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Chapter 1

General introduction
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Introduction

Vascularization of organs and tissues proceeds by either of two distinct processes, an-

giogenesis or vasculogenesis. The first vascular structures in the embryo are formed by

vasculogenesis, i.e. the de novo formation of blood vessels from differentiating endothelial cells

precursors, or angioblasts. Angiogenesis, the sprouting of capillaries from pre-existing blood

vessels, further refines the primitive embryonic vascular system and is the principal process, by

which certain organs, such as the brain or the kidney are vascularizedJ In addition, angiogenesis

is responsible for repair and remodeling (Table 1). Therefore, it occurs during several develop-

mental stages (such as embryonic growth), but also during several physiological processes in

the adult organism, for example during the female menstrual cycle, pregnancy, wound healing

and inflammation. Furthermore, angiogenesis plays a major role in the pathogenesis of dis-

eases, such as diabetic retinopathy or retinopathy of prematurity, psoriases, atherosclerosis,

obesity, rheumatoid arthritis, peptic ulcers, fractures and cancer. It occurs in embryonic tissues

to keep pace with growth, in normal adult tissue to support recurrent cycles of remodeling and

reconstruction, and in damaged adult tissues to support repair.

Table 1. The generation of vessels.

Occurrence

Processes

Function

Vasculogenesis

Embryonic development

Progenitor cells
differentiate into
endothelial cells
Establishment vascular
system and structures

Angiogenesis
Remodeling

Embryonic development
and postnatal
Pruning and vessel
enlargement

Modification of initial
network

Sprouting
Embryonic development
and postnatal
Formation of new blood
vessels from pre-existing
capillaries
Vascularization of
avascular tissue

Historical

The evolution of the contemporary theory of angiogenesis within tumor progression has

been a gradual process.* The first observations of vascularized tumors date back to the late 19*

century. * In the late 1930s Ide ef a/, showed that cutting off the blood supply to the tumor led to

regression. As a consequence of this study it was proposed, that metastatic tumor cells are

dependent upon their ability to maintain a blood supply in order to survive at their new location

and that tumor cells elaborate a vessel growth-stimulating substance.'* In the early 1970s, Folkman

hypothesized that angiogenesis was an absolute requirement for tumor growth and that interfer-
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General introduction

ence with the angiogenic process posed an attractive approach for controlling aberrant tumor

growth." It was not until the isolation and identification of the first definitive angiogenic factor,

basic fibroblast growth factor (bFGF)^ and the discovery of the first endogenous angiogenesis

inhibitors angiostatin® and endostatin" that the scientific community started to accept Folkman's

theory. The research field of angiogenesis has rapidly expanded and there is now a substantial

body of evidence that inhibition of angiogenesis can attenuate tumor growth. Now, less then 10

years after the discovery of these anti-angiogenesis molecules, it has become clear that they are

not only useful in fighting cancer but also in combating other pathological conditions."" This thesis

will focus on inhibiting angiogenesis and the potential of this inhibition in cancer treatment.

Angiogenesis

Angiogenesis is an integrated process occuring during cancer development. It occurs

when tumor tissue is in need of nutrients and/or oxygen. Spontaneous cell death is a common

finding in solid tumors. Careful microscopic examination often reveals that the necrotic regions

are parallel to tumor blood vessels and separated from them by a 1- to 2-mm zone of viable

tumor cells. This size is defined by the diffusion capacity of nutritients, which is about 110 urn."

Because of the requirement of the tumor for additional nutrients and oxygen in order to expand,

hypoxia is one of the most potent inducers of angiogenesis.^ Angiogenesis is considered to

arise in the later stages of cancer development but it is clearly occurring before life threatening

metastasis develops (Figure 1). Therefore, being able to prevent angiogenesis would provide

the possibility of halting metastasis, one of the hallmarks of malignancies.^

Tumor
Size

risk ladon (».g >:
- inh*ritanc«
• «nviionmant
• « • s t y *

periods

pr«v«ntlon / lnt*rv* ntlofi I dUgnoM I

z
_t t

| carcfrwma n srtu

Figure 1. Involvement of tumor angiogenesis in cancer development
Adapted from Kohn ?r a/. '•*
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Solid tumors and some lymphoma's rely on angiogenic sprouting, to grow beyond a cer-

tain size. The induction of angiogenesis by malignant cells has been shown to play a pivotal role

in the process of tumor proliferation and metastasis.'^° Angiogenesis is a multi-step sequential

process, which can be divided into two major phases. The first, the induction phase, involves

dynamic changes in endothelial cell-cell and cell-matrix interaction. In this initiation phase vascu-

lar endothelial cells (EC) are activated by angiogenic cytokines, which are released by tumor

cells or inflammatory cells.

This process includes degradation of the basement membrane by metallomatrix pro-

teases and the proliferation, migration, and adhesion of endothelial cells. In the second, so called

resolution phase, perivascular-supporting cells, pericytes, are recruited and a maturation pro-

cess results in the assembly of fully functional new blood vessels."* The resulting processes are

tightly regulated by cell-cell interactions, cell-extracellular matrix (ECM) interactions and cell-soluble

factor interactions. All of these steps involve a plethora of growth factors, receptors, proteases,

adhesion molecules, and (ECM) components.

When human tumors arise they are not angiogenesis dependent right away. The switch to an

angiogenic phenotype is caused by alterations in the net balance between the positive and nega-

tive regulators of angiogenesis. Angiogenesis only occurs when the circulating stimulators are

expressed in greater amounts than the inhibitors. Tumor cells, EC, inflammatory cells and the

ECM are all capable of releasing angiogenic factors.

It has been postulated that a tumor can acquire other mechanisms, beside angiogenesis,

to provide itself with nutrition or drainage, to allow its survival and expansion, locally or at a

distant side. Besides angiogenesis, vessel co-option and vascular mimicry have been proposed

to be used by the tumor to grow beyond the size of approximately 1 -2 mm'. This size is defined

by the diffusion capacity of nutrition, which is about 110 urn." However, controversy exists about

these latter two processes and it is beyond the scope of this thesis to expand on these proposed

mechanisms. For information the reader is referred to review articles with further information

about vessel co-option (e.g. Leenders ef a/.^ and Dome ef a/.'") and vascular mimicry (e.g.

Folberg ef a/.'"and McDonald

Regulators of Angiogenesis

As mentioned previously tumor angiogenesis relies on the presence of one or more en-

dogenous pro-angiogenic factors. In Table 2 a summary is listed of the most important regulators

of angiogenesis, stimulators as well as inhibitors. This table is not meant to be exhaustive, but

rather it is an attempt to exemplify the abundancy of factors involved and consequently the com-
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General introduction

plexity of the angiogenic process and the possibility of interfering with it.

TableZ A list of angiogenesis regulators.

Angiogenic Regulators
Sf/mu/afors /nh/b/fors

Basic fibroblast growth factor (bFGF)
Vascular endothelial growth factor (VEGF)/
Vascular permeability growth factor (VPF)
Transforming growth factor-a (TGF-a)
Transforming growth factor-ß (TGF-ß)
Granulocyte-macrophage colony-stimulating
factor
Platelet-derived endothelial cell growth factor
Angiogenin
Insulin-like growth factor (IGF-1 or somatastin)
Substance P
Prostaglandins (PGE, and PGE2)
lnterleukin-1 (IL-1)
lnterleukin-6 (IL-6)
lnterleukin-8 (IL-8)

ENDOGENOUS
Angiostatin
Endostatin
Platelet factor 4 (PF4)
Interferon-oc
Interferon-y
Thrombospondin-1
BPI

EXOGENOUS
• Angioinhibin (TNP-470 or AGM-1470)
• Thalidomide
• Carboyxaminoimidazole (CAI)
• Tissue inhibitors of metallo-proteinases

(TIMPs)

Stimulators of Angiogenesis ^

It is known that each pro-angiogenic factor can promote a different step, or different steps,

within the angiogenic process. The most important pro-angiogenic factors, also listed in Table 2,

are bFGF and VEGF. These factors are known to be able to promote specific or all the steps

involved in angiogenesis.

Vascular endothelial growth factor

Vascular endothelial growth factor (VEGF), also referred to as vascular permeability growth

factor (VPF), is a potent endothelial-cell-specif ic mitogen. Next to stimulating angiogenesis, VEGF

also causes vascular hyper-permeability and vasodilation.*' VEGF expression is known to be

increased in endothelial cells under hypoxic conditions. There are at least five polypeptide mem-

bers of this family (VEGF,.,,, VEGF,^, VEGF,^, VEGF,gg, VEGF^) which are generated via an

alternative splicing mechanism from an unique gene. The isoforms differ in their ability to bind

heparin and in their solubility. The most active form, VEGF,^ is a 34-46 kDa homodimer, but

active heterodimers have also been observed.** The VEGF family currently includes five mem-

bers in additional to prototypic VEGF, namely, PIGF, VEGF-B, VEGF-C, VEGF-D and Orf virus

VEGFs.23 The VEGFs mediate angiogenic signals to the vascular endothelium via high-affinity

receptor tyrosine kinases (RTK). Three receptors have been indentified. All three are relatively

specific for endothelial cells and demonstrate structural and functional similarities to the PDGF

receptor family. They all have seven immunoglubulin-like structures in their extracellular domains.
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VEGF-Receptors

VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1) have seven extracellular immunoglobulin ho-

mology domains, but in VEGFR-3 (Flt-4), the fifth immunoglobulin domain is cleaved on recep-

tor processing into disulfide-linked subunits. They all have an intracellular tyrosine kinase

signaling domain split by a kinase insert. VEGFR-1 and - 2 mediate angiogenesis, whereas

VEGFR-3 is restricted to lymphangiogenesis. Neuropilin-1 (NRP-1) binds to specific C-

terminal sequences present only in certain VEGFs that bind to VEGFR-1 and/or-2 (Tabel 3).

a^3 integrin and VE-cadherin have been found in complexes with activated VEGFR-2, and

the latter also associates with an activated VEGFR-3 complex.

Table3. The different VEGF receptors, VEGF ligands and their interactions.

Receptors

sFLT-1
VEGFR-1

(Flt-1)
VEGFR-2

(KDR/Flk-1)
VEGFR-3

(Flt-4)
Neuropilin-1
Neuropilin-2

PIGF
X
X

X

VEGF-A
X

x
Y
A

X
X

L/gands
VEGF-B

X
x

X

VEGF-C

y
A

x

VEGF-D

v
A

x

VEGF-A binds to both VEGFR-1 and VEGFR-2 and is apparently capable of inducing

heterodimers between the two. It has been shown that the second immunoglobulin domain of

VEGFR-1 is critical for ligand binding, but the first three immunoglobulin domains are required to

reconstitute full affinity.

KDR (VEGFR-2 in humans) is only expressed in endothelial cells, whereas Flk-1 (VEGFR-

2 in mice) is expressed on both endothelial cells and monocytes.^ VEGFR-1 and VEGFR-2 are

overexpressed on tumor vasculature, while being present at low density in the surrounding nor-

mal tissues." The upregulation of VEGFR expression is mediated by hypoxia and autocrine

stimulation. Specific actions of VEGF on vascular endothelial cells appear to be regulated by

both VEGFR-1 and VEGFR-2. VEGFR-1 which has a higher affinity for VEGF than VEGFR-2 is

required for endothelial cell morphogenesis, cell migration and vascular permeability. VEGFR-2

is primarily involved in mitogenesis.^^
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Basic fibroblast growth factor

Basic fibroblast growth factor (bFGF) is a single chain non-glycosylated cationic polypep-

tide, with a molecular weight of 18 kDa. BFGF has a high affinity for heparin and the bFGF-

receptor, and it plays a role in the adhesion of endothelial cells to their stratum. Endothelial cells

synthesize bFGF which remains mostly cell associated. However some bFGF becomes depos-

ited in the sub-endothelial extracellular matrix.^ Tumor cells can liberate bFGF that is stored in

the extracellular matrix by secreting heparin, heparinases and collagenases or by proteolysis

mediated by plasminogen activator. BFGF is chemotactic and mitogenic for endothelial cells

and they induce bFGF by production of proteolytic enzymes as well as proteoglycans.

Inhibitors of angiogenesis

Angiogenesis inhibitors have been identified using a myriad of approaches, including (1)

isolation and identification of endogenous inhibitors of tumor-promoted angiogenesis', (2) gene

therapies**, (3) antibody therapies against pro-angiogenic molecules*" and (4) their receptors^,

(5) anti-sense approaches^, (6) soluble growth factor receptors as antagonists^, (7) interfer-

ence with growth factor signaling**, (8) ribozymes^, (9) small molecule inhibitors*, and (10) pep-

tide design^*. The following describes the discovery and development of anti-angiogenic endog-

enous compounds, with a slant towards their structure-function relationships to aid in the design

of better therapeutic agents. ^

Anti-angiogenic protein fragments

One approach that has been used to identify molecules with anti-angiogenic potential is

to isolate components from the serum or body fluids of animals undergoing extensive angiogen-

esis, i.e., tumor-bearing or pregnant animals. Many, if not most, of these components were found

to be fragments of proteins, which, relative to their parent protein that may or may not be anti-

angiogenic by themselves, display anti-angiogenic properties when separated from their parent

protein. Although endostatin and angiostatin are perhaps the best known examples of such pro-

tein fragments, others are also discussed below.

Angiostatin

The circulating angiogenesis inhibitor angiostatin^ is a fragment of the non-antiangiogenic

plasma protein plasminogen. Angiostatin contains the first four triple-loop disulfide-linked re-

gions of plasminogen, known as kringle domains.*^ This approximately 40 kDa protein was

initially isolated from the serum and urine of mice with Lewis lung carcinoma (LLC). Although

elastase cleaves plasminogen into an active form of angiostatin ;n v/'fro, it is not yet clear which

protease(s) is (are) involved in the conversion of plasminogen to angiostatin /n wVo. However, it

was recently suggested that, depending on the type of tumor, either tumor cells themselves or

tumor-associated macrophages express enzymatic activity capable of converting inactive plas-
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minogen into angiostatin. Although plasminogen itself does not bind to the integrin receptor ocJJg,

it appears that angiostatin does, suggesting that interaction with aßg is, in part, responsible for

the anti-angiogenic properties of angiostatin.^ At least two other possible receptors for angiostatin

have been reported: ATP-synthase^ and integrin agß,^. Table 4 lists receptors reported for

angiostatin and other anti-angiogenic protein fragments and peptides.

Other proteolytic fragments of human plasminogen can also inhibit neovascularization

and growth of lung metastases in mice." For example, kringle 1 (K1) potently inhibits endothelial

cell growth, whereas K4 exhibits almost no anti-angiogenic activity /n wfro." Interestingly, K5,

which is not present in angiostatin, is structurally related to the other four kringles in plasminogen

and also exhibits anti-endothelial activity.'"'

The crystal structure of three kringles from angiostatin folds, as expected for a kringle-

structured protein, into anti-parallel ß-sheet and aperiodic loops."' These three kringles are or-

ganized in an overall L-shape. Because angiostatin contains a nearly equal number of anionic

and cationic residues, the surface of the folded protein is relatively neutral. Nonetheless, the

most outstanding electrostatic feature of the protein is a highly electropositive lysine-rich binding

site. This is a recurring structural/compositional theme for most anti-angiogenic proteins and

peptides identified so far: i.e. anti-parallel ß-sheet structure and preponderance of positively

charged and hydrophobic residues.

Table 4. Anti-angiogenic compounds and their reported receptors.

/nh/to/for
Angiostatin

Endostatin

PEX
Tumstatin, Tum-5
Anastellin
16KPRL
Thrombospondin-1

Anginex

RGD-containing peptides

NGR-containing peptides

Receptor
Ogßi
Ovßa
ATP-synthase
Ovß3

Ovß5
Glypicans
Tropomyosin
otsßi
Ovß3

Ovßs
Ovßs

yet to be indentif ied
CD36

Syndecan
HSPG
ßi and ßsintegrins
IAP
105Kd/80Kd
EC adhesion/migration
receptor
0tvß3

Ovßs
CD13

Source
Taruiefa/. (2001)
Taruiefa/. (2001)
Moser ef a/. (1999, 2001)
Rehn era/. (2001)
Renn era/. (2001)
Karumanchi era/. (2001)
MacDonald era/. (2001)
Wickstrom era/. (2002)
Brooks era/. (1998)
Maeshima era/. (2000)
Yiefa/. (2001)
Clapp era/. (1992)
Dawson era/. (1997)
Jimenez er a/. (2000)
Chen ef a/. (2000)
Chen ef a/. (2000)
Lawlerera/. (1989)
Gao era/. (1996)
Chen er a/. (2000)
Griffioen ef a/. (2001)

Brooks ef a/. (1994)
Arapefa/. (1998)
Pasqualini ef a/. (2000)
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Endostatin

Endostatin was discovered using a similar approach to that of angiostatin, albeit with

hemangioendothelioma as the tumor source." Analogous to angiostatin, endostatin specifically

inhibits proliferation of endothelial cells /n wfro and tumor growth in various mouse models /n

v/Vo. Furthermore, endostatin has been shown to induce endothelial cell apoptosis in the pres-

ence of minimal serum. Endostatin is a 20 kDa C-terminal proteolytic fragment of the NC1

domain of collagen XVIII, which is a member of a family of collagen-like proteins referred to as

multiplexes and is localized primarily in the extracellular matrix surrounding blood vessels. The

multiplexin family of collagens is distinguished by nearly 60% sequence identity within the final

184 residues of their C-terminal globular domains,** suggesting that any one of these fragments

likewise would be anti-angiogenic. This was recently confirmed by the anti-angiogenic activity of

restin, the C-terminal non-collagenous region (NC10) of the a1 chain of human type XV col-

lagen.'"

The precise mechanism of action for endostatin remains elusive, primarily because

endostatin has been found to interact with multiple 'receptors' (Table 4). Endostatin is known to

associate with integrin ocJ3,, to the anchor protein caveolin-1, and to activate Src via a tyrosyl

phosphatase-dependent pathway in human endothelial cells.'" These are in addition to earlier

reports that endostatin contains a RGD (Arg-Gly-Asp) sequence and binds to integrins o^ßj and

aßg.*5 Furthermore, endostatin, as well as angiostatin, increase cytoplasmic Ca^ in endothelial

cells immediately following exposure.**

The crystal structure of endostatin shows the amino acid sequence to be folded into pre-

dominantly anti-parallel ß-sheet structure, with interspersed extended loops and two short a-

helices*'', as illustrated in Figure 2A. The structure of endostatin is homologous to that of E-

selectin.*" In fact, the entire ß-sheet structure of E-selectin is contained within the endostatin

structure. Endostatin is highly positively charged, particularly due to the presence of multiple

arginine residues and has a high affinity for heparin, which is required for the full activity of the

peptide.*^

Tumstatin and tum-5

Recently, the C-terminal globular non collagenous NC1 domain of the a3 chain of human

type IV collagen (cc3(IV)NC1) called tumstatin*', was reported to have anti-angiogenic proper-

ties.^* Aside from its ability to inhibit angiogenesis /'n w'fro and /n wvo, tumstatin also inhibits

tumor cell proliferation.**** Using deletion mutagenesis, Maeshima ef a/, found that the anti-

angiogenic activity of tumstatin appears to be localized between amino acid residues 54 and

132, a fragment named tum-5, whereas its tumor proliferation inhibitory activity resides between

amino acid residues 181 and 244.** Maeshima era/, also demonstrated that both tumstatin and

tum-5 bind to c^ßj (Table 4) in an RGD-independent manner and that binding is pivotal for anti-

angiogenic activity.*" /n wVo studies demonstrate that at a molar-equivalent concentration, hu-

man tum-5 is at least 10 times more active than human endostatin."
17
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Figure 2. Molecular structures for four anti-angiogenic proteins/peptides.
The molecular structures of endostatiir" (panel 2A), fibronectin type III repeat
domain'* (panel 2B), thrombospondin-1 (TSP-1)" (panel 2C), and bactericidal
permeability increasing (BPI) protein" (panel 2D) are shown.

PEX

The non-catalytic C-terminal haemopexin-like domain (PEX) of the matrix metallo-pro-

teinase MMP-2 can interact with integrin c^ßj to block MMP-2 binding and thereby inhibit angio-

genesis. MMPs are mosaic proteins containing a N-terminal pro-domain, a catalytic Zn** pro-

tease domain and the C-terminal PEX haemopexin-like domain. PEX2 appears to be a natu-

rally occurring breakdown product of MMP-2. This protein fragment can inhibit cell-associated

collagenolytic activity with preferential substrate specificity towards type IV collagen, which is

thought to play an important role in endothelial cell proliferation and behaviour during the angio-

18
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genie process because it is a major macromolecular constituent of basement membranes.^

Consequently, PEX inhibits angiogenesis and, in this way, controls normal angiogenesis and

neovascularization. Since MMP-2 does not contain the RGD sequence, PEX binding to cxßj

(Table 4) is RGD-independent. Therefore, exogenously administered PEX may be a therapeutic

inhibitor of diseases associated with angiogenesis^ and may be less toxic than treatment with

MMP enzyme inhibitors themselves.^

The structure of the PEX domain in MMP9 is a non-covalent asymmetric homodimer,

consisting of multiple ß-sheets. The overall structure of PEX9 adopts a four-bladed ß-propeller,

and blade IV of PEX9 mediates the non-covalent and predominantly hydrophobic dimerisation

contact.^

Anastellin

Anastellin is another anti-angiogenic peptide (76 amino acid residues), derived from the

first type III repeat of fibronectin*\ which contains a site important in fibronectin self-assembly

into fibrils.^ Anastellin may disrupt intermolecular interactions that maintain fibronectin in its soluble

form"*, and this disruption may induce the molecule to undergo assembly into fibrils.*' Alterna-

tively, anastellin may change the conformation of fibronectin in such a way that cryptic f ibronectin-

fibronectin binding sites that are capable of driving fibril assembly are exposed. Systemic treat-

ment of tumor-bearing mice with anastellin suppresses the growth of subcutaneous tumors and

inhibits tumor angiogenesis, as well as metastasis**.

This first type III repeat in fibronectin has a similar function as the NC1 domain from col-

lagen IV. This suggests a common mechanism for anti-angiogenic substances derived from

extracellular matrix and blood proteins**, especially considering most of these anti-angiogenic

substances bind to adhesion molecules via the RGD-sequence. For instance, angiostatin binds

to vitronectin, endostatin binds to fibulins, and nidogen-2 and anastellin bind to fibronectin and

fibrinogen in serum." Moreover, all bind to a„ßj (Table 4), which is expressed at high levels in

angiogenic endothelial cells.**

As shown in Figure 2B, the fibronectin type III domain consists of seven ß-strands folded

into two anti-parallel ß-sheets having an immunoglobulin-like fold similar to that found in homolo-

gous modules in the cytokine receptor superfamily.^" Moreover, the surface of this molecule is

highly positively charged.

Others

Prolactin, growth hormone and placental lactogen are members of a family of polypeptide

hormones that share structural similarities and biological activities. They modulate angiogen-

esis along with two non-classical members of the family, proliferin and proliferin related protein.

Opposing actions have been described between these two similar, yet independent, molecules

(proliferin and proliferin related protein), which can stimulate and inhibit angiogenesis, respec-
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tively. The potential to exert opposing effects on angiogenesis can also reside within the same

molecule as the parent protein promotes angiogenesis (i.e. prolactin, growth hormone and pla-

cental lactogen), but after proteolytic processing, the resulting peptide fragment acquires anti-

angiogenic properties (i.e. 16 kDa prolactin, 16 kDa growth hormone and 16 kDa placental

lactogen).«-™

Endothelial cells are known to produce various forms of laminin, but the structural charac-

teristics and biological features are incompletely known/' Whereas laminin itself, as well as

peptides derived from it, are pro-angiogenic^ ^, vasostatin (residues 1-180 of the NHjdomain

of calreticulin) can bind to laminin, thus promoting anti-angiogenic activity. Calreticulin by itself is

also anti-angiogenic/' Domain IVa of the laminin a5 chain is likely to be responsible for the

angiogenic response of laminin. This domain promotes cell adhesion and binds to ß, and c^ßj

integrins via the RGD sequence/" In addition, the laminin receptor 67LR plays an important role

in metastasis, tumor invasiveness and tumor angiogenesis because it is upregulated during

these conditions. Interestingly, the RDGSYGIV peptide derived from epidermal growth hormone

(residues 33-42), which inhibits endothelial cell motility, is an antagonist for 67LR/^

Lastly, the metal-binding glycoprotein osteonectin (also called BM-40 or SPARC) has a

protruding N-terminal ß-hairpin with striking similarities to epidermal growth factor (EGF)/<* Al-

though the molecular structure of osteonectin consists mostly of helices, this ß-hairpin structure is

believed to be the site that promotes anti-angiogenic activity/®

Anginex

As discussed above, most anti-angiogenic agents are endogenous molecules or derived

from endogenous molecules, primarily proteins. On the other hand, our laboratories reported the

potent anti-angiogenic activity of a designed peptide 33mer called anginex or ßpep-25.^^

Anginex specifically targets angiogenically-activated endothelial cells, inhibiting EC adhesion to

and migration on the extracellular matrix and thereby inducing apoptosis. Although no specific

receptor for anginex has yet been identified, it appears that one or more adhesion/migration

receptor(s), upregulated in angiogenically-activated endothelial cells, is (are) involved.**

NMR structural studies show that anginex folds amphipathically into a three-stranded anti-

parallel ß-sheet motif.™ The hydrophilic face of the folded peptide carries a high net positive

charge (+5), mostly from lysine residues. This fold and composition is similar to that found in a

number of other ß-sheet-structured, anti-angiogenic cytokines, such as TNF-cc™, lymphotoxin (LT

or TNF-ß)*°, transforming growth factor-ß (TGF-ß)"\ and bactericidal/permeability increasing pro-

tein (BPip•**. The structure of BPI is shown in Figure 2D to illustrate the extent of its ß-sheet fold.

Although anginex contains a short ß-strand sequence identical to one from BPI, that same syn-

thetic sequence from BPI demonstrates no anti-angiogenic activity, indicating that it is the unique

anginex sequence and fold that impart anti-angiogenic function.
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Anti-angiogenesis therapy

Solid tumors are composed of two interdependent compartments: the parenchyma (tu-

mor cells) and the stroma (supporting cells and connective tissue). The latter provides the vascu-

larity and is the main target of anti-angiogenic therapy. The parenchyma can still be targeted with

conventional therapies. Targeting new anti-cancer therapies to vascular endothelial cells has a

number of advantages over treatments that directly target tumor cells: (i) endothelial cells are in

direct contact with the blood and are therefore more accessible to plasma soluble agents, (ii)

unlike tumor cells, endothelial cells are genetically stable cells that are not easily mutated into

drug resistance variants, (iii) angiogenesis-inducing pathways may be similar in different tumor

types, promoting the broad applicability of anti-angiogenic intervention, (iv) elimination of a single

endothelial cell can eradicate the growth of over 100 tumor cells.

Possible drawbacks of angiogenesis inhibitors

As described above endogenous angiogenic inhibitors were necessary to prove that

aberrant tumor growth could be halted. Beside their functionality ;n v/fro these endogenous mol-

ecules face some difficulties in applicability /n v/Vo.

Contextual Angiogenesis Modulators

The complexity of tumor-induced angiogenesis rests in part in the micro-environment of a

given tumor, which further complicates development of a highly effective anti-angiogenic agent.

For example, hypoxia and ischemia trigger the production of angiogenic survival factors, such as

VEGF, but also of endothelial apoptosis-inducing factors like TNF-a. * " * The level of production

of these factors is important because some cytokines, such as TNF-a and TNF-ß, can function

both as stimulators and inhibitors of angiogenesis depending upon their concentration. Another

example is thrombospondin-2 (TSP-2), which displays anti-angiogenic activity**-*®, via secretion

from fibroblasts, and possibly other mesenchymal cells, as a paracrine mediator of EC prolifera-

tion^. Such agents are therefore contextual inhibitors of angiogenesis that depend on their pres-

ence within a particular physiological environment.

Thus, depending on the interaction within the particular habitat, a factor will either be

produced or not and in a certain amount by paracrine or autocrine matter and act accordingly.

Immunity

One of the advantages of treatment with endogenous inhibitors of angiogenesis over that

of exogenous inhibitors is the absence of possible immunity against the particular compound.

Recently, however, the presence of anti-endostatin antibodies in patients with multifocal glioblas-

toma has been reported. Interestingly, these auto-immune antibodies were observed in patients

with aggressive tumors, but not in patients with less aggressive tumors."* Further analysis will be
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necessary to determine their functional role in tumor angiogenesis. However, it is possible that

these antibodies reduce effectiveness of endostatin therapy and therefore provide an explana-

tion as to how tumors can escape the effects of angiogenic molecules.

Specificity

In the field of cancer research, a prerequisite for the use of angiostatic compounds is the

specificity for tumor endothelial cells. In laboratory research this is being translated into specific-

ity for activated (recently stimulated) endothelial cells. A number of receptors of endogenous

inhibitors that are overexpressed on activated endothelial cells (to mimic tumor EC) are men-

tioned prior.

Endogenous angiogenesis inhibitors seem to target multiple receptors, as described

above (Table 4), and can be involved in different physiological processes, which can entail prob-

lems as exemplified by the following. Small molecule inhibitor SU5416, inhibits VEGF mediated

Flk-1/KDR receptor signaling. It has been shown that SU5416 inhibits tumor vascularization and

growth in xenograft models.** In human trials, when combined with chemotherapy (cisplatin and

gemcitabine) it has shown severe toxicity. Despite careful selection of the patients, this combi-

natorial treatment showed an extraordinarily high incidence of vascular and venous events.^ It

has been suggested that there might be a crucial link between the angiogenic process and the

coagulation system, potentially giving rise to the toxicity. This hypothesis has been questioned

on account of lack of toxicity when SU5416 is combined with other chemotherapeutic agents,

including fluorouracil, irinotecan, carboplatin, and paclitaxel.*" Therefore future development of

anti-angiogenic compounds should be highly specific for upregulated receptors on activated

tumor endothelial cells. This should circumvent interference in physiological angiogenic processes

and possible cross-talk with for example the coagulation system or bone and cartilage remodel-

ing.

Aim of presented thesis: design and development of novel angiogen-
esis inhibitors for cancer treatment

Although preclinical testing of anti-angiogenic agents shows promise, the need for more

and better angiogenesis inhibitors is driven by the absence of any major clinical breakthroughs

(e.g. SU5416, BB2516, AG3340, Bay 12-9566, IM-862).*" These therapeutic molecules inhibit

neovascularization at various steps of blood vessel formation. For example, several matrix

metalloproteinase inhibitors block the degradation of the endothelial basement membrane, thus

preventing capillary sprout formation. Development of antagonistic reagents by blocking angio-

genic ligand/receptors-mediated signaling pathways has become one of the most attractive

approaches in anti-angiogenic therapy. These strategies are mainly aimed at inhibition of VEGF,
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one of the specific key angiogenic factors secreted by tumors. However, these single angio-

genic factor antagonists may encounter major problems in development of drug resistance, as

tumor cells may, most likely, switch their angiogenic stimulators. As cancer masses consist of

heterogeneous populations of tumor cells, the anti-VEGF reagents might stress tumor cells to

select for colonies producing other angiogenic factors such as fibroblast growth factor-2 (FGF-

2). Thus VEGF antagonists may not be effective or only temporary in the treatment of all cancers.

This is shown by the observation that long-term blocking of VEGF activity resulted in a second

wave of VEGF-independent angiogenesis.^ In contrast, general angiogenesis inhibitors that

block common pathways of tumor angiogenesis can bypass drug resistance and be therapeuti-

cally effective against all cancer types. Angiostatin and endostatin are two such specific endo-

thelial cell angiogenesis inhibitors, which have entered clinical trials. According to animal stud-

ies, relatively large dosages (20-100 mg/kg) of these angiogenesis inhibitors have to be deliv-

ered in order to reach maximal effects. When these amounts are translated into human trials, it

seems unattractive to deliver huge amount of biologically active recombinant proteins for long-

term treatments of large numbers of cancer patients. Besides the requirement for high dosages,

possible difficulties manufacturing active molecules and high costs, there is a chance of intro-

ducing transmission of micro-organism toxins from the recombinant proteins. Thus, it seems

impractical to apply protein angiogenesis inhibitors to a large number of patients.** Therefore,

development of new endothelial cell angiogenesis inhibitors, especially synthetic small peptides,

is a potentially important approach for improving or even replacing current anti-angiogenic thera-

pies.

Outline of the thesis

A library of peptides was designed using a combinatorial approach employing basic

folding principles and incorporation of amino acid sequences of ß-sheet containing angiogen-

esis inhibitors.** ̂  By the use of /n wrro anti-angiogenesis assays one of the peptides in the

library (ßpep-25) anginex was identified as being the most effective in proliferation and migra-

tion inhibition and induction of apoptosis.^* Here, it is shown for the first time that anginex also

posses anti-tumor activity ;n v/Vo. The aim of the chapters 2 and 3 was to test and to optimize the

/n wVo efficacy of anginex as an anti-cancer agent in both synergic as xenograft mouse models.

Chapter 4 describes the combinatorial effect anginex had with angiostatin, a well-know angio-

genesis inhibitor, as well with conventional chemotherapeutic agent carboplatin. Chapter 5 dis-

cusses the importance of the ß-sheet structure of anginex for its anti-angiogenic capacity, fol-

lowed by chapter 6, which describes the structural activity relationships within anginex resulting

in the design and development of a new generation of peptide-mimetics. Chapter 7 is a general

discussion and finally a summary is given in chapter 8.
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Chapter 2

Anti-tumor activity of the novel
angiogenesis inhibitor anginex

Ruud P. M. Dings, Daisy W. J. van der Schaft, Balazs Hargittai, Judy R. Haseman,

Arjan W. Griffioen, and Kevin H. Mayo

Cancer Lett. 2003; 194(1): 55-66.
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Introduction

Angiogenesis or neovascularization is the process through which new blood vessels de-

velop from pre-existing vasculature.** The growth of solid tumors is dependent on angiogenesis,

as tumors generally can not grow beyond the size of 1 -2 mm in diameter without formation of new

blood vessels to supply nutrition and oxygen and remove waste products. Most tumors release

angiogenesis-regulating factors, and neovasculatization occurs only when there are more posi-

tive than negative regulators of angiogenesis.^ •**

A highly vascularized tumor is correlated with a poor clinical prognosis, not only because of the

potential for uncontrolled tumor growth, but also because of the increased access of the tumor to

capillaries, which contributes to increased metastatic potential.'*'•"*> Consequently, methods that

inhibit angiogenic sprouting provide a unique opportunity to arrest tumor growth and prevent

metastasis formation. Many endogenous and exogenous anti-angiogenic agents have been iden-

tified, such as angiostatin", endostatin^, thrombospondin™\ TNP-470"*, platelet factor-4"", tha-

lidomide"*, squalamine^, bactericidal/ permeability-increasing protein** and carboxyamino-

imidazole"*.

Although preclinical testing of anti-angiogenic agents shows promise, the need for more

and better angiogenesis inhibitors is driven by the absence of any major clinical breakthroughs

(e.g. SU5416, BB2516, AG3340, Bay 12-9566, IM-862).*' The most successful angiostatic agents

have been those that directly act by inhibiting endothelial cell proliferation. Anginex, a designed

ß-sheet-forming cytokine-like 33-mer peptide, which potently inhibits multiple steps in the angio-

genesis process, is a member of this class of angiogenesis inhibitors. A family of homologous

ßpep peptides was designed by using basic folding principles and incorporating short sequences

from the ß-sheets domains of a-chemokine IL-8 and bactericidal/permeability increasing (BPI)

protein.^ The angiostatic activity of anginex is based primarily on apoptosis-induction via pre-

vention of adhesion on and migration through the extracellular matrix of angiogenically-activated

endothelial cells.*

The aim of the present study was to test and to optimize the /n wVo efficacy of anginex as

an anti-cancer agent in mouse models. Various treatment regiments, i.e., dose response, mode

and frequency of administration, were investigated. For other angiogenesis inhibitors, the litera-

ture reports that continuous, systemic administration of, for example endostatin, results in more

effective tumor growth suppression at significantly reduced doses compared with bolus admin-

istration.""' Continuous systemic administration of anginex in a 10 mg/kg/day dose provided

optimal efficacy. Efficacy was significantly improved by conjugating anginex to human serum

albumin to improve its bioavailability. These results demonstrate that anginex is a promising

pharmacological anti-cancer agent that should be developed for clinical testing.
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and better angiogenesis inhibitors is driven by the absence of any major clinical breakthroughs

(e.g. SU5416, BB2516, AG3340, Bay 12-9566, IM-862).^ The most successful angiostatic agents

have been those that directly act by inhibiting endothelial cell proliferation. Anginex, a designed

ß-sheet-forming cytokine-like 33-mer peptide, which potently inhibits multiple steps in the angio-

genesis process, is a member of this class of angiogenesis inhibitors. A family of homologous

ßpep peptides was designed by using basic folding principles and incorporating short sequences

from the ß-sheets domains of a-chemokine IL-8 and bactericidal/permeability increasing (BPI)

protein.** The angiostatic activity of anginex is based primarily on apoptosis-induction via pre-

vention of adhesion on and migration through the extracellular matrix of angiogenically-activated

endothelial cells.*

The aim of the present study was to test and to optimize the /n wVo efficacy of anginex as

an anti-cancer agent in mouse models. Various treatment regiments, i.e., dose response, mode

and frequency of administration, were investigated. For other angiogenesis inhibitors, the litera-

ture reports that continuous, systemic administration of, for example endostatin, results in more

effective tumor growth suppression at significantly reduced doses compared with bolus admin-

istration.^ Continuous systemic administration of anginex in a 10 mg/kg/day dose provided

optimal efficacy. Efficacy was significantly improved by conjugating anginex to human serum

albumin to improve its bioavailability. These results demonstrate that anginex is a promising

pharmacological anti-cancer agent that should be developed for clinical testing.
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Materials and Methods

Cell Culture

The human epithelial ovarian carcinoma cell line, MA148, was kindly provided by Prof. Dr.

Ramakrishnan. MA148 cells were cultured at 37 °C in RPM11640 medium (Life Technologies,

Grand Island, NY) supplemented with 10% fetal bovine serum (Cellgro, Mediatech, Washington,

DC) and 1% penicillin/streptomycin (Cellgro, Mediatech). Cultures were grown in the presence

of 5% CO2 and split 1:3 every 3 days. The human SK-OV-3 carcinoma cell line was kindly pro-

vided by Dr. Rebecca Bagley (Genzyme).

Proliferation assay

Human umbilical vein derived EC were harvested from normal human umbilical cords by

perfusion as described earlier.^ HUVEC were seeded in a 96 wells culture plate coated with 1

mg/ml fibronectin (2 hours at 20 °C) at a concentration of 3,000 cells per well in a volume of 50

(il. MA148 cells were seeded in a non-coated 96 wells culture plate at a concentration of 5,000

cells per well in a volume of 50 |il. Both cell types were allowed to adhere for 3 hours at 37 °C at

5% CCv, and subsequently 50 |il of culture medium with 20 ng/ml basic Fibroblast Growth Factor

(bFGF), with or without anginex or conjugated anginex was added. The cells were cultured for

72 hours. Two different proliferation assays were used to quantify the effect of the treatments,

PH]-thymidine incorporation and the cell counting kit (CCK) was used. 0.5 uCi [methyPH]-

thymidine(Amersham Life Science)/well was used to pulse the culture, during the last 6 hours of

the assay and activity was measured using liquid scintillation. 10 (il of CCK-8 solution (Dojindo,

Gaithersburg, Maryland) was added to the culture during the last 2 hours of the assay. This was

then quantified using a microplate reader, and the absorbance was measured at 450 nm with

the reference wavelength at 650 nm. All measurements were done in triplicate, and the experi-

ments were done at least three times.

/n w'fro angiogenesis

Sprouting and tube formation of EC were studied using cytodex-3 beads overgrown with

EC in a 3-dimensional gel. Bovine capillary EC (BCE) were mixed with gelatin coated cytodex-

3 microcarrier beads (Sigma, The Netherlands) at a concentration of 25 cells per bead and

cultured for 72 hours in a tissue culture plate in RPMI-1640, supplemented with 20% HS, 2 mM

L-glutamine, 50 ng/ml streptomycin, and 50 U/ml penicillin. The beads were spun down and

resuspended, in a concentration of 25 beads per 100 ul, in 8 volumes of vitrogen-100 (Collagen

Corporation, Fermont, CA, USA), 1 volume 10x concentrated a-MEM (Life Technologies, Breda,

The Netherlands), 1 volume 11.76 mg/ml sodium bicarbonate and 20 ng/ml bFGF. 100uJofthis

mixture was suspended to each well of a 96 wells culture plate, after which gelation was allowed

to take place at 37 °C. After gelation medium was applied on top of the gel containing 20 ng/ml
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bFGF, with or without anginex at concentrations as indicated. After 24 hours photographs were

made. For quantification these images were analyzed using NIH image computer software.

Statistical analysis was done using the Mann-Whitney U test.

Animals

In all studies, female athymic nude mice (nu/nu, 5-6 weeks old) were used. These mice

were purchased from the National Cancer Institute and allowed to acclimatize to local conditions

for at least one week. Animals were given water and standard chow ad//brfum, and were kept on

a 12-hour light/dark cycle. All experiments were approved by the University of Minnesota Re-

search Animal Resources ethical committee.

Xenograft mouse models

MA148 cells, growing in exponential phase, were harvested by trypsinization, washed

with Hanks' balanced salt solution (Cellgro, Mediatech) and resuspended at 2 x 10^ cells/ml in

serum-free RPMI-1640 medium. 100 |il of the suspension was injected subcutaneously into the

right flank of the mouse. For mice with minimal residual disease, treatment was initiated at the

time of inoculation with MA148 cells. As a therapeutic intervention variant, tumors were allowed

to grow to an average size of 50 mm^ (day 17 post-inoculation) before treatment was initiated.

Another therapeutic intervention model was performed with a more aggressive carci-

noma, human SK-OV-3, where tumors were allowed to establish to an average size of approxi-

mately 75 mm3 before treatment was initiated. In either case, animals were randomized prior to

the initiation of treatment.

Treatment variations

Three variations in treatment administration were employed: loco-regional injections, al-

ginate beads and osmotic mini-pumps. Loco-regional administration was performed by inject-

ing agents subcutaneously in the right flank within 1 cm of the tumor, rather than directly into the

tumor mass. Single and double daily injections were performed. Double daily injections were

administered at 12-hour intervals. Alginate beads and osmotic mini-pumps were both used in

order to compare two different continuous and systemic modes of treatment. Alginate beads, a

simple, mild, aqueous-based gel formation of sodium alginate in the presence of divalent cat-

ions such as Ca*+, were made using alginic acid (Sigma Chemical Co.), with some modifica-

tions from the method previously described."* Briefly, the peptide anginex was dissolved in 2%

w/v sodium alginate solution, which was then extruded through a 30-G needle into a 0.1 M cal-

cium chloride solution while stirring. Alginate beads were stored overnight at 4 °C and subse-

quently washed three times in sterile distilled H.,0. Each week, these beads were made fresh

and placed subcutaneously in the left flank of the animals, achieving a dose of 10 mg/kg/day. In

studies using osmotic mini-pumps (Durect, Cupertino, CA), mini-pumps were implanted subcu-
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taneously in the left flank of mice. Concentrated solutions of anginex were formulated such that

the 28-day treatment period would be covered by implantation of a single pump.

For each route of administration, control groups of animals were given either PBS, PBS

containing human serum albumin, or PBS containing a negative control peptide ßpep-28 that is

91 % sequentially homologous and 67% identical to anginex.^ Tumor growth curves were found

to be virtually identical in any of these control cases.

Tumor volume measurements

Tumor volume was determined by measuring the diameters of tumors using calipers

(Scienceware, Pequannock, NJ) and calculated by the equation for the volume of a spheroid: (a*

x b x it) / 6, where 'a' is the width and 'b' is the length of the tumor. Measurements were performed

two or three times per week. At the conclusion of an experiment, tumor weights were also taken

following excision of the tumors from euthanized animals. Statistical analysis was performed

using the Student's t-test.

Anginex-HSA conjugate

Given that small peptides like anginex are subject to rapid clearance via the kidney, a

study was performed in which anginex was coupled to a larger carrier protein, human serum

albumin (HSA). To produce this conjugate, five milligrams of HSA(Aldrich Chemicals, Milwau-

kee, Wi) was dissolved in 1 ml of 50 mM NaPO, buffer, pH 7.5, containing 1 mM EDTA. Freshly

dissolved S-acetylthioacetic acid (SATA, 65 mM in dimethyl sulfoxide) was then added and stirred

at 25 °C for 1 hour."* The resulting derivatized protein was separated from smaller molecules by

gel filtration using Sephacryl S-200HR (Amersham Pharmacia Biotechnology). To the collected

and combined fractions, a 0.5 M aqueous solution of hydroxylamine hydrochloride (in PO^ buffer

containing 25 mM EDTA; pH 7.5) was added and stirred at 25 °C for 1.5 hours in order to

remove the acetyl-protecting group."° The amount of free sulfhydryl was measured using

dinitrothiobenzoic acid (Ellman's reagent)."' There were, on average, five free sulfhydryls per

HSA molecule.

Following gel purification, the derivatized protein was treated with succinimidyl 4-(AA

maleimidomethyl)cyclohexane-1 -carboxylate (47 mM in dioxane) that acted as the cross-linker.

The reagent was added in nine aliquots of 4 nl/ml at 5-minutes intervals under gentle agitation,

and gently shaken overnight at 32 °C. The resulting protein was purified by gel filtration, lyo-

philized and redissolved in H p (1 ml). 1 mg anginex, dissolved in H.,0 (0.25 ml), was then added

to the protein solution. The resulting cloudy solution was stirred at 25 °C overnight, centrifuged to

remove any precipitate, purified using gel filtration, and finally dialyzed and lyophilized to give the

desired conjugate. The protein was characterized by HPLC and Mass Spectrometry. From Mass

Spectrometry, it was estimated that there was an average of 5 anginex molecules per HSA mol-

ecule. An EC proliferation assay (incorporation of PH]thymidine) showed no enhanced activity of
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conjugated anginex compared to its molecular equivalent of free anginex.

Immunohistochemistry

Immunohistochemistry was used to assess microvessel density and the extent of total cell

death. Approximately, tumors of the same size were selected for processing. Tumor tissue was

embedded in tissue freezing medium (Miles Inc, Elkart, IN) and shock frozen in liquid nitrogen.

10 |am thick sections of tissue were prepared for immunohistochemical analysis. For this, tissue

sections were brought to room temperature, air dried overnight, and then fixed in acetone for 10

minutes. Slides were allowed to air dry for at least 30 minutes and were washed three times for

5 minutes each in phosphate-buffered saline (PBS, pH 7.4). Samples were then blocked with

PBS containing 0.1 % bovine serum albumin and 3% human serum albumin for at least 30 min-

utes at room temperature in a humidified box. Samples were subsequently incubated with

phycoerytrin (PE)-conjugated monoclonal antibody to CD-31 (PECAM-1) in a 1:50 dilution

(Pharmigen, San Diego, CA) to stain for microvessel density. After 1-hour incubation at room

temperature, slides were washed with PBS and immediately imaged using an Olympus BX-60

fluorescence microscope at 200X magnification. Digital images were stored and processed

using Adobe Photoshop (Adobe Inc., Mountain View CA).

To assess the extent of total cell death, tissue sections were stained by using the TUNEL

(terminal deoxyribonucleotidyl transferase-mediated dUTP-nick-end labeling) assay, which was

performed according to the manufacturer's instructions (/n s/fucell death detection kit, fluorescein;

TUNEL, Roche). Although the TUNEL assay detects apoptosis, it can not be ruled out that TUNEL

will also stain for necrosis, where extensive DNA fragmentation may occur. Stainings were imaged

using an Olympus BX-60 fluorescence microscope at 200X magnification, and the digital images

were stored and processed using Adobe Photoshop (Adobe Inc., Mountain View CA).

Quantification of microvessel density and the rate of total cell death were determined as

described earlier."* Statistical analysis was performed using the Student's t-test.

Toxicity assessment

As an indirect measure of toxicity, body weights of mice were monitored three times per

week using a digital balance (Ohaus Florham, NJ). Hematacrit levels were determined in blood

samples extracted by tail vein bleedings prior to treatment, ten days after the initiation and on the

last day of treatment. Blood samples were collected using heparinized micro-hematocrit capil-

lary tubes (Fisher; Pittsburgh, PA). Samples were spun down for 10 minutes in a micro-hemat-

ocrit centrifuge (Clay-Adams; NY) and hematocrit levels were calculated using an international

microcapillary reader (IEC; Needham, Mass). To obtain creatinine levels, blood was withdrawn

on the last day of treatment. Creatinine was determined according manufacturer's instructions

(Sigma Diagnostics; St Louis, MO).
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Results

Anginex inhibits tumor growth dose dependently

The dose dependency of anginex was assessed in the MA148 human ovarian carcinoma

xenograft model, whereby anginex was administered at 5 mg/kg/day, 10 mg/kg/day, and 20 mg/

kg/day via osmotic mini-pumps. For this study, there were three control groups: one given PBS

containing BSA and the other two given PBS containing homologous peptide ßpep-28 (5 mg/kg/

day or 10 mg/kg/day). As a model for minimal residual disease, treatment was initiated

immediately after inoculation of animals with tumor cells. Anginex was observed to inhibit tumor

growth dose dependently with the optimal dose being 10 mg/kg/day (Figure 1). At this dose,

anginex inhibited tumor growth by 80% relative to control groups. Whereas greater effectivity

was not observed at the higher dose of 20 mg/kg/day, tumor growth was inhibited by only 50% on

average at half the optimal dose (5 mg/kg/day). Tumors in all control groups were essentially of

the same size. Data, taken from three independent studies, are shown as average tumor volumes

in mm' ± SE (Figure 1).
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1400 - ßpep-28
(10 mg/kg)

ßpep-28
(5 mg/kg)
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• • (5 mg/kg)

20 25
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30 35

Figure 1. Anginex causes significant tumor growth inhibition. The mean tumor growth of
human MA 148 ovarian carcinoma is shown for athymic mice treated with a dose-range of anginex
(closed triangle down: 5 mg/kg/day, n = 14; closed circle: 10 mg/kg/day, n = 16; closed diamond: 20
mg/kg/day, n = 8) administered via mini-pumps implanted in the left flank of animals. Controls contained
PBS with BSA (open square; n = 13) and PBS with ßpep-28 5 mg/kg/day (open circle; n = 8) and 10
mg/kg/day (open triangle up; n = 4). The treatment period was initiated on the day of tumor inoculation
(day 0) and lasted for 28 days as indicated by the horizontal arrow in the figure. Data were taken
from three independent studies and represent the mean tumor volume in mm' (± SE).
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Anginex inhibits growth of established tumors

Having demonstrated its /n w'vo efficacy, anginex was then tested in mice with

established MA148 tumors (approximately 50 to 75 mm'). The optimal dose of 10 mg/kg/

day was administered via mini-pumps, which resulted in a 70% to 80% inhibition of tumor

growth (Figure 2A). The efficacy of anginex against MA-148 tumors was comparable to that

observed against tumors produced using another ovarian carcinoma cell line, SKOV-3 (data

not shown). As an alternative to continuous systemic administration by osmotic mini-pumps,

anginex was encapsulated in alginate beads. Delivery of anginex via alginate beads was

less pronounced compared to mini-pumps, producing only about a 50% reduction in tumor

volume (Figure 2A). Lower efficacy was also observed when anginex was administered

loco-regional by daily subcutaneous injections. At the sub-optimal dose of 5 mg/kg/day,

tumor growth in these experiments was inhibited by only 30%. Giving the same dose of

anginex by twice daily injections did not improve efficacy of the peptide (Figure 2B).

vehicle

30 40
Time (days)
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Figure 2. Effect of different routes of
administration for anginex. (A) Tumor
growth of human MA 148 ovarian carcinoma
in athymic mice treated with anginex (10
mg/kg/day) that was administered in alginate
beads (closed circle; /i = 10) or via osmotic
mini-pumps (triangle down; n = 9) implanted
in the left flank of animals. Tumors grew on
the right flank of animals. The alginate
control group (open square) used 4 mice,
whereas the mini-pump control group used
5 mice (open triangle up). (B) The mean
tumor growth of human MA 148 tumors in
athymic mice treated with anginex (closed
circle: 5 mg/kg/day or closed triangle down:
2.5 mg/kg/day b.i.d.) that was administered
by daily loco-regional injection near the site
of the tumor. Controls were performed using
PBS with BSA (open square) and PBS with
ßpep-28 (open triangle up: 5 mg/kg/day). 10
mice were present in all groups except
controls, which used 9 mice.
Horizontal arrows in both panels indicate the
treatment period, which was initiated on day
17 post-inoculation when palpable tumors
were present and lasted until day 45. Data
have been taken from two independent
studies and represent mean tumor volume
in mm' (± SE).
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Anginex conjugation to HSA enhances inhibition of tumor growth

Since anginex is a small peptide that may be cleared rapidly via filtration through the

kidney, an attempt to improve bioavailability was made by conjugating anginex to human

serum albumin (HSA-anginex, HSA:anginex molecule ratio of 1:5). Activity of the conjugate

was first measured in EC proliferation assays and the results were comparable in both

assays. On a molar basis, the activity of conjugated and unconjugated anginex, in these /n

wfro assays, was found to be essentially the same, whereas anginex is basically ineffective

against the cancer cell line MA148 (Figure 3).

4 6 8 10 12 14

Concentration (JJM)
16

Figure 3. The effect of free anginex and
conjugated anginex on HUVEC and human
ovarian MA148 carcinoma. Proliferation
data is shown which was measured after 72
hours of culture in the presence of free anginex
(open circle, on MA 148; closed circle, on EC)
or conjugated anginex (closed triangle down,
on EC) in different concentrations.

Figure 4. The mean tumor
growth plotted for human
MA 148 ovarian carcinoma in
athymic mice. Treatment lasted
for 28 days and a prolonged
significant tumor growth
reduction is seen until termination
of the study (* f< 0.05). The
insert shows the data during
treatment. Treatment consisted
of anginex (closed circle; 2.5 mg/
kg/day; n = 11) or HSA-
conjugated anginex (closed
triangle down; 41.5 mg/kg/d; n =
18) that was administered via
osmotic mini-pumps implanted in
the left flank of animals. Tumors
grew on the right flank of
animals.
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Control animals were treated with free HSA in PBS (open square; n = 17). The horizontal arrow indicates
the treatment period, which was initiated on the same day as inoculation (day 0; prevention model). Data
were pooled from three independent studies and represent mean tumor volume in mm' (± SE).
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Anti-tumor agent anginex

/n wVo activity of the conjugate was then tested in the MA148 xenograft tumor model along with

unconjugated anginex. Molar equivalent doses (anginex at 2.5 mg/kg/day and the HSA-anginex

conjugate at 41.5 mg/kg/day) were subcutaneously administered via osmotic mini-pumps. Data

in Figure 4 show averages of three independent experiments. A significant improvement in tumor

growth inhibition was observed when animals were treated with the conjugate. 30 days post-

treatment (day 58), tumors in animals treated with HSA-conjugated anginex remained significantly

smallerthan those in control animals treated with free HSA (P< 0.05). At this time point, the mean

tumor volume in HSA-conjugate treated animals was approximately 75% less than in control

treated animals. Results from tumor volume measurements were virtually the same as those

derived from wet weights of post-mortem excised tumors (vehicle 287511404 mg; conjugate

7671267 mg).

Toxicity assessment

/n w/Vo toxicity of anginex and its conjugate was assessed by observing animal behavior,

determining body weight, measuring hematocrit and creatinine blood levels, and examining macro-

and microscopic morphology of internal organs upon autopsy at the end of each study. By any of

these criteria, neither anginex nor its HSA-conjugate appeared to be toxic. Treated and untreated

mice behaved and ate normally. Body weights of treated and untreated mice were the same

among any of the groups studied. Each mouse gained on average approximately 3 grams dur-

ing the course of the studies. In addition, prior to the start of treatment, ten days after the initiation

of treatment, and the last day of treatment, blood was drawn and hematocrit levels were deter-

mined as measurement for bone marrow toxicity. Prior to treatment, the average percentage of

red blood cells was 54.3% ± 4.7%. Ten days after initiating treatment, red blood cells accounted

for 51.0% ± 3%, 51.0% ± 2% and 46.3% ± 6.6% for control, anginex and conjugate treated

groups, respectively. On the last day of treatment red blood cells accounted for 50.3% ±1.1 %,

50.0% ± 2.6% and 50.0 ± 1.0% for control, anginex and HSA-conjugate treated groups, respec-

tively. Creatinine levels, which were determined on the last day of treatment, showed amounts of

49.6 nmoles/l ± 2.5 |amoles/l, 46.6 nmoles/l ± 4.5 umoles/l, and 42.1 |imoles/l ± 3.0 nmoles/l for

control, anginex and conjugated treated groups, respectively. At the termination of all studies,

macro- and microscopic morphology of internal showed no abnormalities among all groups of

animals.
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Figure 5. Histochemical analysis. Tumor cross-sections were stained for vessel density
(panels A, B, C) and for apoptosis (panels D. E, F). Microvessel density (MVD) is revealed
by PE-labelled anti-CD31 antibody staining. Apoptosis staining is revealed by using the TUNEL
assay. Panels A and D exemplify tumor tissue cross-sections taken from control-treated
mice; B and E exemplify tumor tissue cross-sections taken from anginex-treated mice, and C
and F exemplify tumor tissue cross-sections taken from HSA-conjugate-treated mice. Data
in panels G and H show the mean of white pixels per image (± SE), MVD and apoptosis,
respectively. Black bars represent results from control tumors; double diagonally striped and
the left diagonally striped bars represent tumors treated with anginex (respectively 2.5 mg/
kg/day and 10 mg/kg/day), whereas horizontally striped bars represent tumors treated with
HSA-conjugated anginex at 41.5 mg/kg/day. Statistical analysis was performed using the
Student's t-test, where the asterix indicates />< 0.05 vs. control-treated tumors and the symbol
# indicates P< 0.01 vs. anginex-treated (2.5 mg/kg) tumors. Original magnification X200;
scale bar = 50 u,m.
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Anti-tumor agent anginex

Table 1 . Vessel density quantification and related parameters

Vessel Density" End Points" Branch Points"

Vehicle 56785 ± 23790 20.3 ±10.2 17.1 ± 9.9

Anginex 27576113304« 41.2 ±14.0 13.0 ±8.9«

Conjugate 9875 ± 3638" 30.4 ± 16.6 3.2 ± 2 . 3 "

Vessel Length«

22.7 ± 7.4

7.2 ± 3.0*

5.7 ± 2 .7 "

• Following binarization of images, microvessel density was estimated by scoring the total number of white pixels
per field. Results show the mean white pixel count per image ± standard deviation.

•"Mean number of vessel end points ± standard deviation as determined after skeletonization of the images.

' Mean number of vessel branch points/nodes per image in pixels ± standard deviation as determined after
skeletonization of the images.

" Mean total vessel length per image in pixels ± standard deviation as determined after skeletonization of the
images.
• P< 0.05. Experimental group compared to vehicle, using the Student's t-test.

' P< 0.01. Experimental group compared to anginex, using the Student's t-test.
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Figure 6. Anginex inhibits in vifro
• tnginex angiogenesis in a collagen matrix. BCE
» BSA were cultured on gelatin coated Cytodex-3

beads in a collagen matrix. Sprouting was
induced by addition of 20 ng/ml bFGF (A).
(B) Sprouting of BCE in the presence of 20
ng/ml bFGF and 25 U.M anginex. The beads
have a mean size of 170 (± 40) microns.
Quantification of results (C) was performed
by NIH-image software (n = 3, *P< 0.013).

concentration IpM)

Aspects of the mechanism of action

To demonstrate that anginex functions by inhibition of blood vessel formation, microvessel

density (MVD) and the extent of total cell death (Figure 5 and Table 1) in cross sections from

tumor tissues were determined. Results show that anginex inhibits the number of microvessels

by up to 50%, whereas the conjugate inhibited MVD by approximately 80%. Not only was the

number of microvessels reduced in anginex treated animals, but vessel length was also reduced

by a similar extent. This, together with an increase in the number of endpoints, is indicative of a

change in vessel architecture. In all parameters (Table 1), the HSA-conjugate demonstrated greater
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anti-angiogenic effectivity compared to free anginex. The TUNEL assay, which reveals the extent

of total cell death within tumors (Figure 5D-F), showed that cell death was greatest in animals

treated with the HSA-anginex conjugate, consistent with results from microvessel staining (Figure

5H). These results were supported by the inhibition of tube formation in the ;n v/Yro angiogenesis

assay. In this assay, sprout formation was measured in a 3D collagen gel (Figure 6), and anginex

was found to inhibit tube formation by 50% at 800 nM.

Discussion

Anginex is a rationally designed, cytokine-like peptide 33-mer, which has been shown /n

v/froto induce apoptosis specifically in angiogenically-activated endothelial cells (EC) by inhib-

iting EC from adhering to and migrating on the extracellular matrix.^ The present paper reports

the ;n v/Vo efficacy of this small peptide and its development as a therapeutic anti-cancer agent.

We have shown here that anginex significantly inhibits the growth of ovarian carcinoma-derived

tumors in athymic mice. Of the three administrative routes used (daily loco-regional bolus injec-

tions, continuous systemic delivery via osmotic mini-pumps, and suspension in alginate beads

implanted subcutaneously), continuous systemic administration of the peptide worked best. Inhi-

bition of tumor growth was observed to be dose dependent and optimal at 10 mg/kg, with a

maximum reduction in tumor size of about 80% relative to control. When anginex was adminis-

tered loco-regionally by once or twice daily injections, tumor growth was inhibited by only about

50%. This reduction in efficacy is consistent with the previous observation that continuous ad-

ministration of endostatin resulted in sustained systemic concentrations of the protein leading to

increased efficacy, which was manifested as increased tumor regression compared to single

daily bolus administration.'^ Nevertheless, it was somewhat surprising to find that twice-daily

injection of the same total dose did not lead to enhanced efficacy over single daily injections as

was demonstrated with other angiogenesis inhibitors, e.g., matrix metallo proteinase inhibitor

AG3340."' AG3340 was able to inhibit tumor growth at the same rate as when it was adminis-

tered in only 1/8 of the dose, but injected multiple times a day. The plasma levels of the protein-

ase inhibitor explained this effect. Apparently, single or double daily injections of anginex did not

produce appropriate threshold or steady state levels of the drug in the serum to be as effective.

As a third route of administration, we also investigated the use of alginate beads in which

anginex was suspended. This non-toxic and biodegradable method is an established method in

drug delivery"'' and was also reported to be an effective means of delivery by others in the anti-

angiogenesis field"*. However, with anginex this slow-release approach was less effective than

administration via osmotic mini-pumps. At best, tumor growth was inhibited by about 60% when

delivered via alginate beads. The problem with the use of alginate beads stems from the fact that

the percentage of encapsulated compound can differ and that administration, i.e., release, is not

well regulated.""
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Anti-tumor agent anginex

Because anginex has a relatively low molecular weight (3.9 kDa) and may, therefore, be

rapidly excreted via the kidney, we thought that its /n wVoefficacy could be improved by conjugat-

ing the peptide to a larger 'carrier' protein, i.e., human serum albumin (HSA; 67 kDa). Molecular

weight-dependent tissue accumulation and clearance has been systematically investigated for

dextrans"^ and polyethyleneglycols (PEGs)"®. For PEGs it was found that the circulatory half-life

of PEG increased from 18 min to 1 day as the PEG molecular weight increased from 6 kDa to

190 kDa. However, although renal clearance decreased, hepatic clearance increased with in-

creasing PEG molecular weight. For dextrans in a molecular-weight range of 4 kDa to 150 kDa,

renal clearance decreased with increasing molecular weight, whereas hepatic clearance was

maximal at 70 kDa and a further increase in molecular weight resulted in a decrease of liver

uptake. Conjugation of smaller molecules to larger carrier molecules, e.g. HSA, has been shown

to be effective in increasing bioavialablity for reasons, beyond an increase in size, e.g., changes

the molecular hydrophobicity. For instance this was demonstrated by conjugating the well-known

and hydrophobic chemotherapeutic agent paclitaxel to HSA."<* Because anginex is readily soluble

in water*, this latter point is moot with regards to explaining /n wvo effects from the HSA-anginex

conjugate. The HSA-anginex conjugate shows a substantial improvement in efficacy. Whereas a

sub-optimal dose of free anginex proved to be ineffective, a molar equivalent dose of anginex

conjugated to HSA inhibited tumor growth by about 65%. Although we did not measure serum

levels of anginex or of the HSA-anginex conjugate, treatment with the conjugate presumably led

to prolonged circulation in the serum merely due to the increase in size. This, in turn, relates to

improved bioavailability of the drug.

Mechanistically, anginex functions /n v/Yro as an anti-angiogenic agent.* Immunohis-

tochemical results on cross-sections of exercised tumors from anginex-treated and untreated

animals, demonstrate that tumor growth inhibition by anginex is indeed mediated by its ability to

inhibit angiogenesis. Here, this has been quantified by microvessel density and digital analysis

of vessel architecture. Microvessel density in tumors, but not in other tissues, is significantly

decreased in anginex-treated animals compared to control tumors. In addition, anginex-treated

tumors have smaller vessels and the analysis of vessel architecture reveals decreased branch-

ing and less differentiation of the vascular bed. Furthermore, TUNEL analysis shows an increased

amount of cell death within tumors exposed to anginex. This increased cell death most likely

results from a reduction in angiogenesis, i.e., vessel density reduction, because ;n v/fro data

demonstrate that anginex only affects angiogenically-activated endothelial cells (Figure 3 and

Griff ioen ef a/.^). Therefore, apoptosis of tumor cells is not a direct effect of anginex treatment,

but rather it is an indirect effect due to a reduction in the number of endothelial cells in the tumor.

In studies with other anti-angiogenics, similar observations were made. For example, treatment

with C225, an antibody to the EGF receptor showed that inhibition of tumor-induced angiogen-

esis led to tumor cell apoptosis and regression which, in turn, led to a significant anti-tumor effect

against human pancreatic carcinoma in nude mice.'*"
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For several reasons, anginex shows promise for clinical use as a therapy against cancer.

Anginex is a potent anti-tumor agent that demonstrates no signs of toxicity in mice. Moreover, the

peptide is synthetically produced and has a very long shelf-life either as a powder or in solution.

Currently, we are using the NMR structure of anginex and derived structure-function relationships

to design a small-molecule mimetic of the peptide.
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The designer anti-angiogenic peptide anginex
targets tumor endothelial cells and inhibits

tumor growth in animal models
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Abstract

The de novo designed angiogenesis inhibitor anginex was tested /n vrfro and /n v/vo for

its mechanism of action and anti-tumor activity. The data presented here demonstrate that anginex

is a powerful anti-angiogenic agent with significant anti-tumor activity. The mechanism of action

of anginex was found to be the induction of anoikis leading to apoptosis in angiogenically activated

endothelial cells, resulting in an up to 90% inhibition of migration in the wound assay. Anginex

inhibited angiogenesis as demonstrated in the /n wfro mouse aortic ring assay. In addition, tumor-

induced angiogenesis in the chick chorioallantoic membrane was markedly inhibited. Anginex

showed profound anti-tumor activity in the syngeneic mouse B16F10 melanoma model and in a

xenograft human tumor model. Microvessel density determination as well as magnetic resonance

imaging showed that the anti-tumor activity in these tumor models resulted from the anti-angiogenic

activity of anginex. A complete absence of toxicity was observed in these models. The data

presented here demonstrate that anginex is a promising agent for further clinical development.
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Introduction

Angiogenesis is crucial for numerous bodily functions, including normal processes such

as embryogenesis and wound healing, and in pathological situations such as tumor growth,

arthritis, restenosis, endometriosis, and diabetic retinopathy.™ ̂  The search for angiogenesis

inhibitors, which could be of therapeutic use, has been mainly concentrated on controlling two

of the processes promoting angiogenesis, namely endothelial cell (EC) growth and

adhesion.^-^ Targeting drugs to EC is considered to be a potentially useful anti-cancer

strategy primarily because EC are more accessible than other cells are to pharmacologic

agents delivered via the blood and because EC are genetically stable and thus are not easily

mutated into drug resistant variants. Most anti-angiogenic agents have been discovered by

identifying endogenous molecules, primarily proteins, which inhibit EC growth. This traditional

approach has produced several anti-angiogenic agents, such as platelet factor-4 (PF4V*\

thrombospondin-1 '*», interferon-y inducible protein-10^, angiostatin", endostatin",

vasostatin^, tumstatin^, and bactericidal permeability-increasing protein (BPI)". The use of

anti-angiogenic agents in /n wfro and /n v/Vo studies, particularly those applied to anti-cancer

research, has strongly suggested that anti-angiogenic therapy will be a promising therapeutic

modality in the future, either as monotherapy or in combination with conventional cancer

therapies. ^

Whereas several anti-angiogenesis molecules have been tested clinically, the majority of

them possessed either significant toxicity or lacked sufficient anti-cancer activity. The most

succesful anti-angiogenic compounds as yet, at least judged by evaluation in preclinical testing,

are the ones that directly act on EC and block either cell growth and/or motility. Examples of such

agents are angiostatin, endostatin, and BPI. In the search for novel angiostatic molecules, we

have designed a ß-sheet forming 33mer cytokine-like peptide, anginex, which is a potent inhibitor

of angiogenesis and belongs to the aforementioned group of inhibitors. The design of anginex

was recently described as being based on the sequence and three-dimensional structure of

PF4, interleukin-8, and BPI. Anginex has been demonstrated to specifically inhibit EC growth

and adhesion and was found to inhibit angiogenesis /n v/Yro.̂ ®^ The aim of the present study

was to further investigate the mechanism of action of anginex and to assess its ability to inhibit

tumor growth in mice. To that end, the peptide was tested in a syngeneic mouse tumor model

(B16F10 melanoma) in C57BL/6 mice, as well as in a human xenograft ovarian carcinoma model.

Mechanistic studies using /n wfro and /n wVo angiogenesis models demonstrate that anginex

exerts its effect by angiogenesis inhibition and that anginex specifically targets tumor EC. /n wVo

studies indicate that anginex is a powerful anti-angiogenic and anti-tumor agent.
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Materials and Methods

Cell cultures and reagents

The murine EC cell lines SVEC4-10 (purchased from ATCC) and TME (kindly provided

by Dr. Duijvestijn'") were cultured in Dulbecco's modified Eagle's medium (DMEM) (Life

Technologies, Breda, The Netherlands) supplemented with 10% fetal calf serum (FCS)

(BioWhittaker, Verviers, Belgium), 2 mM HEPES (Serva, Heidelberg, Germany), 50 lU/ml penicillin

(ICN, Aurora, OH), and 50 lU/ml streptomycin (Seva, Heidelberg, Germany), in gelatin (Merch,

Darmstadt, Germany) coated tissue culture flasks (Costar, Corning, NY). The cell lines were

subcultured 1:8. B16F10 melanoma cells were cultured in MEM with Hank's salts, 10% FCS,

antibiotics, MEM-vitamins, glutamine, nonessential amino acids, sodium pyruvate, and NaHCOj.

MA148 human ovarian carcinoma cells were cultured in RPMI1640 supplemented with 10%

FCS and penicillin/streptomycin as described previously. The cells were subcultured twice a

week 1:5. Human umbilical vein-derived endothelial cells (HUVECs) were cultured in RPMI1640,

supplemented with 20% human pooled serum and antibiotics and 2 mM glutamine.

For some experiments, mouse EC were cultured from heart and lung tissues of C57BL/6

mice. The organs were removed, minced, and subsequently incubated in collagenase (Life

Technologies) and dispase (Life Technologies) (both 1 mg/ml) for 1 h at 37 °C. After 30 min,

DNAse (Sigma Aldrich, Steinheim, Germany) was added to the mixture. After incubation, the

tissue was sieved and centrifuged at 1500 rpm for 10 min. The pellet was resuspended in culture

medium (DMEM, 20% FCS, 2 mM L-glutamine, 2 mM sodiumpyruvate, 20 mM HEPES, 1%

nonessential amino acids, antibiotics, 1 IU/100 ml heparin, 100 ng/ml ECGS). The cells were

seeded in 25-cm* culture flasks coated with fibronectin. After 1 h of adherence, the unattached

cells were decanted and the adherent cells were then cultured under different conditions. Using

FACS-analysis, EC were identified by indirect staining with phyco-erythrin labeled rat anti-mouse

CD31 (Pharmingen, BD, Woerden, The Netherlands). On the basis of light scatter characteristics,

residual CD31-positive monocytes/macrophages were excluded. With human tissues, a similar

protocol leads to identification of EC, as confirmed by acetylated-LDL binding and expression of

ICAM-2andCD105.^8

Anginex and the control peptide ßpep-28 (a 91 % homologous and 67% identical peptide

without anti-angiogenic activity) were synthesized as described previously.^ For some

experiments, anginex was coupled to Oregon Green-488 (MW 152, Molecular Probes, Leiden,

The Netherlands). 2.5 mg anginex (MW 3800, dissolved in 0.5 ml H.,O) was mixed with 0.1 mg

Oregon Green (dissolved in 100 nl of dimethyl sulfoxide (DMSO), 1:1 molar ratio), and incubated

for 1 h at room temperature. Unbound Oregon Green and DMSO were removed by dialysis

overnight against 0.9% NaCI. Labeled anginex was concentrated to a final concentration of 3

mg/ml by centrifugation in YM3 columns (Centricon).
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Flow cytometric analysis of anginex binding to HUVEC

HUVEC were either fixed directly after isolation with 1 % paraformaldehyde for 30 min at

20°C or cultured for 3 days on 1 mg/ml fibronectin-coated tissue culture flasks with or without

bFGF. After culture, the cells were harvested by trypsinization and fixed in 1 % paraformaldehyde.

After fixation, the cells were washed twice in PBS/0.1% BSA/0.01% sodium azide and

subsequently incubated with 25 |jM anginex on ice for 2 h. After incubation, cells were washed

twice and incubated for 1 h with MARC-1 mouse monoclonal anti-anginex antibody (Bouma-Ter

Steege ef a/., unpublished observations). The cells were then washed again and incubated in

goat anti-mouse Ig-FITC (Dako, Glostrup, Denmark). Cells were then washed and fluorescence

of 5000 cells was recorded for each sample on a FACScalibur (Beckton Dickinson). The

experiment was repeated three times with different HUVEC isolations.

Apoptosis measurement

Cells were cultured for 3 days on a fibronectin coat in the presence or absence of different

concentrations of anginex. After this period, the cells were harvested with trypsin (0.125%) (DIFCO,

Detroit, Ml) and fixed for 2 h in 70% ethanol at -20°C. The cells were subsequently centrifuged at

1500 rpm for 5 min and resuspended in DNA extraction buffer (89 volumes 0.05 M Na_,HPO„.2H.,O,

10 volumes 0.025 M citric acid, 1 volume 100% Triton X-100, pH 7.4) and incubated for 20 min

at 37°C. After incubation, propidium iodide (PI) (Brunschwig Chemie, Amsterdam, The

Netherlands) was added at a final concentration of 20 ng/ml, and the DNA profile was directly

analyzed with the FACScalibur.^ For assessment of apoptosis in freshly isolated ECs, CD31

staining was performed before the incubation in PI.

Caspase-3 activity was demonstrated by a 20-min incubation of cell lysates (10* cells/

500 nl PBS, 1% Triton X-100) with 10 nM fluorogenic caspase-3 substrate (Ac-DEVD-MCA,

Alexis Biochemicals, San Diego, CA)'*> in 50 mM Tris/HCI, pH 7.5,1 mM DDT as described by

Fujita ef a/J*> Fluorescence was measured at 380 nm for excitation and 460 nm for emission. In

some experiments, the caspase inhibitor z-VAD.FMK (Alexis Biochemicals) was used (10 nM)

to inhibit apoptosis in EC.^'

Proliferation measurement

Cells were seeded at 3000 cells per well in a 96-well culture plate and allowed to adhere

for 2 h to a fibronectin (1 mg/ml, 2 h at room temperature) coat. After adherence, the medium was

replaced by medium with or without 10 ng/ml bFGF and containing a concentration range of

anginex. After 3 days, the culture was pulsed for 6 h with 0.3 nCi [methyPH]-thymidine (Amersham

Life Science's Hertogenbosch, The Netherlands) per well. Activity was measured using liquid

scintillation. In each experiment, measurements were done in triplicate.
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Migration measurement

SVEC4-10 and TME cells were cultured in triplicate on a 1 -mg/ml fibronectin coat in a 24-

well tissue culture plate. Cells were grown for 3 days until confluence. When confluent, a wound

was made in the well, using a blunt glass pipette. The medium was replaced with medium

containing 0, 0.75,2.5,7.5,25, or 50 nM anginex, or 50 uM ßpep-28, and at 0,2,4,6,8, and 24

h, the wound width was measured at four different predefined places. Statistical significance of

observed differences was assessed using Student's t-test. Photographs were made using an

inverted microscope and a Contax 167 mt camera.

Mouse aortic ring assay

For this ex wVo angiogenesis assay, the thoracic aortas were excised from 8- to 10-wk-

old C57BL/6 mice and immediately placed into PBS. The aortas were cleaned from blood and

surrounding tissues and cut into 1-mm-thick cross-sectional rings. Single rings were placed in

the wells of a 96-well tissue culture plate. A mixture (100 |ul) of 8 volumes of Vitrogen-100

(Cohesion, Palo Alto, CA), 1 volume 7.5% NaHCO, and 1 volume 10 times concentrated cx-

MEM (Life Technologies). The gels with the aorta fragments were allowed to solidify at 37 °C for

2 h. Medium (50 nl) (DMEM, 20% FCS, 2 mM L-glutamine, 2 mM sodiumpyruvaat, 20 mM HEPES,

1 % nonessential amino acids, antibiotics, 1 IU/100 ml heparin, 100 (ig/ml ECGS) was put on top

of the gels, and the cultures were maintained at 37 °C for up to 7 days. Different culture conditions

were tested in triplicate. Medium was changed every 3 days. Vascular sprouting from each ring

was examined daily using an inverted microscope. Photographs were taken on day 3 and 7. The

width of the tube formation area was measured at four different predefined places of the aortic

ring.

Chorioallantoic membrane assay

Fertilized eggs of Lohman-selected White Leghorns were incubated for 3 days, as previ-

ously described"*^, at 37 °C, 55% relative air humidity, while being rotated every hour. At day 3,

a rectangular window (1x1.5 cm) was made in the shell. Albumin (2 ml) was withdrawn through

the blunt end of the egg. The window was covered with transparent tape to prevent dehydration,

and the eggs were further incubated without rotation until day 10. At day 10, a silicone ring was

placed on the chorioallantoic membrane (CAM), and inside this ring, daily treatments were ap-

plied (65 (il of different concentrations of anginex or control peptide ßpep-28).

For analysis of tumor-induced angiogenesis in the CAM, 4-mm' fragments of B16F10

melanoma tumors, grown subcutaneously for 10 days in C57BL/6 mice, were transplanted onto

the 10-day-old CAM. Immediately before the transplantation, the CAM was slightly damaged by

removing its upper peridermal layer by quick adhesion and removal of lens tissue paper. Starting

2 h after transplantation, 65 (il of a 10 (iM solution of anginex was applied topically every day. At
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day 17, photographs of the area at six times magnification were taken using a Wild M8 stereomi-

croscope equipped with a Nikon F301 camera. The vascular density indices were stereologi-

cally analyzed by projection of four concentric rings on the image of the CAM and enumeration of

intersections with blood vessels.

Tumor models

The animal experiments were approved by the local ethical review committee. At day 0,

6-wk-old C57BL/6 mice (obtained from Charles River) were inoculated with 2x10^ B16F10 cells

(provided by Dr. J. Fidler, Houston, TX) subcutaneously on the right flank. On the left flank, an

Alzet osmotic minipump (Durect, Cupertino, CA) was placed on the same day. The mini-pumps

administered either saline (0.9% NaCI solution); 1.5,6, or 12 mg/kg/day of anginex; or 12 mg/kg/

day of the control peptide ßpep-28 or BSA, dissolved in saline, for 14 days. TNP-470 (AGM-

1470; kindly provided by Takeda Chemical Industries, Osaka, Japan), which was used as a

positive control angiostatic compound, was administered by i.p. injections of 60 mg/kg every 2

days^ as of day 9 after inoculation of the cells. Between day 6 and 9, the tumors became visible

in all mice, and tumors were measured daily. Tumor volumes were calculated as follows: width^x

length x 0.52. Because we observed in the B16F10 melanoma model that the first mice died of

the disease shortly after day 16, the experiments were terminated on that day.

MA148 ovarian carcinoma tumors^ were grown subcutaneously in 8-wk-old nu/nu Swiss

mice (Charles River) by injection of 2X10" cells in 100 ul of serum-free medium. When tumors

reached a volume of 50 mm', treatment was started by placement of osmotic mini-pumps.

Statistical differences in tumor growth curves were analyzed using the two-way ANOVA test.

/n v/Vo peptide kinetics
In some experiments, B16F10 tumor-bearing mice (tumor size of -150 mm') were

anesthetized and injected i.v. with 300 ng of Oregon Green-labeled anginex (in 100 nl 0.9%

NaCI). Blood samples (50 ul) were taken from these and control mice by orbital punction at 2,5,

10,15,30, 60,120,180, and 240 min after injection (blood from another mouse was given back

to sustain the blood volume in the mouse). The blood samples were allowed to clot for 2 h, and

serum was harvested. The sera were diluted 1:5 in H.,0 and put in duplicate in a 96-well plate.

Fluorescence of the samples was measured on a fluorimeter and compared to a standard dilution

range. After 240 min, the mice were sacrificed, and kidney, lung, muscle, spleen, liver, and tumor

tissues were extracted. Cryosections (5 |im) of these tissues were prepared, and vessel staining

was performed with a phyco-erythrin (PE)-labeled anti-mouse CD31 antibody (see microvessel

density assessment). Digital images were made on a fluorescence microscope at 200x

magnification. Green (anginex-Oregon Green) and red (vasculature) fluorescence were analyzed

using ISIS software.
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Microvessel density assessment

Serial cryosections (5 |im) were put on organosilane-coated object slides, air-dried for

24 h at room temperature, and fixed with 1% paraformaldehyde (Sigma) for 1 h. Endogenous

peroxidase was blocked by incubation in 0.3% H.,0., in methanol for 30 min. Sections were

blocked for nonspecific antibody binding with 5% BSA in PBS. The slides were incubated in

biotinylated anti-mouse CD31 antibody (Pharmingen) for 1 h. After incubation with avidine-biotin

complex (Vector Laboratories) for 30 min, the slides were developed with diaminobenzidine

(Sigma) and counterstained with haematoxylin (Merck), and the slides were mounted in entellan

(Merck). The microvessel density (MVD) was evaluated as described previously.^ In short, two

independent observers assessed MVD by counting of vessels in three high-power fields randomly

selected within a section. In some experiments, standardized analysis of pixel density with Scion-

image software was used for the quantification of MVD."* Significance of observed differences

were assessed using Student's t-test.

Magnetic resonance imaging (MRI)

Mice from the B16F10 melanoma model were selected for MRI. Mice were anesthetized

(ketamine 100 mg/kg and xylazine 10 mg/kg, s.c), and MRI measurements were done with a 5-

cm-diameter high-resolution surface coil at 1.5 Tesla (ACS-NT, Philips Medical Systems, Best,

The Netherlands). The MRI protocol included a T^-weighted 2D-TSE anatomic acquisition (TR/

TE 3427/150 ms, TF 25) and 7,-weighted 3D-FFE (TR/TE 50/7 ms, flip 35°, voxel 0.5x0.5x2

mm') pre- and postcontrast measurements (Gd-DTPA0.015 mmol/kg; Magnevist, Schering,

Berlin, Germany). Subtraction of the postcontrast minus precontrast measurements in the tumor

reveals the residual contrast agent in tumor circulation and interstitial space. After the

measurements, the mice were sacrificed and the tumors were frozen in liquid nitrogen for

histological analysis. Vessels were stained with rat anti-mouse CD31 and peroxidase labeled

goat anti-rat Ig. The MVD was evaluated as described previously.^

Results

Anginex inhibits proliferation of and induces apoptosis in mouse ECs

Proliferation of EC is key to the process of angiogenesis. In an earlier study, we described

the growth inhibitory effect of anginex on cultured EC. These data demonstrated that this effect

was EC specific (growth of normal fibroblasts and tumor cell lines was unaffected) and nonspecies

specific.^ Here, the influence of anginex on proliferation of mouse EC was analyzed using the

EC lines SVEC4-10 and TME. After 3 days of incubation with 75 uM anginex, the proliferation

was inhibited by 50% and 74%, respectively, for these two cell lines. The effect is plotted against

the effect of anginex on HUVEC, demonstrating the relative nonsensitivity of mouse EC at the
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Anginex. a specific tumor endothelial cell inhibitor

level of proliferation inhibition (Figure 1 A). The data shown are from cultures with 10 ng/ml bFGF.

For both the mouse and human EC, similar responses were observed in the absence of bFGF.

A B
Figure 1. Anginex inhibits
proliferation and induces apoptosis
in endothelial cells.
(A) SVEC4-10. TME. and HUVEC were
cultured for 3 days in the presence of a
concentration range of anginex.
Proliferation was measured by ['H]-
thymidine incorperation. The mean data
of four independent experiments (±SE,
*P< 0.05) are shown. (B) Anginex-
induced apoptosis as measured by
assessment of subdiploid cells after DNA
staining with propidium iodide. Results
of one representative experiments out of
four are shown. (C) Anginex induces
apoptosis in EC isolated from mouse
tissues. Single-cell suspensions were
made from heart and lungs of C57BL/6
mice and cultured for 3 days on
fibronectin-coated tissue culture plates
in the absence or presence of 10 ng/ml
bFGF and with or without 75 (iM anginex.
Subdiploid propidium iodide staining cells
after DNA extraction was determined

* " » * in the CD31 expressing subset of cells
using flow cytometry.

(D) 460-nm fluorescence of cleaved fluorigenic caspase-3 substrate Ac-DEVD-MCA, representing caspase-
3 activity, measured in samples without cells, samples of HUVEC cultures without anginex (control), and
cells cultured for 1 or 3 days with 25 |lM anginex. (E) z-VAD.FMK was added to HUVEC cultures with or
without anginex. and then subdiploid cells were analyzed on the flow cytometer. As a positive control,
apoptosis was induced by starvation on low (1%) serum.

To investigate whether growth inhibition of mouse EC was associated with the induction

of apoptosis in these cells, flow cytometric analysis of DNA fragmentation was performed after

culturing in the presence of anginex. Apoptosis induction by anginex in both TME and SVEC4-10

was observed to be concentration dependent, with maximal apoptosis induction in both cell lines

found to occur at 75 uJvi (Figure 1B). Again, HUVEC were more sensitive than mouse EC. When

primary cultures of mouse EC isolated from lungs and hearts of mice and cultured for 3 days on

a fibronectin coat, with or without bFGF, and in the presence or absence of 75 nM anginex,

similar results were observed. The freshly isolated EC cultured under normal conditions showed

a cobble stone-like morphology. Upon exposure to anginex, cell detachment and apoptotic

morphology were observed. The quantification of anginex-induced apoptosis in these EC is

illustrated in Figure 1C.

I!
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To confirm the finding that anginex induced apoptosis, we measured one of the early

intracellular events that occurs during the induction of apoptosis, the activation of caspase-3.'"

In HUVEC lysates that were treated for 72 h with anginex, significant caspase-3 activity was

observed (Figure 1D). An inhibitor of caspase-3 (z-VAD.FMK) was able to completely inhibit

anginex-induced apoptosis (Figure 1E). Moreover, z-VAD.FMK did not prevent the detachment

of EC, suggesting that the induction of apoptosis by anginex was the result of cell detachment.

B
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Figure 2. Anginex inhibits migration of EC.
SVEC4-10 and TME cells were grown until
confluence was reached, after which the
monolayer was wounded and medium was
replaced by medium with 10 ng/ml bFGF or
medium supplemented with anginex in different
concentrations. Control culture of TME at 8 h
(A) and at 24 h (C) is shown. The same culture
with 75 nM anginex after 8 h (B) and after 24 h
(D) is shown. The quantification of anginex-
induced inhibition of TME migration (E) is
shown. Open symbols represent HUVEC
migration of control (open squares) and anginex-
treated (open circles) cultures. The migration
inhibition in S VEC4-10 (F) is shown. The legend
in F is also valid for E (squares, control; triangle
up, 0.75 (iM; triangle down, 2.5 (iM; diamond,
7.5 |iM; hexagon, 25 (iM; asterisk, 75 (iM).
Results are presented as mean values of five
different experiments. SE values are left out for
the sake of clarity and were typically smaller
than 10% (*P< 0.05). The tube formation in the
mouse aortic ring assay (G) is shown. Mean
values of a typical experiment out of four are
shown (± SE, **/>< 0.001).

Anginex inhibits the migration and tube formation of EC

Aside from EC growth, migration also plays a key role in the process of angiogenesis. To

explore the effect of anginex on EC migration, the wound assay was used. Addition of anginex to

wounded confluent monolayers of SVEC4-10 and TME caused migration of these cells to be

inhibited in a dose-dependent manner. Figures 2A-D show TME cultures of control (Figures 2A

and 2C) and anginex-treated (Figures 2B and 2D) cells, 8 h (Figures 2A and 2B) and 24 h

(Figures 2C and 2D) after wounding. After 24 h and at a concentration of 75 nM, anginex inhibited

TME (Figure 2E) and SVEC4-10 (Figure 2F) migration for 9 1 % and 88%, respectively. The

response of HUVEC is shown in Figure 2E (open symbols) to demonstrate the higher sensitivity

of mouse EC relative to HUVEC at the level of EC migration. The control peptide ßpep-28
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Anginex, a specific tumor endothelial cell inhibitor

demonstrated no effect on EC migration (data not shown). Tube formation of EC was studied

using the mouse aortic ring assay. Approximately 70% inhibition of sprout formation in this ex

wVo model was observed for anginex at 75 nM (Figure 2G).
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Figure 3. Anginex inhibits in vivo developmental and tumor-induced angiogenesis in the
chorioallantoic membrane (CAM). A) The CAM was treated with saline and 0.075. 0.25, 2.5. or 50
UM anginex. The homologous control peptide ßpep-28 was tested at 50 |iM. Mean vessel density results,
expressed as mean number of intersecting vessels/10 mm (n = 6, ± SE, *P<0.01, **P<0.005). B)
Seventeen-day CAM with B16F10 melanoma present as of day 10 treated with saline (0.9% NaCl).
C) Seventeen-day CAM with B16F10 melanoma present as of day 10 topically treated daily with 65 ml
of a 10 uM solution of anginex. D) Digital analysis and quantification of the mean vessel densities in
control and anginex treated CAMs (n = 8, ± SE, ***/><0.00002).

Anginex inhibits angiogenesis /n wVo

To assay whether /n wVo angiogenesis is perturbed by anginex, we used the CAM assay

of the chick embryo. In the CAM assay, which is a model for developmental angiogenesis, topically

added anginex inhibited the formation of new blood vessels in a concentration-dependent way.

The maximal response of -50% angiogenesis inhibition was reached at 50 uM anginex.

Responses were already visible at 0.25 |iM concentrations, whereas treatment with the negative

control peptide ßpep-28 showed no significant activity (Figure 3A). Tumor angiogenesis in this

model was mimicked by transplantation of 4-mm^ fragments of B16F10 mouse melanoma onto

the CAM at day 10. The melanoma tissue aggressively infiltrated into the CAM and efficiently

induced angiogenesis (Figure 3B). The tumor tissue remained viable over the 7-day period of

treatment, as determined by histochemistry (data not shown). This tumor-induced angiogenesis

was inhibited by 33% after seven daily treatments with anginex (P<0.00002) as measured on

day 17 (Figures 3C and 3D).
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Anginex inhibits tumor growth and angiogenesis in tumor models

The anti-tumor effect of anginex was first examined in the B16F10 mouse melanoma

model in C57BL/6 mice. Because this is a rapidly growing tumor model, treatment of mice, using

various doses of anginex, was initiated at the time of inoculation with tumors cells. Tumors

appeared in all experimental groups at roughly the same time, indicating that anginex did not

affect the tumor take of B16F10 melanoma. A profound dose-dependent inhibition of tumor growth

by anginex was observed at the end of treatment. At a dose of 6 mg/kg/day, administered by

continuous subcutaneous infusion, using osmotic mini-pumps, tumor growth was significantly

inhibited by 63% as compared to that in control mice. A maximal inhibition of 73% was observed

at day 15. Whereas treatment of mice with 12 mg/kg/day did not lead to a further significant

increase in efficacy (64% inhibition), a lower dose of 1.5 mg/kg/day inhibited tumor growth by

only 36% (Figure 4A). TNP-470, used in a previously optimized treatment regimen^, was used

in these experiments as positive control (-60% inhibition) to demonstrate that angiogenesis

inhibition can inhibit tumor growth in this model. Anginex treatment showed no toxicity in these

animals as assessed by macroscopic and behavioral determinants and weight gain during the

experiment, as well as by histological evaluation of the organs and measurement of hematocrit

(data not shown).

To determine whether the tumor inhibitory effect by anginex was the result of angiogenesis

inhibition, tumors were immunohistochemically screened for MVD using an anti-CD31 antibody.

Anginex treatment resulted in a reduced vessel density in the tumor of -50%, relative to control

tumors (Figures 4B and 4C). A similar reduction in vessel density was found for tumors of TNP-

470 treated mice.

Magnetic resonance imaging (MRI) Tg-weighted anatomic acquisitions indicate the tumor

site (Figures 4E and 4F). The subtraction of the postcontrast minus precontrast 7,-weighted

measurements reveals a smaller signal intensity increase due to a lower concentration of residual

contrast agent in the tumors of anginex-treated animals (Figure 4F, insert), compared to the

signal intensity increase in tumors of control animals (Figure 4E, insert). For anginex-treated

animals, the increase in signal intensity over the entire area of the tumor was -50% lower (12.7%

± 3.9%, mean ± SE) compared with that in control animals (26.5% ± 3.6%). Because the signal

intensity did not differ significantly at the center of the tumor (anginex 12.5% ± 4.7%, control

17.0% ± 4.5%), this overall difference was the result of a significant reduction (46%) in signal

intensity at the rim of the tumor (anginex 17.3% ± 4.3%, control 32.0% ± 3.4%, P<0.04).
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Figure 4. Anginex inhibits tumor growth in
mice. (A) C57BL/6 mice were treated, directly
after injection of B16F10 melanoma cells, with
saline (solid squares) and 1.5 (open triangle
down), 6 (solid triangle down), or 12 (open circles)
mg/kg/day doses of anginex or with 6 mg/kg/day
BSA (open triangles up) or ßpep-28 (open
diamonds) delivered by osmotic mini-pumps or
with 2 mg TNP-470 i.p. every 2 days as of day 9
(open asterisks). For clarity, variations in tumor
measurements (SE was typically roughly 20% in
all groups) are shown only for the anginex 6 mg/
kg/day and the saline groups. Statistical significant
inhibition of tumor growth (two-way ANOVA
test) was observed for anginex doses of 6 mg/
kg/day (/>< 0.0001) and 12 mg/kg/day (P< 0.003)
and with TNP-470 (/>< 0.0001). Cryosections of
tumors from control (B) and 6 mg/kg/day anginex
treated (C) mice were stained with CD31
antibody for microvessel density (MVD)
assessment. (D) Quantification of MVD as mean
number of vessels per 100 mnv (± SE. *P< 0.05).
E) and F) 7", weighted images (from mice with
equally sized tumor volumes, indicated as t) of a
BSA-treated control animal (E) and a anginex-
treated animal (6 mg/kg/day) (F). Subtractions
of pre- and postcontrast 7,- weighted tumor
measurements of anginex and BSA-treated
animals are shown in the inserts (g means gut; 1
means left hind leg; v means ventral side of the
mouse).

To investigate the effect of anginex in a human tumor xenograft model, the slowly growing

MA148 ovarian carcinoma model was tested in athymic mice'**. In contrast to the B16F10

melanoma model, the effect of anginex treatment was studied on already established tumors.

The treatment by subcutaneously placed osmotic mini-pumps was started on day 17 when tumors

reached the size of -50 m m l In this model a significant (n = 11, P<0.004) 75-80% inhibition of

tumor growth was observed (Figure 5). MVD assessment in the tumor revealed a reduction of

52% in anginex-treated mice (data not shown).
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Figure 5. Anginex inhibits tumor growth
in a human xenograft model. Mean
tumor growth of MA 148 human ovarian
carcinoma in athymic mice treated with
anginex (6 mg/kg, triangles) or BSA
(squares), both dissolved in saline,
administered by osmotic minipumps.
Treatment (indicated by the arrow) was
initiated at day 17 post-inoculation when
tumors grew to approximately 50 mm' in size.
Results show mean tumor volumes of mice
from two independent experiments (± SE,
n= 11, P< 0.004).
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Anginex targets angiogenically activated and tumor EC

Injecting Oregon Green-labeled anginex i.v. in B16F10 tumor-bearing mice and measuring

the serum of these mice at different time points revealed a serum half-life of anginex of -50 min.

After 1 h, the Oregon Green-labeled anginex appeared in the urine, and after 4 h, so much Oregon

Green-labeled anginex was sequestered in the tumor that the fluorescence in the tumor was

visible through the skin. In the tumors of mice sacrificed 4 h after the injection, Oregon Green-

labeled anginex clearly identified the tumor blood vessels (Figure 6E) but not the vessels of the

hind limb muscle (Figure 6B). Immunohistochemical detection of blood vessels using a PE-

labeled anti-CD31 antibody (Figures 6A and 6D) proved that the Oregon Green-labeled anginex

accumulated in the tumor vessels (Figure 6F) but not in vessels of the hind limb muscle (Figure

6C). In the kidney, residual Oregon Green-labeled anginex was present in the tubuli, whereas

blood vessels in the glomeruli as well as the peritubular blood vessels were completely devoid of

anginex fluorescence (data not shown).

In an attempt to find /n wfro evidence for the preference of anginex to affect activated EC,

anginex binding was studied on resting HUVEC (directly fixed after isolation from the umbilical

cord), HUVEC activated by culture conditions and HUVEC additionally activated by an angiogenic

factor. A clear augmentation of binding, demonstrated by flow cytometry, using MARC-1 anti-

anginex antibody, was observed with increased EC activation (Figure 6G). To obtain functional

evidence for this, we attempted to bring EC in a quiescent state. It was difficult to use protein and

RNA synthesis inhibitors such as cyclohexamide and actinomycin-D because of the high sensitivity

of HUVEC. When the cell cycle in HUVEC was blocked by culturing in the presence of excess
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thymidine, a process that synchronizes EC in early S phase of cell cycle, a clear reduction of

apoptosis induction by anginex was observed (Figure 6H).

Figure 6. Anginex targets
angiogenically activated tumor EC.
B16F10 tumor-bearing mice were injected
with 300 |ig of Oregon Green-labeled
anginex. After 4 hours, the animals were
sacrificed and organs were taken out.
Cryosections (5 uM) of muscle (A-C) and
tumor (D-F) tissues were prepared and
stained with PE-labeled CD31 antibody.
Vessel staining (A and D) as well as Oregon
Green Fluorescence (B and E) were
recorded. The merged images (C and F)
demonstrated the yellow double labeling of
tumor but not muscle microvessels. (G)
Enhanced anginex binding to HUVEC in
higher activation stages. Anginex is
identified by flow cytometry. using MARC-
1 anti-anginex mouse monoclonal antibody.
Bars at the left of each set show results of
control staining of the HUVEC in the
absence of anginex. (H) Decreased anginex
activity (apoptosis induction) in HUVEC
arrested in cell cycle by a double thymidine
block. ** Significant difference with control
EC (P< 0.05); * Significant decrease in
apoptosis induction as compared with
anginex culture without thymidine (P< 0.01).
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Discussion

The aim of the present study was to assess whether the novel and unique approach of the

cfe novo design of ß-sheet scaffold cytokine-like peptides can be used to develop angiogenesis

inhibitors that inhibit tumor growth /n v/vo. The current data demonstrate in both a syngeneic

melanoma model as well as in a human xenograft model that anginex targets angiogenically

activated tumor EC and effectively inhibits tumor growth in these models.
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/n v/rro studies suggest that angiogenesis inhibition by anginex is mediated by inhibition

of migration in activated EC, ultimately leading to induction of apoptosis. We favor this view,

rather than direct induction of apoptosis and subsequent detachment of EC from the matrix,

because the caspase inhibitor z-VAD.FMK completely blocked the process of apoptosis but did

not prevent the detachment and anoikis of the EC. Further evidence for this view was provided

by the fact that the effect of anginex on migration was seen earlier than the effect on apoptosis^

and at concentrations that were not inhibitory for the proliferation of EC. These observations

suggested that modulation of EC migration is the initial event, ultimately resulting in modulation

of proliferation and induction of apoptosis. The mechanism of this effect is suggested to be the

down-regulation of adhesion molecules for matrix components, as has previously been demon-

strated in human EC for a^ßj- and ß,-intergrins and CD44.^

In the /n v/fro experiments, a small but notable difference was observed in the sensitivity

for anginex between mouse and human EC. At the level of EC growth, measured in both prolif-

eration and apoptosis assays, human EC were more sensitive for anginex than mouse EC.

Interestingly, at the level of migration processes, mouse EC were found to be more sensitive to

exposure to anginex. These differences might be explained, next to the species difference, by

the fact that HUVEC are fresh nontransformed normal cells, whereas the mouse EC used were

SV40 large-T transformed cell lines that may have acquired altered functional characteristics.

Because the mouse vs. human differences do not show a consistent benefit for either EC type,

the mouse model is still considered an appropriate model for preclinical testing of anginex.

Several /'n v/Vo angiogenesis models are available to test new compounds for anti-angio-

genic or angiogenic activity (reviewed by Jain ef a/.'*>). The first model chosen here was the

chick embryo CAM assay, which is an affordable and straightforward model that is ideally suited

for initial screening of potential angiostatic compounds. In this assay, anginex effectively inhib-

ited angiogenesis in a dose-dependent manner. The major drawback of the CAM assay in onco-

logical research is, however, that it is a model for developmental angiogenesis, which may not

reflect the processes involved in tumor angiogenesis. The xenogenic transplantation of mouse

tumor tissue onto the CAM, however, clearly induced new blood vessel formation in addition to

the developmental angiogenesis. Because anginex inhibited the tumor-induced angiogenesis

to the level of vessel density in CAMs without a tumor, it is tempting to speculate that only the

enhancement by the tumor is inhibited by anginex. However, because anginex also inhibits de-

velopmental angiogenesis, it is suggested that in this model anginex partially blocks both types

of angiogenesis induction.

Because the CAM model demonstrated a clear /n v/Vo inhibition of angiogenesis by

anginex, tumor models were used to test both anti-angiogenic and anti-tumor activities. Initial
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studies indicated that administration of anginex by osmotic minipumps gave optimal results com-

pared with loco-regional subcutaneous injections at the site of the tumor, once or twice daily

subcutaneous injections or slow-release alginate bead strategies. In the syngeneic murine B16F10

melanoma model in C57BL76 mice, a visible tumor mass is present at day 7-9 and the tumor

reaches a maximal size after 16 days. Anginex demonstrated a profound anti-tumor effect in this

aggressive tumor model. Because of the aggressiveness of the B16F10 melanoma, treatment

had to start as early as possible. Starting treatment at the day of inoculation of the tumor is often

regarded as an inappropriate model for advanced cancers, although it may be seen as a useful

model for minimal residual disease. The major problem with this approach is that the compound

tested is affecting tumor-take rather than inhibiting tumor growth. To circumvent this discussion,

we switched to the use of a slower growing tumor, which provided the possibility of starting the

treatment with already established tumors. In addition, a human xenograft model was chosen

because of the future development of anginex for clinical use. An even higher efficacy of anginex,

resulting in an up to 80% inhibition of tumor growth, was observed in this model.

The anti-tumor activity of anginex is most likely mediated by inhibition of angiogenesis

because MVD values in anginex-treated tumors of both models were significantly decreased.

The fact that anginex resembled the well-defined and generally accepted angiostatic activity of

TNP-470, in both tumor growth and MVD measurements, is an additional indication of angiostasis

by anginex. The results from the MRI experiment showed a reduced signal intensity in tumors of

anginex treated animals compared with tumors in control animals. Areas of high signal intensity

increase are known to have a high MVD and vascular permeability'^ and are therefore consid-

ered areas with high angiogenic activity. These MRI results therefore support the conclusion that

anginex inhibits tumor growth by inhibition of angiogenesis and lend support to the idea that MRI

may be a useful noninvasive surrogate marker for angiogenesis inhibition in cancer patients.

The experiments with fluorescently labeled anginex (a bolus injection of 300 |ig in the tail

vein) revealed a short serum half-life of anginex of -50 min. This may explain the need for con-

tinuous delivery by osmotic minipumps. Pharmacokinetic calculations suggest that the serum

level of continuously delivered anginex is approximately 2-3 (ig/ml (1 uM). This is the concentra-

tion where we start seeing biological effects in /n v/fro models. The homing of anginex to tumor

blood vessels may, however, lead to high drug levels in the local micro-environment of the tumor

blood vessels. This may mean that the continuous maintenance of steady state plasma drug

levels is unnecessary for the optimal efficacy of anginex.

Several lines of evidence are presented for the preferential activity of anginex on acti-

vated EC. First, the results obtained from freshly isolated EC suggest that, although bFGF acted

as a survival factor, anginex treatment in the presence of bFGF forced equivalent numbers of EC
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into apoptosis as compared to treatment with anginex in the absence of bFGF. This was a gen-

eral observation in all EC cultures. Second, anginex binds more efficiently, the more an EC

culture is activated. Third, in order to show loss of activity in quiescent EC, attempts were made

to bring EC cultures in a lower metabolic status. This turned out to be difficult with starvation or

inhibitors of protein/RN A synthesis. A double thymidine block, at least arresting the cells in early

S phase of cell cycle, resulted in loss of -50% of apoptosis induction by anginex. Fourth,

fluorescently labeled anginex was found to specifically target tumor EC but not EC in normal

tissues.

As for all angiogenesis inhibitors, the EC receptor that transduces the angiostatic signal

is a relevant issue.^ The efficient migration inhibition by anginex suggests that the blockade of

a matrix binding adhesion molecule may be important in its mechanism of action. Several of

these molecules are up-regulated in tumor vessels.'*-''" In co-localization studies, however, using

antibodies against anginex and EC adhesion molecules, we were unable to identify either <x ß,-

, aß,-, or ß|-integrins or CD44 as EC surface receptor for anginex. The generally experienced

difficulty in identifying cell surface receptors for angiogenesis inhibitors, as well as the sparse

reports such as those on ATP-synthase^, glypican^, and CD36"" acting as receptors for

angiostatin, endostatin, and thrombospondin-1, respectively, suggests that anti-angiogenic ac-

tivities maybe mediated by a cell surface receptor-independent process or by indirect mecha-

nisms such as induction of matrix instability.

The capacity of anginex to specifically home to tumor blood vessels might be used, on the

one hand, to co-target isotopes, toxins or drugs. This feature of anginex is currently under inves-

tigation. On the other hand, the specific homing to angiogenically activated blood vessels may

be an important tool for diagnostic use in the clinic to determine the amount of activated blood

vessels in, or the angiogenic potential of tumors. The combination of targeting tumor blood ves-

sels and having an angiostatic effect combined in one agent, may give anginex preferable fea-

tures for tumor treatment. The current results indicate that anginex is a powerful anti-tumor angio-

genesis inhibitor which shows promise and should be developed for the treatment of human

cancers. Even though this paper reports only on the anti-tumor activity of anginex, the possible

broader use of the peptide in the treatment of other diseases, such as rheumatoid arthritis, en-

dometriosis, atherosclerosis, psoriasis, and ocular neovascularization, requires further investi-

gation and is the subject of future research in our laboratories.
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Chapter 4

The designed angiostatic peptide anginex
synergistically improves chemotherapy and
anti-angiogenesis therapy with angiostatin
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Abstract

Recently, we demonstrated that the designed peptide anginex displays potent anti-

angiogenic activity. The aim of the present study was to investigate anginex-treatment as a single-

agent therapy and to test its ability to improve conventional chemo- and anti-angiogenesis therapy.

In a human ovarian carcinoma mouse model, anginex inhibited tumor growth by 70%. When

anginex was combined with a sub-optimal dose of carboplatin, tumors regressed to an impalpable

state. Anginex plus angiostatin worked synergistically to inhibit tumor growth. Assessment of

microvessel density suggested that the anti-tumor activity of anginex is mediated by angiogenesis

inhibition. In any of the experiments, no sign of anginex-induced toxicity was observed.
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Anginex synergistically improves carboplatin and angiostatin

Introduction

Neo-vascularization or angiogenesis is the process of new capillary outgrowth from pre-

existing blood vessels. Sustained angiogenesis is one of the essential alterations in cell physiology

that collectively dictate malignant growth.''" Angiogenesis is required for solid tumors to grow

beyond the size of approximately of 1 -2 mm'. A highly vascularized tumor is associated with poor

clinical prognosis, not only because of the potential for exponential tumor growth, but also because

of the increased access capacity to the capillaries^, which supposedly facilitates metastasis

formation"". Consequently, methods to inhibit angiogenic sprouting provide an unique opportunity

to arrest tumor growth and prevent metastasis, either alone or in combination with conventional

therapies. Combination of angiogenic inhibitors with radiation^""*, gene therapy''" or

chemotherapy""* has been shown to be successful. Recently, we reported the design of anginex,

a ß-sheet forming peptide 33mer, with potent /n v/fro anti-angiogenesis activity.** The aims of the

present study were to investigate anginex treatment /n wVo as a single-agent therapy and in

combination with conventional chemotherapy and the structurally unrelated anti-angiogenic

angiostatin. Here, we show that although anginex alone significantly inhibits tumor growth, treatment

in combination with a sub-optimal dose of carboplatin, results in tumor remissions to microscopic

disease and in combination with angiostatin demonstrates a synergistic effect at inhibiting tumor

growth. The present data warrant further development of anginex for clinical use.

Materials and Methods

Reagents

Anginex and control peptide, ßpep-28 were synthesized as described earlier.'* ßpep28

is 9 1 % homologous and 67% identical peptide compared to anginex but has no anti-angiogenic

activity (8). Carboplatin (Sigma Diagnostics; St Louis, MO) was dissolved in PBS (32.5 mg/kg)

and administered once every three days i.p.. Angiostatin (20 mg/kg) was administered daily s.c.

in the neck, as described previously.'*'

Culture
MA148, a human epithelial ovarian carcinoma cell line, was cultured on non-coated

flasks using 10% FBS, 1 % penicillin/streptomycin in RPM11640. Cultures were split 1:3 every

3 days. Mouse angiostatin (kringle 1-4) was cloned and expressed in P/cft/a paston's'**, with

culturing, elution and purification being done as described previously.'*'*'
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Ovarian carcinoma mouse model

Female athymic nude mice (nu/nu, 5-6 weeks old) were purchased from the National

Cancer Institute and allowed to acclimatize for one week. Human ovarian MA148 epithelial car-

cinoma cells were cultured, harvested and inoculated subcutaneously into the right flank of the

mouse as described previously.^ In the initial experiment, treatment was initiated after random-

ization of mice, and implanting osmotic mini-pumps (Durect; Cupertino, CA) into the left flank.

The pumps had a treatment span of 28 days, which started on the same day as the inoculation of

the ovarian carcinoma cells. Subsequently, studies were carried out in a therapeutic intervention

model with established tumors to test the capacity of anginex to inhibit tumor growth and to test it

in conjunction with angiostatin. In this latter model, treatment was initiated 7 days post-inocula-

tion with the MA148 cells. To test the ability of anginex to enhance conventional chemotherapy,

carboplatin was used in combination with anginex, in the same intervention model.

Tumor volume was determined by measuring the size of the tumors on the flanks of the

mice. The diameters of tumors were measured using callipers (Scienceware; Pequannock,

NJ) and the volume was calculated using the equation to determine the volume of a spheroid:

(a* x b x n) / 6, where 'a' is the width and 'b' is the length of the tumor.

Immunohistochemistry

Tumor tissues were embedded in tissue freezing medium (Miles Inc.; Elkart, IN) and snap

frozen in liquid nitrogen. Preparation and procedures were done as described earlier."* Samples

were subsequently incubated in a 1:50 dilution with phyco-erytrin (PE)-conjugated monoclonal

antibody to mouse CD31 (PECAM-1) (Pharmigen; San Diego, CA) or a fluorescien

isothiocyanate (FITC)-conjugated PCNA (Ab-1) (Oncogene; San Diego, CA) to stain for

microvessel density (MVD) or proliferation, respectively. After a 1-hour incubation at room

temperature, slides were washed with PBS and immediately imaged in an Olympus BX-60

fluorescence microscope at 200X magnification. Sections were also stained for cell death using

a TUNEL (terminal deoxyribonucleotidyl transferase-mediated dUTP-nick-end labelling) assay

carried out according to the manufacturer's instructions (;n srfu cell death detection kit, fluorescein;

TUNEL, Roche). Although the TUNEL assay detects apoptosis, it can not be ruled out that TUNEL

will also stain for necrosis, where extensive DNA fragmentation may occur. Digital images were

acquired and processed using Adobe Photoshop (Adobe Inc., Mountain View, CA). Vessel density

was quantified as described earlier."* Statistical analysis was performed using the Student's t-

test.

Toxicity assays

As an indirect measurement of general toxicity, body weights of mice were monitored

twice weekly, using a digital balance (Ohaus Florham, NJ). To determine hematocrit and creati-

nine levels, blood samples were extracted by tail vein bleedings one day after terminating treat-
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ment and blood was collected in heparinized micro-hematocrit capillary tubes (Fisher; Pitts-

burgh, PA). For hematocrit levels, samples were spun down for 10 minutes in a micro-hematocrit

centrifuge (Clay-Adams; NY), and the amount of hematocrit was determined using an interna-

tional microcapillary reader (IEC; Needham, Mass). To obtain creatinine levels, a kit was pur-

chased from Sigma (Sigma Diagnostics; St Louis, MO) and used according to the manufacturer's

instructions.

Results

Anginex inhibits tumor growth m v/Vo

Mice, inoculated with MA148 ovarian carcinoma cells, were randomized and treated sys-

temically with anginex for 28 days using osmotic mini-pumps starting at the day of inoculation. A

control peptide, ßpep-28, that is 9 1 % sequentially homologous and 67% identical to anginex,

was used to control for peptide content. Another set of animals was treated with vehicle contain-

ing BSAto control for protein content. As illustrated in Figure 1, treatment with anginex resulted in

a dose-dependent inhibition of tumor growth that was maximal at 10 mg/kg/day as compared

with vehicle-treated animals. At this dose, anginex inhibited about 70% of tumor growth. At half

this dose, tumor growth was inhibited only by 50%, whereas a higher dose (20 mg/kg/day) did

not result in enhanced efficacy (Figure 1). Tumors from control peptide ßpep-28 treated mice did

not differ in size from tumors in the BSA vehicle treated animals. Moreover, treatment with BSA

or ßpep-28 did not result in altered tumor growth as compared to treatment with saline alone

(data not shown).
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Figure 1. Anginex causes significant
tumor growth inhibition. The mean tumor
growth of human MA 148 ovarian carcinoma
is shown in athymic mice treated with a dose-
range of anginex {(closed triangle down) 5
mg/kg/day. n = 14; (closed circle) 10 mg/kg/
day, n = 16, or (closed diamond) 20 mg/kg/
day, n = 8)} administered by mini-pumps
implanted in the left flank of animals. Controls
(open square) contained PBS with BSA (n =
13) and PBS with ßpep-28 5 mg/kg/day (open
circle; n = 8) and 10 mg/kg/day (open triangle
up; n = 4), which did not differ from each
other. The treatment period was initiated on
the day of tumor inoculation (day 0) and lasted
for 28 days as indicated by the vertical arrow
in the figure. Data from three independent
studies are shown and represent the mean
tumor volume in mm' (± SE).
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Anginex inhibits tumor growth of established tumors and improves conventional

chemotherapy

Since initial animal experiments were performed using an experimental set-up where

treatment was started at the time of tumor inoculation (a system that models treatment of minimal

residual disease), anginex was also tested using the MA148 model in an intervention set-up

where treatment was initiated after tumor establishment. In these experiments, anginex inhibited

tumor growth by approximately 50% (Figure 2B).

In an attempt to improve the efficacy of platinum-based chemotherapy, anginex was

administered to tumor-bearing mice that were concurrently treated with a sub-optimal dose of

carboplatin. Carboplatin treatment resulted in an effective reduction of tumor growth; however

when it was combined with anginex, no tumor mass could be palpated in these mice (Figure 2A).

One week after termination of treatment the tumor re-established.
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Figure 2. The mean tumor growth
curves in a human ovarian carcinoma
model treated with anginex,
carboplatin, angiostatin or a
combination treatment. In panel 2A
groups are shown defined as follows,
vehicle containing BSA (open square, n =
11), anginex (closed circle; 10 mg/kg/day,
H = 11), carboplatin (X; n = 12) and a
combination group (closed diamond; w =
12). Carboplatin was given in a sub-optimal
dosage (32.5 mg/kg) once every three
days in an intra-peritoneal matter. In panel
2B groups are defined as vehicle
containing BSA (open square, n = 11),
angiostatin (closed triangle up; 20 mg/kg/
d, n = 11), anginex (closed circle; 10 mg/
kg/day, n = 11) or combination (closed
triangle down; n = 12) of angiostatin and
anginex in an ovarian carcinoma xenograft
model. In both experiments treatment was
given for 28 days starting on day 7 post-
inoculation. The vehicle and anginex were
given by osmotic mini-pump implanted
subcutaneously in the flank, and angiostatin
was given daily by injections
subcutaneously in the neck.'** The data
are shown as means of tumor burden (±
SE). The tumor volumes were determined
three times a week. The insets in both
panels show body weights of mice during
treatment as an indirect measurement of
toxicity.
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Anginex and angiostatin act synergistically to inhibit tumor growth

Using optimized treatment regimes tor angiostatin^, and anginex, we found that both

anginex and angiostatin, administered separately, inhibited tumor growth comparably by

approximately 50%, in the same ovarian tumor model. Based on those findings the interaction

between angiostatin and anginex was examined. Combination therapy of angiostatin with anginex,

resulted in enhanced tumor growth inhibition (80%) (Figure 2B), which was deemed to be

synergistic (Table 1).

Table 1. Combination therapy of anginex with carboplatin and angiostatin.

Fractional tumor volume (FTV) relative to untreated controls'

Day"

20
25
32
35

Day"

25
29
32
35

0.28
0.28
0.48
0.57

4ng/nex

0.42
0.51
0.44
0.57

Carbop/afrn

0.28
0.22
0.25
0.24

0.64
0.41
0.65
0.64

Comb/naf/on
freafmenf

Expected ̂

0.08
0.06
0.12
0.13

Observed

0.05
0.01
0.01

0

Comb/nafon
freafmenf

Expected "

0.27
0.21
0.29
0.37

Observed

0.19
0.14
0.22
0.24

flafe "

Expected FTV/
Observed FTV

1.6
6
12.4
OO

flar/o "

Expected FTV/
Observed FTV

1.4
1.5
1.3
1.6

* FTV (mean tumor volume experimental)/(mean tumor volume control).
* Day after tumor cell transplantation.
° (Mean FTV of anginex) X (mean FTV of other experimental group).
** Obtained by dividing the expected FTV by the observed FTV. A ratio of >1 indicates a
synergistic effect, a ratio of <1 indicates a less then additive effect.

Toxicity
Animals treated with anginex (alone or in combination regimens) did not show any sign of

toxicity as assessed by unaltered behaviour, weight gain during experiments, normal hematocrit

and creatinine levels, and macro- and microscopic morphology of internal organs on autopsy.

Body weights of mice were monitored as an indirect measurement of general toxicity. In

experiments where carboplatin was administered, the weights of mice actually fell initially and

subsequently increased on termination of exposure to carboplatin. This was taken as a sign of

mild reversible toxicity. Anginex did not augment this toxicity. One day after the termination of

treatment, blood was drawn and hematocrit and creatinine levels were determined as a measure

of bone marrow and kidney toxicity, respectively. Hematocrit levels reported as a percentage of

red blood cells (vehicle 50.2 ± 2.9, anginex 51.3 ± 2.5, carboplatin 49.3 ± 2.8, and combination
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47.2 ± 2.4) and creatinine levels reported in nmoles/l (vehicle 46.8 ± 8, anginex 48 ± 1.4,

carboplatin 55.5 ± 12.6, and combination 42 ± 5.3) showed no significant difference in the study

involving carboplatin. The study combining anginex and angiostatin treatment showed similar

hematocrit levels (vehicle 49 ± 1.7, anginex 49.2 ± 2.6, angiostatin 47.8 ± 2.1, and combination

48.3 ± 1.9 in percentage red blood cells) and creatinine levels (vehicle 46.8 ± 6.4, anginex 48 ±

1.4, angiostatin 41 ± 0.4, and combination 39.2 ± 5.9 all in nmoles/l).

A B

Figure 3. Immunohistochemistry
analyses. After snap freezing tumor
tissues, 10 urn sections were made and
stained for microvessel density by using
anti-CD31 antibodies (panel A and B),
cell death by TUNEL (panel C and D)
and proliferation by PCN A (panel E and
F), all expressed in number of white
pixels. The procedure and quantification
were described earlier."- Panel A, C,
and E show quantifications of the studies
involving anginex and carboplatin.
Panels B, D and F show quantification
of studies involving anginex. angiostatin
or combination therapy. As determined
by using the Student's t-test relative to
the vehicle group, •/>< 0.05, **P< 0.03,
***P< 0.01.
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Histological analysis of microvessel density, cell death and proliferation

Anginex treatment resulted in a decrease of tumor microvessel density (MVD), suggesting

that the anti-tumor activity of anginex is the result of angiogenesis inhibition. Angiostatin

demonstrated a similar result. Although anginex and angiostatin acted synergistically on tumor

growth inhibition, this was not reflected in the MVD assessment (Figure 3B). Aside from vessel

density (including number, size and length)"*, the digital approach discriminates branch points,

end points and vessel lengths. Some of these architectural parameters did change upon

combination treatment relative to single agent treatment. For example, combination treatment

revealed a synergistic reduction in the number of branch points (data not shown). Tumors from

anginex-treated animals showed a convincing MVD reduction (P< 0.01), whereas tumors from

carboplatin-treated animals showed a smaller, albeit significant, reduction in MVD (P< 0.05;
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Figure 3A). Tumors treated with the combination of anginex and carboplatin could not be stained

because all tumors disappeared three weeks after initiation of treatment.

Although combination of anginex and angiostatin also showed a synergistic effect in the

increased amount of cell death (P< 0.03), as determined by TUNEL analysis, angiostatin by itself

did not trigger increased cell death compared to the vehicle group (Figure 3D). As expected,

carboplatin did show an increase in the amount of cells undergoing cell death (P< 0.01). A down

regulation in proliferation, as determined by PCNA staining, was revealed in all treated groups

compared to controls, significant for anginex and combination treated groups (P< 0.01; Figures

3E and F).

Discussion

Induction of angiogenesis by malignant cells has been shown to play a pivotal role in the

process of tumor proliferation and metastasis.^ Inhibition of angiogenesis is, therefore, a

promising way to arrest tumor growth and prevent metastasis. Due to the need for new anti-

tumor agents with improved potency, stability, selectivity and ease of delivery, we used a novel

approach in designing the ß-sheet-forming anginex peptide.^ Anginex acts specifically on

activated endothelial cells (EC) to trigger apoptosis, presumably by preventing cell adhesion

and subsequent induction of anoikis.^ Here, we demonstrate that anginex is an anti-angiogenic

compound with anti-tumor activity when administered systemically as a single-agent therapeutic.

Because anti-angiogenic agents can potentiate cytotoxic cancer therapies'**, anginex

was tested in combination with the chemotherapeutic carboplatin. Platinum agents are the most

widely used drugs in the first-line of defense against ovarian cancer."'•'^ in a recent study, single-

agent carboplatin proved to be just as effective as carboplatin plus paclitaxel in women requiring

chemotherapy for ovarian cancer. The favorable toxicity profile of carboplatin alone suggested

that this is a reasonable option as a single-agent chemotherapeutic.^ An additional advantage

of carboplatin is that, in contrast to other agents such as taxanes, cyclophosphamide and

vincristine, it is not an anti-angiogenic by itself. Because carboplatin has been shown to be a

very powerful anti-cancer drug in the model used here, a sub-optimal dose was employed. Both

anginex and carboplatin inhibited tumor growth, but the combination blocked tumor growth

completely, and palpable tumors regressed to undetectable sizes in all animals. Moreover, tumors

remained undetectable until at least one week after termination of the treatment, after which

tumors re-established themselves, indicating continued presence of microscopic disease, which

was unresponsive to carboplatin and apparently independent of angiogenesis.

Whereas numerous investigators have focused on the anti-cancer effects from endostatin

in their tumor model studies, we chose to use angiostatin because in the same MA148 tumor

mouse model, Yokoyama ef a/.'** found that angiostatin was considerably more effective at
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inhibiting tumor growth than endostatin. Here, we found that although treatment with angiostatin

or anginex showed essentially the same capacity to inhibit tumor growth, combination of the two

produced a dramatically enhanced inhibitory effect. This synergy between angiostatin and anginex

suggests that their mechanisms of action are different and that they can augment each other as

anti-angiogenic agents. These data, therefore, provide a validation for combination therapy, if

not for cocktails of angiogenesis inhibitors, to improve the treatment of cancer.

Immunohistochemical assessment of MVD indicated that tumor growth inhibition by anginex

is explained by its anti-angiogenic activity. Angiostatin showed the same trend. Combination

therapy, however, did not yield an increased MVD reduction. This may be explained by the fact

that differences in architecture are not represented in the MVD value assessed either digitally or

manually. The digital approach discriminates for architectural parameters, some of which did

change upon combination treatment relative to single agent treatment. For example, combination

treatment revealed a synergistic reduction in the number of branch points (data not shown).

This study adds credence to the proposal that cancer treatment using anti-angiogenesis agents

is more effective when performed in combination with other agents. However, it might be that

only cocktails of anti-angiogenic compounds would provide sufficient potency to be evaluated

properly in early clinical trials. Currently, clinical evaluation of anti-angiogenic compounds is in its

infancy, and while a stand-alone approach using an anti-angiogenic agent shows promise,

combination therapy may provide for the best evaluation of these agents and, in the end, may be

more beneficial. Present results suggest that combination of anti-angiogenics with chemo-

therapeutics will produce a greater effect than combinations of anti-angiogenic agents alone. At

the very least, this study indicates that combining the anti-angiogenic compound anginex with

conventional chemotherapy allows dosage of the chemotherapeutic to be reduced, while still

being able to effect tumor growth reduction.
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Chapter 5

ß-Sheet is the bioactive conformation
of the anti-angiogenic anginex peptide

Ruud P.M. Dings, Monica M.Arroyo, Nathan A. Lockwood, Loes I. van Eijk,

Judy R. Haseman, Arjan W. Griffioen, and Kevin H. Mayo

BiochemJ. 2003; 373:1-6.
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Abstract

Anginex is a designed peptide 33mer that functions as a cytokine-like agent to inhibit

angiogenesis. Although this short linear peptide has been shown by NMR and CD to form na-

scent ß-sheet conformation in solution, the actual bioactive structure formed upon binding its

receptor on the surface of endothelial cells could be quite different. Here, we first show that a

shorter sequence of anginex, missing its six C-terminal residues, is equipotent with parent anginex.

To test the hypothesis that a ß-sheet defines the bio-active conformation of anginex, a series of

double cysteine-containing analogs of the linear 27mer was synthesized and oxidized to form

disulfide bonds between peptide segments as in a ß-sheet. These covalent constraints limited

conformational space available to the peptide, such that, for example, helix formation could not

occur. CD spectral analysis of the linear peptide 27mer and all disulfide-linked analogs indi-

cated formation of ß-sheet conformation. ^H NMR studies demonstrated that most of these, how-

ever, do not form well-folded ß-sheets and exist in a rapidly exchanging distribution of conforma-

tions. Nevertheless, aH-NH resonance chemical shifts are shifted downfield, consistent with sig-

nificant populations of ß-sheet. One disulfide-linked analog, C6-C25 (CP-2), which showed well-

dispersed 'H NMR signals, allowed NOE-derived structures to be determined. Disulfide-bridged

analogs were analyzed in three functional assays: endothelial cell proliferation, apoptosis, and /n

v/fro angiogenesis. Results from all these assays were comparable in that as long as placement

of disulfide bonds preserved the ß-strand alignment as in the proposed bioactive conformation,

activity was preserved. Subtle differences in bioactivities among disulfide-linked analogs are

discussed in terms of structure and placement of disulfide bonds.

70



ß-sheet is the bio-active conformation of anginex

Introduction

Angiogenesis, the formation of new blood vessels out of pre-existing capillaries, is piv-

otal to a broad array of biological functions ranging from normal processes like embryogenesis

and wound healing to abnormal processes like tumor growth, arthritis, restenosis and diabetic

retinopathy.™ •* The use of agents that can inhibit angiogenesis ;n vrfro and /n wVo, particularly in

anti-tumor research, has indicated that anti-angiogenic therapy can be a therapeutic modality in

the future. Most anti-angiogenic agents have been discovered by identifying endogenous mol-

ecules, primarily proteins, which inhibit EC growth. This traditional approach has produced a

number of anti-angiogenics, such as platelet factor-4 (PF4)"", thrombospondin-1"", interferon-a

inducible protein-10^, angiostatin", endostatin^, and bactericidal-permeability increasing (BPI)

protein**.

Recently, we reported the anti-angiogenic activity of a novel peptide 33mer (ßpep-25 or

anginex).^ ̂  Anginex belongs to a family of homologous ßpep peptides that were designed by

using basic folding principles and incorporating short sequences from the ß-sheet domains of a-

chemokines and BPI protein.^ All ßpep peptides form ß-sheets, to varying degrees, and can

self-associate in solution as dimers and tetramers."^ A high resolution NMR structure of tet-

rameric ßpep-4 demonstrated that its monomer subunits are folded into an amphipathic, three-

stranded anti-parallel ß-sheet motif/" Two types of six-stranded anti-parallel ß-sheet dimers can

form, and these dimers associate via their hydrophobic faces into tetramers. Although a high

resolution structure of anginex (ßpep-25) could not be determined by using NMR because of

aggregate exchange resonance broadening, circular dichroism and NMR studies indicate that

anginex also folds primarily into tetrameric ß-sheets at millimolar concentration. At concentra-

tions in the micromolar range and lower, however, anginex exists in solution primarily in the mono-

mer state that is composed of a relatively broad distribution of conformations with considerable

random coil and some ß-sheet character.** Therefore, at the micromolar concentrations used in

;n v/fro bioassays and ;n v;Vo animal studies demonstrating the anti-angiogenic^ •** and anti-

tumor'*' • ' " potency of the peptide, anginex is mostly random coil monomer. The bioactive struc-

ture of anginex, which is selected from this rather broad conformational distribution, therefore,

remains unclear.

The main goal of structural biologists and pharmaceutical chemists working to develop

better and more effective anti-angiogenic agents and their small molecule mimetics is the iden-

tification of specific amino acid residues and their spatial relationships that are key to promoting

anti-angiogenic effects at the level of molecular interactions. Knowing the bioactive conforma-

tion, therefore, is crucial to this endeavor. One way to assess this in a small peptide like anginex

is to limit the conformational space available to its amino acid sequence by placing covalent

bonds between specific residues. The present study was aimed at testing the hypothesis that the

bioactive conformation of anginex (ßpep-25) is ß-sheet with the same strand alignment as in the
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NMR-derived structure of homologous ßpep-4.™ To accomplish this, a series of disulfide-linked

peptide analogs of anginex was made (see Figure 1). By comparing activities from all 30 mem-

bers of the ßpep library, it was already deduced** that functionally key residues in anginex are

primarily hydrophobic residues, i.e., L5, V7,120, V22 and L24. Because of this, cysteines re-

placed residues primarily at positions that would be on the hydrophilic face of the amphipathic

anginex ß-sheet. Moreover, to simplify peptide synthesis and purification, six functionally ines-

sential residues at the C-terminus of anginex^ were removed, creating a peptide 27mer analog

of anginex that is shown here to be equipotent to the parent peptide. Double-substituted cys-

teine pairs were made: C6-C25, C8-C23, C10-C21, C12-C19, C13-C18, and control peptides

C13-C19 and C6-C26. These disulfide-bridged analogs were analyzed in three functional as-

says: endothelial cell proliferation, apoptosis, collagen gel sprouting. Peptide conformation was

assessed with circular dichroism (CD) and H NMR spectroscopies.

Materials and Methods

Peptide preperation

Peptides were synthesized using a Milligen/Biosearch 9600 peptide solid-phase synthe-

sizer using fluorenylmethoxycarbonyl chemistry. Peptide was cleaved from the resin, deprotected

and then lyophilized. To form intramolecular disulfide bonds, crude peptides were solubilized to

low concentration (100 micromolar), and cysteines were oxidized by slowly bubbling wet oxygen

gas into a stirred aqueous solution overnight at room temperature. Lyophilized crude peptides

(oxidized) were purified by preparative reversed-phase HPLC on a C18 column with an elution

gradient of 0-60% acetonitrile with 0.1 % trifluoroacetic acid in water. Purity and composition of

the peptides were verified by HPLC (Beckman Model 6300), amino acid analysis and mass

spectrometry. The presence of the disulfide bond was checked in all peptides by using the DTNB

(Ellman's) reagent pre- and post-treatment with DTT.

Circular dichroism
Aqueous solutions for CD were prepared by dissolving lyophilized peptide in the appropriate

amount of water to give final peptide concentrations of 0.1 mM, pH5.5. Concentrations were

verified by tryptophan absorption at 280 nm. CD spectra were recorded on a Jasco J-710 spec-

trophotometer using either a 0.01 or 0.1 cm path-length, thermally-jacketed quartz cuvette main-

tained at 24 or 37 °C with a NesLab water bath. Acquisition was performed using a 50 nm/min

scan rate, 1 nm bandwidth, and 2 s response. The appropriate baseline was subtracted from

each spectrum. Reported spectra are averages of six scans and are expressed as mean resi-

due ellipticity, [9]. CD basis spectra (a-helix, ß-sheet and random coil) were measured with

poly(lysine) and poly(glutamic acid) (Sigma) using conditions and parameters reported by oth-
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157.158 Experimental CD spectra were fit with a linear combination of a-helix, ß-sheet and

random coil basis spectra to estimate secondary structure contributions.

NMR measurements

For NMR measurements, freeze-dried peptide was dissolved in H,O at a concentration

of approximately 2 mM. pH was adjusted to pH 5.5 by adding ul quantities of NaOH or HCI to the

peptide sample. NMR spectra were acquired on a Varian UNITY Plus-600 NMR spectrometer.

Water resonance was suppressed by direct irradiation (0.8 s) at the water frequency during the

relaxation delay between scans.

2D-homonuclear magnetization transfer (HOHAHA) spectra, obtained by spin-locking with

a MLEV-17 sequence^" with a mixing time of 60 ms, were used to identify spin systems. NOESY

experiments^ were performed for conformational analysis. All 2D-NMR spectra were acquired

in the States-TPPI phase sensitive mode.^' ^2 The water resonance was suppressed by direct

irradiation (0.8 s) at the water frequency during the relaxation delay between scans as well as

during the mixing time in NOESY experiments. 2D-NMR spectra were collected as 256 to 512 t1

experiments, each with 2k complex data points over a spectral width of 3 kHz in both dimensions

with the carrier placed on the water resonance. For HOHAHA and NOESY spectra, 32 scans

were time averaged per t1 experiment. Data were processed directly on the spectrometer or

offline using VNMR (Varian, Inc., Palo Alto) or NMRPipe'" on an SGI workstation. Data sets

were multiplied in both dimensions by a 30 to 60 degree shifted sine-bell function and zero-filled

to 2k in the t1 dimension prior to Fourier transformation. Data were analyzed using Sparky (T. D.

Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco).

Since CP peptides are relatively hydrophobic and amphipathic, pulsed field gradient (PFG)

NMR self-diffusion measurements were performed to investigate possible peptide aggregation.

PFG-NMR experiments were done as described by Mayo era/." using a Varian Unity-Plus 500

NMR spectrometer. The maximum magnitude of the gradient was 60 G/cm, and the PFG longitu-

dinal eddy-current delay pulse-sequence was used for all self-diffusion measurements which

were performed in D,O at temperatures of 5°C and 40°C. Peptide concentrations ranged from

0.1 mMto2mM.

Structural modeling

Analysis of NOE growth curves indicated that backbone to backbone inter-proton NOEs

were normally maximum at 300 ms to 400 ms. Interproton distance constraints were derived

from NOEs assigned in 1H NOESY spectra acquired with a mixing time of 200 ms. NOEs were

classified as strong, medium, weak or very weak corresponding to upper bound distance con-

straints of 2.8,3.3,4.0, and 4.5 A, respectively. The lower bound restraint between non-bonded

protons was set to 1.8 Ä. Pseudo-atom corrections were added to the upper bound distance

constraints where appropriate, and a 0.5 Ä correction was added to the upper bound for NOEs
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involving methyl protons. Hydrogen bond constraints were identified from the pattern of sequen-

tial and interstrand NOEs involving NH and CaH protons, together with evidence of slow amide

proton-solvent exchange. Each hydrogen bond identified was defined using two distance con-

straints; r ^ = 1.8 to 2.5 Ä, and r^ = 1.8 to 2.5 A.

Derived internuclear distance constraints were used in calculating structures for CP2 by

using X-PLOR."* CP2 was created using parallhdg.pro force fields. A template coordinate set

was generated by using the Template routine. The at) /n/fio simulated annealing (SA) protocol

was then used. The SA procedure ran high temperature dynamics (3000 K for 120 ps) and then

cooled down to 100 K in 50 K steps with 1.5 ps molecular dynamics at each step. Powell minimi-

zation was performed at 100 K for 1000 steps. Structure refinement was done based on simu-

lated annealing starting at 1000 K and ending at 100 K. Final structures were subjected to the X-

PLOR Accept routine with the violation threshold for NOEs of 0.5 Ä and dihedral angles of 5°.

Angles, bond lengths or impropers were not allowed to deviate from ideal geometry more than

5°, 0.05 A and 5°, respectively. Structures were superimposed using the SwissPdbViewer and

were analyzed using X-PLOR analysis routines.

HUVEC cultures

Human umbilical vein derived EC (HUVEC) were harvested from normal human umbilical

cords by perfusion with 0.125% trypsin/EDTA. Harvested HUVECs were cultured in gelatin coated

tissue culture flasks and subcultured 1:3 once a week in culture medium (RPM11640 with 20%

human serum (HS), supplemented with 2 mM glutamine and 100 U/ml penicillin and 0.1 mg/ml

streptomycin).

Proliferation measurement

EC proliferation was measured using a pH]-thymidine incorporation assay. EC were

seeded at 5000 cells/well in flatbottomed tissue culture plates and grown for 3 days, in the absence

or presence of regulators, in culture medium. During the last 6 hours of the assay, the culture was

pulsed with 0.5 (iCi [methyPH]thymidine/well. Results are expressed as the arithmetic mean

counts per minute (cpm) of triplicate cultures.

Apoptosis measurement

HUVEC were cultured in fibronectin coated tissue culture flasks in culture medium.'"

Apoptosis was measured by determination of subdiploid cells after DNA extraction and

subsequent staining with propidium iodide as described before.'* In short, HUVEC were cultured

for 3 days in the presence of 10 ng/ml bFGF and conditions as mentioned above. Serum

deprivation of EC was used as a positive control for apoptosis. Cells were then harvested and

subsequently fixed and permeabilized in 70% ethanol at -20°C. After at least 2 hours the cells

were spun down and resuspended in DNA extraction buffer (45 mM N^HPCD,, 2.5 mM citric acid
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and 0.1 % Triton X-100) for 20 minutes. Propidium iodide (PI) was added to a final concentration

of 20 mg/ml and red log-scale fluorescence was analyzed on the FACS-calibur. Apoptosis was

quantified as the percentage of cells with PI fluorescence below the fluorescence of cells in G</G,

(diploid) phase of cell cycle. Cells with PI fluorescence less than 10% of cells in G„/G, phase

were regarded as cells in advanced stages of cell death.

/n w'fro angiogenesis assay

Sprouting and tube formation of bovine EC (BCE) were studied using cytodex-3 beads

overgrown with BCE in a 3-dimensional collagen gel (vitrogen-100, Collagen Corp., Fremont,

CA, USA) as described by van der Schaft ef a/. .^ Following gelation, culture medium containing

20 ng/ml bFGF, with or without anginex or CP analogs, was applied on top of the gel. Photographs

were made after 24 hours of cell culture at 37 °C. The amount of sprouting in each well (i.e. the

total length of the sprouts) was quantified by the computer program NIH image.'" To quantify

differences in sprouting and tube formation, statistical analysis was performed using the Mann-

Whitney U test.
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Figure 1. Amino acid sequence and
structure of anginex and CP peptides.
The amino acid sequence of anginex is shown
conformed as an anti-parallel ß-sheet. The
N-terminus is at the right bottom as labelled.
CP peptides have only the first 27 residues,
and therefore are devoid of C-terminal
residues ...RELSLD. The new C-terminal
residue G has its backbone carboxylate group
amidated. CP-1 is the linear peptide 27mer.
CP-2 through CP-6 have disulfide bridges
positioned between B-strand 1 and ß-strand
2 in the sequence as indicated with arrows in
the figure.

Results

For the cyclized peptide (CP) series, all CP peptides have the same sequence as anginex

minus the six C-terminal residues RELSLD (Figure 1). CP-1 is the control linear peptide 27mer.

Amino acid sequences for all other CP peptides, showing the positions of disulfide bonds, are

displayed in Figure 1. Because functionally key residues in anginex are primarily hydrophobic,

i.e., L5, V7,120, V22 and L24, and would lie on one side of the amphipathic structure in a ß-sheet

conformation^, residues on the hydrophilic face (and not the hydrophobic face) of the proposed

ß-sheet were substituted with cysteines. For assurance that cysteine-substituted positions did
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not affect activity of the parent peptide, single-substituted alanine variants were also made and

tested in the /n wfro EC proliferation assay. Relative to the parent peptide, activities were

unaffected solely by amino acid substitutions at these positions (data not shown). On forming an

actual ß-sheet in CP-2 through CP-6, positioning of disulfide bonds constrains the ß-strand

alignment to be the same as that proposed for the folding of anginex.^ CP-7 [K13C; K19C] and

CP-8 [S6C; D26C] are control peptides that shift the ß-strand alignment by one residue to be out

of register from the other CP peptides.
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Figure 2. CD spectra for CP
peptides. Far-ultraviolet circular
dichroic spectra for CP peptides are
shown as mean residue ellipticity, [9],
versus wavelength. All spectra display a
mixture of ß-sheet and random coil
conformation, as shown by linear fits of
basis spectra (inset). Peptide concen-
tration was 0.1 mM in water, pH 5.5.
Spectra shown were obtained at 37 °C;
spectra at 24°C were comparable. Other
experimental conditions are discussed in
the
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CD and NMR spectroscopies were used to assess the conformation of CP peptides.

For all CP peptides, far-UV CD traces indicated a mixture of ß-sheet and random coil

conformations (Figure 2), with the degree of ß-sheet character corresponding to the intensity of

the characteristic 217 nm trough'**•"*•'<». Linear combinations of secondary structure basis spectra

(a-helix, ß-sheet, random coil) fit to the CP peptide spectra (Figure 2, inset) showed the largest

ß-sheet content (79%) in the linear CP-1 peptide and the smallest (40%) in CP-6. Fits indicate

the absence of helical content for most of the CP pepitdes. Even though CP-4, CP-5, and CP-6

show 2% to 6% helix content, this contribution is small enough that it is within the error from the

fitting process. In addition, because the CP peptides are relatively flexible, the secondary structure

contributions are only meant to semi-quantify the trend in ß-sheet content. Nevertheless, these

CP peptide conformational distributions are consistent with that for anginex.™
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'H NMR conformational analysis

Even though CD data demonstrate the presence of significant populations of ß-sheet in

all CP peptides, proton NMR spectra for all CP peptides, except CP-2, are characteristic of

mostly random coil conformation (data not shown). CP-2 is the only one that shows well-dispersed

resonances indicative of well-folded structured™ ̂ ' Since parent anginex exists in solution in a

monomer-dimer-tetramer equ i l ib r ium^^, pulsed field gradient (PFG) NMR self-diffusion

measurements were performed on CP peptides (data not shown). Analysis of the CP peptide

diffusivities indicates that at 2 mM peptide concentration, CP-2 is mostly dimeric, whereas the

other CP peptides are a mixture of dimers and monomers. None of the CP peptides apparently

associates to the tetramer state like anginex.

714.8 o_
K13/W18 9 Q_

9.0 8.6 8.2 7.8

P P M

5.6 5.3 5.0

Figure 3. TOCSY and NOESY spectra for CP-2. 600 MHz 'H TOCSY (A) and NOESY (B)
spectra are shown for CP-2. Peptide concentration was 2.3 mM in H,O/D,O (90/10), pH 5.5
and 40 °C. Spectra were accumulated with 8 k data points over 8000 Hz sweep width and were
processed with 1 Hz line broadening. Only spectral regions downfield from the HDO resonance
are shown and some key NOEs are identified. Several cross-peaks have been boxed-in and/or
labeled to indicate intra- and inter- monomer CCH-aH NOEs which have been used to indicate ß-
strand alignment. In Figure 3B, the cross-peaks are labeled with two numbers separated by a
slash to indicate which residues in the sequence are involved.
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NMR structure of CP-2

Because initial NMR experiments indicated that CP-2 is well-folded, a complete NMR

structure analysis of this peptide was performed. Figure 3A shows the aH-NH region from a

TOCSY plot of CP-2. Downfield resonance dispersion of NH and aH resonances indicates the

presence of well-folded ß-sheet conformation, which is firmly evident by the observation of cross-

strand (xH-aH NOEs (Figure 3B). Structurally, these NOESY data indicate the presence of the

same anti-parallel ß-sheet strand alignment as observed in ßpep-4 and other ßpep peptides.™

Figure 4A summarizes key cross-strand NOEs and gives the overall fold for CP-2. Since CP-2

through CP-6 peptides only differ in the position of the disulfide bridge, it is most probable that

these CP peptides also share the same overall ß-sheet fold.
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Figure 4. NOE-derived structures of CP-
2. Figure 4A summarizes key cross-strand
NOEs and gives the overall fold for CP-2. 19
final NOE-derived structures have been super-
imposed in Figure 4B and structural statistics
are given in Table 1. The RMSD for backbone
atoms of ß-sheet residues 6-12 and 19-25 (exr
eluding terminal and loop residues) is 0.61 Ä
and for backbone atoms of residues 6-25 (ex-
cluding N- and C- terminal residues) it is 1.13
Ä. The best fit superpositions of backbone C^
atoms for the final 19 structures are shown in
Figure 4B.

For CP-2, conformational modeling was performed using NOE data acquired for the

peptide. A total of 160 NOE distance constraints were derived from analysis of NOESY spectra.

These include 94 intra-residue, 22 sequential, 16 medium-range (| i - j | < 5), and 28 long-range

(| i - j | > 5) constraints. In addition, a total of 8 hydrogen bonds could be identified by inspection

of initial CP-2 structures and from long-lived backbone NHs, giving rise to 16 hydrogen bond

distance constraints. The total number of experimentally derived constraints was therefore 168,

giving an average of 6 constraints per residue. The key cross-strand NOEs are shown in Figure
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4A. Initially, 100 structures for CP-2 were calculated as described in the Mefhods Section. The

best fit superpositions of backbone Ca atoms for the final 19 structures are shown in Figure 4B.

These structures showed no NOE violations greater 0.5 A. Structural statistics (Table 1) show

that the N-terminus is somewhat less structurally-defined and that the structures satisfy

experimental constraints quite well. In addition, $ and vj/ angular order parameters are all > 0.8.

Together, the above data indicate that these structures used to represent the solution conformation

of CP-2 are well converged. The root mean square deviations (RMSDs) for backbone atoms of

ß-sheet residues 6-12 and 19-25 (excluding terminal and loop residues) is 0.61 A and for

backbone atoms of residues 6-25 (excluding N- and C- terminal residues) it is 1.13 A.

Table 1. Structural statistics for the calculated structures of CP-2 from NMR data.

RMS Deviations from experimental distance restraints (A)*
NOE (172)
H-bond(16)

Deviations from idealized geometry
Bonds (A)
Angles (°)
Impropers (°)

Energies (kcal.mol')
E "
"^NOE
'"BOND

ANGLE

^IMPROPER

E

0.047 + 0.007

0.003
0.5 ± 0.02
0.37 + 0.02

5.1 ±0.62
' ** 3.8 ± 0.63

39.4 + 2.8
19.2 ±5.7
80.2 + 10.3

* None of the 19 final structures exhibited distance restraint violations greater than 0.5 A or
dihedral angle violations greater than 5°. RMSD values represent the mean and standard
deviations for the 19 structures.
* The final values of the NOE ( E ^ ) was calculated with a force constants of
50 kcal.mol '.A2.

CP peptides inhibit endothelial cell proliferation

CP peptides were tested for their ability to inhibit the proliferation of growth factor-induced

(bFGF, 10 ng/mL) HUVECs in the PH]-thymidine incorporation assay. Relative to the activity of

parent peptide anginex^, CP peptides effectively inhibited the proliferation of EC to various

extents. Percentage EC proliferation vs. peptide concentration is plotted in Figure 5. While the

linear control peptide, CP-1, and three of the disulfide-bridged variants, CP-4, CP-5 and CP-6,

were essentially as effective as anginex, CP-2 and CP-3 appeared to be almost as active, and

control peptides CP-7 and CP-8 were only slightly active. The kinetics of these anti-proliferative

effects on EC were similar to that found for anginex, with half-maximal effects after 36 to 40 hours

and maximal responses after 3 days. As with anginex, the inhibition of proliferation by CP peptides

was specific for EC since proliferation of fibroblasts obtained from human endometrium was

unaffected (data not shown).
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Figure 5. Inhibition of EC proliferation
by CP peptides. Proliferation of bFGF-
stimulated (10 ng/ml) EC cultures is
measured by quantification of 'H-
thymidine incorporation. Proliferation is
expressed as mean counts per minute
(cpm) of quadruplicate cultures of four
independent experiments. Dose-response
curves of CP peptides and parent anginex
on bFGF-stimulated HUVEC proliferation
are shown. The error bars represent the
standard error of the mean (SEM).
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Figure 6. CP peptides induce apoptosis in EC. HUVECs were cultured for 2 days in the presence or
absence of 25 nM CP peptides or anginex. (A) Apoptosis induction was demonstrated by analysis of subdiploid
cells after DNA extraction and staining with propidium iodide. (B) Total number of dead cells is determined by
total number of diploid cells as quantified by FACS analysis. Quantification of the means of four different
experiments is shown. The error bars represent the standard error of the means (SEM).

CP peptides promote apoptosis in EC

To investigate whether CP peptide-induced inhibition of EC growth is based on specific

induction of apoptosis in these cells, as was demonstrated for anginex^, EC were exposed to

25 |aM peptide for 48 hours, and the percentage of cells undergoing apoptosis was quantified by

analysis of DNA fragmentation following DNA extraction, propidium iodide staining and flow

cytometric analysis. Although all CP peptides demonstrated apoptotic activity, CP-4 and CP-5

were the most active and even slightly more effective, on average, than anginex (Figure 6A).

Since apoptosis in this assay is defined as those subdiploid cells with a minimum of 10% of the

DNA content of the diploid cells, advanced or late stage apoptosis may result in less than 10% of
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that value. Therefore, the total number of dead cells is shown in Figure 6B. The loss of ECs in Gg

and M (4n DNA) phases of the cell cycle is about 10% or less (data not shown). The correlation

between apoptosis induction and anti-proliferative effects suggests that CP peptides, like anginex,

regulate EC growth by forcing EC to undergo apoptosis.

/n wfro angiogenesis assay

Since angiogenesis is a complex process, which, aside from EC proliferation, depends

on cell migration and differentiation, the effects of CP peptides on angiogenesis were investigated

in an ;n wfro collagen matrix-based sprout formation assay.'" Although all CP peptides were

able to inhibit sprout formation to various extents (Figure 7), the best responses, comparable to

that from anginex, were observed with CP-1 and CP-2.

Figure 7. Anginex inhibits in vöro
angiogenesis in a collagen matrix.
BCE were cultured on gelatin coated

Oytodex-3 beads in a collagen matrix.
Sprouting was induced by addition of
20 ng/ml bFGF and 25 uM of the CP
peptides or anginex was added when
tested. Upper panels represent tube
formation under control conditions (A,
pixel count 1002), in the presence of
anginex (B, pixel count 211), CP-1 (C,
pixel count 205) or CP-6 (D, pixel
count 513). CP7 had a pixel count of
990. The beads have a mean size of
170 (± 40) microns. Quantification,
performed by using NIH-image
software, of the means of four
different experiments is shown in
panel E. The error bars represent the
standerd error of the mean (SEM).

C P - 1 C P - 2 C P - 3 C P - 4 C P - 5 C P - 6 A x c o n t r o l
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Discussion

The design of novel peptides is a powerful tool in the development of biologically active

molecules. Anginex (ßpep-25), which is one such designed peptide^, functions essentially as a

cytokine to specifically inhibit EC proliferation and angiogenesis^ and thereby attenuate tumor

growth'** '*>. The main goal of structural biologists and pharmaceutical chemists working to develop

better and more effective anti-angiogenic anti-tumor agents is the identification of specific amino

acid residues and their spatial relationships that are crucial to promoting anti-angiogenic effects

at the level of molecular interactions. Nevertheless, for anti-angiogenic proteins, such structure-

activity relationships are sorely needed, and even the analysis of high-resolution molecular

structures of a number of anti-angiogenic proteins, e.g., endostatin*?, PF4'^ and BPF, has not

provided this information.

In the present paper, our primary goal was to define the biologically active conformation of

anginex. Although previous biophysical studies on anginex indicate that the peptide forms a ß-

sheet conformation, that conformation is not well-folded and leaves open the question of the

bioactive structure. On the assumption that the bioactive conformation of anginex would be as

depicted in Figure 1, disulfide bonds were designed into equipotent peptide 27mer variants of

anginex that limit its conformational space and constrain ß-strand alignment. NMR structure

analysis showed that one of these peptides, CP-2, is well-folded as an anti-parallel ß-sheet

(Figure 4). Since the other CP peptides only differ in the position of the disulfide bridge, it is most

probable that all CP peptides share the same overall ß-sheet fold. Functionally, these disulfide-

constrained peptides essentially exhibit the same anti-angiogenic activity as anginex, as long as

the proposed ß-strand alignment (Figure 1) is maintained. When the strand alignment is shifted,

as in CP-7 and CP-8, bioactivity falls significantly.

Mechanistically, the correlation between apoptosis induction and anti-proliferative effects

suggests that CP peptides, like anginex, regulate EC growth by forcing EC to undergo apoptosis.

However, in the /n w'fro angiogenesis sprouting assay, inhibitory activity at the level of anginex

was observed only for CP-1 and CP-2. This was surprising because CP-4, CP-5 and CP-6 were

the most effective at inhibiting EC proliferation. One reason for this could be the complexity of the

collagen gel sprouting assay itself. Because these peptides must first navigate through the gel

before exerting their effect on ECs, it may be that CP-1 and CP-2 permeate the gel better than

other CP peptides or interact somewhat differently with the gel matrix. Alternatively, it may be that

the sprouting assay is indeed the more sensitive indicator of anti-angiogenic potential. In any

event, the general conclusion remains that anti-parallel ß-sheet with a specific ß-strand align-

ment is the conformation of the peptide required for full bioactivity. This finding is consistent with

earlier results on anginex that in the ß-sheet conformation all five hydrophobic residues (L5, V7,

I20, V22, L24), which were identified as being crucial to anti-proliferative activity, are proximal

and are conformed on the hydrophobic face of the amphipathic ß-sheet.^ Comparison of the
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three-dimensional structures of several anti-angiogenic proteins, e.g. endostatin*', PF4'^, tumor

necrosis factor-a'" and BPF, provides a higher level of structural commonality among anti-

angiogenic proteins in that they are comprised primarily of anti-parallel ß-sheet structure. Fur-

thermore, a survey of amino acid sequences from numerous anti-angiogenic proteins reveals

that they are compositionally similar, containing numerous hydrophobic and cationic residues.

These structural and compositional characteristics, which appear to be functionally important,

are embodied in anginex.* As structure-function relationships in these and other anti-angiogenic

proteins and peptides become known, it will be interesting to see if this is a common feature

among anti-angiogenic proteins. Knowing that this ß-sheet conformation is that which promotes

anti-angiogenic activity, will aid in the development of small-molecule mimetics of the anginex

peptide.
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Chapter 6

Design of a partial-peptide mimetic
of anginex with anti-angiogenic and

anti-cancer activity
Kevin H. Mayo, Ruud P.M. Dings, Carolee Flader, Irina Nesmelova,

Balasz Hargittai, Daisy W.J. van der Schaft, Loes I. van Eijk, Dinesha Walek,

Judy R. Haseman, Thomas R. Hoye, and Arjan W. Griffioen

Subm/fted
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Abstract

Based on structure-activity relationships of the angiostatic ß-sheet-forming peptide

anginex, we have designed a mimetic, 6DBF7, which inhibits angiogenesis and tumor growth

in mice. 6DBF7 is composed of a ß-sheet-inducing dibenzofuran (DBF) turn-mimetic and two

short key amino acid sequences from anginex. This novel anti-angiogenic molecule is more

effective /n wVothan parent anginex. In a mouse xenograft model for ovarian carcinoma,

6DBF7 is observed to reduce tumor growth by up to 80%. It is suggested that the activity is

based on anti-angiogenesis because /n v/fro tube formation is inhibited and because treat-

ment of tumor-bearing mice led to a significant reduction in microvessel density within the

tumor. This partial peptide-mimetic is the first EC-specific molecule designed as a substitute

for an angiostatic inhibitory peptide.
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Introduction

Angiogenesis, the process of new blood vessel formation, is key to normal organ devel-

opment, as well as to various pathological disorders like cancer, arthritis, diabetic retinopathy

and restenosis.** The use of agents that can inhibit angiogenesis, particularly in anti-tumor re-

search (e.g. refs 9 and 174), has indicated that anti-angiogenic therapy can be a promising

therapeutic modality in the future. To date, the search for angiogenesis inhibitors has been fo-

cused on controlling two of the processes that promote angiogenesis: endothelial cell (EC) growth

and EC adhesion. * ° ^ Targeting EC as anti-tumor treatment is attractive primarily because EC

are more accessible than are other cells to pharmacologic agents delivered via the blood, and

EC are genetically stable and are not easily mutated into drug resistant variants. Most anti-

angiogenic agents have been discovered by identifying endogenous molecules, primarily pro-

teins, that inhibit EC growth. This traditional approach has produced a number of anti-angiogenics,

such as platelet factor-4 (PF4)"*, thrombospondin'", interferon-y inducible protein-10'",

angiostatin", endostatin and rest ing and bactericidal-permeability increasing (BPI) protein^.

Numerous angiostatic compounds have been identified, many of which are currently in

various phases of clinical cancer trials (http://cancertrials.nci.nih.gov). Although a number of com-

pounds have shown promise in the clinic, no major breakthroughs have been reported using anti-

angiogenic agents as stand-alone therapy. This underscores the need for more and better

angiostatic compounds for use as stand-alone or in combination with conventional therapies.

Moreover, some angiogenesis inhibitors have been shown to be ineffective or to cause diverse

and multiple unwanted biological side-effects. This latter phenomemon was, to some extent,

expected as many of these endogenous angiostatic proteins are pleiotropic, i.e., they are in-

volved in several biological processes. Often these functions are found to arise from separate

sites on the molecule and thus can be separated using smaller segments or domains of a given

protein. This relates to the search for new anti-angiogenic agents, which is aimed at improving

specificity, reducing the therapeutic dosage, and minimizing molecular size with a small-mol-

ecule anti-angiogenic agent or anti-angiogenic protein mimetic. This is one of the main goals

among structural biologists and pharmaceutical chemists working to produce novel anti-angio-

genic agents. For the design of small molecule mimetics of anti-angiogenic proteins, the identi-

fication of specific, functionally key amino acid residues and their spatial relationships is crucial.

Nevertheless, structure-activity relationships (SARs) for anti-angiogenic proteins are sorely

needed, and even the analysis of high-resolution molecular structures of a number of anti-angio-

genic proteins, e.g., endostatin*^, PF4"* and BPI", has yet to provide this information.

Recently, we reported the design of the anginex peptide, a cytokine-like ß-sheet-forming

peptide 33mer*>, which is a potent inhibitor of angiogenesis^ and tumor growth'**^. Anginex is

more effective at inhibiting EC growth than PF4 and several other well-known angiogenesis

inhibitors such as angiostatin, endostatin, AGM-1470 and thrombospondin-1.^ This peptide
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33mer acts by specifically blocking adhesion and migration of angiogenically-activated EC, leading

to apoptosis and ultimately to inhibition of angiogenesis /n wfro and /n v/Vo and inhibition of

human and murine tumor growth by up to about 80% in various mode l s . ^ ' ^ Anginex is an

amphipathic ß-sheet-forming peptide^•"*, and because the relatively small size of anginex, a

complete SAR is easier to perform than with larger known anti-angiogenic proteins like those

mentioned above. Here, we report for the first time the design of a partial-peptide mimetic of

anginex that was based on the identification of functionally key residues and the conformation

responsible for the anti-angiogenic activity of anginex.

Material and Methods

Peptide synthesis
Peptides were synthesized using a Milligen/Biosearch 9600 peptide solid-phase synthe-

sizer using fluorenylmethoxycarbonyl (Fmoc) chemistry. Lyophilized crude peptides were puri-

fied by preparative reversed-phase HPLC on a C18 column with an elution gradient of 0-60%

acetonitrile with 0.1% trifluoroacetic acid in water. The purity and composition of the peptides

were verified by HPLC (Beckman Model 6300) analysis of amino acid composition of hydroly-

sates prepared by treating the peptides under argon in 6 N HCI for 24 hours at 110 °C. The

amino acid sequences of peptides were confirmed by N-terminal sequencing and mass spec-

trometry.

Synthesis of DBF analogs

Unexceptional phases of solid-phase peptide synthesis (SPPS) were carried out on an

ABI (Applied Biosystems, Inc.) 431 peptide synthesizer using Fmoc methodology and BOP/

HOBT as coupling reagents. Fmoc-DBF-COjH (1) was prepared by slight modification of the

reported method.'^ In this nine-step synthesis, the intermediates and final product were charac-

terized by TLC and 'H NMR, with GC-LRMS, ^C NMR, mp, and IR being used as appropriate.

Coupling of 1 to I20 as well as of L11 to the peptide-DBF-NHg was performed on the synthesizer.

Coupling of Fmoc-K10-COjH to the peptide-DBF-L11-NH2 sequence was difficult and required

manual SPPS using the more reactive HATU reagent."" The remaining couplings required for

production of 2DBF7 through 11DBF7 were carried out using BOP/HOBT conditions on the

peptide synthesizer. After the final Fmoc deprotection, each of the DBF peptides was released

from the resin with simultaneous removal of all acidolyzable trityl and tert-butyl side-chain protect-

ing groups using Reagent K.'™ A Rink amide or similar resin was used to provide the primary

amide form of the C-terminal D24 unit. Lyophilized crude peptides were purified by HPLC as

described above. Purity and composition of the peptides were verified by analytical HPLC, ma-

trix assisted laser desorption ionization (MALDI) mass spectrometry using a Hewlett-Packard
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G2025A system and sinapinic acid as matrix, and analysis of amino acid composition of hy-

drolysates (6N HCI, 110 °C, 24 h, under argon).

NMR spectroscopy

For NMR measurements, freeze-dried DBF analogs were dissolved in water-DMSO-

DPC mixture. Peptide concentration was 3 mM. pH was adjusted to pH 5.7 by adding |uL quan-

tities of NaOD or HCI to the peptide sample. NMR spectra were acquired on a Varian UNITY

Plus-600 NMR spectrometer at 25 °C.

2D-homonuclear TOCSY with DIPSM*" spinlock (mixing time 80 ms) was used to identify

spin systems. 2D NOESY experiments"*> were performed for sequential assignments and con-

formational analysis. WATERGATE'^ ^ was used to attenuate the water resonance. Spectra

were collected as 256 to 51211 experiments, each with 2048 complex data points over a spec-

tral width of 6 kHz in both dimensions with the carrier placed on the water resonance. 16 scans

were time averaged pert i experiment. Data were processed directly on the spectrometer using

VNMR (Varian, Inc., Palo Alto) or NMRPipe^on an SGI workstation.

Structural modeling

Analysis of NOE growth curves indicated that backbone to backbone inter-proton NOEs

were normally maximum at about 200 ms. Interproton distance constraints were derived from

NOEs assigned in'H NOESY spectra acquired with mixing times of 100 ms. NOEs were classi-

fied as strong, medium, weak or very weak corresponding to upper bound distance constraints

of 2.3,2.8,3.5, and 4.5 A, respectively. The lower bound restraint between non-bonded protons

was set to 1.8 A. Pseudo-atom corrections were added to the upper bound distance constraints

where appropriate, and a 0.5 A correction was added to the upper bound for NOEs involving

methyl protons. Hydrogen bond constraints were identified from the pattern of sequential and

interstrand NOEs involving NH and CaH protons, together with evidence of slow amide proton-

solvent exchange. Each hydrogen bond identified was defined using two distance constraints;

r ^ = 1.8 to 2.5 A, and r ̂  = 1.8 to 2.5 A.

Derived internuclear distance constraints were used in calculating structures for 6DBF7

by using X-PLOR/" The molecule was created and a template coordinate set was generated by

using the Template routine. The ab /n/f/o simulated annealing (SA) protocol was then used. The

SA procedure ran high temperature dynamics (3000 K for 120 ps) and then cooled down to 100

K in 50 K steps with 1.5 ps molecular dynamics at each step. Powell minimization was per-

formed at 100 K for 1000 steps. Structure refinement was done based on simulated annealing

starting at 1000 K and ending at 100 K. Final structures were subjected to the X-PLOR Accept

routine with the violation threshold for NOEs of 0.5 A and dihedral angles of 5°. Angles, bond

lengths or impropers were not allowed to deviate from ideal geometry more than 5°, 0.05 A and
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5°, respectively. Structures were superimposed using the BIOSYM INSIGHT viewer (Molecular

Simulations, Inc.) and were analyzed using X-PLOR analysis routines.

Cells, cultures and reagents

Human umbilical vein derived EC (HUVEC) were harvested from normal human umbilical

cords by perfusion with 0.125% trypsin/EDTA. Harvested HUVECs were cultured in gelatin coated

tissue culture flasks and subcultured 1:3 once a week in culture medium (RPMI-1640 with 20%

human serum (HS), supplemented with 2 mM glutamine and 100 U/ml penicillin and 0,1 mg/ml

streptomycin). Bovine capillary EC (BCE) were kindly provided by Dr. M. Furie (State University

of New York, Stony Brook, USA) and were cultured in fibronectin coated tissue culture flasks in

RPMI1640 medium containing 10% FCS, glutamine and antibiotics.

Proliferation measurement

EC proliferation was measured using a PHJ-thymidine incorporation assay. Proliferation

of bFGF-stimulated (10 ng/ml) HUVEC cultures was measured by quantification of ^H-thymidine

incorporation. Proliferation is expressed as mean counts per minute (cpm) of quadruplicate cul-

tures in three independent experiments (± SEM). EC were seeded at 5000 cells/well in flat-

bottomed tissue culture plates and grown for 3 days in the absence or presence of regulators, in

culture medium. During the last 6 hours of the assay, the culture was pulsed with 0.5 pCi [methyl-

^HJ-thymidine/well.

/n v/fro angiogenesis assay

Sprouting and tube formation of BCE were studied using cytodex-3 beads overgrown

with BCE in a 3-dimensional collagen gel (vitrogen-100, Collagen Corp., Fremont, CA, USA) as

described by van der Schaft er a/..'^ Following gelation, culture medium containing 20 ng/mL

bFGF, with or without anginex or DBF analogs, was applied on top of the gel. Photograps were

made after 24 hours of cell culture at 37 °C. The amount of sprouting in each well (i.e. the total

length of the sprouts) was quantified by the computer program NIH image. To quantify differ-

ences in sprouting and tube formation, statistical analysis was performed using the Mann-Whitney

U test.

Tumor model studies in athymic (nude) mice

In all studies, female athymic nude mice (nu/nu, 5-6 weeks old) were used. These mice

were purchased from the National Cancer Institute and allowed to acclimatize to local conditions

for at least one week. Animals were given water and standard chow ad //Mum, and were kept on

a 12 hour light/dark cycle. All experiments were approved by the University of Minnesota Re-

search Animal Resources ethical committee. Mice were randomized and split into three groups:

1) human serum albumin (10 mg/kg/day), 2) anginex (10 mg/kg/day) and 3) DBF analog (10 mg/
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kg/day). Compounds were diluted in 100 mM SDS and administered using osmotic mini-pumps

(Durect, Cupertino, CA). Exponentially growing MA148 human ovarian carcinoma cells, kindly

provided by Prof. Dr. Ramakrishnan'^, were cultured in RPM11640 medium (Life Technologies,

Grand Island, NY). This medium was supplemented with 10% fetal bovine serum and 1% penicil-

lin/streptomycin (Cellgro, Mediatech, Washington, DC) at 37 °C and 5% CO.,. 100 |ul of this tumor

cell suspension (2x10^ cells/ml) was then injected subcutaneously into the right flank of each

mouse. Pumps were implanted into the left flank of mice for subcutaneous administration of

compound over a 28-day treatment span.

Two variants of this model were used: prevention and intervention. For the prevention

variant, treatment was initiated at the time of inoculation with MA148 cells. For the intervention

variant, tumors were allowed to grow to an average size of 50 mm' (usually day 7 post-inocula-

tion) before treatment was initiated. With either variant, animals were randomized prior to the

initiation of treatment. Treatment was administered via osmotic mini-pumps, which were im-

planted subcutaneously in the left flank of mice. Concentrated solutions of anginex or DBF ana-

logs were formulated such that the 28-day treatment period would be covered by implantation of

a single pump. In each study, control groups of animals were administered either PBS or PBS

containing human serum albumin. Tumor growth curves were found to be virtually identical in

either of these control cases.

Tumor volume was determined by measuring the diameters of tumors using calipers

(Scienceware, Pequannock, NJ) using the equation for the volume of a spheroid: (a^xbxn) / 6,

where 'a' is the width and 'b' the length of the tumor. Measurements were performed two or three

times per week. At the conclusion of an experiment, tumor weights were also taken following

excision of the tumors from euthanized animals. Tumor weights correlated well with tumor vol-

umes calculated in this way.

Immunohistochemistry

Immunohistochemistry was used to assess microvessel density and the extent of total cell

apoptosis. Tumor tissue was embedded in tissue freezing medium (Miles Inc, Elkart, IN) and

shock frozen in liquid nitrogen. Sections of tissue (10 urn thickness) were prepared for immuno-

histochemical analysis. For this, tissue sections were brought to room temperature, air dried

overnight, and then fixed in acetone for 10 minutes. Slides were allowed to air dry for at least 30

minutes and were washed three times for 5 minutes each in phosphate-buffered saline (PBS, pH

7.4). Samples were then blocked with PBS containing 0 .1% bovine serum albumin and 3%

human serum albumin for at least 30 minutes at room temperature in a humidified box. Samples

were subsequently incubated with phyco-erytrin (PE)-conjugated monoclonal antibody to CD31

(PECAM-1) in a 1:50 dilution (Pharmigen, San Diego, CA) to stain for microvessel density. After
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1 -hour incubation at room temperature, slides were washed with PBS and immediately imaged

using an Olympus BX-60 fluorescence microscope at 200X magnification.

To assess the extent of total cell apoptosis, tissue sections were stained by using the

TUNEL (terminal deoxyribonucleotidyltransferase-mediated dUTP-nick-end labeling) assay, which

was performed according to the manufacturer's instructions (/'n s/'fu cell death detection kit, fluo-

rescein; TUNEL, Roche). Digital images were stored and processed using Adobe Photoshop

(Adobe Inc., Mountain View CA). Quantification of microvessel density, the rate of proliferation

and total cell apoptosis were determined as described earlier."* Statistical analysis was per-

formed using the Student's t-test.

Toxicity assays

As an indirect measurement of general toxicity, body weights of mice were monitored

twice weekly, using a digital balance (Ohaus Florham, NJ). To determine hematocrit and creati-

nine levels, blood samples were extracted by tail vein bleedings one day after terminating treat-

ment and blood was collected in heparinized micro-hematocrit capillary tubes (Fisher; Pitts-

burgh, PA). For hematocrit levels, samples were spun down for 10 minutes in a micro-hematocrit

centrifuge (Clay-Adams; NY), and the amount of hematocrit was determined using an interna-

tional microcapillary reader (IEC; Needham, Mass). To obtain creatinine levels, a kit was pur-

chased from Sigma (Sigma Diagnostics; St Louis, MO) and used according to the manufacturer's

instructions.

Results

Design of a partial-peptide mimetic

For input into designing the mimetic, we first performed structure-activity studies on anginex.

Working with this relatively small peptide 33mer allowed for a thorough assessment of function-

ally-key residues by using alanine scanning and walk-through variants. The relative anti-prolifera-

tive effect of alanine-substituted analogs of anginex against EC is plotted in Figure 1 A. Resi-

dues that demonstrate the most significant drop in the ability of anginex to inhibit EC proliferation

are hydrophobic residues within the first two ß-strands: 13, L5, V7, L11 and I20. Conformation-

ally, these functionally key hydrophobic residues all lie on the same face of the amphipathic anti-

parallel ß-sheet.*^™ Also shown in Figure 1 Aare anti-proliferation activities of eight walk-through

dodecapeptides that successively sample segments of the anginex sequence, shifting three

residues in each peptide. Only three walk-through peptides (IC^g values listed at the right) dem-

onstrate any significant anti-proliferative activity relative to parent anginex. As with results from

alanine scanning, these peptides also encompass ß-strands 1 and 2. Based on these results,
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we concluded that anti-angiogenic activity is localized within ß-strands 1 and 2 and that residues

in turns 1 and 2 and ß-strand 3 are functionally dispensable. For orientation, the ß-strand align-

ment for anginex is depicted in Figure 1B; portions of the molecule containing the key sequences

are boxed.

Using this information, we designed the DBF-series of partial-peptide mimetics, in which

ß-strand 3 and turn 2 of anginex were omitted and a dibenzofuran (DBF) ß-turn mimetic'*'-^ was

introduced, replacing turn 1 and residues F12, K13 and W18, K19 of ß-strands 1 and 2, respec-

tively. The DBF ß-turn mimetic was used in order to maintain the bioactive ß-sheet conformation

of anginex.'™ The parent DBF-based compound depicted in Figure 1C is called 11DBF7, where

numbers at the left and right of DBF refer to the number of amino acid residues in the N- and C-

terminal strands, respectively, from anginex. To identify the shortest sequences required for

bioactivity, a series of N- and C-terminal deletion variants of 11DBF7 was made as listed in

Table 2.
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Figure 1. Effects of alanine scan and walk-
through variants of anginex on EC prolifera-
tion i« vi/ro. (A) The sequence is shown for
anginex in single letter codes of amino acid resi-
dues, below which are given the amino acid se-
quences for the dodecapeptide walk-throughs of
anginex. Proliferation of bFGF-stimulated (10 ng/
ml) human umbilical vascular EC (HUVEC) cul-
tures was measured by quantification of 'H-thy-
midine incorporation. Proliferation is expressed as
mean counts per minute (cpm) of quadruplicate
cultures in three independent experiments (±
SEM). EC proliferation results from alanine scan-
ning (tested at 25 uM dose) are expressed in bar
graph format as the percentage of proliferating
EC {the arithmetic mean counts per minute (cpm)
of triplicate cultures) relative to control cultures.
For walk-through peptides, results are given as
ICJJ values from dose response curves; only IC^
vaiues for dodecapeptides with significant activ-
ity relative to anginex are given. (B) The overall
fold for anginex (3 ß-strands with 2 rums) is shown
with functionally key residues boxed. (C) The par-
ent DBF analog is depicted with the introduction
of the scaffold and the two functionally key ß-
strand sequences from anginex.
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Table 1. Structural statistics for NOE-derived structures of 6DBF7.

RMS Deviations from experimental distance restraints (A)'

NOE(168) 0.1+0.01

H-bond(16)

Deviations from idealized geometry

Bonds (Ä) 0.0071 + 0.0004

Angles (°) 1.0 ± 0.03

Impropers (°) 0.6 ± 0.05

Energies (kcal.moP)

ENOE" 89.9 ±10.5

13.2 ±1.4

71.8 ±4.2

IMPROPER 7.4 ±1.3

ETOTAL 202.6 ± 2 2 . 4

•None of the 28 final structures exhibited distance restraint violations greater than 0.5 Ä or dihedral
angle violations greater than 5°. RMSD values represent the mean and standard deviations for the 28
structures.

"The final value of the NOE ( E ^ ) was calculated with a force constant of 50 kcal.moM.Ä*.

ß-sheet structure is preserved in DBF analogs

We used NMR spectroscopy to investigate whether ß-sheet conformation was preserved

in DBF analogs. Analogs 11DBF7 and 6DBF7 (that has more equivalent ß-strand lengths) were

the focus of this structural study. Due to their limited water solubility and the desire to mimic a

membrane-like environment, these compounds were investigated in dodecylphosphocholine

(DPC) micelles. At the millimolar concentrations required for NMR work, 11DBF7 gave overlap-

ping resonances that made spectral analysis ambiguous, whereas 6DBF7 gave excellent NMR

spectra that allowed complete structure analysis. NOEs and coupling constants diagnostic of

anti-parallel ß-sheet conformation were readily identified and used in computational modeling.

The superimposed 28 lowest energy structures (Figure 2A) have a backbone RMSD value (N-

and C-terminal residues excluded) of 0.11 Ä. Additional structural statistics are given in Table 1.

A simplified illustration of this folding pattern that highlights residues on both hydrophobic and

hydrophilic surfaces of the ß-sheet (Figure 2B). In this orientation of the molecule, the dibenzofuran

moiety is lying on edge. Notice also that two aliphatic hydrophobic residues leucine (L11) and

isoleucine (I20) from anginex are packed against the phenyls of the DBF group in 6DBF7 (Fig-

ure 2B). In effect, this sets up and helps to stabilize the ß-sheet fold.'^ Based on this structural

information, we concluded that other DBF analogs would fold similarly, albeit to various extents

depending on the lengths of the two strands, i.e., strands of equal length are expected to be

better able to form ß-sheets.
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Figure 2. (A) The superposition of 28 structures of 6DBF7 derived from NMR analysis. The
dibenzofuran moiety is shown head-on at the top right of the structures. (B) The chemical 3D
structure representation of 6DBF7. Polar residues on the hydrophilic side of the amphipathic fi-
shed of 6DBF7 are highlighted with squares, whereas non-polar residues on the hydrophobic
side of the amphipathic ß-sheet of 6DBF7 are highlighted with circles.

DBF analogs retain anti-angiogenic activity

In endothelial cell (EC) proliferation assays, we demonstrated that 11DBF7, as well as a

number of shorter analogs, including 6DBF7, are effective at inhibiting EC growth. Exemplary

dose response curves for all xDBF7 analogs are given in Figure 3A, and I C ^ values for all

analogs are listed in Table 2. Even though DBF analogs are less active than parent anginex, this

may be explained in part by their having a decreased number of residues. Some of the analogs

are missing residues identified by alanine scanning as being functionally important (e.g., L5 and

13). Nonetheless, a number of these shorter analogs remain reasonably active, and it appears

that the N-terminal hexapeptide SVQMKL and C-terminal hexapeptide IIVKLN are most essen-

tial for maintaining anti-angiogenic activity.

Angiostatic potential was further demonstrated in the collagen gel-based sprout forma-

tion assay."^ Whereas control cultures show numerous sprouts (Figure 3B), treatment with 6DBF7

(Figure 3C), 11DBF7 (Figure 3D) and anginex (Figure 3E) all demonstrate highly reduced sprout-

ing. These effects are quantified in Table 2. In general, reducing the number of amino acid resi-

dues in the ß-strands leads to reduced inhibition of sprout formation, comparable with results

from the EC proliferation assay. Nonetheless, some analogs were active in this assay and one of

the shortest analogs, 6DBF7, did demonstrate a significant inhibitory effect on tube formation.

The kinetics of inhibition using DBF analogs, moreover, were the same as those observed with

parent anginex (data not shown).

95



Table 2. N- and C-terminal deletion variants of 11DBF7 and angiostatic
potential.

Amino Acid Sequence EC Proliferation
(ICso)

% Sprouting"

Anginex

DBF Analoas

11DBF7

10DBF7
9DBF7
6DBF7
4DBF7
3DBF7
1DBF7

11DBF6
11DBF4
11DBF1

6DBF6
6DBF4
6DBF3
6DBF2
6DBF1

parent peptide 33mer

ANIKLSVQMKL-[DBF]-IIVKLND

NIKLSVQMKL-[DBF]-IIVKLND
IKLSVQMKL-[DBF]-IIVKLND

SVQMKL-[DBF]-IIVKLND
QMKL-[DBF]-IIVKLND

MKL-[DBF]-HVKLND
L-[DBF]-IIVKLND

ANIKLSVQMKL-[DBF]-IIVKLN
ANIKLSVQMKL-[DBF]-IIVK
ANIKLSVQMKL-[DBF]-I

SVQMKL-[DBF]-IIVKLN
SVQMKL-[DBF]-IIVK
SVQMKL-[DBF]-IIV
SVQMKL-[DBF]-II
SVQMKL-[DBF]-I

3nM

12 |iM

12nM
20 MM
15 nM
25 nM

» "
» "

22 nM
35 nM
23 nM

42 nM
» >
» *
» "

76 nM

8 ± 5%

23 ±10%'

57 ± 17%'
76 ± 40%
60+12%'
99 ± 5%
84 ± 30%

» *

115 ±7.4%
115 ±16.3%
111 ±13.6%

96.8 ± 2.7%
80.4 ± 0.3%
80.0 ±17.4%
118 ±15.8%
84 ±12.5%

• Significant inhibition (P < 0.03; Mann-Whitney U test).
* Relative to control culture with medium alone.
" The compound had no effect on the assay.
ND, Not Done

I

3DBF7
1DBF7

4DBF7
9DBF7

10DBF7 6DBF7
11DBF7

angine»

concentration

B
t>- ö

D

Figure 3. Bioactivity of DBF
analogs in in viVro assays. (A)
The anti-proliferative effects of
some DBF analogs on bFGF-acti-
vated EC are plotted as dose re-
sponse curves. To assess anti-
angiogenic potential of these DBF
analogs, sprouting and tube forma-
tion were studied using cytodex-3
beads overgrown with BCE in a 3-
dimensional collagen gel. Tube for-
mation experiments under control
conditions (B), or in the presence
of 6DBF7 (C). 11DBF7 (D) or
anginex (E), at a concentration of
25 (iM are shown. The beads have
a mean size of 170 (± 40) microns.
Using these data, the IC^ on EC
proliferation and tube formation
were quantified and are listed in
Table 2.
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11DBF7 and 6DBF7 inhibit tumor growth in mice

Because our immediate interest in an anti-angiogenic agent is in the area of tumor biol-

ogy, we assessed the /n v/Vo efficacy of two of the most ;n v/Yro active DBF analogs, 11DBF7

and 6DBF7, in the MA148 xenograft ovarian carcinoma tumor model in athymic mice.''*""* Our

initial experiments using this model administered the parent analog, 11DBF7, subcutaneously

via mini-pumps implanted at the time of inoculation with the tumor cell line. This prevention model

demonstrated that treatment of tumor-bearing animals with 11DBF7 resulted in inhibition of tu-

mor growth. Surprisingly, 11DBF7 functioned, on average, slightly better than anginex by reduc-

ing tumor volume by up to 80% relative to tumors from control animals (Figure 4A).

In further experiments, we initiated treatment seven days after inoculation with tumor cells,

to allow establishment of tumors prior to the start of treatment. Using this protocol, anginex and

11DBF7, were found to inhibit tumor growth by up to 70% during the course of treatment (Figure

4B). At the end of the four week administration period (day 35), the rate of tumor growth began to

increase, but remained at about 50% ten days post-treatment (data not shown) when animals

were sacrificed for analysis of tumor tissue. Interestingly, the smaller analog, 6DBF7, was even

more effective than anginex or 11DBF7 at inhibiting the growth of tumors (Figure 4B).

Anti-angiogenic potential /n v/vo was demonstrated immunohistochemically by staining

tumor cross-sections from treated animals with fluorescently-labeled anti-CD31 antibody to identify

blood vessels. As shown in Figures 4C-F and quantified in Table 3, vessel density, relative to

control (Figure 4C), was significantly reduced by treatment with anginex (Figure 4D), 11DBF7

(Figure 4E) or 6DBF7 (Figure 4F). These anti-angiogenic compounds had a significant effect as

well on vessel architecture, demonstrating a drop in the number of end points, branch points and

vessel length (Table 3). In addition, anti-angiogenic treatment also reduced the rate of prolifera-

tion of tumor cells as determined by immunohistochemical staining of PCNA in cryosections of

tumors (Table 3). As a result of angiogenic inhibition, the number of apoptotic tumor cells in-

creased from 311 ± 103 in the control, to 620 ± 146 and 851 ± 162 in anginex and 6DBF7

treated animals, respectively.

In all /n v/Vo experiments, treatment with anginex, 11DBF7 and 6DBF7 did not show any

sign of toxicity as assessed by unaltered behavior and normal weight gain during experiments

(see inserts to Figure 4A, B). Moreover, hematocrit and creatinine levels in treated animals were

normal relative to control, indicating the absence of toxicity to bone marrow and kidney, respec-

tively (data not shown). Upon autopsy, macro- and microscopic morphology of internal organs

were also observed to be normal within all experimental groups of animals.
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Figure 4. 6DBF7 inhibits
tumor growth in mice.
(A) MA148 tumor bearing
mice were treated with the
optimal dose of anginex (10
mg/kg/day) or equivalent
doses of 11DBF7 or 6DBF7.
Treatment was initiated at the
time of inoculation with
MA 148 cells. (B) An inter-
vention study is shown where
tumors were allowed to es-
tablish to a palpable size be-
fore treatment was initiated.
In either study, control groups
of animals were treated with
PBS containing human serum
albumin to control for protein
content. Tumor volumes in A
and B are plotted as mm'
(±SEM) vs. days post-inocu-
lation (all groups H = 11). The
inserts show the body weight
development of the mice dur-
ing the study as a measure-
ment of overall toxicity.

Immunohistochemical analyses of microvessel density is shown (C through F). C represents the average amount
of microvessels in the tumor of a control treated animal. D. E, and F represent the average amount of vessel
density staining on tumor tissue from anginex-, 11DBF7- and 6DBF7-treated animals, respectively. Original
magnification X200; scale bar = 50 microns.

IS 20 25 30
Time (days)

35 40

Table 3. Microvessel density and proliferation rate in tumors of treated mice.

Proliferation
Vessel
Density

End
Points'

Branch
Points

Vessel
Length*

Vehicle
Anginex
11DBF7
6DBF7

848 ±104
414 ±44
553 ± 75
501 ± 68

5858 ± 656
2245 ± 329
2879 ± 385
2213 ±256

26.2 ± 2.2
22.9 ± 2.2
21.2 + 3.3
21.7 ±2.6

7.6 ±1.4
2.1+0.6
3.1 ±0.9
2.3± 1.1

5.9 ±0.7
0.9 + 0.3
3.0 ±0.6
2.5 ± 0.4

"After binarization of the images of the PCNA-staining, proliferation was estimated by scoring the
total number of white pixels per field.

"After binarization of the images of the CD31-staining, microvessel density was estimated by
scoring the total number of white pixels per field.

^Mean number of vessel end points as determined after skeletonization of the images. " *
" Mean number of vessel branch points/nodes per image.
* Mean total vessel length per image.
All results are expressed as mean pixel counts per image (± standard error).
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Discussion

Here, we identified functionally key amino acid residues in the ß-sheet-forming anginex

peptide that promote its angiostatic activity and using this SAR information, designed partial

non-peptidic ß-sheet mimetics of anginex. Members of this novel class of DBF-based com-

pounds are effective anti-angiogenic agents both /n v/'fro and /n v/Vo. Moreover, the /n v/Vo anti-

tumor activity of one of these DBF mimetics, 6DBF7, is significantly improved over that of the

larger parent molecule anginex.

The ß-sheet conformation in particular is crucial to the anti-angiogenic activity of these

DBF analogs, just as it is for parent anginex peptide.^ •"" 6DBF7 is shown here to fold as an

amphipathic ß-sheet, with functionally key hydrophobic residues lying on the same face of the

molecule. Interestingly, the crystal structure of VEGF complexed with an anti-angiogenic peptide

(Flt-1 D2)"* derived from one of its endothelial cell-specific tyrosine kinase receptors, Flt-1, indi-

cates that functionally key segments of Flt-1 D2 are located within its ß-sheet domain. Moreover,

one of the peptides derived from this domain, NITVTLKKFPL, inhibits angiogenesis through a

non-VEGF binding mechanism, i.e., without binding to VEGF or inhibiting VEGF's binding to its

receptors."** CD and NMR analyses indicate that this Flt-1 peptide 11mer forms a stable ex-

tended ß-strand structure in solution. In this conformation, the peptide would present N-terminal

hydrophobic amino acid residues I-V-L on the same face of the strand. This I-V-L presentation

pattern is also present in 6DBF7 (ß-strand 2), along with the cross-strand hydrophobic pattern V-

M-L (ß-strand 1). Although the efficacy of the Flt-1 peptide is much less than that of 6DBF7, this

structural/compositional similarity between these two peptides suggests that on the molecular

level, the ß-sheet structure of these molecules is pivotal to their activity'" which may suggest

signaling through a common cellular receptor.

Many other antiangiogenic proteins whose high-resolution molecular structures are known,

e.gs., endostatin^, PF4^, TNF-a™, BPF, and TSP-1 type 1 repeat^, are also structurally (anti-

parallel ß-sheet) and compositionally (high incidence of hydrophobic and positively charged resi-

dues) similar to anginex and DBF mimetics. Although this observation may indicate an evolution-

ary structural link among a number of anti-angiogenic proteins, the meaning of this commonality

remains unclear because their mechanisms of action and cellular receptors could be different.

To complicate matters further, few receptors reported to mediate the signal leading to angiostasis

are definitive and a number of anti-angiogenic agents apparently can act on multiple receptors.

For angiostatin, for example, three receptors on endothelial cells have been reported: ATP-syn-

thase^ and integrins cĉ ßj and agß,3*. For endostatin, there are currently also at least three pos-

sibilities: a low affinity cell surface glypican receptor, along with a yet-to-be-identified high affinity

receptor"'* and an intercellular epitope (hTM3) in tropomyosin^. And for another well-known

anti-angiogenic protein, TSP-1, there are four identified receptors: syndecan, heparin sulfate

proteoglycans (HSPG), integrin-associated protein (IAP) (reviewed by Chen ef a/."">) and its
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long-known transmembrane receptor CD36^ -^ .

Even with these uncertainities, the compositional and structural similarity noted among

anginex, 6DBF7 and various anti-angiogenic proteins and peptides may be used to further im-

prove or optimize the efficacy of anginex peptide mimetics and in the design of additional novel

therapeutic anti-angiogenic agents. For the present, 6DBF7 appears to be one of the most

potent anti-angiogenic and anti-tumor agents known. This claim is supported by the observation

that anginex is as potent as angiostatin and more potent than endostatin at inhibiting the growth

of ovarian tumors in mice.'** Therefore, based on the present comparison with anginex, 6DBF7

must also be more potent /n wVothan endostatin or angiostatin. The design of 6DBF7 places us

on the road to creating an actual small-molecule pharmaceutical agent that could be used as an

effective therapeutic against cancer, as well as against other angiogenically-related pathologic

disorders like arthritis, restenosis, endometriosis and diabetic retinopathy.
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Chapter 7

General discussion

Partly published in Angiogenesis. 2003; 5(4): 1-12.
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General discussion

The lack of major clinical breakthroughs underscores the need to identify and develop

more and better angiogenesis inhibitors. Accordingly, the aim of this thesis was to test and optimize

the cancer inhibiting capacity of anginex, and to develop new angiogenic inhibitors with de novo

peptide design.

The research described in this thesis shows for the first time that it is possible to generate

angiostatic molecules by peptide design. It is shown that anginex has anti-angiogenesis activity

/n wfro and that this angiostatic property can be used to obtain a profound anti-cancer effect /n

wVo in preclinical models. The mechanism of action of anginex was found to be the induction of

anoikis leading to apoptosis in angiogenically activated endothelial cells.^ This resulted in an up

to 90% inhibition of migration in the wound assay and significant inhibition of angiogenesis as

demonstrated in the /n wfro mouse aortic ring assay. In addition, tumor-induced angiogenesis in

the chick chorioallantoic membrane was markedly inhibited. Anginex showed profound anti-tumor

activity in the syngeneic mouse B16F10 melanoma model and in a xenograft human tumor model

M A148. In the M A148 model, tumor growth was inhibited dose-dependently by up to 80% when

systemically administered via osmotic mini-pumps starting at the time of tumor cell inoculation.

When anginex was conjugated to human serum albumin, effectiveness was significantly improved,

most likely due to the increased bioavailability of the conjugate.

Currently, the clinical effect of angiogenesis inhibitors can not be accurately evaluated

due to (i) the lack of relevant clinical assays and (ii) the sparseness of reliable surrogate endpoints.

At least, when the inhibitors are used as monotherapies, the absence of tumor regression (objective

response) makes evaluation of the potential efficacy of such a drug in phase I and phase II a

difficult problem.'" Until a clinical angiogenesis assay is established and validated, or a surrogate

molecular tumor angiogenesis marker has been developed, determining the optimum dose and

route of administration of these agents will remain difficult. Furthermore, the complexity of the

angiogenic process means that it is unlikely that inhibiting a single pathway will result in significant

tumor shrinkage with tumors selecting alternative angiogenic routes once one is blocked.

Combinatorial treatment regimes targeting a variety of different angiogenic pathways is likely to

be a more successful strategy. However, the total disappearance of tumors was not seen when

anginex was combined with another well-known anti-angiogenesis inhibitor angiostatin, although

this still resulted in a synergistic effect. This synergy between angiostatin and anginex suggests

that their mechansim of action are different and that they can augment each other as anti-angiogenic

agents. These findings suggest that combining therapies which target different aspects of the

tumor mass, such as the stroma and the parenchyma should be explored. Teicher ef a/, was

among the first who showed that anti-angiogenic agents can potentiate cytotoxic cancer
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therapies.'*s'92 Here we have tested a combination of anginex with the chemotherapeutic

carboplatin in a human ovarian xenograft model. Carboplatin is a fist line chemotherapeutic in

ovarian cancer and combined with anginex complete disappearance of the tumors was observed.

Mechanisms of action among anti-angiogenics

Considering several protein fragments, among those listed in chapter 1, it should be

apparent that aside from their functional commonality of being anti-angiogenic, these compounds,

for the most part, are also structurally and compositionally similar. The vast majority fold as anti-

parallel ß-sheets and contain a relatively high incidence of hydrophobic and cationic residues.

As structure-function relationships in other anti-angiogenic proteins and peptides become known,

it will be interesting to see if this is a common feature among anti-angiogenic proteins.

In addition, many other anti-angiogenic proteins, e.g., P F 4 ' ^ , T N F * and B P F , are also

structurally and compositionally similar to protein fragments and smaller peptides discussed

prior. Although the significance of this correlation is unclear, it appears that the mechanisms of

action of these anti-angiogenic agents are not the same, i.e., they function using different

receptors. Few receptors reported to mediate the signal leading to angiostasis have been definitive

reported. In fact, the picture in terms of receptors is quite untransparent and a number of these

agents apparently can act on multiple receptors. For example, ATP-synthase on endothelial cells

has been reported to be a receptor for angiostatin.^ However, other angiostatin receptors include

o^ßg and, to a lesser extent, a^ß,^. Karumanchi ef a//** demonstrated the existence of a low

affinity cell surface glypican receptor for endostatin, along with a yet to be identified high affinity

receptor, and a third intercellular protein, an epitope (hTM3) in tropomyosin, was also found to

bind endostat in. '^ Another such example is TSP-1 , which requires, both ;n wfro"° and /n wVo'**,

the expression of the transmembrane receptor CD36. However, TSP-1 is also known to bind to

other receptors, such as Syndecan, heparin sulfate proteoglycans (HSPG) and integrin associate

protein (IAP) (reviewed in Chen ef a/."*). The presence of multiple receptors, although possibly

being therapeutically beneficial, complicates our understanding of tumor angiogenesis and our

ability to develop receptor-specific antagonists.

Identification, design and development of new anti-angiogenic agents

Identification of anti-angiogenic fragments of proteins that are themselves anti-angiogenic,

prompted the search for even smaller anti-angiogenic peptides.*' This search was motivated by

a desire to minimize the therapeutic dosage, to produce the peptide synthetically rather than by

using recombinant techniques, to help identify an orally active agent, and, quite simply, to generate

new improved anti-angiogenic compounds. Several approaches were used to achieve this goal:

peptide dissection, phage-display, and peptide d e s i g n . ^

Peptide dissection is most commonly for relatively large endogenous molecules that either

have great toxicity or lack specificity. For example, the use of intact TSP-1 as an anti-angiogenic
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drug in humans is not practical due to its size (450 kDa) and not desirable due to its diverse and

multiple biological activities. For example, TSP-1 is involved in neurite outgrowth, platelet

aggregation, as well as angiogenesis.'*> However, anti-angiogenic peptides derived from native

TSP-1 could provide a reasonable alternative. Small peptides were generated and tested (e.g.

Mai II). Unfortunately, micromolar concentrations of these peptides were required to achieve an

effect equivalent to that produced by low nanomolar amounts of native TSP-1. This loss of activity

could be recovered in a 7mer by substituting an L-amino acid with its D-isoleucyl enantiomer and

even optimized by ethylamide-capping.^ Following further modification to a nonamer containing

the non-natural amino acid norvaline (see Table 2), this peptide successfully inhibited tumor

growth.^ Similar strategies of peptide dissection have been applied for, tumstatin (<x3(IV)NC1)

and its deletion mutant tum-5 (residues 54-132)^, and parathyroid hormone-related peptide

(PTHrP)«".

Table 1. Sequences of selected anti-angiogenic peptides.

A/ame

EOF».,*

Malll

7mer

DI-TSP

PTHrP,.io

T3

T7

RGD-4C

NGR-4C

FU2-11

Anginex

Sequence

RDGSYGIV

SPWSSASVTAGDGVITRIR

Ac-G V I* T R I R.Neth

Ac-G V I* T Nva I R P.^«,

AVSEHQLLHD

LQRFTTMPFLFCNVNDVCNF

TMPFLFCNVNDVCNFASRNDYSYWL

CDCRGDCFC

CNGRCVSGCAGRC

NITVTLKKFPL

ANIKLSVQMKLFKRHLKWKIIVKLNDGRELSLD

Source

75

194

194

196

197

196

196

198

198

186

36

* the L-amino acid is substituted by the D-enantiomer

Phage display technology has been used to isolate peptides that specifically home to

angiogenic (tumor) blood vessels. This revealed a number of peptide motifs that specifically

bind to tumor vasculature. One of these peptides, RGD-4C {d(CDCRGDCFC).,} is a molecule

containing the integrin-binding sequence RGD (Arg-Gly-Asp; Table 1).^*°° Another peptide,

d(CNGRCVSGCAGRC),,, with a CX3CX3CX3 structural motif contains the sequence NGR (Asn-

Gly-Arg; Table 1), known to be another cell adhesion binding motif. Phages expressing these

peptides specifically home in on angiogenic blood vessels from different tumor types, including

carcinomas, sarcomas, melanomas. A third peptide containing the motif GSL (Gly-Ser-Leu) is
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also frequently recovered from breast carcinoma and Karposi's sarcoma."® Phage display has

also been used to identify peptides that bind to VEGF and thereby inhibit its angiogenic activity.

By using this approach, Fairbrother era/. *" identified a number of VEGF-binding peptides, and

Pan ef a/.*°* reported the NMR structure of one of these peptides, a 19mer. This peptide has a

turn-helix conformation with hydrophobic residues partitioned to one face of the folded peptide

and polar/charged residues at the other face. Binding to the VEGF dimer is promoted via

interactions with hydrophobic residues.

Peptide design was applied in order to generate peptides that would interfere with the

binding of VEGF and Flt-1. VEGF functions through two endothelial specific tyrosine kinase

receptors, Flt-1 (VEGFR-1) and Flk-1 (VEGFR-2). Tan era/. (2001) demonstrated that an 11

amino acid peptide (Flt2-11; Table 1) derived from the second immunoglobulin domain of Flt-1

functions as an angiogenesis inhibitor by inhibiting VEGF function through a non-VEGF binding

mechanism, i.e., without binding to VEGF or inhibiting VEGF's binding to its receptors.'®* Peptide

sequences in Flt-1 were identified primarily using Flt-1 VEGF-binding domain data by mutational

analysis*" and the VEGF-FIMD2 protein crystal structure.'®* Of the two peptides chosen

(SPNITVTLKKFPL and RPFVEMYSEIPE), the former one demonstrated anti-angiogenic activity

in the CAM assay, and this activity could be slightly enhanced by removing the N-terminal dipeptide

SP.

Rational peptide design was the strategy our laboratories applied in order to generate

new angiogenesis inhibitors derived from anginex. Since residues L5, V7, K10, K17,120, V22,

L24 in anginex were identified as being crucial to anti-proliferative activity, the C-terminus was

not deemed to be essential for activity and therefore was omitted in the design of a series of

peptides. Furthermore, it was noted that in the ß-sheet conformation all five hydrophobic resi-

dues are proximal and are conformed on the hydrophobic face of the amphipathic ß-sheet.**^

We designed the DBF-series of partial-peptide mimetics, in which ß-strand 3 and turn 2 of anginex

were omitted and a dibenzofuran (DBF) ß-turn mimetic'"'** was used in place of turn 1 and the

remainder of ß-strand 1 (residues 1-11) and ß-strand 2 (residues 20-26). The DBF ß-turn mi-

metic was used in order to maintain the bioactive ß-sheet conformation of anginex.'"
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Besides combining anti-angiogenic therapy with conventional therapy, angiogenesis in-

hibitors are now being used as 'homing'-devices for chemotherapeutics in the hope of increas-

ing specificity and consequently reducing toxicity. The tumor-homing capacity of EC-specific

peptides was successfully used to target doxorubicin, a frequently used chemotherapeutic with

intrinsic anti-angiogenic activity.^ In xenograft models, this targeting approach resulted in pro-

longed survival, reduction of the optimal effective dose and reduced toxicity. Targeting can be

done either classically by linking the chemotherapeutic chemically to the anti-angiogenic com-

pound or in a novel approach by linking it to peptides which specifically target tumor vascula-

ture'».

Mechanistically many angiogenesis inhibitors have multiple receptors and their precise

mechanism of action has not been elucidated for most of them. This entails the possibility of a

cross-reaction with other different physiological processes, for example as seen with TSP-1 ."">

Finding out the precise mechanisms and the possible interactions with, for example, the immune

system and the coagulation system is going to be very intriguing and an essential part of their

future clinical development. Moreover, some anti-angiogenesis compounds (anginex, PF-4 and

BPI) also display bactericidal capacity. Structural function relationship analysis has to elicit whether

the anti-angiogenesis and anti-bacterial properties are linked within the protein and whether this

is a general commonality among angiogenesis inhibitors. For anti-angiogenic proteins, struc-

ture-activity relationships, i.e., specific residues and their relative conformations, which impart

activity, are sorely needed, and even the analysis of high-resolution molecular structures of a

number of anti-angiogenic proteins, e.g., endostatin^, P F 4 ^ and BPF, has not provided this

information. Working with a small peptide like anginex, however, allows relatively easy assess-

ment of structure-activity relationships.

The compositional and structural similarity noted among these anti-angiogenic peptides

may be used, possibly via combinatorial approaches, to design additional therapeutic anti-an-

giogenic agents. In the context of a ß-strand conformation, for example, the Flt-1 peptide

NITVTLKKFPL would present N-terminal hydrophobic amino acid residues I-V-L on the same

face of the strand. This presentation pattern is observed in a number of anti-angiogenic pep-

tides. In fact, anginex shows the same ß-strand I-V-L pattern, as well as the cross-strand pattern,

V-M-L. Because anginex, for example, forms ß-sheet structure and can be used as a presenta-

tion scaffold, it might be possible to vary a set number of residues and make analogs having

various permutations and combinations of amino acid residues. In this way, one might optimize

angiostatic potential. In addition, it might be possible to reduce the size of the active peptide,

which could help lead to the design of an actual small-molecule mimetic of an anti-angiogenic

peptide.
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Conclusions

Anginex is an effective angiogenesis inhibitor /n v/fro as well as /n wVo. It's activity is

most likely due to the induction of anoikis and the inhibition of endothelial cell migration anginex

possesses anti-tumor capacity in several mouse models. When combined with conventional

treatment anginex is able to cause complete disappearance of tumors. The complete absence

of toxicity which was observed in all the mouse models used, demonstrated that anginex is a

promising agent for further clinical development.

After identifying key amino acid residues that promote anginex' angiostatic activity, a

peptide mimetic was designed carrying only 13 of the original 33 amino acid residues. This new

generated compound showed improved anti-tumor activity. Both the significant reduction in the

number of residues required to promote angiostatic activity and the use of an organic ß-sheet-

inducing scaffold places us on the road to creating an orally-active, small-molecule mimetic of an

anti-angiogenic protein. Oral administration allows the continuous exposure of the tumor to the

inhibitor over prolonged periods of time which may be the optimum means of inhibiting angio-

genesis ;n v/Vo thus turning cancer into a chronic disease which does not kill the patient.
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Summary

The process of generating new blood vessels from pre-existing vasculature is termed

angiogenesis. Angiogenesis takes place in several developmental stages and multiple physi-

ological and pathological processes. One of those pathological processes is cancer. Chapter 1

gives a general introduction to the field of cancer related angiogenesis and to the plethora of

molecules involved in it. Until now many of angiogenesis inhibitors have been derived from en-

dogenous origins. However, the emphasis of this thesis lies on the design and development of

new exogenous angiogenesis inhibitors. These inhibitors were designed using a combinational

approach employing basic folding principles and incorporating short sequences from ß-sheet

domains. This approach generated a library of peptides that were tested for their anti-angio-

genic capacity. One peptide shown to be most potent, ß-pep25, was named anginex. Anginex is

a 33mer whose structure was based on the 3D structure of a-chemokines such as platelet factor-

4 and interleukin-8 and the ß-sheet domain containing molecule bactericidal/ permeability-in-

creasing protein (BPI). Chapter 2 describes that the anti-angiogenic capacity of anginex is also

present /n v/Vo and that anginex can inhibit tumor growth in a human ovarian carcinoma xe-

nograft model. Various treatment regimes, the mode and frequency of administration, as well as

dose response curves, were investigated and continuous systemic treatment in a 10 mg/kg/day

dose provided optimal efficacy. This was improved by conjugating anginex to human serum

albumin to enhance its bioavailability, which led to 75% tumor growth inhibition even 30 days

post-treatment. Chapter 3 shows that besides the human ovarian xenograft model anginex also

entails anti-tumor activity in a murine syngeneic carcinoma model (B16F10 melanoma in C57BL7

6 mice). The absence of toxicity in all of the models used, indicates that anginex is a very prom-

ising anti-cancer agent that should be developed for clinical testing. The mechanistic studies

(both /n wfro as well as /'n v/Vo) described in chapter 3 showed that anginex exerts its anti-

angiogenesis effect by specifically targeting tumor endothelial cells.

Besides testing anginex as a mono-therapeutic agent, it was also investigated in combi-

nation with conventional chemotherapy or the well-known angiogenesis inhibitor angiostatin. As

described is chapter 4, the combination of anginex with a sub-optimal dose of chemotherapeutic

carboplatin resulted in tumor remissions to microscopic disease. Treatment in combination with

angiostatin demonstrated a synergistic effect at inhibiting tumor growth. Immunohistochemical

assessment of the microvessel density indicated that this tumor growth inhibition by anginex is

explained by its anti-angiogenic activity. In addition, an increase in apoptotic cells and a de-

crease in proliferating cells was noticed in anginex treated tumors compared to vehicle treated

tumors.

By generating a new series of anginex related molecules the structural bioactive confor-

mation of anginex was investigated, which is described in chapter 5. This series of molecules

were modified by excluding 6 amino acids of the C-terminus of anginex and by introducing disul-
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fide bonds. These covalent constraints limited conformational space available to the peptide,

such that, for example, helix formation could not occur. As long as placement of disulf ide bonds

preserved the ß-strand alignment as in the proposed bioactive conformation, activity was pre-

served.

Based on further structure-activity relationships of these ß-sheet-forming peptides, partial

mimetics were designed. In order to maintain the ß-sheet conformation a dibenzofuran turn-

mimetic was introduced, as described in chapter 6. One of these novel anti-angiogenic mol-

ecules, 6DBF7, was more effective /n wVothan parent anginex. In a mouse xenograft model for

ovarian carcinoma, 6DBF7 was observed to reduce tumor growth by up to 80%. Because /n

wfrotube formation was inhibited by 6DBF7 and treatment of tumor-bearing mice resulted in a

significant reduction in microvessel density within the tumor, it was suggested that the mecha-

nism of 6DBF is also based on angiogenesis inhibition. This partial peptide-mimetic is the first

molecule designed as a substitute for an angiogenesis inhibitory agent.

Chapter 7 reviews the current anti-angiogenesis peptides and their diversity in methods

of identification. In addition, commonalities were addressed in this chapter, followed by possible

future directions.

i l l



Samenvatting

De vorming van nieuwe bloedvaten uit reeds bestaande bloedvaten in het lichaam noemt

men angiogenese. Naast een belangrijke rol in de embryonale fase, speelt angiogenese een

essentiele rol tijdens fysiologische en pathologische processen. Een voorbeeld van zo'n

pathologische conditie is kanker. Een algemene introductie over kankergeassocieerde

angiogenese Staat beschreven in hoofdstuk 1. Angiogeneseremming biedt een unieke kans om

tumorgroei tegen te gaan en is gebaseerd op andere principes dan de traditionele

behandelingsmethoden zoals Chirurgie, bestraling en Chemotherapie. Anti-angiogenese therapie

bei'nvloedt de bloedvaten in tegenstelling tot de conventionele therapieen die meestal gericht

zijn tegen de tumorcellen zeit. De meeste tot nu toe beschreven angiogeneseremmers zijn van

endogene afkomst. Dit proefschrift beschrijft de ontwikkeling van specifieke exogene remmers.

Deze remmers werden gecreeerd aan de hand van de 3-dimensionale structuur van ß-sheet

bevattende cytokines zoals plaatjesfactor-4 en interleukine-8. Tevens hebben deze 33 aminozuren

bevattende peptiden ß-sheet gedeeltes van bactericidal/permeability-increasing protein (BPI).

Bij deze toepassing is een bibliotheek van peptiden gegenereerd, welke getest werd op anti-

angiogene activiteit. Een van deze peptiden, ßpep-25, bleek de grootste /n wfro angiogenese

remmende activiteit te bezitten en werd geselecteerd voor verdere ontwikkeling. ßpep-25 kreeg

de naam anginex.

Hoofdstuk 2 beschrijft dat deze anti-angiogene werking van anginex ook ;n v/Vo wordt

waargenomen en dat deze werking de remming van tumorgroei kan bewerkstelligen. Verschiliende

doseringen en behandelschema's werden onderzocht. Een continue systemische behandeling

met een concentratie van 10 mg/kg/dag resulteerde in een optimaal effect. Dit werd waargenomen

in een humaan ovariumcarcinoom model in naakte muizen. De tumorgroeiremming bleek vergroot

te kunnen worden door anginex te koppelen aan humaan serum albumine. Dit leverde een inhibitie

op van 75% tot zelfs 30 dagen na het einde van de behandeling. Hoofdstuk 3 laat zien dat naast

een goede werking in het ovariumcarcinoom model, anginex ook in staat is tumorgroei te remmen

in een syngeen muismodel (B16F10 melanoom in C57BL/6 muizen). Het uitblijven van enige

vorm van toxicrteit in alle geteste muismodellen, suggereert dat anginex een veelbelovend medicijn

tegen kanker kan worden. De mechanistische studies (/n wfro en /n wVo) in hoofdstuk 3 laten

zien dat anginex specif iek werkt via het endotheel van de tumoren.

Naast het testen van anginex als monotherapie zijn er ook combinatietherapieen

uitgevoerd. Hoofdstuk 4 beschrijft de combinatie van anginex met traditionele Chemotherapie en

een andere bekende angiogeneseremmer angiostatine. De combinatie behandeling met

chemotherapeutica, zoals de platina-verbinding carboplatin, liet een complete remissie van de

tumoren zien. De combinatie therapie met angiostatine liet een synergistisch effect zien met

betrekking tot het remmen van tumorgroei. De tumorgroeiremming werd verklaard door een

vermindering van het aantal capillaire bloedvaten in de tumor. Dit werd aangetoond met behulp
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van immunohistochemische experimenten. Deze proeven lieten tevens zien dat er een verhoogd

aantal cellen apoptose onderging en een verlaagd aantal prolifererende cellen aanwezig was in

tumoren die behandeld waren met anginex, in vergelijking met controle tumoren.

De bio-actieve structuur van anginex werd onderzocht met behulp van de nieuw-

ontwikkelde anginex gerelateerde moleculen die beschreven staan in hoofdstuk 5. Een nieuwe

serie peptiden werd gesynthetiseerd waarbij zes C-terminale aminozuren werden verwijderd en

zwavelbruggen werden geintroduceerd om de vouwvrijheid van het peptide te belemmeren. Indien

de plaats van een zwavelbrug de ß-sheet structuur waarborgde - de veronderstelde bioactieve

conformatie - bleef de anti-angiogene activiteit behouden.

Aan de hand van additionele structuur-activiteit proeven met anginex werden gedeeltelijke

mimetics ontworpen. Om de bio-actieve ß-sheet structuur te handhaven, werd een dibenzofuran-

groep (DBF) geintroduceerd. Deze dibenzofuran-groep is beschreven als 'turn-mimetic'. Deze

studies staan vermeld in hoofdstuk 6. Een van deze gegenereerde moleculen, 6DBF7, was in /n

wVotumor modellen effectieverdan anginex. In het hiervoorgenoemde humaan ovariumcarinoom

muismodel was 6DBF7 in staat om 80% van de tumorgroei te remmen. Als gevolg van toediening

van 6DBF7 werd een vermindering in de /n v/fro spruitformatie waargenomen en bleek de

microvaatdichtheid in muizentumoren sterk afgenomen. Dit suggereert dat angiogenese remming

ook ten grond slag ligt aan de tumorgroeiremming van 6DBF7. Deze 'partial mimetic' is de eerst

rationeel ontworpen substitutie voor een angiogene remmer. 6DBF7 is maar half zo groot als

anginex en met een behouden dan niet vermeerderde tumorremmende activiteit, is dit een

hoopvolle ontwikkeling op de weg naar een 'small-molecule' angiogeneseremmer.

Een samenvatting van de enkele nu bekende angiogenese remmers staan beschreven

in hoofdstuk 7. In dit hoofdstuk worden de overeenkomsten van de verschillende remmers

besproken en de toekomstverwachtingen in het kanker gerelateerde angiogeneseonderzoek.

Tevens worden in dit hoofstuk de nieuwe technieken vermeld die gebruikt worden om meer en

betere angiogenese remmers te ontdekken en verder te ontwikkelen, in de hoop een nieuwe

krachtige behandelmethodiek te ontwikkelen naast de reeds bestaande geaccepteerde

therapieen.
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Angiogenesis, the sprouting of capillaries
from pre-existing blood vessels, is involved
in normal physiological processes of tissue
development as well as in the pathogenesis
of diseases, such as diabetic retinopathy or
retinopathy of prematurity, psoriasis, athero-
sclerosis, obesity, rheumatoid arthritis, peptic
ulcers, fractures and cancer.
Although pre-clinical testing of anti-angiogenic
agents shows promise, the need for more and
better angiogenesis inhibitors is driven by the
absence of any major clinical breakthrouqhs.
The development of new angiogenesis
inhibitors, especially synthetic small peptides,
is an important approach in improving or even
replacing the current anti-angiogenic therapy.
Here, it is shown for the first time that angioge-
nesis inhibitor anginex (33-mer) poses anti-
tumor activity /n v/Vo, in both syngeneic and xeno-
graft mouse models. Tumor growth was inhibi-
ted synergistically when anginex was combined
with angiostatin. Moreover tumors regressed
to an impalpable state when anginex was
combined with conventional treatment.
Structural activity relationships within anginex
resulted in the design and development of a new
generation of peptide-mimetics with improved
tumor inhibitory activity.




