumulated in
the lungs. This transcytotic trafficking was

specific, active, and dependent on caveolae.
Antibodies were actually pumped out of the
blood and across the endothelial cell barrier to
accumulate at higher concentration in the tissue
than the blood. The antibody rapidly filled the
entire lung tissue but did not extend beyond this
tissue, nor did fluorescent control IgG leak from
the vasculature into the tissue (Oh et al. 2004).
Target enrichment in caveolae may be neces-
sary for rapid transport. Antibodies targeted
against proteins found outside of the caveolae
still bound to the vasculature but were not
pumped into the tissue. If caveolae were depleted
by reducing expression levels of the structural
protein caveolin, APP antibodies could still bind
to the endothelium but were not transported out
of the vessels and into tissue. Whole-body imag-
ing as well as biodistribution analysis showed
that APP antibodies also target the lungs within
minutes in the context of the whole animal.
Radiolabeled antibody rapidly accumulated in
the lungs and was maintained in the tissue for
several days (Oh et al. 2004; Oh et al. 2007).

13.11
Tumor-Specific Targets

Though APP antibodies readily traffic to the
lungs, these antibodies do not target lung tumors.
When injected into rats bearing lung tumors, APP
antibodies were concentrated in the tumor-free
lung tissue. When the luminal endothelial surface
of vasculature from lung tumors was isolated and
run on a 2D blot, a distinct pattern of proteins was
seen, suggesting that the solid tumors might form
a distinct type of tissue. Analyzing this extract
with mass spectrometry confirmed that APP
expression was lost in tumor vasculature. Instead,
several known cancer markers were upregulated.
Surprisingly, a novel protein was induced at the
endothelial cell surface. AnnexinAl (AnnAl) is
reported to be expressed in select cells, normally
intracellularly; but AnnAl could be detected at
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the luminal endothelial cell surface in tumor tis-
sue. AnnAl expression is also found in blood
vessels of many types of human solid tumors
(prostate, liver, breast, lung), but is lacking from
healthy tissue (Oh et al. 2004).

The AnnAl found on vascular endothelial
cells in tumors was accessible to the blood.
Intravenously injected AnnAl antibodies spe-
cifically targeted tumor vasculature and provided
excellent imaging with single photon emission
computed tomography (SPECT) of lung tumors
in the rat. Tumor-bearing rats that received injec-
tions of radiolabeled IgG died several days after
the injection. When rats were instead injected
with radiolabeled AnnAl antibodies, the vast
majority survived, even with just one treatment
(Oh et al. 2004). It still remains to be determined
which, if any, tumor-induced endothelial pro-
teins exist concentrated in caveolae.

13.12
Clinical Implications

Targeting drugs directly to the caveolae may pro-
vide a universal route into underlying tissue.
Tumor-specific delivery and transcytosis of
drugs and imaging agents could increase efficacy
and decrease harmful side by effectively concen-
trating drugs in the target tissue. Active pumping
of antibodies across the endothelial cell layer and
into tissue may increase the therapeutic potential
(Oh et al. 2007; Red-Horse and Ferrara 2007).
Additionally, targeted anti-angiogenic com-
pounds can be used to specifically destroy vascu-
lature, effectively destroying all the cells fed by
that vasculature. Such targeting could also revi-
talize older drugs that failed in clinical testing
due to severe side effects. These drugs could be
retargeted to the diseased tissues, thus signifi-
cantly decreasing systemic side effects.
Comprehensive analysis of the vascular pro-
teome is absolutely essential to identify tissue-
specific protein expression and to identify

differences between normal and diseased tissue.
Identifying unique markers may allow the target-
ing of gene therapy, drugs, and imaging agents.
Comprehensive mapping of the proteins in both
healthy and tumor tissue may identify additional
targets and extend the utility of targeted deliv-
ery. Drugs could theoretically be targeted to the
endothelial surface, to the endothelial cell itself,
or to the underlying tissue, depending on the
nature of the target and the processing of the
antibody once bound. Additionally, understand-
ing the functional changes in the endothelial cell
plasma membrane between tissues and between
healthy tissue and disease states provides insight
into the needs of each tissue and the changes that
develop with disease.

Developing animal models of tumors that
better represent human disease is essential not
only for identifying targets, but also for testing
the efficacy of targeted drugs. Most current
models rely on subcutaneous tumors grown
directly on the skin. These tumors lack the
native tissue microenvironment and may differ
from tumors grown on orthotopic tissue. Indeed,
most new drugs are tested in subcutaneous
tumor models. Efficacy in these models rarely
reflects efficacy in human trials. Many genetic
models of tumors currently exist. However,
these spontaneous tumors do not, so far, fully
recapitulation human disease, are often difficult
to image, and are rarely used for preclinical
testing. Clearly, reliable models are needed to
bridge the gap between laboratory experiments
and success in human patients.

The possibilities of caveolar targeting go well
beyond the delivery of drugs to cancer cells.
Tissue-specific markers for the lung itself have
been identified and validated in vivo (Oh et al.
2007). Such markers could target drugs, imaging
agents, nanoparticles, or even genetic material to
a specific organ. Additionally, caveolae are rich
in signaling molecules, and targeted small mol-
ecules, siRNAs, peptides, or nanoparticles could
be used to activate or inhibit specific pathways.
Pumping agents into a specific tissue may open
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the door not only to new molecular therapies but
also to more effective experimentation in vivo,
including molecular and functional imaging.
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