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1. Summary

Tumor cell invasion and metastasis depend on the coordinated and temporal expression
of proteolytic enzymes to degrade the surrounding extracellular matrix. The tumor
cell-associated urokinase-type plasminogen activator system, consisting of the serine
protease plasmin, urokinase-type plasminogen activator (uPA), its specific receptor
uPAR (CD87), and the two inhibitors PAI-1 and PAI-2, plays an important role in these
pericellular processes. Especially, association of the proteolytic activity of uPA with
the cell surface via interaction with uPAR significantly increases the invasive capacity
of tumor cells, uPA/uPAR system becomes an attractive novel target for anti-metastatic
therapy. uPA binds with high affinity to its specific cell surface receptor, uPAR via a

binding site within the N-terminal region of the molecule.

Previously, the minimal binding region spanning amino acids 19-31 of uPA was
determined. A synthetic cyclic uPA-derived peptide, cyclo'””'uPA;o.3; was designed,
serving as a lead structure for the development of two small uPA-derived competitive
peptide antagonists to interfere with uPA/uPAR-interaction based on the uPAR binding
site in uPA: WX-360 (cyclo®' [D-Cys21]-uPAs ;.30 [S21C;H29C]) and its norleucine
(Nle) derivative WX-360-Nle (cyclo**’[D-Cys21] -uPAs;30 [S21C;K23Nle;H29C)).
These peptides display an only five to ten-fold lower affinity to uPAR as compared to
the naturally occurring uPAR-ligand uPA.

In this study, we investigated the characteristics of OvMz-6 human ovary cancer cells,
which typically induce a large primary and intraperitoneal tumor metastases, and
WX-360 and WX-360-Nle were tested in nude mice for their potency to inhibit tumor
growth and intraperitoneal spread of lacZ tagged OvMz-6. Intraperitoneal
administration of cyclic peptide (20 mg peptide/kg; 1U daily for 37 days) into
tumor-bearing nude mice resulted in a significant reduction of tumor weight and spread
within the peritoneum as compared to the untreated control group. This is the first

report demonstrating effective reduction of tumor growth and spread of human ovarian



cancer cells in vivo by small synthetic uPA-derived cyclic peptides competitively
interfering with uPA/uPAR-interaction. Thus, both WX-360 and WX-360-Nle are

promising novel compounds to reduce dissemination of human ovarian carcinoma.



2. Introduction

2.1 The urokinase-type plasminogen activator system in tumor

invasion and metastasis

Invasion and metastasis of solid tumors are complex multi-step processes. The invasive
behavior of malignant tumor cells and their ability to form distant metastases are
facilitated by different cell-associated proteolytic systems. In the host, the extracellular
matrix provides a structural barrier for the tumor cells, and malignant cells are able to
degrade proteins of the extracellular matrix and basement membrane, leading to local
invasion of the tissue and metastasis. Proteolysis is involved in all the steps of the
metastatic cascade, namely detachment of tumor cells from the primary tumor site,
intravasation, dissemination through the blood circulation or the lymphatic system,
extravasation, and formation of metastases at distant sites (Schmitt et al., 1997).
Various proteolytic systems, including the urokinase-type plasminogen activator (uPA)
system, matrix metalloproteinases (MMPs), and cysteine proteases (cathepsin B, L),
which partly interact and cooperate, contribute to the net proteolytic activity at the
tumor-host interface (Fig. 1) (Andreasen et al., 2000, Chapman et al., 1997, Noel et al.,
1997, Schmitt et al., 2000, Yan et al., 1998). Not only the tumor cells but also stromal
cells present within the surrounding tissue or extracellular matrix synthesize
components of the different proteolytic systems, thus contributing to proteolysis on the

surface of tumor cells (Dublin et al., 2000).

The urokinase-type plasminogen activator (uPA) system plays a pivotal role in this
degradation process, with components like the serine protease plasmin, its activator
urokinase-type plasminogen activator (uPA), the cell surface-associated uPA receptor
uPAR (CD87), and the two inhibitors, plasminogen activator inhibitor type 1 (PAI-1)
and type 2 (PAI-2) (Fig. 2). For numerous types of solid malignant tumors, a strong
clinical value of the plasminogen activation system in predicting disease recurrence

and survival in cancer patients has been demonstrated. Patients with low levels of both



uPA and PAI-1 in their primary tumors have a much better prognosis than patients with
elevated levels of both factors, emphasizing their fundamental role in tumor invasion
and metastasis (Duffy et al., 2002, Harbeck et al., 2002, Janicke et al., 2001, Look et
al., 2002, Schmitt et al., 2000).
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Figure 1. The urokinase-type plasminogen activator system: (pro)-uPA, uPAR and
plasmin(ogen) interplay with other extracellular components [e.g., MMPs (-3, -9),
cathepsins (B, L), vitronectin and integrins] which leads to degradation of the
extracellular matrix and basement membranes, thereby supporting tumor cell invasion

and metastasis.




The serine protease uPA (M,: approximately 55,000), which plays a central role in the
conversion of plasminogen to plasmin, is secreted by various normal and cancer cells
as a single-chain polypeptide (pro-uPA). pro-uPA consists of 411 amino acids (aa), and
several proteases, e.g. plasmin, plasma or glandular tissue kallikrein, and cathepsin B
or L (Dano et al., 1985), are able to convert pro-uPA by limited proteolysis into the
enzymatically active serine protease, HMW-uPA ("high-molecular-weight-uPA"), by
cleavage of the peptide bond between Lys'>® and Ile'”’. The A-chain of uPA (aa 1-158)
and the B-chain (aa 159-411) are covalently connected via a disulfide bridge between
Cys148 and Cysz79. The B-chain harbors the active site of the serine protease with its

catalytic triad His*™, Asp255, and Ser™°

(Fig. 3). By further proteolytic action on
HMW-uPA, an amino-terminal fragment (ATF; aa 1-135) is released yielding the
"low-molecular-weight" form of uPA (LMW-uPA). Both HMW- and LMW-uPA
display very similar enzymatic activities towards the substrate plasminogen. ATF
consists of two different domains (Fig. 3), the so-called growth factor-like domain

(GFD; aa 1-49) and the kringle domain (aa 50-135) which displays structural

homology to the kringle domains of e.g. prothrombin, tPA, and plasmin.

The cell surface-associated uPA receptor uPAR (CD87) is a cysteine-rich, heavily
N-glycosylated protein of M,: 45 - 60,000. It is translated into a 313 amino acid
polypeptide with a 21 amino acid signal peptide. It consists of three homologous
repeats: domains I, II, and III, as numbered from the N terminus (Fig. 4) (Fowler et al.,
1998, Mondino et al., 1999, Ploug et al., 2002). uPAR lacks a transmembrane
sequences, and is associated with cell membranes by a glycosyl phosphatidyl inositol
(GPI) anchor (Ploug et al., 1991). Soluble uPAR variants without a GPI anchor have
also been identified in the conditioned medium from various cell lines and in body
fluids from cancer patients, and may arise by differential splicing, by proteolysis, or by
phospholipase cleavage of the GPI anchor (Brunner et al., 1999, Pedersen et al., 1993,).
Required structural determinants for binding of uPA are located within the N-terminal
domain I of uPAR. Within this domain residues Arg53, Leu55, Tyr57, and Leu66,

respectively, were identified to be essential for the uPA/uPAR interaction, as shown by



a systematic Ala scan (Gardsvoll et al., 1999). However, as shown by several different
approaches, the intact three-domain uPAR molecule is required for high-affinity
interaction with uPA (Gardsvoll et al., 2006, Llinas et al., 2005, Ploug et al., 1998,
Ploug et al., 2002)

Binding of uPA to its specific high-affinity receptor uPAR (CD87; Kd ~ 1 nM) is
mediated by the N-terminally located GFD of uPA, whereas pro-uPA has an activity
about 250-fold less than that two-chain uPA (Petersen et al., 1988). pro-uPA is
activated into uPA either in solution or when bound to uPAR at the cell surface, the
latter activation occurs much faster. Furthermore, active uPA bound to uPAR is more
efficient than free uPA in converting plasminogen to plasmin. By binding to the
receptor, the activity of uPA is focused to the cell surface, and gives the cell the ability
to efficiently degrade its surrounding matrix, which enables tumor cells to detach from

the primary tumor and leads to tumor invasion and metastasis (Andreasen et al., 2000).

The two natural uPA inhibitors, plasminogen activator inhibitor type 1 (PAI-1) and
type 2 (PAI-2), belong to the serpin (serine protease inhibitor) family having an
arginine in their reactive inhibitory center. They function by acting as pseudosubstrates
and form an irreversible complex with their target protease. PAI-1 (M,: approximately
50,000) is one of the main inhibitors of uPA and is a single-chain glycoprotein,
inactivates both uPA and tPA (tissue-type plasminogen activator) by rapid formation of
1:1 complexes (Andreasen et al., 2000). PAI-1 also binds to the extracellular matrix
protein vitronectin with high affinity. Secreted PAI-1 as an unstable active inhibitor, is
rapidly converted into its latent form unless it is stabilized by binding to vitronectin.
Bound to vitronectin, PAI-1 stays active towards serine protease and can inhibit
plasminogen activation by uPA at the cell surface (Conese and Blasi, 1995). PAI-2 (M,:
approximately 50,000) is also able to inhibit both uPA and tPA, although it reacts more
slowly than PAI-1 (Rijken 1995).



Cell Membrane GPI (Glycosyl phosphatidylinositol} anchor

Figure 2. Schematic presentation of uPA, uPAR, PAI-1 and plasmin: uPA consists
of a serine protease domain (SPD), a kringle domain (K), and a growth factor-like
domain (G) harboring the uPAR binding site. uPAR has three domains and is attached
to the cell membrane by a GPI anchor. The reactive center loop (RCL) of the inhibitor
PAI-1 can bind to the active site of uPA, but PAI-1 can also interact with the
extracellular matrix protein vitronectin to stay active towards serine proteases and to
inhibit plasminogen activation by uPA at the cell surface. Plasmin also contains a

serine protease domain as well and plus five kringle domains.
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Figure 3. Domain structure of uPA: Schematic representation of the structure of uPA.
The single-chain form of uPA, pro-uPA, is activated to the enzymatically active
two-chain form, HMW-uPA, by cleavage of the Lys'**/Ile'*® peptide bond (arrow I).
The catalytic triad (His™™, Aspzss, Ser**®) within the C-terminal serine protease domain
(green) is indicated in white. Further proteolytic cleavage within the N-terminal
A-chain of uPA between Lys'**/Lys'*® (arrow II) releases the so-called amino-terminal
fragment (ATF), composed of the growth factor-like domain (GFD; brown) and the
kringle domain (blue), and LMW-uPA. The uPAR-binding site of uPA (uPA9.3;) within
the GFD is depicted in yellow. The peptide sequence uPA ;36155 (green dots with red
margin), located between ATF and the B-chain (green), is called connecting peptide.

299

The N-glycosylation site in the B-chain of uPA (Asn™") is indicated by a zigzag line,

cysteines involved in disulfide bridges are in red.
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Figure 4. Domainic structure of the uPAR (CD87): uPAR consists of three
homologous domains (I, II, and III, as numbered from the N terminus) and is anchored
to the cell membrane by a glycosyl phosphatidylinositol (GPI)-anchor. The blue
rhombus symbolizes N-glycosylation sites, cysteines involved in disulfide bridges are
in red. Domain I is essential for uPA/uPAR interaction, however, the full-length

three-domain uPAR molecule is required for high-affinity interaction with uPA.

A considerable number of studies have already shown that disruption of the interaction
of uPA with uPAR leads to reduction of tumor invasion and metastasis (Muehlenweg et
al., 2001, Reuning et al., 1998, Schmitt et al., 2000). It has been reported that
competitive displacement of uPA from uPAR resulted in decreased proteolysis on the
cell surface, which is the preferred site for uPA-mediated protein degradation (Crowley
et al., 1993). Recombinant soluble form uPAR (suPAR) is also able to block binding of

uPA to cell-surface-bound uPAR, the overexpression of suPAR showed profound
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inhibitory effects on primary tumor growth, tumor spread, or experimental metastasis
(Kriiger et al., 2000, Lutz et al., 2001, Wilhelm et al., 1994). Various different
experiments to interfere with the expression or reactivity of uPA or uPAR at the gene or
protein level were performed successfully, including the use of antisense oligodeoxy-
nucleotides, antibodies, inhibitors and recombinant or synthetic uPA and uPAR
analogues (Kobayashi et al., 1995, Magdolen et al., 2001, Rabbani et al., 1995,
Schmitt et al., 1995, Wilhelm et al., 1995). It was also shown that broad-spectrum
serine protease inhibitors suppressed tumor growth and metastasis (Novak et al., 2005,

Ohkoshi et al., 2002, Witschi et al., 1989).

Recently, several studies have been performed to identify and define new prognostic
markers for the prediction of patients afflicted with solid malignant tumors. In a variety
of malignancies including cancer of the breast, ovary, cervix, uteri, bladder, upper
urogenital tract, kidney, head and neck, brain, lung, soft-tissue, stomach, colon,
pancreas, esophagus, and liver, a strong prognostic impact has been attributed to
components of the uPA-system: uPA, uPAR, and the two inhibitors PAI-1 and PAI-2
are statistically independent as prognostic factors (Duffy et al., 2001, Reuning et al.,
1998, Schmitt et al., 2000).

In general, upregulation of the tumor antigen levels of uPA and/or PAI-1 is associated
with poor disease outcome and tumor cell spread and metastasis (Grondahl-Hansen et
al., 1993, Reuning et al., 1998, Schmitt et al., 2000). Especially, in breast cancer,
determination of tumor antigen levels of uPA and PAI-1 is close to clinical routine to
decide an individualized patients therapy (Duffy et al., 2002, Harbeck et al., 2002,
Look et al., 2002). Additionally, increased levels of a soluble form of uPAR which are
present in blood and ascites of patients with cancer of the ovary, lung, breast or colon,
have also been associated with poor prognosis (Pedersen et al., 1993, Sier et al., 1998).
In contrast to PAI-1, elevated PAI-2 antigen levels predict a good prognosis of cancer
patients (Foekens et al., 1995). Thus the strong correlation between elevated tumor
antigen levels and poor prognosis raises the possibility that plasminogen activation

system has a key role in extracellular matrix degradation.
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2.2 Competitive antagonist of uPA/uPAR-interaction derived from the
uPAR binding site of uPA

Binding of (pro)-uPA to its cell surface receptor not only generates a pericellular
proteolytic system, furthermore, surface-associated feedback-activation of pro-uPA by
plasmin results in potentiation of proteolytic activity compared to activation in solution
(Ellis et al., 1989). In addition to this, pro-forms of other proteolytic enzymes such as
matrix metalloproteinases are activated by plasmin as well, allowing tumor cells to
degrade the surrounding extracellular matrix. This matrix degradation facilitates cell
migration and enables tumor cells to detach from the primary tumor and to spread to
distant loci in the body (Andreasen et al., 2000, Del Rosso et al., 2002, Reuning et al.,
1998).

In contrast to uPAR in which different domains contribute to a composite uPA-binding
site, the uPAR binding site within the uPA molecule encompasses a single continuous
sequence within the GFD. Appella and coworkers demonstrated that a peptide
comprising aa 12-32 of uPA (in which for technical reasons Cys'’ was substituted by
Ala) efficiently competed with ATF for binding to cell surface-associated uPAR. The
rational for testing synthetic peptides derived from the N-terminal region of uPA
originated from the finding that GFD binds with similar affinity to uPAR as do ATF
and HMW-uPA, respectively. Moreover, ATF cleaved between Lys™/Tyr** or
Phe®/Ser*® does not interact with uPAR. A peptide encompassing aa 18-32 still
competed with ATF for binding to uPAR, whereas a peptide spanning aa 9-20
including a Cys' to Ala'® substitution had almost no effect, indicating that aa residues
20-30 of uPA, corresponding to the so-called loop B of GFD, confer receptor binding
specificity (Appella et al., 1987).

NMR structural analysis of ATF (Hansen et al., 1994[1], Hansen et al., 1994[2])
revealed that the region Thr'®-Asn®” of uPA is folded into a flexible, seven-residue
W-loop, i.e. a ring-like structure from Asn* to Ile®®, that results from the

double-stranded, antiparallel B sheet between Thr'®-Ser”’ and His**-Asn®>. Cys'’and
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Cys’!, although in close proximity, form disulfide bonds with other cysteines

(Cys''/Cys" and Cys"’/Cys®!, respectively) (Fig. 5). Exchange of aa residues Lys™,
Tyr**, Phe®, 1le®®, or Trp>® by Ala in loop B of GFD led to a strongly reduced or even a
complete loss of binding affinity towards uPAR. An Ala scan was also performed with
the uPA derived synthetic peptide uPA 4.3, (Magdolen ef al., 1996). The individual
replacement of aa 14-18, 20-23, 26-27, 29, or 32 by Ala had only minor effects on
uPAR binding, whereas the individual substitution of Cys'?, Tyr**, Phe®, 1le*®, Trp™, or
Cys’' by Ala resulted in a considerable loss of uPAR binding activity. Interestingly, in
the spatial structure of uPA, all of the side chains of Tyr24, Phezs, Ilezg, and Trp30 are
displayed on one side of the ring-like structure, suggesting their involvement in
specific hydrophobic interactions of uPA within the binding pocket of uPAR.

In order to determine the minimal uPAR binding region of uPA, a series of peptides
with different lengths derived from wild-type uPA were tested for uPAR binding
activity. By this, peptide uPA9.3; was found to compete with ATF for binding to uPAR,
whereas peptides uPA g.30, uPA¢.32 or uPAg.39 were ineffective. Interestingly, uPA;q.3;
binds to uPAR with higher affinity than the longer peptides uPA 4.3, or uPA 6.3, (Biirgle
et al., 1997). The results obtained with peptides derived from wild-type uPA are in
agreement with the Ala-scanning experiments of uPA 435, defining Cys19 and Cys31 as
the essential aa residues representing the N- and C-terminal borders of the uPAR

binding epitope (Biirgle ef al., 1997, Magdolen et al., 1996).

In uPA, Cys' and Cys’' are not connected by a disulfide bond but are in close
proximity (Fig. 5). The short distance between Cys'® and Cys’' in the native uPA
molecule may explain, why the cyclic synthetic peptide cyclo'*'uPAjo.3; in which
Cys' and Cys’' are linked by a disulfide bond, retain suPAR binding activity. The
disulfide-bridged form of uPA;¢9 3, displays an IC50-value similar to that of its
corresponding linear form (IC50: ~ 700 nM) (Biirgle et al., 1997). The distance
between the Ca-atoms at aa positions 19 and 31 was further narrowed down from 6.1 A
in native uPA and 5.2 A in cyclo'”'uPA9.3; to about 4.8 A by generation of another

peptide variant, cyclo'’?'[Ala"’-S-Ala’']-uPA 9.3, in which the cystine [Cys'®-Cys’’,
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which formally corresponds to Ala'>-S-S-Ala’'] was substituted by lanthionine
[Ala'®-SAla’']. This peptide (cyclo'®?'[Ala"’-S-Ala’']-uPA o.3)) still interfered with
uPA/uPAR interaction but exhibited an about 10-fold lower inhibitory activity than the
parent peptide cyclo'”>'-uPA o3, (Magdolen et al., 2001).

A systematic D-aa scan was performed, in which each of the 13 L-aa of
cyclo'”?'uPA 9.3, was individually substituted by the corresponding D-aa (Magdolen et
al., 2001). This led to the identification of cyclo''[D-Cys19]-uPA 31 (WX-306) as a
potent inhibitor of uPA/uPAR interaction (Fig. 5), displaying an only 20 to 40-fold
lower binding capacity (IC50: ~ 200 nM) than the naturally occurring uPAR ligands
uPA and ATF (IC50: ~ 5-10 nM). As one can see in figure 5, the switch of the cysteine
bridges to produce cyclo'’”'uPAjo3; requires a change of the Cys side chain
orientation, which is achieved by change in chirality. In addition to the uPA derived
peptides with single D-aa substitutions, a cyclic peptide was synthesized in which all
L-aa were substituted by their corresponding D-enantiomers and in which all of the
peptide bonds were inverted. This so-called retro-inverso, protease-insensitive
cyclo'?'-uPA 1g.3-peptide did not show any uPAR binding activity. Several reasons for
the lack of binding activity of the retro-inverso peptide are conceivable:

i) Retro-D-peptides harbor exchanged N- and C-termini; the terminal groups in

cyclo'®?!

uPA9.3; may be important for the receptor-ligand interaction with uPAR. One
has to consider that in a cyclic retro-inverso peptide, the side chain orientation is
different from that in the parent peptide (Wermuth ef al., 1997).

i1) The amide bonds in the backbone of the peptide (which are reversed in the
retro-inverso peptide) may be necessary for uPAR binding.

ii1) The hydrogen bond pattern in retroinverso peptides is different from that of the

parent peptides.

A series of cyclic peptides was synthesized in which certain aa of cyclo'”>'uPA o3
were deleted and/or replaced by other aa (Biirgle ef al., 1997, Guthaus et al., 2002,
Schmiedeberg et al., 2002). Since - in addition to Cys'’ and Cys®'- Lys”, Tyr**, Phe®,

Ile*®, and Trp®’, respectively, have been proven to be important determinants of uPAR
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binding (Magdolen et al., 1996), mainly disulfide-bridged cyclic peptides of different
ring sizes were synthesized encompassing those aa. Among them, only the decameric
peptide cyclo®*’uPAs;30[S21C;H29C] inhibited uPA/uPAR interaction displaying an
IC50 of ~ 900 nM (IC50 of cyclo'*'uPAjo3: ~ 700 nM) (Guthaus et al., 2002,
Schmiedeberg et al., 2002). The systematic substitution of each aa residue in
cyclo”uPA,;.30[S21C;H29C] by Ala indicated that the side chains of Cys*' and Cys*
(leading to linear peptides), Tyr**, Phe®, Ile’®, and Trp°, respectively, are essential for
uPAR binding (Schmiedeberg et al., 2002). In addition, the impact of modification of
the  stereochemical orientation of individual aa  side chains in
cyclo”?"uPA,;.30[S21C;H29C] on uPAR binding activity was analyzed. Derivatives of
cy01021’29uPA21_30[S21C;H29C] harboring either D-Tyr24, D-Phezs, or D-Ile?® did not
elicit uPAR binding activity. The peptide variant containing D-Trp*° displayed an about
three times weaker uPAR binding activity than the lead peptide with L-Trp® in the
C-terminal position. This may be explained by the rotational freedom of the exocyclic
aa enabling the aromatic side chain to adopt the conformation required for uPAR
binding. Substitution of L-aa in cyc1021’29uPA21_30[S21C;H29C] by D-aa at positions
Asn®, Lys®, Ser’, and Asn”’, respectively, yielded peptides with strongly reduced
uPAR binding affinity. This finding indicates that stereochemical inversion of most
side-chain residues in Cy01021’29uPA21_30[SZ1C;H29C] reduces uPAR binding affinity,
regardless of whether the corresponding aa side chains are required for receptor
binding or not. Stereochemical modification at Cys*, yielding cyclo**
[D-Cys21]uPA;;30[S21C;H29C] (WX-360) (Fig. 5), displayed a much higher uPAR
binding activity (IC50: ~ 40 nM) than its L-isomer (~ 900 nM). This finding is in
agreement with that for cy01019’31[D—Cys19]—uPA19_31 in which the introduction of
D-Cys at position 19 resulted in a more active peptide (IC50: ~ 200 nM versus ~ 700
nM).

The inversion of the stereochemical orientation of Cys®' in the smaller cyclic peptide
cyclozl’zguPAz 130[S21C;H29C] led to an even more pronounced effect regarding uPAR
binding activity as compared to the exchange of L-Cys"” by D-Cys in cyclo'””
uPA9.3;. The resulting high-affinity uPA mimic peptide displays a binding reactivity to

16



cellular uPAR (IC50: ~ 40 nM) that is only 4-8 times weaker than that of the natural
ligand uPA (IC50: ~ 5 - 10 nM). Thus, cyclo’*’[D-Cys21]uPA,;.30[S21C;H29C]
(WX-360) represents one of the most active synthetic uPAR antagonists known to date

(Schmiedeberg et al., 2000, Schmiedeberg et al., 2002).

Efforts have been undertaken to reduce the in vivo proteolytic degradation of
cyclo”?’[D-Cys21]uPAs;.30[S21C;H29C] (WX-360). For this purpose, the Lys residue
of cyclozl’zguPAzl_m[SZ1C;H29C] was individually replaced by several nonnatural aa
such as norleucine (Nle), ornithine, diaminobutyric acid, or diaminopropionic acid.
The Nle-variant, cyclo®'*’[D-Cys21]-uPA,;.3[S21C;K23Nle;H29C] (WX-360-Nle),
exerts similar binding affinities (IC50: ~ 70 nM) as cyclo?*’[D-Cys21JuPA, .30
[S21C;H29C] (WX-360). Both cyclo*'*’ [D-Cys21uPA,;1.30[S21C;H29C] (WX-360)
and cyclo®'?’[D-Cys21] -uPAs;3[S21C;K23Nle;H29C] (WX-360-Nle) were highly
resistant to proteolytic degradation in human and rodent plasma or serum when
compared to other uPA-derived peptides lacking a non-natural D-aa (e.g.
cy01019’31—uPA16_32). The Nle-variant WX-360-Nle was completely resistant to
plasmin-mediated proteolysis, whereas cyclozl’zg[D-Cys2l] uPA»130[S21C;H29C]
(WX-360) was readily degraded (Schmiedeberg et al., 2002).

The two peptides, WX-360 and WX-360-Nle were tested in in vivo nude mice model

for their potency to inhibit tumor growth and intraperitoneal spread.
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s B
i COOH )] COOH ‘
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N-terminal region of uPA cyclo!®3uPA , o cyclo?3D-Cys19]-uPA, .,
(uPA,,.) {Burgle et al., 1997) (WX-307) 1C50: 70 nM

(Magdolen et al., 2001)
COOH

cyclo? P [D-Cys21]uPA,,
[S21C; K23NIle; H29C]
(Norleucin-variant of WX-360)

Figure 5. Structures of the synthetic cyclic uPA-derived peptide WX-360
(cyclo?V?[D-Cys21]-uPA,, ,,[S21C;H29C]) (A) and its norleucine derivative
WX-360-Nle (cyclo?!?°[D-Cys21]-uPA,, ,,[S21C;K23Nle;H29C]) (B): WX-360 was
designed using (:yc1019’31[D-Cysl9]-uPA19_31 (WX-307) as the lead structure, which

was developed based on the uPA , ;,: uPAR-binding site of uPA. To prolong the in vivo

19-3
half-life, a norleucin-variant of WX-360 was constructed (exchange of K23 by Nle),
exerting a similar binding affinity as WX-360. The red arrows point to the lysine

residue (K23) in WX-360 and norleucine (Nle23) in WX-360-Nle, respectively.
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3. Materials and Methods

3.1 Reagents

Two synthetic cyclic peptides have been developed based on the lead structure
WX-307 (cyclo'®?'[D-Cys19]-uPAjo3;) (Magdolen et al, 2001): WX-360
(cyclo®*’[D-Cys21] uPA;130[S21C;H29C]) and its derivative ~WX-360-Nle
(cyclo?*’[D-Cys21]-uPA,;.30 [S21C;K23Nle;H29C]), in which lysine 23 is substituted
by norleucine (Guthaus et al., 2002, Schmiedeberg et al., 2002) and was obtained from
Wilex AG (Munich Germany).

3.2 Cell lines

OvMz-6 was originally established from a patient with advanced serous
cystadenocarcinoma of the ovary (Mdbus ef al., 1994), typically induce a large primary
tumor and abundant intraperitoneal metastases. MDA231 and MCF-7 are mammary
adenocarcinoma cell line, established from a pleural effusion of a patient. ZR75 1is
invasive ductal adenocarcinoma of breast cancer, derived from an ascites of a patient,
MCF10a human immortalized breast epithelial cells in a fibrocystic disease (ATCC,
Rockland, USA).

OvMz-6 cells were transfected with the bacterial lacZ gene which encodes for
B-galactosidase (OvMz-6-BAK) and, thus, the resulting cells can be stained with the
3-galactosidase substrate 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-Gal) (Roche
Diagnostics, Mannheim, Germany) (Fig. 6) in order to follow spreading of tumors in in

vivo models (Kriiger ef al., 1998).

Cells were cultured to 80 % confluence in T-25 cell culture flasks (Becton Dickinson,
Heidelberg, Germany) in DMEM medium supplemented with 10 mM HEPES, 10 %
fetal bovine serum, 200 mM L-glutamine (Gibco BRL, Eggenstein, Germany), and
antibiotics (penicillin/streptomycin) (Biochrom KG, Berlin, Germany) at 37 °C in
humidified atmosphere containing 5 % CO,/95 % air. In case of MCF10a, DMEM
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/F-12 medium supplemented with 10 mM HEPES, 5 % fetal bovine serum, 10 pg/ml
Insulin (Gibco BRL, Eggenstein, Germany), 20 ng/ml epidermal growth factor
(Promega, Mannheim, Germany), 0.5 pg/ml hydrocortisone (Sigma, Munich,
Germany), and antibiotics (penicillin/streptomycin) (Biochrom KG, Berlin, Germany).
Cells were routinely propagated by using 0.05 % EDTA (Biochrom KG, Berlin,
Germany) in phosphate-buffered saline (PBS), and added 0.125% Trypsin (Biochrom
KG, Berlin, Germany) for MCF10a.
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Figure 6. X-Gal staining of lac Z—transfected cells: The bacterial B-galactosidase
lacZ gene is frequently used to genetically recognize tumor cells. The expression of
transgenic constructs can be monitored by the chromogenic substrate X-Gal, which is

converted into a blue color to allow visualization of disseminated tumor cells in vivo.
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3.3 uPA, uPAR and PAI-1 ELISA
Expression of uPA, uPAR and PAI-1 in OvMz-6-BAK cells and its parent cell lines

was investigated using ELISAs.

ELISAs for uPA and PAI-1 were obtained from American Diagnostica GmbH
(Pfungstadt, Germany), IMUBIND uPA ELISA kit #894, IMUBIND PAI-1 ELISA kit
#821 respectively. The uPAR antigen was kindly estimated by Dr. Mathias Kotzsch
(Institute of Pathology in TU-Dresden, Germany) (Kotzsch et al., 2000). The protein

content of the cell extracts was determined by the BCA protein assay reagent Kkit.

7.0 x 10° cells were suspended in 1 mL of the supplemented medium, seeded on
24-well plates, and incubated for 24 h. After this incubation, the medium was
exchanged and incubated for more 24 h. The cell medium was removed and
centrifuged (10 min, 12,000 x g, 4 °C). The supernatant was collected for
determination of uPA and PAI-1 antigen. For preparation of cell extracts, the cells were
incubated in 400 pl TBS, 1 % Triton X-100, 3 h with gentle shaking, the solution
collected and centrifuged (30 min, 12,000 x g, 4 °C). The amount of uPA and PAI-1
was also estimated in the cell culture supernatant. Concerning the uPAR ELISA,
approximately 2.0 x 10° cells (80 % confluence), were collected from cell culture

flasks.

Mouse tumor tissue extracts were prepared by suspending pulverized tissues,
previously frozen in liquid nitrogen, in Trisbuffered saline (TBS), followed by
centrifugation (30 min, 12000 x g, 4 °C). Supernatants of this non-detergent extraction

were subjected to uPA, PAI-1 and uPAR antigen measurement by ELISA.
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3.4 Proliferation assay

Growth curves of OvMz-6 were taken to compare with human carcinoma cell lines,
MCF7, MDA231, ZR75, and human immortalized breast epithelial cells MCF10a.
Initially, 15,000 cells in Iml 10 % FCS DMEM medium were seeded in the wells of
24-well plate and incubated for 48 to 96 h. After incubation cells were washed with
PBS, detached from the plate using 0.05 % EDTA solution and counted in
hemocytometer upon Trypan blue exclusion. Experiments were repeated 4 times in

triplicates.

3.5 Invasion assay

Invasion assays were performed using inserts (Becton Dickinson, Heidelberg,
Germany) incorporating polyethylene terephthalate (PET) track-etched membranes,
8mm pore size. Aliquots of Matrigel (11.3 mg/ml, Becton Dickinson Labware, Bedford,
MA) were stored frozen at —20 °C. After thawing on ice overnight the Matrigel was
diluted 1:24 with cold PBS and the upper side of the filters was coated with Matrigel
per insert. By testing different concentrations of Matrigel, it was found that 70 ul per
filter gave the best resolution of the invasive capacity of the cells. The plates were
incubated for 3 h at 37 °C in a cell culture incubator. After gelling the Matrigel was
dried overnight in uncovered plates in a laminar hood. The next day, the gel was
rehydrated for 2 h by addition of 200 pl serum-free DMEM/0.1 % BSA. Cells were
grown until 60 to 80 % confluency and adjusted to 10° cells/ml DMEM/0.1 % BSA. 5
x 10* cells/500 pl medium were seeded into each insert. The lower chambers of the
inserts were filled with 750 ul DMEM containing 10 % FCS as a chemoattractant.
After 96 hours of incubation the Matrigel with the noninvaded cells was removed with
Kimwipes and invaded cells on the lower side of the filter were fixed and stained using
Diff-Quick (Dade Behring AG, Switzerland). The stained cells were counted under a
light microscope with the help of a grid. Based on the growth curve of proliferation
assay, the time when 100 cells invade the Matrigel layer was calculated. The

Experiments were repeated 4 times in triplicates.
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3.6 Adhesion assay

Fibronectin (Becton Dickinson, Heidelberg, Germany), vitronectin (Promega,
Germany), collagen type IV and Laminin (Sigma, Munich, Germany) were diluted
with PBS and added to each well of a 96-well plate (the final concentration of 10
ug/ml). After overnight incubation at 4 °C, wells were washed two times with PBS,
blocked with PBS/2 % BSA for 3 h at RT and again washed with PBS. 40,000 cells in
100 ul DMEM/0.5 % BSA were seeded to each well, the plate was incubated for 2 h at
37 °C. Non-adherent cells were carefully removed by washing with PBS, the adherent
cells were quantified by determining the activity of the ubiquitous lysosomal enzyme
N-acetyl-B-D-hexosaminidase by incubating them with substrate solution (50 pl/well +
50ul/well PBS) for 1 h at 37 °C. The resulting color reaction was stopped with the stop
solution and the absorbance measured at 405 nm. The serial dilutions of cell
suspensions in the range of 2,500 to 40,000 cells in 50 pl PBS served as the standard

values of the measurements. Assays were performed 4 times in triplicate.

3.7 Animal model

Pathogen-free female athymic (nu/nu) mice (4-6 weeks old) were obtained from
Charles River Laboratories (Sulzfeld, Germany). 3.0 x 10" OvMz-6-BAK cells were
suspended in 500 ul PBS and inoculated into the peritoneal cavity of nude mice. These
mice were divided into three groups, which either received WX-360, WX-360-Nle (20
mg/kg/day, respectively), or vehicle only (5 % mannitol, 0.6 % DMSO) in a blinded
manner. The peptides or the vehicle only were injected intraperitoneally once per day
for 37 days (treatment started one day post-inoculation). At the end of the study, the
mice were sacrificed, all intraperitoneal organs removed and stained with X-Gal in
order to facilitate identification of the spreading tumor cells. Tumor tissue was partly
snap frozen in liquid nitrogen for the evaluation total protein levels of selected markers
(uPA, uPAR, PAI-1) by ELISA. The internal organs were washed in ice-cold PBS,
fixed (1 hour in 2 % formaldehyde, 0.2 % glutaraldehyde solution), washed three times
in ice-cold PBS, and then incubated in X-Gal solution containing 5 mmol/L

Ks[Fe(CN)]s, 5 mmol/L K4Fe(CN)¢3H,O, 2 mmol/L MgCl,, 0.01 % sodium
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desoxycholate, 0.02 % NP40, and 1 mg/mL X-Gal (3 to 4 h, 37 °C) and then overnight
at 4 °C (Kriiger et al., 1998). To account for weight differences between individual
mice, we determined the relative tumor mass within the total situs. To achieve this, we
removed all intraperitoneal organs including the tumor and weighed this as the total
situs, and then, we separated all visible tumor mass from them (see Fig. 4). The data
are presented as the ratio between tumor mass over the weight of the total situs (Lutz et

al.,2001). Finally, the blinded code was uncovered and statistical analyses performed.

Tumor

Total situs weight

(intraperitoneal organs

including the tumor)

"

Figure 7. Ratio between tumor mass weight and the weight of total situs: All
intraperitoneal organs (heart, liver, lung) (A) including the tumor were removed as the
total situs. Then, all visible tumor mass was excised, and subsequently weighed (B).

The data are presented as the ratio of tumor weight over total situs weight.
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3.8 Statistical analyses

Significant differences in the tumor weight between mice were calculated using
Student’s t-test owing to normal distribution of the data. Concerning data on tumor
weight over total situs weight, the normal distribution Student’s t-test was not
applicable; therefore, a Kruskal-Wallis one-way analysis and Dunn’s multiple
comparison test were performed to investigate for differences between the three groups.

A significance level of p < 0.05 was considered statistically significant.
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4. Results

4.1 Determination of uPA, PAI-1 and uPAR by ELISA

OvMz-6 cells are known to grow locally invasive and to form liver metastasis. The
amount of uPA, PAI-1, and uPAR antigens in the cell extracts and conditioned medium
was determined by specific ELISAs. The measurements demonstrated that the
lacZ-tagged cell line OvMz-6-BAK shows high expression levels of uPA (7.2 ng/mg,
0.97 ng/mL in the cell extract and culture medium, respectively) and PAI-1 (11.9
ng/mg, 23 ng/mL in the cell extract and culture medium, respectively) (Table 1). For
uPAR ELISA, two different antibody, HU/IIIF10 and HU/HD13 were applied which
measure different forms of uPAR (Kotzsch et al., 2000). In case of OvMz-6-BAK, we
also found high level of uPAR, 3.34 ng/mg (HU/IIIF10) and 1.5 ng/mg (HU/HD13) in
the cell extract (Table 1). These expression levels in OvMz-6-BAK were not
significantly different from those of the parent cell line. Results may indicate that the
tumor growth and metastasis of OvMz-6 strongly depend on urokinase plasminogen

activation system.

4.2 Characterization of proliferation of OvMz-6 cell lines

Proliferation of OvMz-6 cells was tested under the normal conditions, in DMEM
medium supplemented with 10 % fetal bovine serum, at 37 °C in humidified
atmosphere containing 5 % CO,/95 % air. Cells were subcultured in 24-well plate, for
48 and 96 h, to compare the growth rate. In addition to OvMz-6 cells, proliferation of
MCF7, MDA231, ZR75, human mammary carcinoma cells and MCF10a human
immortalized breast epithelial cells were also determined. As shown in Figure 8,
OvMz-6 cells showed fastest proliferation, grew 1.5 times faster than ZR75 cells, and 3

times than MDAZ231 cells. Especially those cells showed a fast growth rate after 48 h.
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uPA PAIL-1 uPAR

Cell extract Cell extract
(HUALFI0)  (HU/HD13)

(hgfmg protein) (hagfml) (hgimg protein) (ngitnl) (hgfng protein) (hgfmeg protein)
OvMz-6-BAG 7.2 0.97 11.9 23 3.34 1.5
Ovhz-6 g.12 2,77 17.5 323 4.66 1.96

Cell line Cell extract  Culture mdium  Cell extract  Culture mdum

Table 1. Determination of uPA, PAI-1 and uPAR by ELISA: Antigen levels were
determined in cell extracts and in spent conditioned medium, 24 h after exchange of
medium. Assays were performed in triplicate and data shown are representative results.
All determinations were performed at least in duplicate and the average numbers are
given. The antigen content in cell extracts is expressed in ng/mg protein and in the cell
culture medium as ng/ml. Concerning uPAR antigen detection, the following ELISA
kits were used, (1); HU/IIIF10 ELISA with epitope-defined monoclonal antibody
IIIF10 against domain I of uPAR, (2); HU/HD13 ELISA with conformation-dependent
monoclonal antibody HD13.1 against domain II and III. (Kotzsch et al., 2000).

27




300000

—o— QOvMz-6
—o— MDAZ231
—o0— MCF7

ZR75
200000 —o— MCF10a

100000

Number of cells

Figure 8. Proliferation of human carcinoma cells OvMz-6, MCF7, MDA231, ZR7S,
and MCF10a human immortalized breast epithelial cells: Proliferation of each of
these cell lines was tested by seeding of 15,000 cells in 1 ml DMEM, 10% FCS into
wells of a 24-well plate. After 48 or 96 h of incubation, cells were counted with Trypan
blue exclusion. Four independent experiments were performed in triplicate. Mean

values = SD are indicated.
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4.3. Invasive capacity of OvMz-6 cells

To test for the in vitro invasive capacity of OvMz-6, we performed an assay using
Matrigel as the extracellular matrix. Cells were placed into the upper compartment of
an invasion chamber on top of an insert, the lower compartment was filled with
DMEM containing 10 % FCS as a chemoattractant. After 48 h to 96h, the cells on the
lower side of the filter were counted and the time when 100 cells penetrate the
Matrigel-coated filter was calculated. In addition to OvMz-6 cells, MDA231, ZR75
human mammary carcinoma cells and MCF10a human immortalized breast epithelial
cells were also used for comparison. As can be seen in Figure 9, OvMz-6 cells were
effectively in penetrating the Matrigel barrier especially compared to non-malignant
MCF10a cells. It was shown that OvMz-6 cells are much more invasive than MDA231
cells which it has already known that are spontaneously metastasizing mammary

carcinoma to the liver, lung and brain.

4.4 Biological activity of OvMz-6 in cell adhesion assay
To analyze the adhesive characteristics, OvMz-6, MCF7, MDA231, ZR75, human

carcinoma cells are seeded into wells of microtiter 96-well plate precoated with
fibronectin, vitronectin, collagen type IV or Laminin. The adherent cells were
quantified by determining the activity of the wubiquitous lysosomal enzyme
N-acetyl-B-D-hexosaminidase by incubating them with substrate solution. OvMz-6 cell
lines showed the strongest adhesion to vitronectin, on the other hand, the weakest to
Collagen IV in 4 human carcinoma cell lines (Fig. 10). Concerning the adhesion to
Laminin, ZR75 exhibited adhesive characteristics more than OvMz-6 and MDA231
cells, which is consistent with the results of Matrigel invasion assay. Since Laminin is
the main component of Matrigel, the adhesion to Laminin might contribute to the

invasive capacity.
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Figure 9. Matrigel invasion by human carcinoma cells OvMz-6, MDA231, ZR75
and MCF10a human immortalized breast epithelial cells: 80 % confluent cells were
placed into the upper compartments of the invasion chambers (5 x 10* cells in 500 pl
of 0.1 % BSA/DMEM). The lower chambers of the inserts were filled with 750 pl
DMEM containing 10 % FCS as the chemoattractant. After 48 to 72 h of incubation,
the Matrigel layer of the upper compartment was removed, the invaded cells on the
lower side of the filter were fixed, stained, and counted. Based on the growth curve
established by the proliferation assay, the time when 100 cells invade the Matrigel
layer was calculated. The experiments were performed 4 times in triplicate, mean

values = SD are indicated.
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Figure 10. The adhesive characteristics of human carcinoma cells. 40,000 cells
were seeded into the wells of a 96-well plate pre-coated with vitronectin, fibronectin,
collagen type IV or Laminin. After 2 h of incubation, non-adherent cells were received
in PBS and the remaining cells incubated with a hexoaminidase substrate solution. The
absorbance of the color reaction was measured at 405 nm. Serial dilutions of cell
suspensions in the range of 2,500 to 40,000 cells in 50 ul PBS served as the standard
values of the measurements, thereby the number of adherent cells is calculated. Assays
were performed 4 times in triplicate, mean values + SD of independent experiments are

indicated.
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4.5 Effect of synthetic cyclic competitive uPA-derived peptide WX-360
and WX-360-Nle in vivo

uPA/uPAR-interaction via the specific sequence within the N-terminal region of uPA
(uPA19-31) directs the proteolytic step in tumor cell proliferation, invasion and
metastasis. Synthetic cyclic peptides, derived from the uPAR-binding sequences within
the N-terminal region of uPA (uPAj¢3;), were applied and tested whether such
competitive antagonists of uPA/uPAR-interaction reduce tumor burden of a human

ovarian carcinoma in nude mice (Fig. 11).

WX-360 (cyclo?” [D-Cys21]-uPAsi.30 [S21C;H29C]) is a competitive peptide
antagonist of the uPA/uPAR interaction derived from receptor binding region of uPA.
This peptides display an only five to ten-fold lower affinity to uPAR (IC50: ~ 40 nM)
as compared to the naturally occurring uPAR-ligand uPA. Furthermore, as WX-360
harbors a lysine residue (K*) and, thus, a target site for serine proteases such as
plasmin, K** was replaced by the non-protein amino acid norleucine. This derivative
WX-360-Nle (cyclo?*’[D-Cys21] -uPAs;30 [S21C;K23Nle;H29CY)), still displays high
binding affinity (IC50: ~70 nM).

In this study, WX-360 and WX-360-Nle were tested in nude mice for their potency to

inhibit tumor growth and intraperitoneal spread of /acZ tagged human ovarian cancer

by inhibiting the binding of uPA to uPAR.
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Figure 11. Competitive antagonists of uPA/uPAR-interaction. (A) Binding of uPA
to the tumor cell surface (UPAR, CD87) facilitates tumor cell proliferation, invasion,
and metastasis (del Rosso ef al., 2002, Magdolen ef al., 2001). uPA binds to uPAR by
the peptide sequence uPAj93;. Based on this sequence, small cyclic peptidic
competitive antagonists of uPA/uPAR-interaction such as WX-360 and WX-360-Nle
have been developed which efficiently block binding of uPA to uPAR (Schmiedeberg
et al., 2000, Magdolen et al., 2001, Guthaus et al., 2002). (B) Structures of WX-360
(cyclo’®’[D-Cys21]  -uPA,;.30[S21C;H29C]) and its norleucine derivative
WX-360-Nle (cyclo®'*’[D-Cys21]-uPA,;.30 [S21C;K23NIe;H29C]). The arrows point
to the side chain of lysine (K*’) in WX-360 and norleucine (Nle*’) in WX-360-Nle,

respectively.
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After intraperitoneal inoculation of 3.0 x 107 lacZ-tagged OvMz-6-BAK cells, mice
were treated once a day in a blinded manner, either with synthetic cyclic peptides
(WX-360 or WX-360-Nle; 20 mg/kg/day) or vehicle until for 37 days. The mice were
sacrificed, intraperitoneal organs are removed and stained with X-gal. To describe any
therapeutic effect of the different peptides, tumor weight over total situs weight was
assessed. In the control group, large tumor nodules on the left peritoneum and beneath
the liver (near the site of tumor cell inoculation), as well as an abundant tumor spread
across the peritoneal muscle layer, mesenterium, and the diaphragm was observed. By
treating the mice with WX-360 and WX-360-Nle, fewer and smaller tumor nodules
were present than in the control animals. Often (3 of 15 mice in both the WX-360- and
WX-360-Nle-treated groups versus 1 of 16 mice in the control group), a larger nodular
tumor mass was not even detectable (Fig. 9). The statistical analysis of the ratios of
tumor weight over total situs weight proved that treatment of mice carrying human
ovarian cancer cells with synthetic uPA-derived cyclic peptides resulted in a significant
reduction of tumor burden (WX-360 versus control, p = 0.0002; WX-360-Nle versus
control, p = 0.023) if compared to the untreated control group (Fig. 10A). A trend
towards a lower tumor weight in the WX-360 group was observed. Treatment of the
nude mice by either peptide did not result in serious side effects during the time of
treatment. However, after one week, in some mice treated with WX-360-Nle an
obvious excitability was seen. In addition to the tumor weight, we also measured organ
weights of the mice to assess organotoxic side effects of the peptides. No significant
differences were observed between the three groups (Fig. 10B), suggesting that
treatment with the peptides did not affect organ growth of the mice.

The total protein levels of selected markers (uPA, PAI-1 and uPAR) in sampled tissues
of sacrificed mice were investigated by specific human ELISAs. Although there was
substantial reduction of tumor burden in treatment group, we did not find significant
difference between treated mice and control mice with respect to these antigen levels

(Table 2).
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Figure 12. Tumor spread of OvMz-6-BAK cells within the peritoneum of the

mouse: X-gal stained organs of mice treated with intraperitoneal injection of vehicle
only (5 % mannitol, 0.6 % DMSO) (A), WX-360 (B), or WX-360-Nle (C) (37 days;
treatment with 20 mg peptide/day/kg; a single injection per day). In the control group a
large tumor nodule near the peritoneal inoculation site at the left side of the abdomen,
as well as an abundant tumor spread across the peritoneal muscle layer, the
mesenterium, and the diaphragm was observed at the end of the experiment (A). In the
groups of mice treated with the variant uPA-antagonists, fewer and smaller tumor
nodules and strong reduction in tumor cell dissemination was observed (B, C). Three

representative examples of each group are depicted
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Figure 13. Effect of synthetic cyclic competitive uPA-derived peptide antagonists
on primary tumor growth and spread: After inoculation of OvMz-6-BAK cells,
nude mice were treated with either WX-360, WX-360-Nle (in each case 20 mg/kg/day),
or vehicle for 37 days (single intraperitoneal injection per day). The groups were
compared to each other with respect to tumor burden (given as the ratio of tumor
weight over total situs weight) (A), and organ weight (B). The box plot indicates the
25th and 75th percentiles, the vertical bars mark the 10th and 90th percentiles,

respectively. The median value is indicated by a bold bar. n.s., not significant.
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uPA PAl-l uPAR

ing'mg protein) {ngimg protein) (ngfmg protein)
Tumor in treated mice [n=6] 12.9+6.32 3.00=1.12 1.58+1.30
Tumor in control mice [n=4] 14.0 = 4.81 2.83 =077 1.24 £ 0.44

Table 2. Antigen determination of uPA, uPAR and PAI-1 by ELISA. Antigen levels
were determined in non-detergent cytosolic fractions of ovarian tumor tissue obtained
from treated nude mice and control nude mice, using specific human ELISAs. All
determinations were performed at least in duplicate and average number and standard

deviation are given. The number in parenthesis indicates number of samples.
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5. Discussion

The malignant features of a variety of solid tumors is associated with the pericellular
uPA/uPAR system. In particular, the uPAR-mediated localization of active uPA to
tumor cell surface receptor, uPAR, represents a crucial step for tumor cell proliferation,
invasion, and metastasis, which is proved by the inhibitory action of a series of
different therapeutic molecules targeted to uPA or uPAR at the protein or mRNA/gene

level.

A considerable number of studies have already shown that interference with binding of
uPA to its receptor uPAR leads to reduction of tumor invasion and metastasis.
Therefore, this system with its increased activity in tumor cells represents an attractive
target to attack tumor invasion and metastasis (Sperl et al., 2002). Several strategies for
interfering with the uPA/uPAR interaction have been applied to date, including
administration of antibodies to uPAR, synthetic peptides, and recombinant
uPA-derived proteins as well as gene transfer of therapeutic molecules into tumor cells
or host tissue by transfection with expression vectors or systemic adenoviral gene

transfer.

One strategy to antagonize the uPA/uPAR system and to evaluate its role as a
diagnostic and therapeutic target in metastatic cancer is the interruption of the
uPA/uPAR interaction by specific blocking antibodies. Rabbani and Gladu generated a
polyclonal antibody which is directed to the N-terminal uPA binding domain of rat
uPAR (Rabbini and Glade 2002). The antimetastatic efficacy of this antibody was

evaluated in a syngeneic model of rat breast cancer. For this, Mat B-III uPAR breast
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cancer cells, which overexpress rat uPAR by stable transfection, were inoculated into
the mammary fat pad of syngeneic female Fischer rats and the antibodies topically and
daily applied for one week. Animals were dosed with anti r-uPAR antibodies from day
1-7 after tumor cell inoculation. These animals showed a marked decrease in tumor
growth and a significant inhibition of metastasis to retroperitoneal and mesenteric
lymph nodes as well as an obvious delay of metastasis to lung, liver, and spleen,
respectively, when compared to control tumor-bearing animals receiving the same dose
of preimmune rabbit IgG. Further analysis showed significantly increased tumor

necrosis and cellular apoptosis (Rabbini and Glade 2002).

In order to specifically target uPAR-expressing cells, several approaches using fusion
proteins have been undertaken in past years. Kobayashi and coworkers constructed a
bifunctional hybrid molecule comprising aa 1-134 of uPA fused to the C-terminal
domain II of the urinary trypsin inhibitor (UTI; aa 78-136), which efficiently inhibits
plasmin. In an in vivo nude-mouse metastasis model, uPA1-134-UTI78-136
significantly reduced human ovarian carcinoma and choriocarcinoma cell spread to
lungs and/or lymphatic tissues. Treatment with UTI domain II or ATF alone resulted in
a relatively small therapeutic effect indicating a synergistic effect of both domains

within the fusion protein (Kobayashi ef al., 1998).

bi - trifunctional inhibitors encompassing functionally independent domains which are
directed against the uPA/plasmin system, have been also successfully applied in in vivo
models (Krol ef al., 2003). A bifunctional inhibitor was generated by substitution of a
loop within the cysteine protease inhibitor chicken cystatin with the uPA receptor

(uPAR)-binding site of uPA (chCys-uPAj93;; Muehlenweg et al., 2000). This

39



recombinant fusion protein inhibits both, the enzymatic activity of cysteine proteases
and binding of uPA to its cell surface receptor uPAR, the latter representing a crucial
step in activating the uPA/plasmin system. This concept was extended and trifunctional
inhibitors that are also directed against matrix metalloproteinases (MMPs) were
designed. It was demonstrated that these bi - trifunctional inhibitors inhibit cysteine
proteases and MMPs while at the same time interfering with uPA/uPAR interaction by
surface plasmon resonance technology. To test the impact of multifunctional inhibitors
on tumor growth in vivo, cell lines expressing these inhibitors were inoculated into the
peritoneum of CD1 nude mice, resulting in a significant reduction of tumor burden and

spread compared to a vector-transfected control cell line.

Another antagonistic fusion protein encompasses the uPAR binding GFD domain of
either murine or human uPA (residues 1-48) and the constant region of human IgG. The
engineered molecules exhibited potent, species specific binding affinity to uPAR
accompanied by a marked improvement in pharmacokinetics compared to the GFD
alone (Min et al., 1996, Tressler et al., 1999). Treatment of immunodeficient mice with
these antagonists (s.c. application) significantly reduced primary tumor growth of
human breast cancer cells (which had been subcutaneously injected into the mice).
Both human and murine uPAR antagonists showed significant inhibition of primary
tumor growth, demonstrating that in vivo tumor as well as stromal cells can contribute
to uPAR dependent plasminogen activation or other uPAR activities, and by this,
support tumor growth (Tressler et al., 1999). Moreover, the murine uPA based fusion
protein substantially suppressed basic fibroblast growth factor-induced angiogenesis

and B16 melanoma growth in syngeneic mice (Min et al., 1996).
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Various transfection strategies targeting tumor cells or host tissue with cDNAs
encoding components of the uPA system and variations thereof have been conducted in
order to evaluate the potential of the uPA system as a target for cancer gene therapy. In
an early study by Crowley and coworkers, a cDNA encoding a mutant uPA molecule,
which lacks enzymatic activity due to replacement of the active site Ser356 by Ala but
retaining uPAR binding affinity ([Ala356]JuPA) was constructed. [Ala356JuPA was
transfected into prostate cancer cells which were then inoculated into a spontaneous
metastasis model (Crowly et al, 1993). When compared to parental cells,
[Ala356]uPA-transfected cancer cells exhibited a significantly reduced metastatic
potential to regional lymph nodes, brain, and lungs, respectively, whereas primary
tumor growth was not affected by overexpression of [Ala356]uPA.

Exogenous addition of ATF reduced the in vitro invasiveness of uPAR-expressing cells
derived from a primary carcinoma of the breast (Luparello et al., 1996). The same
effect was noticed by overexpression of ATF in human lung giant-cell carcinoma cells
(Zhu et al., 2001), and a recombinant adenovirus encoding murine ATF has been
studied in a series of cancer models (Li et al., 1998). Liver metastasis was inhibited
after intrasplenal inoculation of human LS174T colon carcinoma cells into nude mice
after intranasal adenovirus delivery. Inhibition of primary tumor growth in nude mice
was demonstrated by a single intratumoral injection of the ATF-encoding adenovirus
into a pre-established MDAZ231 breast cancer subcutaneous tumor or into a
pre-established syngeneic Lewis lung carcinoma. The reduction of tumor volume in
both cases is thought to be due primarily to reduced angiogenesis since suppressed
neovascularization within the tumor and in adjacent tissue close to the injection site of
the tumor cells was observed, and the murine ATF expressed does not bind to human

uPAR (Li et al., 1998).
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Systemic adenoviral gene transfer of a chimeric protein composed of a mutant human
ATF (mhATF) with high affinity for mouse and rat uPAR, linked to bovine pancreatic
trypsin inhibitor (mhATF-BPTI) significantly inhibited subcutaneous tumor growth
and decreased experimental lung metastasis in two rat bronchial carcinoma animal
models (Zhu et al., 2001) and neointima formation and restenosis (Quax et al., 2001).
In these tumor models, mhATF alone or human endostatin (even at ~ 10-fold higher
molecular plasma concentrations than mhATF-BPTI or mhATF) did not lead to a

significant inhibition of either tumor growth or metastasis (Legesvre et al., 2002).

In another experimental strategy, an expression plasmid encoding a soluble form of
uPAR (suPAR) was transfected into human breast cancer cells (Kriiger et al., 2000).
Inoculation of those high level suPAR-expressing tumor cells resulted in significantly
decreased experimental lung metastases when compared to parental tumor cells. While
high expression levels of suPAR in breast cancer cells did not influence cell
proliferation in vitro, tumor growth in the mammary fat pad of nude mice was
markedly reduced (Kriiger et al., 2000). However, in human ovarian cancer cells
expressing high amounts of suPAR, a reduction of both cell proliferation in vitro and
tumor burden (by up to 86 %) in vivo after intraperitoneal inoculation of these cells
into nude mice was observed (Lutz et al., 2001), suggesting different roles for the

uPAR system in tumor progression in different tissues.

All of these animal experiments provide "proof of principle" for the use of antagonists
of uPA/uPAR-interaction in tumor inhibition. However, the application of large
recombinant proteins for treatment of patients appears rather difficult and depends on

sophisticated, e.g. viral, delivery systems (Sperl S. et al., 2002). Therefore, others and
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we have concentrated on the development of small, synthetic competitive or
non-competitive peptide antagonists (Biirgle et al., 1997, Goodson et al., 1994, Guo et
al., 2000, Guthaus et al., 2002, Magdolen et al., 2001, Ploug et al., 2001,

Schmiedeberg et al., 2002, Tressler et al., 1999).

A non-competitive peptide antagonist of the uPA/uPAR interaction derived from a
non-receptor binding region of uPA (aa 136-143), A6, reduced spontaneous metastasis
of orthotopically growing human breast cancer cells in a mouse xenograft as well as
tumor growth and spontaneous metastasis in a rat breast cancer model in syngeneic rats
after intraperitoneal application (Guo et al., 2000, Guo et al., 2002). In the syngeneic
rat breast cancer model the reduction of primary tumor growth by A6 was further
increased by combined treatment of A6 with tamoxifen, a nonsteroidal antiestrogen
(Guo et al., 2002). In a mouse xenograft model with human glioma cells, subcutaneous
and intracranial tumor growth was inhibited upon daily application of A6 (Mishima et
al., 2000). A6 inhibited breast cancer cell invasion but did not alter cell proliferation of
these three tumor cell lines in vitro. Moreover, it led to decreased migration but not
proliferation of human microvascular endothelial cells (Guo et al., 2000, Guo et al.,
2002, Mishima et al., 2000). The anti-tumorigenic effect of A6 is thus speculated to be
at least in part a consequence of impaired tumor angiogenesis. Indeed, reduced tumor
mass correlated with decreased microvessel density in all models. A6 also increased
apoptosis of human and rat cancer cells (Guo et al., 2002, Mishima et al., 2000).
Despite these intriguing results the molecular basis of A6 action is still poorly

understood.
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Several efforts have been undertaken over the years to develop competitive antagonists
of uPA/uPAR-interaction that bind with high affinity to uPAR on tumor cell surfaces.
One of the first approaches within this scenario was the use of synthetic peptides
derived from the growth factor-like domain (GFD) of uPA (Kobayashi et al., 1994).
Peptides of murine and human uPA were examined in order to determine whether they
inhibit experimental and spontaneous lung metastasis by murine Lewis lung carcinoma
cells. In an in vivo experimental metastasis assay, which determines mainly the later
steps of the metastatic process, none of the peptides inhibited pulmonary metastases
when co-injected intravenously into syngeneic mice. However, in an alternative in vivo
test system that measures metastasis from a primary tumor (spontaneous metastasis
model), multiple intraperitoneal injections of the murine uPA-derived peptide
muPA 734 for one week after subcutaneous tumor cell inoculation, significantly
blocked metastasis to the lung in a dose-dependent manner, whereas the human peptide

uPA 734 had no effect (Kobayashi ef al., 1994).

Later, several linear peptides spanning uPA 4.3, were synthesized in which the naturally
occurring amino acids were individually replaced by alanine (Ala scan) in order to
identify the amino acids critical for binding to uPAR (Magdolen et al., 1996). The
exchange of Cys19, Lys23, Tyr24, Phe25, Ile28, Trp30, and Cys31, respectively, by
Ala resulted in peptides with strongly impaired uPAR-binding capacities, whereas
replacement of the other amino acids had no or little effect on uPAR binding. Finally,
the minimal uPAR-binding region of uPA was located to uPAjq¢.3; using synthetic
peptides which were successively shortened from the amino- and/or carboxy-terminus
starting with uPA o3, (Blirgle et al., 1997). The region between amino acids Thr18 and

Asn32 of uPA consists of a flexible, seven-residue Q-loop (Asn22 to Ile28) which by
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means of a double stranded, antiparallel 3-sheet (between Thrl8 to Ser21 and His29 to
Asn32) is forced into a ring-like structure (Hansen et al., 1994a, b; Magdolen ef al.,
1996; Schmitt et al., 2000). In uPA, Cys19 and Cys31, although in close proximity,
form disulfide bonds with distinct cysteines (Cysl1/Cys19 and Cysl13/Cys31,
respectively; Hansen et al., 1994a, b). The short distance between Cys19 and Cys31 in
the native molecule could lead cyclol9’3 luPA19_31, which displays an even increased
uPAR-binding activity (Biirgle et al., 1997). Furthermore, systematic D-amino acid
scan of uPA9.3; are performed, in which each of the 13 L-amino acids was individually
substituted by the corresponding D-amino acid. This led to the identification of
cyclol9’31[D-Cysl9]-uPA19_31 WX-307 as a potent inhibitor of uPA/uPAR-interaction,
displaying only a 20 to 40-fold lower binding capacity as compared to the naturally
occurring uPAR-ligands uPA and its amino-terminal fragment. These peptides not only
block binding of uPA to uPAR but are also capable to displace uPAR-bound uPA from
the cell surface and to inhibit uPA-mediated, tumor cell-associated plasminogen
activation and fibrin degradation (Biirgle et al., 1997, Magdolen et al., 2001).
cyc1019’31-uPA19_31 was evaluated in a pilot study in a xenogeneic mice tumor model
with respect to its efficacy to suppress tumor growth and metastasis. Upon treatment of
nude mice (n = 6) with a daily dose of 10 mg/kg, cyclo'”?'-uPA o3 reduced the growth
of human MDA?231 breast cancer cells after five weeks of treatment when compared to

the vehicle-treated control group (Sperl et al., 2002).

Reduction of the ring-size and D-amino acid scanning led to WX-360
(cyclo®®[D-Cys21] uPA,i3 [S21C;H29C]), displaying a 5-fold higher affinity
towards uPAR than WX-307 (IC50: ~40 nM versus ~ 200 nM) (Guthaus E. et al.,

2002, Schmiedeberg N. et al., 2000,). Furthermore, as WX-360 harbors a lysine
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residue (K**) and, thus, a target site for serine proteases such as plasmin, K* was
replaced by the non-protein amino acid norleucin (WX-360-Nle). This derivative still
displays high binding affinity (IC50: ~70 nM). Stability-testing showed that both
WX-360 and WX-360-Nle, respectively, were highly resistant to proteolytic
degradation in human and rodent plasma or serum whereas other uPA-derived peptides
lacking a non-natural D-amino acid (such as cyclow’3 1-uPA16_32) were significantly less
stable: after 1 hour incubation at 37 °C, peptide cyclo''-uPA s.3, was completely
degraded, whereas WX-360 and WX-360-Nle, respectively, were stable over a period
of 24 hours. After incubation with high amounts of plasmin (5 pg of peptide were
incubated with 0.01 U [~ 4 pg] of plasmin at 37 °C), however, WX-360 was degraded,
whereas WX-360-Nle was completely resistant to proteolysis (Schmiedeberg et al.,

2002).

In the present study, we demonstrate that treatment of with small, synthetic, cyclic,
competitive uPAR-binding site-derived uPA antagonists results in a highly significant
reduction of tumor burden and also dissemination in the peritoneal cavity in vivo. In
the nude mouse model, we used OvMz-6 human ovarian cancer cells, which typically
induce a large primary tumor and abundant intraperitoneal metastases (Lutz et al.,
2001). This cells showed fast proliferation, invasive characteristics and strong adhesion
to ECM proteins in our in vitro analyses, which might explain the aggressive

characteristics in the nude mice model.

The results of in vivo analysis are in line with those of a previous study, in which
administration of A6 synthetic non-competitive peptidic antagonist of uPA/uPAR

interaction (75 mg per kg per day; two intraperitoneal injections per day), inhibited
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tumor growth significantly, and suppressed the development of lymph node metastases

in several breast cancer models (Guo et al., 2000).

Substitution of K* in WX-360 with the non-protein amino acid norleucine did not
significantly alter the biological efficacy of the peptide, although WX-360-Nle displays
a further increased proteolytic stability as compared to its parent peptide WX-360.
Compared to WX-360, WX-360-Nle is distinctly less soluble in aequeous solutions,
because the exchange of the positively charged lysine side chain by the aliphatic
norleucine side chain results in a zero net charge of the peptide. Interestingly, some
mice developed an excitable behavior during the treatment with WX-360-Nle, which
was characterized by heavy struggle against injections and an aggressive behavior
beginning after the first week of administration. It is tempting to speculate that the
lower solubility of WX-360-Nle may give rise to intraperitoneal peptidic precipitates.
The behavioral changes in the mice receiving WX-360-Nle may be related to a poor

tolerability of such intraperitoneal precipitates.

In conclusion, we have demonstrated that small synthetic cyclic competitive uPA
peptide-antagonists can effectively reduce tumor growth and spread of human ovarian
cancer cells in a mouse tumor model. These results strongly suggest that the peptides
WX-360 and WX-360-Nle are sufficiently stable within the peritoneal cavity to
efficiently interfere with uPA/uPAR-interaction on the tumor cells. Since ovarian
cancer is a disease, which spreads throughout the abdominal cavity, putative new
uPAR-directed drugs could be administered intraperitoneally. Thus, WX-360 and
WX-360-Nle represent promising new compounds to inhibit tumor burden and

dissemination of human ovarian carcinomas.
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Malignant tumors are life-threatening because of its potential invade and abrogate the
function of vital organs at distant sites, emphasizing the importance of targeting tumor
metastasis to fight cancer. Since the interplay between several tumor proteolytic
systems including plasminogen activation system facilitates extracellular matrix
degradation, tumor invasion and metastasis, several synthetic inhibitors designed to
attenuate the plasminogen activation system may eventually serve as novel therapeutic

agents for cancer therapy in the near future.
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