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SCOPE OF THIS THESIS

Solid tumours are built up of many more cells than solely tumour cells. Besides tumour cells, solid
tumours consist of immune cells, endothelial cells, fibroblasts and extra cellular matrix. Solid tumours
can develop into well structured - but due to high growth rates often badly organised - dynamic
organs with their own vasculature. Tumours develop an own network of vessels to supply themselves
with nutrients and oxygen and connect to the circulation to enable growth and metastasis formation.
This process is called angiogenesis and is an important focus of cancer research. Despite a lot of
knowledge, the possibilities to treat cancer patients by reducing angiogenesis are still limited. Tumour
formation and angiogenesis are very dynamic. In addition, dynamic processes within the different cell
types determine the future (direction) of the cells. Tumour treatment should therefore rather be
defined as manipulation of tumour dynamics rather than killing tumour cells. Understanding the
molecular players during these processes is crucial to enlarge the possibilities of anti-angiogenic,
anti-metastatic and anti-tumour therapies.

The aim of this thesis is to study several steps during tumour genesis, to obtain more insight into
these steps and to understand and improve current treatment modalities. Motility in tumours is
studied on several levels: migration of cells, mobilisation of signalling proteins in endothelial cells and
redistribution of cells within tumours after Tumour Necrosis Factor-alpha (TNF)-treatment. The first
part of this thesis will focus on cell migration. This essential step during tumour- and angiogenesis is
not fully understood; cell migration was studied of different cell types along different matrix
components. For this purpose a novel cell migration assay is developed to analyse intrinsic migratory
capacities and response to external factors of endothelial and tumour cells.

The second part of this thesis focuses on treatment of solid tumours and induction of apoptosis
in endothelial cells. As treatment modality TNF-based Isolated Limb Perfusion (ILP) is taken as basis.
Studies are set up, from molecule to patient, to unravel the underlying mechanisms of this successful
treatment and to search for explanations for non-responding tumours. Central role in this part of the
thesis is played by the novel cytokine Endothelial Monocyte-Activating Polypeptide-Il (EMAP-II).

In Chapter 1 the cell migration is introduced. Besides the process and its molecular regulation,
cell polarization and external factors influencing cell migration are mentioned. Experiments on cell
migration are described in Chapter 2-4. Chapter 2 describes a novel cell migration assay to study the
role of extra cellular matrix (ECM) components in combination with growth factors in cell migration.

This chapter describes the testing and validation of this novel assay by comparing it with the well-
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known and broadly-used ‘scratch’ assay. One major and novel finding is that, solely by using the
novel assay, Fibronectin (FN) was found to inhibit endothelial migration while fibroblast migration was
induced. In Chapter 3 the migration response and patterns of EC are studied upon treatment with
basic Fibroblast Growth Factor (bFGF) and Vascular Endothelial Growth Factor (VEGF) using the
novel assay. These two major angiogenic factors induce very different migration profiles that are
accompanied by differences in cytoskeleton organisation and regulation. Focus will be on the
microtubules and microtubule-associated proteins. The first part of this thesis ends with Chapter 4,
which shows another example of an application of the novel cell migration assay. In this chapter
tumour cell migration is studied using different breast cancer cell lines.

The second part of this thesis starts with the broad introduction of the two cytokines in focus:
TNF (Chapter 5) and EMAP-II (Chapter 6). For TNF the focus is on its background, molecular
signalling and use in cancer treatment. The review of EMAP-II covers all the available literature
nowadays of this novel cytokine. In Chapter 7 the protease responsible for cleavage of proEMAP into
EMAP-II by tumour cells is presented. We demonstrate evidence that Matrix Metalloproteinase-7
(MMP-7) is responsible for this cleavage. Chapter 8 describes the role of EMAP-II on the apoptotic
signalling of TNF-R1 in EC upon TNF treatment. The presented data show that EMAP-II is capable of
sensitizing EC towards TNF-induced apoptosis and that the mechanism involves mobilisation of the
adaptor protein TNF-Receptor-Associated Death Domain (TRADD). In Chapter 9 we evaluate the
response of rats with soft-tissue sarcomas with different EMAP-II levels in the limb to TNF-based ILP.
We show that tumours transfected with EMAP-II show a better response compared to the wild-type.
Finally, studies on patient material are described in Chapter 10. Experiments are shown where
expression and distribution of EMAP-II and TNF-R1 are evaluated before and after ILP treatment of
patients with metastatic melanoma or sarcoma. A positive correlation was found between an
upregulation of EMAP-II after ILP and a complete response of melanoma patients to TNF-based ILP.
These data justify analysis of EMAP-II expression in biopsies of ILP-patients to predict the final
outcome and eventually adapt (further) treatment. The major results and conclusions are summarised

at the end of this thesis.
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Chapter 1
Cell migration under physiologic and

pathologic conditions

Remco van Horssen

Note: This chapter contains figures that are also available in full colour (labeled with ‘CLR’). These
colour figures can be found in the Appendix of this book (page 209) and in the online version (via
Medical Library, Erasmus MC).
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INTRODUCTION

Cell migration is the movement of a cell from one place to another and can be divided in directed and
random motility. Cells migration already starts shortly after conception [1] and is involved during the
development of an embryo. Migrating cells play an essential role throughout our life and is frequently
— at least in part — associated with our death. Besides morphogenesis, cell migration contributes to
tissue-turnover (in the skin and intestine renewal), tissue-repair and —regeneration (for example
wound healing), immunologic responses, and is an important factor during disease progression
including vascular diseases like atherosclerosis, osteoporosis, rheumatoid arthritis, multiple sclerosis,
cancer progression (tumour growth, -metastasis and -angiogenesis), and mental retardation [2]. The
process of cell migration however is also essential in other organisms like single cell organisms and
plants [3]. Because of this great importance, cell migration is a broadly studied. Detailed
understanding of the fundamental mechanisms underlying cell migration might be very useful for the
therapeutic approaches of a whole set of diseases. In this short introductory chapter cell polarity and
cell migration are summarized and differences between cell types and environments are discussed.

For a complete overview of the process of cell migration, see for example references 2, 4, 28 and 35.

CELL POLARIZATION

Cell polarity is a hallmark of cell migration; a cell must be highly polarized in order to migrate. In a
polarized cell, cytoskeletal components, molecular processes like transport, membrane
compartmentalization and organelle distribution are different in distinct regions of the cell. Based on
this definition all cells are polarized to certain content because cells are not symmetric. For a cell to
migrate this polarization needs to be further extended. Two major features of cell polarity during
migration are the formation of protrusions in the direction of migration and asymmetric positioning of
intracellular structures [4].

Membrane protrusions, consisting of lamellipodia and filopodia, are very actin-rich and coupled
to actin polymerisation as discussed above. The small Rho GTPases are key regulators of cell
polarity. In slow-moving cells, the microtubule organizing centre (MTOC) and the Golgi apparatus
often are positioned in front of the nucleus and MTs are selectively stabilized in the migration
direction resulting in highly polarized cells [5-8]. The repositioning of the MTOC is regulated by Cdc42
[9] and recently movement of the nucleus has been observed resulting in MTOC orientation towards
the migration direction [10]. For fast-moving cells however, these processes are differently regulated
because in migrating T cells and neutrophils the MTOC is located behind the nucleus [11]. Cdc42
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activity is one of the temporal localised molecular processes in cell polarity [12]. Also localised activity
of PI3K at leading edges and the phosphatase PTEN at the rear and side of the cell is present in a
chemotaxis induced moving cell [13,14]. For Rac, also a localized activation is observed which is
linked to directionality of cell movements [15,16]. Downstream proteins activated by GTPases include
actin binding proteins and microtubule-associated proteins [17]. Next to the proteins mentioned there
are many other proteins involved in cell polarization. Migration of polarized cells is a well-coordinated

cooperation between the actin and microtubule cytoskeleton and their binding proteins [18].

SEQUENTIAL STEPS DURING CELL MIGRATION

To study the process of cell migration cultured cells like mouse fibroblasts and fish keratinocytes and
the amoeba Dictyostelium are often used as model systems. These easy-to-use and manipulative
model systems have provided valuable molecular and cellular knowledge on cell migration. Different
studies with these (and other) different cell types and environments have resulted in a general
concept of cell migration. The process of cell migration is a cyclic event [4]. The sequential steps are
schematically depicted in Figure 1. A resting non-migrating cell is tightly attached to the substratum
and lacks sufficient polarity to move (there is no front or back). When a cell is exposed to a migration-
promoting factor, the first response is a further polarization of the cell to enable cell movements. This
includes intracellular reorganization, directed transport and membrane compartmentalization assures
that the cell acquires a front and a backside.

This process is regulated by the actin and microtubule cytoskeleton [18]. After and along with
cell polarization the cell forms protrusions in the direction of migration. These protrusions consist of
membrane ruffles, large lamellipodia and tiny, spike-like filopodia [19]. Formation of these cellular
structures is regulated by the recruitment of specific molecular scaffolds into these protrusions and is
driven by actin polymerisation [20]. Actin filaments are polarized structures with slow and fast growing
ends that are the driving force of membrane protrusion. The kinetics of actin polymerisation is
affected by adenosine triphosphate (ATP) hydrolysis [21]. This ATP hydrolysis takes place within the
actin filaments. ATP-bound actin monomers bind to the plus end while ADP-bound actin monomers
dissociate from the minus end. At specific sites in the cytoplasm, ADP-actin is recharged with ATP to
facilitate plus end binding. This intriguing process is called ‘tread-milling’ [22]. At the leading edge of
the cell, in the protruding lammelipodia a so-called actin cortex is built up. This dense actin network
consists of many branched filaments. Out of a single actin filament, daughter filaments are formed, a
process mediated by the Arp2/3 complex [23,24]. WASP (Wiskott-Aldrich syndrome protein) protein
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family members activate this Arp2/3 complex and these WASP proteins in turn are activated at the
cell membrane by Rho GTPases and PIP2 (phosphatidylinositol bisphosphate) [25,26]. Formation
and growth of new filaments at the leading edge of migrating cells is initiated by extracellular stimuli
and has been named dendritic nucleation of actin assembly (reviewed in [27]). The rate of actin
polymerisation is regulated by the small protein profilin, which catalyses the exchange of ADP for
ATP and binds to ATP-actin monomers that serve to elongate filaments [25]. At the depolymerising
end of the filaments ADP-actin monomers are disassembled, a process promoted by proteins of the
ADF/cofilin family [28].

@ nucleus .~~~ cell membrane \ actin microtubules *MTOC =adhesion

FIGURE 1. Sequential steps during cell migration (CLR).

Schematic representation of a cell migrating to the right and of the processes occurring during this movement. Upon a
migratory stimulus the cell polarizes and intra cellular structures like MTs and the MTOC are redistributed. Then cellular
protrusions are formed by actin polymerisation at the leading edge. New adhesions are formed in the regions of protrusion.
MTs target adhesions behind the cell front and at the rear of the cell to support adhesion turnover. Adhesions at the rear of the
cell are disassembled and the — often very tiny — tail is retracted by actin-Myosin Il interactions. As a result there is a net
movement of the cell body.

Growing and branching filaments are terminated in their elongation by capping protein, which
specifically binds to barbed ends of the filaments [29]. Anti-capping proteins like Ena/VASP regulate
this activity [30,31]. The local activation of Arp2/3 complex and (anti)- capping proteins induces the
growth of the lammelipodium in a particular direction and thus these proteins are involved in directed
cell migration. The smaller filopodial extension is regulated differently although some proteins are
shared. Filopodia have actin organized as parallel bundles and by forming long tiny spikes they serve
to explore the matrix and microenvironment. These filopodia are involved in chemotactic cell
movements, for example guidance of endothelial sprouts during angiogenesis and migration towards
vessels of metastasising tumour cells [32,33].

The Rho GTPases are key regulators of both actin organization and adhesion formation [26,34].
Rho GTPases are members of the large GTP-binding proteins family consisting of proteins with a
GTP-binding globular domain. GTP can be hydrolyzed to GDP thereby inducing a conformational

change and inactivation of the protein. Rho GTPases are Ras-related small GTPases and activated
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and inactivated by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins
(GAPs) respectively. These factors regulate the binding of GTP (active) and GDP (inactive) [35].
Important members of the Rho GTPases family are Rac, Cdc42 and RhoA. For Rac functions have
been described in lammellipodial extension, formation of small focal adhesion complexes in the
leading edge and, recently, a role in directionality of cell movements [16,36,37]. Cdc42 is a master
regulator of cell polarity [38,39]. From the cell body towards the leading edge of migrating cells
Cdc42 is activated and Cdc42 has a inhibiting role at sites where lammellipodia are formed [40,41].
For RhoA roles in adhesion maturation at sites behind the leading edge and MTs stabilisation have
been described [35,42].

Within newly formed protrusions novel cell adhesions have to be established to attach the cell to
the underlying extra cellular matrix (ECM). These adhesions are transient and depending on the cell
type, substratum and migration profile, their turnover can be very high [43]. Adhesions initiate as
small so-called focal complexes, which are mainly localised at the cell leading edge. These newly
formed adhesions stabilize the lammelipodium and attach the protrusion to the ECM. In tightly
adhering and non-motile or slowly migrating cells these focal complexes mature into focal adhesions.
As mentioned earlier small Rho GTPases exhibit a regulating role in formation and maturation of
adhesions. Among many other receptors involved in attachment to the matrix, the integrin receptors
are major adhesion and migration inducing factors [44]. Integrins support adhesion to the ECM (or
other cells) by linking matrix components outside the cell to actin filaments inside the cell [45]. Next to
this adhering function, integrins are known for their ‘inside-out signalling’ via activation by cytoplasmic
signals [46]. Binding of matrix components results in clustering of integrins, which triggers
intracellular signals that regulate formation and strengthening of adhesions. The exact composition of
the complex of proteins can be seen as a kind of measure for the lifetime of the adhesions [43].
During the turnover and maturation of new adhesions at the front of migrating cells MTs are reported
to serve as transport route for adhesion components as growing MTs target adhesions at leading
edges of migrating cells [47,48]. In addition, these adhesions are the sites that generate propulsive
force, serving as tracking sites of migration as the cell moves forward [49]. This force is generated by
the interactions of actin filaments with Myosin Il. Myosin Light Chain Kinase (MLCK) and Rho kinase
(ROCK) regulate activation of Myosin Il in the new membrane protrusion and sites where new
adhesions are formed [50]. Activation of Myosin Il results in an increased contractility which in turn

may consequence in a propulsive force.
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Finally, for a cell to move from one place to another, adhesions in the rear of the cell are
disassembled, allowing detachment and movement of the cell body. Due to the adhesions in the rear
of migrating cells that are not completely disassembled cells often show a long tail. The generated
force needs to release integrins from the actin cytoskeleton. When a cell has retracted its tail, the net
movement of the cell has completed and the cell initiates the next movement. Movement of a cell in a
particular direction for a certain period of time is defined as directed migration. High directional cell

migration is observed during chemotaxis.

INTRINSIC AND EXTERNAL FACTORS INFLUENCING CELL MIGRATION
Although fundamental cell migration mechanisms are shared between different migrating cells, the

cell type and its environment are crucial for the migration response. As mentioned above some cells,
like fibroblasts and astrocytes, are known as slow-moving, while other cell types, like T-cells and
tumour cells, are fast-moving. In addition, different tumour cells can differ strongly in their intrinsic
migratory capacity.

Next to cell type, the nature of the surrounding matrix determines to great extent the migration
response of cells. From studies applying different in vitro experimental set ups attribution of different
matrix components has been studied. However, the methods used did influence the effects found
[51,52] (see also Chapter 2 of this thesis). An additional complication of in vitro methods is the
translation to the in vivo situation. The composition of the ECM, availability of growth factors and
cytokines, physiological circumstances like pH and pO2 and, of course, intracellular constituents, all
together regulate cell polarity and migration. Recently, novel data on in vivo tumour cell migration
during metastasis formation has revealed that the same tumour cells in vivo can migrate up to 10
times faster as compared to in vitro cell migration assays [33,53]. This strongly confirms the
dependency on environmental settings of the migration response of cells. An additional example of
different settings and their effects on migration is the motility of EC during angiogenesis in wounds
versus tumours. EC have to migrate in order to form or repair blood vessels but the triggers and
environmental settings strongly differ and will influence the migratory response. The process of
tumour angiogenisis is described in Chapter 5 of this thesis. These differences and the need for an
assay to study contribution of specific matrix components to cell migration led us to develop a novel
migration approach. The validation and application of this assay is the theme of the first part of this

thesis.
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ABSTRACT

Cell migration is crucial in virtually every biological process and strongly depends on the nature of
the surrounding matrix. An assay, which enables real-time studies on the effects of defined matrix
components and growth factors on cell migration, is not available. We have set up a novel,
quantitative migration assay, which enables unharmed cells to migrate along a defined matrix. Here,
we used this “barrier-based” assay to define the contribution of fibronectin (FN) and Collagen-I (Col-
[) to Vascular Endothelial Growth Factor (VEGF), basic Fibroblast Growth Factor (bFGF) and
Lysophosphatidic acid (LPA)-induced cell migration of endothelial cells (EC) and fibroblasts. In EC,
both FN and Col-I stimulated migration, but FN-induced motility was random, while net movement
was inhibited. Addition of bFGF and VEGF overcame the effect of FN, with VEGF causing directional
movement. In contrast, in 3T3 fibroblasts, FN stimulated motility and this effect was enhanced by
bFGF. This motility was more efficient and morphologically completely different compared to LPA
stimulation. Strikingly, directional migration of EC was not paralleled by higher amounts of stable
microtubules or an increased reorientation of the microtubule-organizing centre. For EC the FN-
effect appeared concentration dependent, high FN was able to induce migration, while for fioroblasts
both low and high concentrations of FN induced motility. Besides showing distinct responses of the
different cells to the same factors, these results address contradictive reports on FN and show that
the interplay between matrix components and growth factors determines both pattern and regulation

of cell migration.

INTRODUCTION

Cell migration is essential in virtually all processes during life. Migration of cells is fundamental in
both physiological and pathological processes, like embryonic development, wound healing, cancer
metastasis and angiogenesis. Migration of a cell starts with the formation of membrane protrusions in
the direction of migration, resulting from actin polymerisation [1,2]. In order for a cell to migrate, it
also needs to polarize itself, which may lead to the formation of triangular cell morphology, with a
broad leading edge at the front of the cell and a thinning trailing edge at the back. During polarized
migration, the Golgi apparatus and microtubule-organizing centre (MTOC) often are positioned in
front of the nucleus. In a number of cells types microtubules (MTs) selectively stabilize in the
migration direction during polarization of the cell [3]. To sustain polarity and migration, new adhesions
between the cell and the extracellular matrix (ECM), called focal complexes, are established at the

leading edge [4], some of which develop into focal adhesions, while focal adhesions at the trailing
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edge of the cell are broken down. Cell migration can be subdivided into random motility and directed
migration, the latter indicating whether a cell is able to maintain a single direction of migration for
prolonged periods of time. The composition of the ECM, availability of growth factors and cytokines,
physiological circumstances like pH and pO2 and, of course, intracellular constituents, all together
regulate cell polarity and migration.

The nature of the surrounding matrix determines to great extent the migration response of cells.
For example during angiogenesis, migration of endothelial cells (EC) is crucial [5,6]. However, the
setting in which EC migration takes place strongly differs. During tumour angiogenesis activated EC
migrate along a newly formed matrix, of which the components are synthesized by EC, tumour cells,
and stromal cells [7]. During wound angiogenesis, in contrast, migration is stimulated by factors
triggered by damage to EC and ECM. These differences affect migratory response of the EC.
However, currently no assay is available to address these differences.

Among angiogenic factors, vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF) are well known for their regulation of proliferation, migration and differentiation
of EC [8], but how these two factors relate to each other and to ECM-components, when inducing EC
migration during tumour angiogenesis, remains to be elucidated. It would be of great benefit if an
assay existed in which these distinct signalling cascades leading to EC migration could be dissected
9.

Measurement of freely moving and spreading cells (‘single cell movements’) has provided
valuable knowledge on cell migration, including that of EC [10], but these studies do not address
properties of a layer of cells in which cells are migrating into a defined cell-free area. Moreover the
matrix-composition is not completely defined. Several migration assays have been developed to deal
with this, such as the “Agarose droplet” [11], the “Teflon ring” [12] and the “Flexi perm disc” [13]
assays. The two latter are used rarely and are not always applicable for living cell imaging. The
agarose droplet assay has practical disadvantages regarding reproducibility and standardisation.
Using the “Teflon Ring” it has been reported that fibronectin (FN) has an inhibitory effect while
Collagen-I (Col-1) has a stimulatory effect on EC migration. However only a fixed time-point of 6 days
was taken [12]. To address some of these disadvantages the “Boyden Chamber” assay and the
“scratch” or “wound healing” assay are often used [14]. In the first, cells are scored for their ability to
pass a filter, but cellular behaviour during migration cannot be monitored. To study the role of ECM-
components in this assay either migration towards (factors in lower chamber) or into (pre-coated

filters) migration mediators can be evaluated. A migration-promoting role for ECM-components like
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FN, Col-l and laminin has been reported for several cell types like fibroblasts, tumour cells and EC.
For EC, Col-l and FN have been suggested to be more effective than laminin [15-17]. For FN the
results seem dependent on the assay used, suggesting that either other factors are involved or that
the assay does not properly address the effect of FN.

In the “scratch” assay, cells are grown until they reach confluence and a mechanical wound (the
“scratch”) is made, for example with a tip or needle, after which cells can migrate into the novel cell-
free area (the “wound”). For EC it has been reported that no differences exist between FN and Col-I
in their effect on migration [18]. For fibroblasts and other stromal cells FN is reported to provide a trail
for the cells during migration into the wound [19]. Strikingly in 3-D assays the migration of fibroblasts
is not induced by FN [20]. Using the ‘scratch’ assay, the behaviour of cells can be monitored
accurately, however, cells have to be removed in order to generate a cell-free area. The remaining
cells first have to recover from wounding, and the composition of ECM in the newly generated, cell-
free region, cannot be controlled. The “scratch” assay is therefore a suitable in vitro model for wound
healing and tissue repair, but whether it represents an authentic migration model has not yet been
addressed.

We developed a novel migration assay that overcomes most of the restrictions of the other
methods and enabled us to study the distinct contributions of ECM-components and growth factors.
Using this novel “barrier” migration assay we studied migration of EC and 3T3 fibroblasts, to enable
comparison of well-established cell culture systems for motility. For EC we document a migration
promoting effect of Col-l and FN, yet a strong inhibitory effect of FN on directional movement. The
addition of Vascular Endothelial Growth Factor (VEGF) or basic Fibroblast Growth Factor (bFGF)
mitigated the effect of FN, with VEGF being a stimulator of effective migration and bFGF a stimulator
of general motility. In contrast, in 3T3 fibroblasts, FN stimulated migration in the absence of growth
factors. Addition of bFGF augmented migration distance induced with FN. Lysophosphatidic acid
(LPA), a known regulator of fibroblast polarity in the “scratch” assay [21-23], induced comparable
migration in the presence or absence of FN, while migration was less directional and morphologically
different compared to bFGF. For EC we observed a FN dose dependent migration, while for
fibroblasts FN appeared capable of inducing motility in all concentrations tested. Firstly, together
these data reveal novel interplay between growth factors and the ECM in cell motility. Secondly, we
expect wide spread application of the “barrier” assay because of its ease of use. This will lead to a

more detailed dissection of the molecular mechanisms and signalling pathways underlying cell
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migration and the specific functions of ECM-components and growth factors in this fundamental

process.

MATERIALS AND METHODS

Cell culture and reagents

Human Umbilical Vein Endothelial Cells (HUVEC) were isolated as described [24]. Human Micro
Vascular Endothelial Cells (HMVEC) and Swiss 3T3 fibroblasts were obtained commercially
(Biownhittaker). EC were used between passage 3 and 7 and cultured in Human Endothelial-SFM
(Invitrogen) supplemented with 10% New Born Calf Serum, 5% Human Serum, 20 ng/ml bFGF and
100 ng/ml EGF, in gelatine-coated flasks. Swiss 3T3 fibroblasts were cultured in DMEM/Ham's F10,
1:1 (Biowhittaker) supplemented with 10% Fetal Calf Serum. VEGF-165 and bFGF were from
PeproTech. Gelatine, Thalidomide and LPA were from Sigma-Aldrich. Collagen-l was from
Biowhittaker, Fibronectin from Roche Diagnostics and SU-5416 was a gift of dr. W. Leenders,

department of Pathology, University Medical Centre St Radboud, Nijmegen, The Netherlands.

Migration Assays

For the novel “barrier-based” migration assay, a cover slip was placed in an Attofluor incubation
chamber (Molecular Probes), which was subsequently sterilized. In this set up a removable, sterile
circular migration barrier was placed (see Fig. 1D), which fits tightly in the chamber and prevents cell
growth in the middle of the coated cover slip. Cells were seeded around this barrier and grown until
confluence. Subsequently, the migration barrier was removed; cells were washed twice and then
incubated with the appropriate medium. The incubation chamber was placed on an inverted
microscope and migration of cells was measured for 24 h. The “scratch” or “wound healing” assay
was essentially performed as described by many others [22], using the same Attofluor incubation
chamber, but instead of the barrier a scratch was made to generate a cell-free area.

Time-lapse imaging of both types of cell migration assays was done on Axiovert 100 M
microscopes, equipped with either an AxioCam HRC digital camera or an AxioCam MRC digital
camera (Carl Zeiss). Microscopes were controlled by AxioVision software, version 3.1 and 4.0
respectively. Cells in the incubation chamber were maintained at 37 °C in a constantly humidified
atmosphere, with controlled and heated CO»-flow. Cells were imaged every 12 min with a 10X/0.30
PLAN-NEOFLUAR objective lens or every 2 min with a 20X/0.40 LD ACHROPLAN objective lens
(Carl Zeiss).
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During migration of HUVEC, Human Endothelial-SFM without standard growth factors was
added to the cells, supplemented with bFGF (200 ng/ml), or VEGF-165 (10 ng/ml). In specific
experiments the inhibitors Thalidomide (40 pg/ml) or SU-5416 (30 uM) were also added. Preceding
3T3 fibroblast migration, cells were starved in serum-free culture medium (supplemented with 5
mg/ml fatty-acid free BSA) for 24-48 h [23] before the barrier was removed, or the scratch was
induced. During migration the same medium was added, supplemented with LPA (5 uM) or bFGF
(200 ng/ml). Coated cover slips were made by adding FN (1, 10 or 100 pg/ml) or Col-I (1 or 60

ug/ml) in serum-free medium to the cover slips and incubated for at least 1 h at 37 °C.

Analysis of cell migration

Parameters of cell migration, including the total and average migrated distance, migration velocity,
effective migration distance, number of cell divisions and cell polarity, were obtained from time-lapse
movies, taking the nucleus as a reference. For each treatment at least 10 migrating cells per
experiment and at least 3 independent migration assays were performed. After cell division one of the
daughter cells was followed. Migration velocity was calculated after 2 and 24 h, by dividing migration
distance by time. Both the total distance (reflecting random motility) and effective distance (reflecting
directed migration) were calculated, the latter being the distance that cells travelled towards the
centre of the cover slip (see Fig. 1E). We also calculated effective migration, being the percentage of
movement towards the centre of the cover slip reflecting directionality during migration with the lesser
changes in direction being defined as more effective migration. We determined the cell elongation in
the migration direction as extend of cell polarity (expressed as the ratio of the length of the major to
the length of the minor cell axis) as described [25], from at least 8 migrating cells per time point and
at least 3 independent assays. All measurements were done using AxioVision 3.0 software. Images

from the time-lapse analysis were processed in Adobe Premiere to generate movies for publication.

Immunofluorescence Staining

After time-lapse microscopy, cells were washed twice with PBS and fixed in 4% paraformaldehyde at
room temperature for 15 min or in ice-cold methanol at —20 °C. After washing in PBS, cells were
permeabilized using 0,15% Triton-X-100 for 10 min and blocked in blocking solution (1% BSA /
0,05% Tween-20 / PBS) for 45 min. Incubations with first (1/200) and secondary (1/500) antibody-
mixtures were done for 1 h at room temperature in blocking solution. In between incubations cells

were washed 3 times with PBS / 0,05% Tween-20. Thereafter cells were briefly washed in 70% and

28



TUMOUR MOTILITY

100% ethanol respectively, air dried and mounted onto microscope slides using 10 ul of a 1:1
solution of VectaShield (Vector Laboratories) and DAPI-DABCO (Molecular Probes). Primary
antibodies used: B-tubulin, acetylated microtubules, vinculin (Sigma-Aldrich) and f-actin (Molecular
Probes). Secondary antibodies used: Alexa Fluor 594 (Molecular Probes) and FITC (Nordic)
conjugated antibodies. Immunofluorescent images were taken using an Axiovert 100 M microscope
with 40X/1.30 Oil-FLUAR objective lens (Carl Zeiss) and an ORCA Il ER camera (C4742-98,
Hamamatsu Photonics Systems). Image analysis, including MTs stabilization, MTOC reorientation
and f-actin staining pattern analysis was performed using Openlab 3.1.5 software (Improvision). Cells
were scored as positive for acetylated tubulin if the cell contained 10 or more brightly stained MTs
[26], MTOC were considered reoriented using the ‘triangle-method’ as described [27], f-actin staining
pattern was analysed by counting the stress fibre and dense peripheral bands containing cells and
vinculin-positive adhesions were counted per cell. For all measurements a total of 50-150 cells in 3

different experiments were counted. Images were processed using Adobe Photoshop.

Statistics

Groups were compared with the Kruskal-Wallis H test and considered significant different when
p<0.05. Different groups were compared using the Mann-Whitney U test (Bonferroni correction for

multiple testing).

Supplemental online material

All movies, except 1-3, are phase-contrast or DIC movies of HUVEC and 3T3 cells migrating for 24 h.
Movies contain 121 frames and were accelerated resulting in a 12 s movie. Movies 1-3 are phase-
contrast movies of HUVEC migrating for 8 h and contain 960 frames. QuickTime movies correspond
with still images in the figures: movie 1-3 (Fig. 1A-C), movie 4-6 (Fig. 2A), movie 7-11 (Fig. 4B),
movie 12-23 (Fig. 6B), movie 24-27 (Fig. 8B) and movie 27-30 (Fig. 8D). Movie legends can be found

at the end of this chapter and movies are available online via the Journal of Cellular Biochemistry.

RESULTS

Novel cell migration assay

To study cell migration into a defined cell-free area often the ‘scratch’ assay is used. However, by
introducing the ‘scratch’, damage is inflicted to the cells (Fig. 1A, Movie 1). Damaged cells leak

cytoplasm and secrete growth factors and cytokines. Most importantly, the matrix is not defined. It is
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made up of cell-secreted ECM-components, growth factors and contaminated with cell-remnants. A
defined matrix is also absent when single cell motility is studied. Spreading and migrating cells modify
matrix composition and cells will follow patterns of other cells (Fig 1B, Movie 2). Within the novel cell
migration assay both the cells and the matrix are intact and the matrix can be strictly controlled (Fig.
1C, Movie 3). A round, removable barrier, which prevents cell growth in the middle of the cover slip,
is placed in a culture device (Fig. 1D, top view). After removal of the barrier, cells can migrate into the
cell-free area, which has a matrix composition that has been defined a priori. In this “barrier-based” or

“barrier” assay, cells and matrix are untouched.

FIGURE 1. Set up and rationale of the “barrier-based” migration assay.

A. High magnification of HUVEC at migration front in the “scratch” assay. The cells are damaged (d) and leak cytoplasm (c).
The matrix (m) in the cell-free area is contaminated with cell secreted ECM-components, growth factors and cell remnants (r).
See also Movie 1.

B. High magnification of HUVEC migrating in a ‘single cell motility assay’. During attachment, spreading and prior to the assay
the cells have manipulated the matrix (m). Migrating cells follow paths of other cells where the matrix is optimal. See also
Movie 2.

C. High magnification of HUVEC at migration front in the novel assay. Cells and matrix (m) are left unharmed. The matrix can
be defined and manipulated. Bar, 10 um, See also Movie 3.

D. Top-view photograph of the Attofluor incubation chamber with the migration barrier in place. The barrier-insert fits tightly but
can be removed easily. Cells are seeded on the cover slip outside the insert and are grown until confluence, after which the
barrier is removed.

E. Schematic representation of the “barrier-based” migration assay as in vitro model for cell migration. After removal of the
barrier a cell-free area (white) is present next to a cell-dense region (grey). Cells are able to migrate into an area whose matrix
composition is defined. The freehand line indicates the hypothetical path of a single cell (not in scale). The total migrated
distance of this cell is tracked over time. Migration towards the centre of the cover slip (arrow) is defined as effective distance
reflecting the directionality of cell movements. Other parameters like velocity, cell divisions and cell morphology changes were
obtained from migration movies.
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Cell movement and morphology are tracked over time and several parameters can be
determined, including (effective) migration distance (Fig. 1E), velocity, cell polarity and number of cell

divisions.

Response of EC to growth factors and inhibitors using the novel migration assay

The “barrier” migration assay was tested by studying the response of EC to VEGF and bFGF, and
inhibitors of these growth factors to verify the assay (Fig. 2). In basal medium (containing serum,
without additional growth factors) HUVEC showed little motility and cells started to die at later time
points, due to the lack of growth factors [8] (Fig. 2A, left panel, Movie 4). When bFGF or VEGF was
added, EC started to migrate into the gelatin-coated cell-free area. Under these conditions,
remarkable differences were observed between the two growth factors (Fig. 2A, see also Movie 5, 6).
bFGF triggered EC to migrate long distances and induced frequent cell divisions over 24 h. VEGF
also induced migration but, cells migrated over less distance and sporadically divided during
migration. However, the effective distance migrated (migration towards the middle of the cover slip,
Fig. 2C) was the same for both growth factors, so the migration efficiency (effective migration divided
by total migration) is higher under a VEGF regime (Fig. 2E). In accordance with these results, cell
elongation measurements revealed that bFGF treatment increased the ratio of major to minor axis
length approximately 1.5 fold, while treatment with VEGF caused a steeper increase of approximately
2.5-3 fold (Fig. 2D). Interestingly this steeper increase became visible only after 12 h and later.

Next to migration-induction in this novel assay we studied inhibition of migration as well using
two well-defined inhibitors. Thalidomide, known to affect bFGF [28] and SU-5416 (a Flk-1/KDR
receptor-kinase inhibitor), known to inhibit VEGF [29]-induced cell activity. Thalidomide blocked the
migration distance and efficiency induced by bFGF, albeit incompletely. Addition of SU-5416 only
slightly affected migrated distance induced by VEGF, but migration efficiency was completely
inhibited (Fig. 2B, C). These results indicate that VEGF-signalling through Flk-1 is essential for
directed EC migration. Flk-1 is known to effect VEGF-induced EC migration [30], but the effect on
directionality is novel. Experiments done with HMVEC showed similar results (data not shown). We
confirmed specificity of these two inhibitors by combining them with the non-matching growth factors.
No inhibitory effects were seen when SU-5416 was used in combination with bFGF or Thalidomide
with VEGF (Fig. 2 F, G).
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FIGURE 2. bFGF and VEGF induced HUVEC migration in “barrier” assay.

Confluent HUVEC grown on gelatin were allowed to migrate for 24 h using the “barrier” migration assay.

A. HUVEC migration under different treatments (basal medium (with serum, without additional growth factors), bFGF (200
ng/ml), VEGF (10 ng/ml), bFGF/Thalidomide (200 ng/ml, 40 pg/ml), VEGF/SU5416 (10 ng/ml, 30 uM)) respectively. The white
dashed line indicates the migration front at T=0 h. Pictures are at T=24 h and obtained from migration movies available in
supplemental movies 4-6, Bar, 100 um

B. Total migrated distance (um) per cell. At least 30 cells in at least 3 separate experiments were measured.

C. Effective migrated distance (um) per cell. Effective migration is the distance towards the centre of the cover slip (straight
line from starting-point to end-point, perpendicular to the migration front, reflecting directionality of the movement). At least 30
cells in at least 3 separate experiments were measured. Data in B and C represent mean + SEM of at least three independent
experiments; 2P<0.05 compared to basal medium; ® P<0.05 compared to non-inhibited control.

D. Cell elongation measurements as indication for cell polarity for bFGF and VEGF compared to basal medium (BM). Ratios of
major and minor axis were measured in 24 cells in three separate experiments.

E. Migration efficiency and velocity were calculated from the measurements shown in B and C. Cell divisions were counted
over the time course of the experiment. Numbers represent the average + SD of three independent experiments.

F. Specificity of bFGF and VEGF inhibitors. SU5416 and Thalidomide were used in combination with their unmatched growth
factors. No inhibition was observed. Bar, 100 um

G: Total and effective distance (um) per cell after 24 h of growth factors with their unmatched inhibitors. Data represent mean
+ SEM of three independent experiments.

bFGF and VEGF induce differential effects on cytoskeleton and adhesions
To examine the effect of bFGF and VEGF on cytoskeleton and adhesions, we stained fixed cells for
actin, MTs and vinculin after 24 h of migration (Fig. 3). In non-stimulated cells f-actin appeared mostly

as dense peripheral bands, no stress-fibres were seen and the MT network was poorly developed. In
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bFGF-induced cells, we observed stress-fibres, f-actin accumulation at the edge of cells, and a well-
developed MT network. Interestingly, in most of the VEGF-induced cells f-actin is predominantly
organized into stress-fibres and hardly as dense peripheral bands (Fig. 3A, C). In these cells the MT
network is well organized, with network endings in what could be focal adhesions. To test the effect
on adhesions we stained for vinculin. In addition to the cytoskeleton, adhesions are also distinct
between the growth factors. We observed many vinculin-positive adhesions in VEGF-treated cells
(Fig. 3B, C). When exposed to bFGF, cells displayed a rather heterogeneous expression of vinculin-
positive adhesions, and were lacking in some cells. Interestingly, bFGF treated cells displayed longer
and stretched adhesions compared to VEGF. These results suggest differential organization of the
EC cytoskeleton and adhesions upon stimulation with bFGF of VEGF.

p-Tubulin Vinculin Merge / DAPI

C f-Actin BM bFGF VEGF
Stress Fibers (%) 13.33 44.83 92.31
Dense Peripheral Bands (%) 100 65.52 15,38
No. FA/cell (£SD) 3 (%) 6 (£7) 14 (£7)

FIGURE 3. Visualization of cytoskeleton and adhesions of HUVEC in “barrier-based” assay (CLR).

HUVEC were induced to migrate for 24 h, fixed and stained for f-actin, B-tubulin and nuclei (A) or f-actin, vinculin and nuclei
(B).

A. Cytoskeleton differences in cells at migration front in a negative control with basal medium, treated with bFGF (200 ng/ml)
or treated with VEGF (10 ng/ml), Bar, 10 um.

B. Differences in adhesions number and structure in cells migrating in a negative control with basal medium, treated with bFGF
(200 ng/ml) or treated with VEGF (10 ng/ml), bar, 10 um

C. Quantification of stress fibres, dense peripheral bands and vinculin-positive focal adhesions (FA). For actin some cells
contain both types of staining resulting in more than 100 % total.

Contribution of ECM components to EC migration studied in “barrier” and “scratch” assays
Our findings with the “barrier” assay are in accordance with previous reports on EC migration [28,29],
indicating the validity of this assay. Next we used this setup to examine contribution of growth factors

and ECM components to EC migration and compared these results with the “scratch” assay (Fig. 4).

33



TUMOUR MOTILITY

FN coating induced migration of EC, but inhibited effective migration (Fig. 4A, B). After several hours
the cells started to die (Movie 7). FN was reported to inhibit EC migration using the Teflon ring assay
[12], while on freely moving EC it induced migration [31]. Here we show that FN indeed can induce
migration of a layer of EC, but that individual cell movement is random resulting in an inhibition of net
movement. Col-l, a known inducer of EC migration [12], induced total and effective migration (Fig.
4A, B, Movie 8). These data indicate that Col-l is able to promote EC migration in basal medium.
Strikingly, neither the effect of FN, nor that of Col-I, as compared to gelatine-controls, was observed
in the “scratch” assay after 2 h (Fig. 4A). After 24 h effective migration distances showed the same
trend in the “scratch” assay as in the “barrier” assay after 2 h, but the differences were much less
pronounced (Fig. 4A, B and Movies 9-11). These results are not unexpected since during the days
prior to wounding EC have been able to deposit their own ECM, thereby obscuring effects of the
defined coating. Interestingly, in the “scratch” assay less EC died after 24 h than in the “barrier” assay
(Fig. 4B).

When bFGF was added in the two assays, EC migration was stimulated and only little variation
was seen between the coatings (Fig. 4A, B). bFGF is a potent stimulator of EC migration, which is
able to supersede the inhibitory effects of FN on directionality even after 2 h, as shown in the novel
assay.

Addition of VEGF to EC in the “barrier” assay induced migration along gelatin and FN (Fig. 4A,
B). Compared to bFGF, VEGF induced similar effective migration distances after 2 and 24 h, but the
total migration distance was lower, resulting in higher migration efficiency (see also Fig. 2). VEGF
had no additive effect on cell migrating along Col-I. Addition of VEGF in the “scratch” assay had
similar but smaller effects on the effective distance because this distance was already high without
addition of growth factors in this assay.

Taken together, using the “scratch” assay, only mild differences between coatings and growth
factors became apparent after 24 h. We hypothesize that, molecules secreted by EC cells prior to the
assay, obscure migration responses. Due to the nature of the “scratch” assay, in particular the
wounding and the presence of cell secreted material, one can not distinguish between the
contribution of ECM components and growth factors to cell migration. Hence, crucial effects are

overlooked.
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FIGURE 4. Effect of ECM-components on HUVEC migration in “barrier” and “scratch” assays.

HUVEC were grown on different coatings until confluence and followed for 24 h after removal of the barrier or introduction of a
scratch.

A. Total and effective migration distances (um) after 2 and 24 h of HUVEC treated with basal medium (control), bFGF (200
ng/ml) or VEGF (10 ng/ml) compared between “scratch” and “barrier” assay when coated with gelatine, FN or Col-l. At least 30
cells in at least 3 separate experiments were measured. Especially after 2 h (before cell division takes place) almost all
differences found in the “barrier” assay are overlooked when using the “scratch” assay. All data represent mean + SEM of at
least three independent experiments; @ P<0.05 FN and Col-| compared to gelatine; b P<0.05 bFGF and VEGF compared to
basal medium (BM); ¢ P<0.05 bFGF compared to VEGF on same coating; ¢ P<0.05 FN compared to Col-l in same treatment.
B. Pictures of migrating HUVEC in both assays, after 24 h obtained from migration movies (Movies 7-11 for basal medium
experiments). White dashed lines indicate the migration front at T=0 h, bar, 100 um.

MT stabilization and MTOC reorientation during EC migration in “barrier” and “scratch”
assays

In a number of cell types stable MTs are selectively formed after wounding and subsequent addition
of serum [3,26]. Because stabilization of MTs and MTOC reorientation are involved in migration and

directionality [23,32,33] we studied these phenomena in EC using the “barrier” and the “scratch”
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assay. Before induction of migration we did not observe differences in stable MTs staining in either
assay and between coatings (Fig. 5A, C, T=0). In the “scratch” assay VEGF treatment caused a mild
increase in the number of cells with stable MTs, on gelatine and Col-I. Using the “barrier” assay this
increase was much more pronounced (Fig. 5C).

The organization of the stable MT network was different between bFGF and VEGF. VEGF
induced more stable MTs, presumably because EC were quite elongated and flattened (Fig. 5B). The
MTs staining pattern was used to estimate the orientation of the MTOC with respect to the migration
direction. At T=0 the percentage of MTOC oriented towards the cell-free area was approximately
33%, as expected (Fig. 5D). In the “barrier” assay MTOC reorientation towards the cell-free area
increased, irrespective of coating used or factor added. In the “scratch” assay we found more cells
with reoriented MTOC after bFGF and VEGF treatment, an effect that was dependent on the coating
used (Fig. 5D). These results indicate that orientation of the MTOC was influence by the assay used:
a purely defined matrix and removal of contact inhibition reoriented the MTOC irrespective of
treatment. Importantly, our results on MT stabilization and MTOC reorientation do not correlate with
cell migration. For example, addition of bFGF has little effect on stable MTs, while migration is

strongly stimulated.

Contribution of ECM components to fibroblast migration studied in “barrier” and “scratch”
assays

To further study the contribution of ECM and growth factors to migration we tested the widely used
3T3 fibroblast cells. Without growth factors or FN-coating, 3T3 cells migrated similarly in “barrier” and
“scratch” assays with respect to total and effective distances, both after 2 and 24 h (Fig. 6A).
However, on FN-coated glass total and effective migration was strongly stimulated in the “barrier”
assay (Fig. 6A, B, Movies 12-15). Thus, using the “barrier” assay we identified FN as a stimulant of
fibroblast migration which is in accordance with previous literature [19]. Lysophosphatidic acid (LPA)
is a known regulator of 3T3 fibroblast polarity and migration in the “scratch” assay [21,22]. We
recapitulated these results in our “scratch” setup (Fig. 6). In the “barrier” assay without coating, LPA
had a stimulatory effect on total and effective 3T3 migration (Fig. 6A). Strikingly, coating with FN did
not alter migration induction by LPA (Fig. 6A, B, Movies 16-19). Thus, the “barrier” assay revealed

that FN does not influence the migration pattern stimulated by LPA or vice versa.
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FIGURE 5. MT stabilization and MTOC reorientation during HUVEC migration (CLR).

HUVEC were grown on different coatings until confluence and allowed to migrate for 2 h after removal of the barrier, or
introduction of a scratch. After 0 h (control) or 2 h the cells were fixed and stained for acetylated MTs (red) and nuclei (blue).
Cell-free area is at upper/upper-right for all pictures.

A. Control cells at T=0 h. HUVEC were grown until confluence and immediately after removing the barrier or introducing the
scratch, cells were fixed and stained. Bar, 100 um

B. Migrating HUVEC in both assays, fixed at T=2 h. Except for VEGF-treated cells in the “barrier” assay no differences were
seen. The elongated cells bundle their stable MTs. Bar, 100 um

C. Quantification of acetylated MTs. Cells with stable MTs are depicted as percentage of total counted cells. Data represent
mean + SEM of 3 independent experiments.

D. Table represents percentage of cells with MTOC oriented towards the cell-free area after 0 and 2 h for the different
treatments in the two assays.

Without coating, bFGF treatment resulted in similar induction of migration in both assays (Fig.
6). Noticeably, bFGF combined with FN increased total and effective migration considerably in the
“barrier” assay. In contrast, using the “scratch” assay, this stimulatory effect of bFGF on FN action
was not perceptible (Fig. 6A). The morphology of 3T3 cells after treatment with bFGF and FN was
remarkably different, as compared to LPA-treated fibroblasts. LPA-induced cells demonstrate a
triangle-like morphology, while cells exposed to bFGF are very elongated and forming long thin

extensions that seem to probe the environment (Fig. 6B, Movies 20-23). Thus, for fibroblasts we
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showed an enhancing effect of bFGF on the FN-induced cell migration when we used the assay with
defined matrix composition.
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FIGURE 6. Effect of FN on 3T3 migration in “barrier” and “scratch” assays

3T3 fibroblasts were grown with and without FN coating until confluence, starved for 24-48 h and followed for 24 h after
removal of the barrier, or introduction of a scratch.

A. Total and effective migration distances (um) after 2 and 24 h of 3T3 cells treated with serum-free medium (no GF, control),
LPA (5 uM) or bFGF (200 ng/ml) compared between “scratch” and “barrier” assay with and without FN-coating. At least 30
cells in at least 3 separate experiments were measured. In the “barrier” assay FN induces migration that was strongly
augmented by bFGF, a feature not observed when the “scratch” assay was used. All data represent mean + SEM of at least
three independent experiments; @ P<0.05 FN compared to non-coated controls; ® P<0.05 LPA and bFGF compared to no GF; ¢
P<0.05 bFGF compared to LPA on same coating.

B. Pictures of migrating 3T3 cells in both assays, after 24 h obtained from migration movies (Movies 12-23). The white dashed
line indicates the migration front at T=0 h. Movies clearly show major differences in migration profile and cell morphology, Bar,
100 pm.
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MT stabilization and MTOC reorientation during fibroblast migration in “barrier” and “scratch”
assays

LPA is reported to induce stable MTs during fibroblast migration [23,34]. We investigated whether this
also holds true for bFGF in the presence or absence of FN. Before induction of migration, similar

numbers of fibroblasts were expressing stable MTs, irrespective of coating (Fig. 7A, C).
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FIGURE 7. MT stabilization and MTOC reorientation during 3T3 migration (CLR).

3T3 fibroblasts were grown with and without FN-coating until confluence and allowed to migrate for 2 h after removal of the
barrier or introduction of a scratch. After 0 h (control) or 2 h the cells were fixed and stained for acetylated MTs (red) and nuclei
(blue). Cell-free area is at upper/upper-right for all pictures.

A. Control cells at T=0 h. 3T3 cells were grown until confluence and immediately after removing the barrier or introducing the
scratch, cells were fixed and stained. Bar, 100 pm.

B. Migrating 3T3 cells in both assays, fixed at T=2 h. Especially in the “scratch” assay LPA induced MT stabilization
irrespective of coating. Bar, 100 um.

C. Quantification of acetylated MTs. Cells with stable MTs are depicted as percentage of total counted cells. Data represent
mean + SEM of 3 independent experiments.

D. Table represents percentage of cells with MTOC oriented towards the cell-free area. LPA induces MTOC reorientation in
“scratch” assay both with and without FN. In spite of a lack in MTOC reorientation a strong migration profile with accompanied
cell morphology was seen when the cells were exposed to bFGF and FN (Fig. 6)
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In both assays LPA treatment increased the number of cells with stable MTs. However, the
increase in stable MTs was much higher in the “scratch” assay (Fig. 7B, C). The findings with LPA
are consistent with other reports on LPA [3,21]. In addition, we showed that the ‘scratch’ attributed
strongly to the LPA-induced MT stabilization. Exposure of the cells to bFGF however only slightly
increased the number of cells with stable MTs (Fig. 7B, C). When we used the stable MTs staining
pattern to estimate the reorientation of the MTOC we found that LPA is most effective in both assays,
irrespective of coating. MTOC reorientation after bFGF treatment is hardly influenced (Fig. 7D).
These results again indicate that increased MT stabilization and MTOC reorientation do not correlate
with enhanced migration capacity, as the migration induced by bFGF and FN is higher and more
effective than LPA. The pattern of migration, rather than the induction of migration itself, seems to

correlate with MT stabilization.

Effect of matrix-concentration on EC and fibroblast migration

Because it is known that the concentration of matrix components can influence migration properties
[31,35] we tested whether our FN results were concentration dependent. To validate the effect on EC
we performed migration assays with 1, 10 and 100 pg/ml FN-coating. With low FN (1 pg/ml) we
found the same inhibitory effect compared to 10 pg/ml (Fig. 4A), however high FN (100 pg/ml)
induced EC migration (Fig. 8A). In addition, we used low Col-lI (1 pg/ml) and migration was still
strongly induced. For both the high FN and low Col-I the cells lost contact during migration (Fig. 8B,
Movies 24-26). Interestingly, when we lowered or increased FN concentration in fibroblast migration
assays we did not observed any differences. For both the low, intermediate (Fig. 6), and high FN
concentration migration was stimulated and enhanced when combined with bFGF (Fig. 8C).
Morphological changes during migration were also comparable between the different FN
concentrations. Without GF cells migrated into the FN-coated cell-free area and long and tiny
extensions were formed that was increased when bFGF was added (Fig. 8 D, Movies 27-30). These
results show that along a defined FN-coating EC migration is dependent on the concentration (low
inhibitory and high stimulatory), while for fibroblasts induction of migration seems independent on FN

concentration and seems a capacity of FN itself.
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FIGURE 8. Effect of matrix concentration on migration response in “barrier” assay.

A. Total and effective migration distances (m) after 2 and 24 h of HUVEC migration along high (100 pg/ml) and low (1 pg/ml)
FN and low (1 pg/ml) Col-l concentration. Data represent mean + SEM of at least three independent experiments. 2 P<0.05
1FN compared to 100FN.

B. Pictures of migrating HUVEC in basal medium after 24 h obtained from migration movies (Movies 24-26). White dashed
lines indicate the migration front at T=0 h, Bar, 100 pum.

C. Total and effective migration distances (um) after 2 and 24 h of 3T3 migration along high (100 pg/ml) and low (1 pg/ml) FN
concentration treated with serum-free medium (no GF) of bFGF (200 ng/ml). Data represent mean + SEM of at least three
independent experiments. No statistical differences were found between low and high FN.

D. Pictures of migrating 3T3 cells after 24 h obtained from migration movies (Movies 27-30) revealing no obvious differences
when FN concentration is altered. The white dashed line indicates the migration front at T=0 h, Bar, 100 um.

DISCUSSION

During the process of tumourangiogenesis EC are activated and migrate along a tightly controlled
(provisional) matrix. During wound healing, in contrast, the EC and matrix are damaged before
migration starts. An assay to overcome these differences is currently not available. In this chapter we
present a novel approach to study cell migration to address these differences. Using this novel
“barrier-based migration” assay, we showed that both FN and Col-I stimulate EC migration. Col-I

thereby induced directionality as well, while FN-induced migration was completely random resulting in
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an inhibition of the net cell movement. In earlier reports using the “Teflon ring” assay FN inhibited and
Col-l stimulated EC migration [12]. However, these results were obtained after 6 days. With the
“Boyden Chamber” assay both FN and Col-I were reported to stimulate EC migration [15]. Our
finding, that FN can induce migration but not directionality, could explain the previous opposing data.
Using the previous assays no continuous monitoring of the cells was possible so no distinction could
be made between distance and directionality, overlooking the actual effect of FN. FN is known to be
an essential substrate for EC adhesion and growth [36]. Possibly, turnover of adhesion sites in EC
cultured on FN is too slow to facilitate net movement of the cells. Our results with the novel “barrier-
based” migration assay indicate that questions in cell migration research can be addressed which are
overlooked by the ‘scratch’ assay. Cells can be stimulated with (secreted) factors of choice and
migrate along a predetermined and controlled matrix and are not harmed at the onset of the
experiment. The interplay between matrix and growth factors strongly determines migration response
and pattern.

EC migration appeared dependent on the FN concentration. Compared to low concentrations,
high FN levels induced migration. In contrast to Col-I, cells do not migrate in sheets, but gaps appear.
These gaps are absent when FN is combined with growth factors. Addition of bFGF or VEGF
overcame the matrix effects, which was not seen when the “scratch” assay was used. These data
indicate that in the latter set-up EC have secreted ECM-components prior to the assay, which
strongly interfere with the migratory response. The inhibitory effect of FN, as observed in the “barrier”
assay, was overlooked in the “scratch assay”.

Recently it was shown that cells can migrate without the formation of lamellipodia [37]. Our
results with EC show that a far-reaching cell body is not necessary for migration, although this
increases directionality as shown by the differences in migration pattern between bFGF and VEGF.
The formation of a tightly organized cell body, as induced by VEGF results in directionality, pointing
at lamellipodium-forming factors as likely candidates in sustaining cell-polarity [38,39]. The
cytoskeletal distinction we found between the two growth factors are in agreement with endothelial
wound healing [40]. How these and the effects on adhesions relate to migration pattern and matrix
compositions have to be studied in further experiments.

In EC a mild MT stabhilization was found for VEGF-treatment in the “barrier” assay with gelatine
and Col-I coating. In all other treatments no change in stable MTs expressing cells was found. This
may imply that MT stabilization in EC is not necessary for (directional) cell movement along defined

matrix components. However, MT stabilization might be involved in determining migration pattern and
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morphology. Simultaneously, MTOC reorientation was not linked to migration or treatment of EC.
These differences indicate that reorientation of the MTOC might be regulated by particular ECM-
components but also occurs when contact inhibition is obviated. The contact inhibition feature of EC
might interfere with studying the role of matrix proteins on MTOC reorientation in this novel system.
Other cell types will be used in future experiments to elucidate this phenomenon. Moreover other
factors are likely involved in regulation of directionality of EC migration, as is shown for other cell
types as well [33]. MT stabilization and MTOC reorientation may be involved in other steps during EC
migration, like the formation and stabilization of a widely spread cell body (strongly induced by
VEGF). MTs and MTOC are essential for EC migration and angiogenesis, but their functions and
regulation may be more complex than assumed until now [41,42].

3T3 fibroblasts, which are slow-moving cells, have been very well-documented in terms of
migration in the “scratch” assay and the cytoskeletal rearrangements that accompany this process
[43,44]. In this setup, LPA was shown to be a unique regulator of 3T3 cell polarity [22,23]. We
therefore used 3T3 cells to compare “barrier” and “scratch” assays and examined the effect of LPA in
relation to bFGF and FN. Surprisingly, when FN was used as coating, a strong induction of migration
was observed with the “barrier” assay in the absence of LPA. With the “scratch” assay we did not
observe this effect. These data indicate that the “scratch” assay is not suited to study the role of
defined ECM-components in migration. FN, reported to be an inhibitor of EC migration [45], is an
inducer of fibroblast migration. Different cell types respond dissimilar to the same matrix-component,
which shows that the composition of the matrix is essential for cell motility.

In the “barrier” assay the action of bFGF is more pronounced on 3T3 cell migration compared to
LPA. In addition, bFGF enhances FN-induced migration, whereas LPA does not. Besides the matrix
itself, the interplay with growth factors is crucial for both migration response and morphology. The
strong synergistic bFGF-FN effect was not observed using the “scratch” assay. The marked
differences in morphology between the bFGF and LPA-induced migrating cells may imply that
migration signalling is distinct as well. Additionally, bFGF and FN-induced migration was not
accompanied by increased stabilization of MTs or MTOC reorientation, whereas LPA in the “scratch”
assay induced stable MTs very efficiently, as reported previously [22,46]. The treatments however,
resulted in strongly different migration profiles and morphologies of the 3T3 cells during migration.
Whereas MT stabilization and MTOC reorientation is induced in fibroblasts stimulated with LPA in the
“scratch” assay, this does not imply that efficient migration of 3T3 cells always requires such drastic
intracellular rearrangements. Recently it has been reported that FN induces the stabilization of MTs
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in cells that have started to adhere to glass [26]. We hypothesize that the FN-induced stabilization is
important for cell adherence and spreading, and might occur when cells prepare to migrate and
polarize. During actual movement of a cell the regulation of MT stabilization likely is altered. MTs will
be stabilized but for a smaller time frame when the cell is quickly moving as seen when stimulated
with bFGF. In addition, the stable MTs show a complete distinct distribution in bFGF vs LPA treated
cells. This may be related to the strongly different morphology of the cells and complicates the
comparison and measurements made in this study.

Taken together, the introduction of the novel migration assay strongly expands the possibilities
for cell migration research and reveals that the interplay between matrix and growth factors
determines migration response and morphology. Our results show that FN differentially affects cell
migration between cell types and growth factors. The assay is easy to imply, overcomes restrictions
of other assays and reveals differences overlooked by other assays. Contribution of the cytoskeleton,
cell-matrix interactions, matrix-growth factor interactions and signalling during migration of unharmed
cells are open avenues for future research. Wider application of this novel “barrier-based” migration
assay has the potential to answer important questions related to cell migration in many physiological

and pathological processes.
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MOVIE LEGENDS (movies available online via Journal of Cellular Biochemistry)

Movie 1 - High magnification of HUVEC at migration front in the “scratch” assay. The cells are damaged and leak cytoplasm.
The matrix in the cell-free area is contaminated with cell secreted ECM-components, growth factors and cell remnants. FN was
used as coating, cells were treated with bFGF (200 ng/ml). Cell migration was recorded by time-lapse phase-contrast
microscopy collecting an image very 30 sec for 8 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 2 - High magnification of HUVEC migrating in a ‘single cell motility assay’. During attachment, spreading and prior to the
assay the cells have manipulated the matrix. Migrating cells follow paths of other cells where the matrix is optimal but not
defined. FN was used as coating, cells were treated with bFGF (200 ng/ml). Cell migration was recorded by time-lapse phase-
contrast microscopy collecting an image very 30 sec for 8 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 3 - High magnification of HUVEC at migration front in the novel assay. Cells and matrix are left unharmed. The matrix
can be defined and manipulated. FN was used as coating, cells were treated with bFGF (200 ng/ml). Cell migration was
recorded by time-lapse phase-contrast microscopy collecting an image very 30 sec for 8 h. Movie takes 12 s and display rate
is 10 frames/s.

Movie 4 - HUVEC migration in the “barrier” assay in basal medium. When no GF are added to the basal medium and Gel is
used as coating the EC hardly migrate and die at later time points. Cell migration was recorded by time-lapse DIC microscopy
collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s

Movie 5 - bFGF-induced HUVEC migration in the "barrier” assay. Migration is induced by adding bFGF (200 ng/ml) and Gel
was used as coating. EC migrate very fast while cell morphology changes are moderate. Cell migration was recorded by time-
lapse DIC microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 framesl/s.

Movie 6 - VEGF-induced HUVEC migration in the “barrier” assay. Treatment of HUVEC with VEGF (10 ng/ml) along Gel-
coating resulted in a strong migration induction and the cells show an elongated morphology. In addition the migration patterns
of the cells have less directional changes as compared to bFGF. Cell migration was recorded by time-lapse DIC microscopy
collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.
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Movie 7 - HUVEC migration along FN-matrix with basal medium in the “barrier” assay. When no GF were added to HUVEC
migrating along FN the cell migration is without a persistent direction in rather random patterns. At later time points the cells
start do die. Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an image very 12 min for 24 h.
Movie takes 12 s and display rate is 10 frames/s.

Movie 8 - HUVEC migration along Col-I-matrix with basal medium in the “barrier” assay. Col-I induces EC to migration and
directionality even without addition of GF to the basal medium. Cell migration was recorded by time-lapse Phase-Contrast
microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 9 - HUVEC migration along Gel-coating with basal medium in the “scratch” assay. Introduction of the “scratch” induced
EC to migrate along the control-matrix Gel. Compared to the same treatment in the “barrier” assay (Movie 4) migration is
increased. Cell migration was recorded by time-lapse DIC microscopy collecting an image very 12 min for 24 h. Movie takes 12
s and display rate is 10 frames/s.

Movie 10 - HUVEC migration along FN-matrix with basal medium in the “scratch” assay. Using the “scratch” assay the
inhibitory effect of FN on directionality of the EC migration is absent. At later time points the migration decreases but the cells
do not die (compared to Movie 7). Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an image
very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 11 - HUVEC migration along Col-I-matrix with basal medium in the “scratch” assay. Col-l-matrix in the “scratch” assay
induces massive EC migration and directionality as well. Cell migration was recorded by time-lapse Phase-Contrast
microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 12 - 3T3 fibroblast migration without GF and coating in the “barrier” assay. 3T3 cells hardly migrate without GF and
coating in the “barrier” assay. Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an image very
12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 13 - 3T3 fibroblast migration without GF along FN-matrix in the “barrier” assay. FN induces 3T3 cells to migrate and the
migration patterns show some directionality as well. Cell migration was recorded by time-lapse Phase-Contrast microscopy
collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 14 - 3T3 fibroblast migration without GF and coating in the “scratch” assay. The 3T3 cells hardly migrate without GF
and coating in the “scratch” assay. Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an image
very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 15 - 3T3 fibroblast migration without GF along FN-matrix in the “scratch” assay. FN-induced 3T3 migration is very mild,
only small differences are observed compared to the same treatments in the “barrier” assay (Video 12, 13). Cell migration was
recorded by time-lapse Phase-Contrast microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate
is 10 frames/s.

Movie 16 - LPA-induced 3T3 fibroblast migration without coating in the “barrier” assay. LPA (5 uM) induces 3T3 cells to
migrate without coating. Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an image very 12
min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 17 - LPA-induced 3T3 fibroblast migration along FN-matrix in the “barrier” assay. LPA-induced 3T3 migration is
comparable with and without FN-coating. Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an
image very 12 min for 24 h. Movie takes 12 s and display rate is 10 framesl/s.

Movie 18 - LPA-induced 3T3 fibroblast migration without coating in the “scratch” assay. LPA (5 uM) induces 3T3 cells to
migrate into the “scratch” without coating. Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an
image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 19 - LPA-induced 3T3 fibroblast migration along FN-matrix in the “scratch” assay. LPA-induced 3T3 migration is
comparable with and without FN-coating and somewhat higher in the “scratch” assay compared to the “barrier” assay. Cell
migration was recorded by time-lapse Phase-Contrast microscopy collecting an image very 12 min for 24 h. Movie takes 12 s
and display rate is 10 frames/s.

Movie 20 - bFGF-induced 3T3 fibroblast migration without coating in the “barrier” assay. bFGF (200 ng/ml) induces 3T3 cells
to migrate and the cells have an elongated morphology with long extensions during migration. Cell migration was recorded by
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time-lapse Phase-Contrast microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10
frames/s.

Movie 21 - bFGF-induced 3T3 fibroblast migration along FN-matrix in the “barrier” assay. bFGF (200 ng/ml) combined with FN-
matrix in the “barrier” assay results in a very strong and enhanced induction of 3T3 migration. The cells are very elongated
and form long extensions during migration. Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting
an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 22 - bFGF-induced 3T3 fibroblast migration without coating in the “scratch” assay. bFGF-induced 3T3 migration into the
“scratch” is comparable to the same treatment in the “barrier” assay (Video 20). The cells have an elongated morphology and
long extensions during migration. Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an image
very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 23 - bFGF-induced 3T3 fibroblast migration along FN-matrix in the “scratch” assay. The FN-effect on the bFGF-induced
3T3 migration is absent in the “scratch” assay. Morphology and migration is comparable with and without FN-coating. The
cells are elongated and form long extensions during migration. Cell migration was recorded by time-lapse Phase-Contrast
microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 24 - HUVEC migration along low FN (1 pg/ml) in the “barrier” assay. Net cell movement is inhibited. Cell migration was
recorded by time-lapse Phase-Contrast microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate
is 10 frames/s.

Movie 25 - HUVEC migration along high FN (100 pg/ml) in the “barrier” assay. In contrast to low and intermediate FN
concentration EC migration is induced, cells do not migrate in sheets. Cell migration was recorded by time-lapse Phase-
Contrast microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 framesl/s.

Movie 26 - HUVEC migration along low Col-I (1 pg/ml) in the “barrier” assay. Low Col-I still induces EC migration but cells do
not migrate in sheets as compared to high Col-l (Fig. 4). Cell migration was recorded by time-lapse Phase-Contrast
microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 27 - 3T3 migration without GF along low FN (1 pg/ml) in the “barrier” assay. Low FN still induces 3T3 cells to migrate.
Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an image very 12 min for 24 h. Movie takes
12 s and display rate is 10 frames/s.

Movie 28 — 3T3 migration without GF along high FN (100 pg/ml) in the “barrier” assay. High FN induces 3T3 cells to migrate.
Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting an image very 12 min for 24 h. Movie takes
12 s and display rate is 10 frames/s.

Movie 29 - 3T3 migration upon bFGF (200 ng/ml) treatment along low FN (1 pg/ml) in the “barrier” assay. The FGF-FN effect
is still observed along low FN concentrations. Cell migration was recorded by time-lapse Phase-Contrast microscopy collecting
an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.

Movie 30 — 3T3 migration upon bFGF (200 ng/ml) treatment along high FN (100 pg/ml) in the “barrier” assay. High FN results

in comparable responses as low and intermediate concentrations Cell migration was recorded by time-lapse Phase-Contrast
microscopy collecting an image very 12 min for 24 h. Movie takes 12 s and display rate is 10 frames/s.
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ABSTRACT

Directed cell migration (cell movement in one direction) occurs both during chemotaxis and during
intrinsically determined cell motility and depends on the capacity to maintain cell polarity in one
direction for a certain period of time. For endothelial cells (EC) directed migration is very important
during the formation of new vessels. Although the effects of major endothelial stimuli, bFGF and
VEGF, are widely studied, mechanistic data still are hardly available. Here we report that bFGF and
VEGF induce distinct migration patterns of EC, with VEGF causing more directed motility. These
differences were accompanied by actin-cytoskeleton and adhesion differences. Immunofluorescence
analysis of specific microtubule-associated proteins (MAP) in HUVEC revealed distinct cellular
distribution. We observed a higher microtubule growth rate in VEGF-induced migrating EC. Finally,
we studied distribution of CLASPs after migration induction. For CLASPL, in contrast to CLASP2, we
observed some accumulation at the leading edge after VEGF stimulation. We suggest that CLASP1

might be one of the signalling molecules involved in the directional migration of EC induced by VEGF.

INTRODUCTION

Cell migration plays a crucial role in normal processes like embryogenesis, renewal of the skin and
intestine and tissue repair but also in pathological settings like inflammation-related diseases and
tumour development [1,2]. During tumour development, tumour cell migration is essential during
invasion and metastasis, during angiogenesis endothelial cell migration is crucial [3-5]. Cell migration
is initiated by formation of actin-rich membrane protrusions in the direction of migration regulated by
small Rho GTPases, like Cdc42 and Rac [6-8]. Recently, for Rac an important regulatory role in
migration directionality has been reported [9]. Directionality of cell migration is strongly dependent on
persistence of cell polarity. Cell polarity is initiated and sustained by protrusion formation and
asymmetric positioning of intracellular structures, like the microtubule-organizing centre (MTOC) and
Golgi apparatus [10].

Microtubules (MTs) are involved in various processes of cell migration and therefore essential
for cell guidance during motility [11]. Both repositioning of the MTOC [12,13] and formation of cellular
protrusions [14] are dependent on MTs. MTs are hollow cylindrical tubes consisting of tubulin
polymers. These polymers in turn are built up by heterodimers of o and B-tubulin subunits and
organized in a polarized fashion with a fast growing plus end and slow growing minus end. An
important feature of MTs is their so-called dynamic instability, being the intrinsic capacity to

continuously switch between growth and shrinkage [15,16].
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Another important function of MTs is contribution to focal adhesion turnover during migration
[17]. These focal adhesions, linking intracellular structures, like actin, to matrix components, like
fibronectin, are key regulators of force generation needed for movement of the cell body [18].
Growing MTs have been shown to target focal adhesions to deliver certain components of the focal
adhesion complexes [19]. Additionally, MTs have been reported to selectively stabilize in the direction
of migration when cells are triggered to migrate into in vitro generated wounds [20]. Stabilization of
MTs is an important component of cell polarity, however, it seems to differ strongly between cell
types and treatment [21]. Many findings about MTs and their role in migration and polarity have been
achieved in fibroblasts and astrocytes, known to be slow moving cells [14,22]. For fast moving cells
like endothelial and tumour cells, MTs will also be involved, but details in the regulatory mechanisms
may differ. Recently, we reported that migrating EC, in contrast to fibroblast, actually have lower
amounts of stable MTs during migration [21]., Moreover, the distribution of stable MTs was strongly
dependent of the treatment (see Chapter 2 of this thesis).

MT dynamics is regulated by a broad set of microtubule-associated proteins (MAP). The group
of proteins specifically binding to MT plus ends (called Plus-end binding proteins (+EBP) or +TIPS)
has been studied widely as these proteins regulate both MT dynamics and interactions of MTs with
other proteins [23,24]. Examples of +TIPs are EBs (end hinding proteins), APC (adenomatous
polyposis coli), LIS-1 (Lissencephaly-1), CLIPs (cytoplasmic linker proteins) and CLASPs (CLIP
associated proteins). These proteins can interact with MT plus ends and/or with each other [25-28]. In
mammals two CLASPs have been identified, CLASP1 and CLASP2, that shares 77% sequence
homology. Both CLASPs bind to MTs and to CLIP-115 and CLIP-170 through their C-terminal
domain. At leading edges of motile fibroblasts CLASPs are involved in local stabilization of MTs [25].
When CLASP-levels are reduced MTs display an abnormal distribution and the plus ends loose their
ability to localize near the cell cortex [27].

EC migrate in a directed fashion during angiogenesis, a process called angiogenic sprouting
[29]. Migrating EC are suggested to be guided by factors stored in the extracellular matrix, like VEGF.
In addition, angiogenic growth factors bFGF and VEGF are reported to induce chemokinetic and
chemotactic migration respectively [30]. These features implicate differences in intracellular response
to these two angiogenic stimuli. Next to chemotactic migration induction, cells have an intrinsic
migration capacity and we hypothesize that various triggers induce different signals resulting in
distinct migration pattern. In this study, we analysed the migration patterns of human EC upon bFGF
and VEGF treatment. We observed a higher directional motility after VEGF treatment as compared to
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bFGF. In consecutive experiments we linked these differences to changes in actin and MT
cytoskeleton, MT dynamics and identified CLASP1 as a possible target for VEGF induced

directionality in EC migration.

MATERIALS AND METHODS

Cell culture and reagents

Human Umbilical Vein Endothelial Cells (HUVEC) were isolated as described [31] and purchased
from Biowhittaker. EC were used between passage 3 and 7 and cultured in Human Endothelial-SFM
(Invitrogen) supplemented with 10% New Born Calf Serum, 5% Human Serum, 20 ng/ml bFGF and
100 ng/ml EGF, in gelatine-coated flasks. Serum was purchased from Invitrogen. VEGF-165, bFGF

and EGF were from PeproTech.

Migration Assay
Migration assays were done using the barrier-migration assay as described [21]. Briefly, a cover slip
was placed in an Attofluor incubation chamber (Molecular Probes), which was subsequently sterilized
and coated with fibronectin (10 pg/ml). In this chamber a removable circular migration barrier was
placed which prevents cell growth in the middle of the cover slip. HUVEC were seeded around this
barrier and grown until confluence. Subsequently, the migration barrier was removed, cells were
washed twice and then incubated with Human Endothelial-SFM without standard growth factors
(basal medium control), supplemented with bFGF (200 ng/ml), or VEGF-165 (10 ng/ml). Cell
chambers were placed on an inverted microscope and migration of cells was measured for 24 h.
Each experiment was repeated at least 3 times. Time-lapse imaging of cell migration was done on
Axiovert 100 M microscopes, equipped with either an AxioCam HRC digital camera or an AxioCam
MRC digital camera (Carl Zeiss). Microscopes were controlled by AxioVision software, version 4.5.
Cells in the incubation chamber were maintained at 37 °C in a constantly humidified atmosphere, with
controlled and heated CO»-flow. Cells were imaged every 12 min with a 10X/0.30 PLAN-NEOFLUAR
objective lens or every 2 min with a 20X/0.40 LD ACHROPLAN objective lens (Carl Zeiss).

For analysis of mouse-embryonic fibroblasts (MEF), single cell motility assays after adhesion
were performed. Briefly, Cells (1.10E5) were diluted in Serum-free medium and bFGF (400 ng/ml)
was added to induce migration. Cell suspensions were plated in incubation chambers coated with 10

ug/ml fibronectin. After 10 min. adhesion and single cell motility was monitored under the
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microscope. Cells were analysed for 6 hr and images were collected every 2 min. and AxioVision

software (Carl Zeiss) was used to analyse cell movements.

Cell migration analysis

Cell migration response and profile were quantified by measuring migrated distance and migratory
directionality. Using time-lapse movies cells were tracked taking the nuclei as reference. For each
treatment at least 10 migrating cells of 3 or 4 independent migration assays were analysed. After cell
division one of the daughter cells was followed. The total track distance (T) and the direct distance
from start to end point (D) were used to calculate D/T ratios reflecting the directionality of cell

movements [9]. Measurements were done using AxioVision measurement software (Carl Zeiss).

Immunofluorescence Staining

After time-lapse microscopy, cells were washed twice with PBS and fixed for 10 min in 4%
paraformaldehyde at room temperature or in ice-cold methanol containing 1 mM EGTA at —20 °C.
After washing in PBS, cells were permeabilized using 0,15% Triton-X-100 for 10 min and blocked in
blocking solution (1% BSA / 0,05% Tween-20 / PBS) for 45 min. Incubations with first (1/200) and
secondary (1/500) antibody-mixtures were done for 1 h at room temperature in blocking solution. In
between incubations cells were washed 3 times with PBS / 0,05% Tween-20. Thereafter cells were
briefly washed in 70% and 100% ethanol respectively, air dried and mounted onto microscope slides
using 10 pl of a 1:1 solution of VectaShield (Vector Laboratories) and DAPI-DABCO (Molecular
Probes). Primary antibodies and antisera used: acetylated microtubules (Sigma-Aldrich), f-actin
(Molecular Probes), EB1 (BD Biosciences), VASP (kindly provided by Dr. F. Gertler, Department of
Biology, Massachusetts Institute of Technology, Cambridge, USA [32]), CLASP1 (#2292), CLASP2
(#2258), CLIP115/170 (#2221) and EB3 (#02-1005-07) have been described [25,33]. Secondary
antibodies used: Alexa Fluor 488 or 594 (Molecular Probes) and FITC (Nordic) conjugated
antibodies. Immunofluorescent images were taken using an Axiovert 100 M microscope with
40X/1.30 Oil-FLUAR objective lens (Carl Zeiss) and an ORCA Il ER camera (C4742-98, Hamamatsu

Photonics Systems). Image analysis was performed using Openlab 4.0 software (Improvision).
Visualization of MT dynamics using EB3-GFP

HUVEC were transiently transfected with EB3-GFP constructs [33] using SuperFect Transfection

Reagent (Qiagen) and Nupherin Neuron (Biomol). Briefly, cells were grown till subconfluency and
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transfection solutions containing DNA:Nupherin:SuperFect ratio of 1:3:6 were prepared according
standard procedures. Transfection solutions were added to the cells; cells were centrifuged for 5 min
at 100 g and incubated for 2.5 h at 37 °C. After overnight growing in standard medium cells were
subcultured in Attofluor incubation chambers to facilitate live cell imaging during migration. Cell
migration was induced for 24 h as described above and EB3-GFP positive cells were analyzed at 37
°C on an Axiovert 100 M microscope with 63X/1.4 Oil Plan-APOCHROMAT objective lens (Carl
Zeiss) and an ORCA Il ER camera (C4742-98, Hamamatsu Photonics Systems). Images were

collected every second for 30 seconds.

RESULTS

Distinct EC migration patterns induced by bFGF and VEGF

The two major angiogenic factors known nowadays, bFGF and VEGF, are reported to induce
chemokinetic and chemotactic migration respectively [30].

To analyse the migration pattern of EC upon treatment with these two factors we performed
migration assays using the barrier assay [21]. HUVEC migration was monitored for 24 h and
fibronectin was used as matrix (Fig. 1A). Control cells, with basal medium (BM) without addition of
growth factors, showed random motility and at later time points some cells start to die. Both bFGF
and VEGF induced HUVEC migration, but the patterns were very different. bFGF induced cells to
migrate over long distances while VEGF-induced distance was only slightly increased as compared
to BM (Fig. 1B). Moreover, when we quantified the directionality of cell movements (being the ratio of
the shortest, linear distance from start to end point (D) and the total migrated track (T) of the cells) we
observed an increased directionality induced by VEGF as compared to bFGF (Fig. 1C). The
migration tracks of HUVEC treated with BM, bFGF and VEGF are depicted in Figure 1D, clearly

showing the differences in migration patterns and directionality.

bFGF and VEGF induce different actin organization and VASP distribution

Actin cytoskeleton organization is a major aspect in determining cell morphology and migration
response. Vasodilator-stimulated phosphoprotein (VASP) is known to be an essential regulator of
actinfilament assembly, localizes to focal adhesions and sites of dynamic membrane activity in the
leading edge and negatively regulates fibroblast migration [32,34,35]. Based on the observed
differences shown in Figure 1, we examined actin cytoskeleton organization and VASP distribution in

migrating EC (Fig. 2).

54



TUMOUR MOTILITY

B Distance C Directionality
1000
750
£ = S
3 a

BM bFGF VEGF ’ BM bFGF VEGF

FIGURE 1. Distinct migration patterns induced by bFGF and VEGF in HUVEC.

A. HUVEC migration along fibronectin induced by BM (basal medium without addition of growth factors), bFGF (200 ng/ml) or
VEGF (10 ng/ml). The white dashed line indicates the migration front at T=0 h. Pictures are at T=24 h and obtained from
migration movies, Bar: 100 um.

B. Total migrated distance of HUVEC in 24 h. Data represents mean + SEM from at least three independent experiments.

C. Persistence of migratory directionality. D/T represents the ratio of the direct distance from start to end (D) divided by the
total migrated track distance (T). Data represents mean + SEM from at least three independent experiments.

D. Migration tracks of HUVEC migrating for 24 h. Migration tracks (n=30) from 3 independent experiments were copied and
combined to create a single figure.

In BM-treated controls we observed some actin stress fibers mainly organized as dense
peripheral bands and VASP primarily distributed throughout the cytoplasm and localized in focal
adhesions. The differences between the two growth factors are very abundant. bFGF treated EC
showed f-actin at the cell periphery (as dense peripheral bands) and in addition many actin was
localized at a small rim, in the leading edges of the cells.

Interestingly, these cell areas stained also positive for VASP, which localized at the most distal
site of the leading edge/cell membrane (see enlargement in Fig. 2B). We assume that at these sites

there is an extensive actin polymerization to push the cell membrane forward. For VEGF the staining
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patterns are different. F-actin is predominantly organized into stress-fibres throughout the cells and
VASP was localised at the ends of these fibres in focal adhesion-like foci. When we analysed these
staining patterns in more detail we observed also some leading edge/membrane actin-VASP staining
but these patterns were very local in smaller segments of the cell periphery (see enlargement in Fig.
2B).

f-Actin VASP

overlay

A

FGF

VEGF

FIGURE 2. Actin and VASP distribution in migrating HUVEC (CLR).

A. HUVEC were induced to migrate for 24 h, fixed and stained for f-Actin (red), Ena/VASP (green) and nuclei (blue). In basal
medium controls the actin is mainly visible as dens peripheral bands and VASP is mainly cytoplasmic. Upon bFGF treatment,
actin staining is observed at the edges of the cells and a positive VASP signal was found at the most distal site of this rim at
the leading edge and cell rims. VEGF induced many stress fibers and VASP was mainly located in focal adhesions. Bar: 10
um.

B. Enlargement of cell rims of HUVEC at migration fronts. Arrowheads point VASP located at ends of actin fibers as focal
adhesions, Asterisks point membrane-expressed VASP. In bFGF treated we observed VASP along whole membranes while in
VEGF treated cells this expression was locally. Bar: 5 um.
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Localization of MAP in cultured HUVEC

Next, we studied the distribution of stable MTs and MAP in cultured EC, growing in monolayer.
Besides actin remodeling, MTs and their dynamics are crucial in migration and polarity [11]. We
stained cultured HUVEC for stable MTs, CLIP-115/170, CLASP1, CLASP2, EB1, and EB3. Stainings
for acetylated tubulin confirmed that a subset of MTs is stabilized in EC. CLIP-115/170 and both EB1
and EB3 localize at MT plus ends. For both CLASPs we observed cytoplasmic localization and, in

contrast to other cell types like COS-1 [25], no positive MT plus ends were found (data not shown).

MT growth in EC during migration

To analyse the dynamic behaviour of growing MTs during EC migration we transfected growing
HUVEC with EB3-GFP. EB3-GFP positive cells migrating into the cell free area and at the migration
front were analysed after 24 h of treatment (BM, bFGF or VEGF) for MT dynamics. Velocity of EB3-
GFP comets was measured to quantify MT growth rates. Average EB3-GFP velocities are shown in
the table of Figure 3A. For BM and bFGF, MT growth rates were comparable (0.22 and 0.25 Im/sec
respectively). For VEGF, we observed a strongly increased MT growth rate of 0.35 um/sec. Images
of the migrating cells revealed also that VEGF-induced cells are much more spread out. In addition,
this widespread cell body showed much more growing MT plus ends comets as compared to BM and
bFGF treated cells (Fig. 3B).

A Treatment Average Velocity1 (number of dashes measured)
Basal Medium 0.22+£0.03(22)
bFGF (200 ng/ml) 0.25+0.04 (30)
VEGF (10 ng/ml) 0.35+0.03 (30)

! um/sec +£ SEM, measured in 3 cells

FIGURE 3. MT dynamics in migrating HUVEC.
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A. Table showing the average MT growth velocities of BM, bFGF and VEGF treated migrating HUVEC transfected with EB3-
GFP.

B. Pictures of EB3-GFP positive HUVEC at migration fronts. Cell free area is at upper right. VEGF cells are much more spread
out, have more MT growing ends and MT growth rate is higher. Bar: 10 pum.

Cellular distribution of CLASP1 and CLASP2 during EC migration
Recently, we found that CLASP2 is involved in directional movement of embryonic fibroblasts
(Drabek et. al., submitted and Fig. 4A).

A MEF Adhesion-Single
Cell Motility Assay

Migration distance Directionality

FGF

VEGF

FIGURE 4. Role of CLASPs in directionality of cell movements (CLR).
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A. Mouse Embryonic Fibroblasts isolated from wild-type (8WT) and CLASP-2 knouckout mice (6KO) were allowed to adhere
and single cell motility was measured under the microscope for 6h. No difference on migration distance was found while
directionality was decreased in 6KO cells. Right part shows the migration tracks of 30 cells derived from 3 independent
experiments.
B. HUVEC were induced to migrate for 24 h, fixed and stained for stable MTs (red), CLASP1 (green) and nuclei (blue). In BM
cells we observed low amounts of stable MTs and CLASP1 was location was Golgi-associated and distributed throughout the
cytoplasm. BFGF treatment did induce some nuclear CLASP1 and a mild increase in stable MTs. VEGF cells have slightly
more stable MTs and s small accumulation of CLASP1 at local sites in the leading edge. Bar: 10 um.
C. Enlargement of cell leading edges of BM, bFGF and VEGF treated HUVEC. Asterisk shows local CLASP1 accumulation.
Bar: 5 um.

Embryonic fibroblast isolated from CLASP2 knockout mice showed a much lower directionality
of cell movements as compared with wild-type cells. We hypothesized that, given the migration
patterns we observed for bFGF and VEGF induced migrating EC, that CLASPs might be involved in
directed EC migration. To initiate evaluation of this hypothesis, we stained HUVEC for CLASP1 and
CLASP2 in a co-staining with stable MTs after induction of migration (Figs. 4 B, C and 5). For
CLASP1, we observed a Golgi-like and cytoplasmic staining pattern for BM treated EC. Nuclear
staining was very low and in a subset of cells we also observed stable MTs. For both bFGF and
VEGF treated EC, we found an increase in nuclear staining and CLASP1 located mainly around the
nucleus. Furthermore, for bFGF the cytoplasmic CLASP1 staining was rather homogeneous and low.
For VEGF, CLASP1 localisation in the cytoplasm is comparably low and diffuse but in a subset of
cells at the migrating front, we also observed a small CLASP1 accumulation at local sites of the
leading edge (see enlargement in Fig. 4C).

For CLASP2, in contrast to CLASP1, we did not observe this small accumulation at the cell
periphery (Fig. 5). For bFGF, VEGF and BM controls we observed a rather diffuse staining pattern in
the cytoplasm, no clear localisation around the nucleus, a Golgi-like staining and a much lower, or
even absent, nuclear localisation of CLASP2. Also analysis at higher magnification did not reveal
CLASP2 accumulation at sites of the leading edge (Fig. 5B). For stable MTs we did observe a small
increase upon VEGF treatment, as we showed earlier [21]. However, this was not accompanied by

leading edge localisation of CLASP2.

DISCUSSION

Directed cell migration is very important during the process of tumour-angiogenesis. Studies on
directionality mechanisms involved in cell motility have provided ample knowledge on this complex
process [8,9]. However, many of this and other studies are still performed in suitable cell systems,

like astrocytes and fibroblasts. These cells are known to have intrinsic slow moving capacities. Other
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cells, like tumour and endothelial cells are moving much faster, both in vitro and in vivo [3]. In the

presented study we started to evaluate motility directionality using primary endothelial cells.
Acet. Tub CLASP-2

overlay

FGF

VEGF

FGF VEGF

FIGURE 5. CLASP2 distribution in migrating HUVEC (CLR).

A. HUVEC were induced to migrate for 24 h, fixed and stained for stable MTs (red), CLASP2 (green) and nuclei (blue). For the
stable MTs staining again a small increase was observed for the VEGF treated cells. For CLASP2 no clear differences were
observed between the different treatments. CLASP2 was found rather diffuse throughout the cytoplasm and no nuclear signal
was seen. Bar: 100 um.

B. Enlargement of cells at migration fronts. Bar: 5 pum.

Major drawbacks of these cells are the limited number of appropriate cell passages and
therefore the restricted possibilities to genetically manipulate them. But because directed migration of
endothelial cells is of crucial importance for angiogenesis, we have set up some initial experiments to

study directionality and some proteins involved in its regulation.
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The major findings of this preliminary study are that distinct directionality motility patterns
induced by bFGF and VEGF are accompanied by differences in cytoskeleton organisation, MT
dynamics and MAP localisation. More detailed, compared to bFGF, VEGF induced a more directed
migration pattern of EC into a defined fibronectin-coated cell free area, built up of actin networks at
the leading edge is much more local, MT growth is higher and CLASP1 tends to accumulate locally at
the leading edge of migrating cells.

Recently, we showed that endothelial cells, in contrast to fibroblasts, have higher migratory
capacities but a distinct MT stabilizing phenotype during migration [21]. This implies that the same
fundamental processes do take place during (directed) migration of different cell types but these
processes might be differentially organized and utilized. To further evaluate these processes in EC
we studied two growth factors that induce a very distinct migration pattern. bFGF induced very high
migration distances but directionality was lower as compared to VEGF that induced much lower
migration distances (Fig. 1). These data correspond with earlier reports on chemo taxis [30]. Control
cells, treated with basal medium without addition of growth factors, showed a typical random motility
pattern. Using these three treatments we were able to study three important phenotypic migration
profiles: random motility, fast migrating with moderate directionality and moderate migrating with high
directionality.

Different morphology and dimensions of the cells accompanied these phenotypes. In BM-
controls, cells were very small, upon bFGF the EC became somewhat bigger but after VEGF
treatment the cells appeared broadly spread out. Actin cytoskeleton showed a very distinct
organisation when bFGF and VEGF were compared (Fig. 2). Stress fibres are very abundant in the
VEGF treated EC. These stress fibres may facilitate the rather sliding movement of these cells. We
did not observe the stress fibres mainly oriented in the direction of migration, but both perpendicular
and parallel. Using wound healing assays these features were also observed, but more separated in
time after wounding instead of mixed [36]. The actin staining at the broad peripheral edges of the
bFGF cells likely resembles the build up of a new actin network at cell edges during migration [35].
Striking was the difference between bFGF and VEGF. While for bFGF this staining pattern was
observed in the whole cell edge, VEGF showed only local patterns. Whether this is has to do with the
differences in directionality of the cell movements have to be determined in future experiments.

MTs are of crucial importance in directed cell migration and cell polarization. Staining for stable
MTs and some MAP showed expression and localisation of these proteins in EC. For CLIPs and EB

proteins, we observed comparable plus-end localisation as described for other cells [24]. Both
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CLASP proteins however are distributed throughout the cytoplasm and nuclear staining has been
ascribed to the role of CLASP in mitosis [37].

The differences we observed in MT growth rate between bFGF and VEGF migrating EC may
imply that higher MT growth rate is accompanied by more directed migration and low MT growth rates
by fast and less directed motility. However, the great differences in cell dimensions and spreading
might also influence the number and velocity of growing MTs. As MTs do target substrates for
adhesion turnover [19], more growing MTs might also mean more adhesions, but as well a higher
turnover what rather is expected in bFGF cells. Clearly more research is needed to study the role of
MT growth in directed EC migration. For example the rate between stable MTs and total tubulin will
be studied in future experiments.

For CLASP2, novel data using knockout cells revealed that knockout cells show a lower
directionality of movements after adherence (Drabek et. al., submitted). For this reason we performed
stainings for CLASPs in migrating EC upon treatment (Figs. 4 and 5). Surprisingly, for CLASP2 we
did not observe major differences. CLASP2 remained within the cytoplasm and no localisation at
leading edges was observed in contrast to fibroblast migrating into a wound (Drabek et. al.,
submitted). For CLASP1 there were two remarkable observations. For both growth factors, CLASP1
accumulated around (and inside) the nucleus as compared to BM controls. For VEGF treated EC
CLASP1 accumulated locally at the leading edge (Fig. 4C), suggesting that CLASP1 might be a
specific signal regulating VEGF-induced directionality. Unexpectedly, at sites of accumulation there is
no increase in stable MTs, a proposed function of CLASP2. Whether CLASP1 and CLASP2 are
involved in directed migration and how they relate and/or cooperate remains to be elucidated in future
experiments.

In conclusion, we provide initial data on MTs and MAP involved in directionality of EC
movements induced by bFGF and VEGF. Future experiments, like CLASP-inhibition, relation of
stable MTs and CLASP1, relation of MT growth rate and directionality, involvement of other actin
polymerisation mediators and relation of CLASPs and VASP need to be set up to reveal and validate

contribution of CLASP1, and possible other targets, in VEGF driven directed EC migration.
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ABSTRACT

Linking cell migration characteristics of tumour cells in vitro to metastasis formation in vivo is
controversial. While inhibition of metastases can occur in all stages, the intrinsic features of tumour
cells strongly determine the aggressiveness of the disease with respect to growth, invasion and
metastasis. Using a novel barrier migration assay, we analysed the migratory capacity of several
well-characterized human breast cancer cell lines (MDA-MB-231, MCF-7, CAMA-1, SUM-159PT,
SUMS52PE and SK-BR3). When comparing the various cell lines, the two hyper-methylated E-
cadherin cell lines had the highest migration capacity, wild-type E-cadherin cell lines showed an
intermediate migration capacity and breast cancer lines with mutant E-cadherin lacked migration
capacity. Both tumour cell lines with wild-type E-cadherin genes did not respond to fibronectin (FN)
while MDA-MB-231 cells, with hyper-methylated E-cadherin, showed a migration induction upon FN.
Treatment with bFGF induced migration of cells with wild-type E-cadherin but not of cells with hyper-
methylated E-cadherin. In contrast, both cell lines with mutant E-cadherin genes had no migration
capacity and did not respond to FN, bFGF or both. Together, our results suggest a possible
connection between E-cadherin gene status and migration capacities of breast cancer cells and

justify more detailed research on E-cadherin involvement on cell motility.

INTRODUCTION

Tumour-metastases are the cause of death for most cancer patients. Metastases show certain organ
specificity. For instance, breast and prostate cancer metastases are often found in bone [1,2], while
melanoma metastases very frequently occur in the brain [3,4]. Metastasis formation is a multi step
process. These steps include escape of the cancer cells from the primary tumour, migration to
(tumour)vessels, entering the blood or lymphatic circulation, arrest in secondary sites, extravasation
and migration into tissue, initiation of growth and vascularization of the metastatic tumour (reviewed
in [5]).

Cell migration is one of these steps and recent in vivo evidence revealed that metastatic
potential of a subset of tumour cells correlate with their migration capacity. In contrast to non-
metastatic cells, metastatic cells exhibit polarization and migration towards blood vessels [6]. These
metastatic tumour cells migrate along fibres of the extra cellular matrix (ECM) between primary
tumours and blood vessels [7] and several motility genes have been shown to be upregulated in
these migrating cells [8]. In vivo migration of (breast) tumour cells turned out to be amoeboid, while in
vitro the same cells migrated with a fibroblast-like spindle morphology [9]. These intriguing
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observations of intratumoural cell migration have shed new light on migration and invasion during
metastasis formation. But next to in vivo models, application of (novel) in vitro cell migration assays
will be very useful to identify and study specific elements involved in (cancer) cell migration [10].

Prior to initiation of cell motility, tumour cells undergo loss of intrinsic polarity, weaken their cell-
cell junctions and change their morphology, called epithelial-mesenchymal transition (EMT) (reviewed
in [11]). The molecular mechanisms underlying EMT turned out to be shared in tumour progression
and morphogenesis [12]. Among many other regulators, E-cadherin is a mayor player in EMT, both in
embryogenesis and tumour progression [13,14]. E-cadherin is the prototypic Type | cadherin, forming
homophilic interaction in their extra cellular domains and are intracellular connected to the actin
cytoskeleton intracellular indirectly via o- and B-catenin [15]. Recently it was shown that the exact
linkage is very dynamic and regulated by o.-catenin which serves as a switch between actin and the
E-cadherin-B-catenin complex [16,17]. During EMT, E-cadherin is downregulated and transcriptional
regulators have been identified from developmental biology studies (reviewed in [18]) with an
important role for Snail transcription repressors [19].

During tumour progression E-cadherin is identified as a tumour suppressor [20] and E-cadherin
protein levels inversely correlate with cancer grade [21]. In concordance with the reported effects of
E-cadherin on cell-cell contact and invasion, downregulation of in E-cadherin have been reported to
increase cell motility of breast tumour cells in vitro [22]. However, detailed data like morphology,
migration pattern in relation to responsiveness to extracellular triggers are hardly available.

In this study we applied a novel cell migration approach to analyse cell migration parameters in
various tumour cell lines in response to bFGF and/or fibronectin (FN). We describe the assay used
and analysed a set of breast cancer cell lines with different characteristics. The data provide
preliminary indications for a direct or indirect involvement of E-cadherin status in migration capacity of
breast tumour cells.

MATERIALS AND METHODS

Cell culture and reagents

Human breast cancer cell lines (MDA-MB231, MCF-7, CAMA-1, SUM-159PT, SUM52PE, SK-BR3)
[23] were cultured in RPMI 1640 medium (Biowhittaker) supplemented with 10% FCS and 100 U/ml
penicillin/streptomycin (Life Technologies). The SUM cell lines were generated in the Ethier
laboratory (available at http://www.asterand.com) and other cell lines were obtained from American

Type Culture Collection (Manassas, VA). All tumour cells were maintained at 37 °C, 5% CO2 in a
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humidified incubator and routinely subcultured by removal from flasks using Trypsin-EDTA
(Biowhittaker).

Cell migration assay

Barrier migration assays were performed as previously described [24] to obtain a reproducible and
standardized method and to monitor cell movements real time (see also Fig. 1). A cover slip was
placed in an Attofluor incubation chamber (Molecular Probes), which was subsequently sterilized. In
this set up, a removable, sterile circular migration barrier was placed which fits tightly in the chamber
and prevents cell growth into the middle of the coated cover slip. Cells were seeded around this
barrier and grown until confluence. Subsequently, the migration barrier was removed; cells were
washed twice and then incubated with the appropriate medium. Triggers for cell migration were none,
FN (10 pg/ml, Roche), bFGF (200 ng/ml, PeproTech) or both. bFGF was diluted in the medium and
Coated cover slips were obtianed by adding FN in serum-free medium to the cover slips and
incubated for at least 1 h at 37 °C prior to cell seeding. The incubation chamber was placed on an

inverted microscope and migration of cells was measured for 24 h.

Time-lapse microscopy

Time-lapse imaging of cell migration was done on Axiovert 100 M microscopes, equipped with either
an AxioCam HRC digital camera or an AxioCam MRC digital camera (Carl Zeiss). Microscopes were
controlled by AxioVision software, version 4.5. Cells in the incubation chamber were maintained at
37°C in a constantly humidified atmosphere, with controlled and heated CO2-flow. Cells were imaged
every 12 min with a 10X/0.30 PLAN-NEOFLUAR objective (Carl Zeiss).

Analysis of cell movements

Parameters of cell migration, including the total and average migration distance, migration velocity,
effective migration distance, migration tracks and directionality (ratio of distance from start to end
point and migrated track), were obtained from time-lapse movies, taking the nucleus as a reference.
For each treatment, at least 10 migrating cells per experiment and at least 3 independent migration
assays were performed. After cell division one of the daughter cells was followed. Migration velocity
was calculated by dividing migration distance by migration time. Both the total distance (migrated

track) and effective distance (reflecting directed migration towards the centre of the cover slip) were
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calculated. All measurements were done using AxioVision 4.5 software. Images from the time-lapse

analysis were processed to generate movies in Adobe Premiere.

RESULTS

Novel migration assay

Established models generally used for in vitro migration studies have important drawbacks, like lack
of control of matrix composition, standardization of repeated assays and damage inflicted to the cells.
To address these issues, we developed a novel “barrier” migration assay [24], to analyse migration
capacities of cells. The setup and rationale for the barrier migration assay are depicted in Figure 1.
Cell culture chambers containing cover glasses were coated with fibronectin (FN). Within the cell
culture chamber a circular insert is positioned serving as barrier, thereby creating two compartments
within the cell culture chamber. Cells are seeded in the large compartment around the barrier and

grown till confluence. The small compartment is filled with culture medium.

Insert (barrier)

Culture Cells

Coat culture device
with ECM

under study

Coated
coverglass

Monitor cell
movements
under microscope

Defined matrix composition

FIGURE 1. Setup of barrier migration assay.
A. Schematic representation of the novel cell migration assay to study unharmed cells migrating along a defined matrix in a
real-time assay. Cell culture chambers are coated with fibronectin (1) and a so-called migration insert is placed in the middle of
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the cell chamber (2). This insert serves as a barrier and generates two compartments in the cell chamber. Cells are seeded in
the outer compartment around the barrier while the inner compartment is filled with medium alone. The barrier is removed
when the cells have grown till confluence (3) and cell migration into the formerly inner compartment is imaged real-time under
the microscope. The cell free area is controlled and has a defined matrix composition. In addition, the cells are left unharmed.
B. Cell chamber and migration barrier used to facilitate long time living cell imaging. Cells are grown on cover glasses, which

are placed in the cell chamber.
C. Pictures of the barrier assay as depicted in the scheme of Fig. 1A. The same steps are depicted in A and C.

When the cells are grown as monolayer, the insert is removed, cells are incubated under
specific conditions and the cell culture chamber is placed under the microscope to monitor cell
movement into the cell free area with defined matrix composition. Figure 1A shows a schematic
overview of this approach, the materials used for the cell culture chamber and insert are depicted in
Figure 1B. Figure 1C shows the setup using the same steps as Figure 1A. Using this approach, both
cells and matrix are untouched, the assay is standardized and quantifiable. Moreover, the
composition of the matrix is controlled and cell movement and morphology are monitored in the same
assay. Testing and validation of this assay was done by using endothelial cells and fibroblasts in a

comparative analysis with ‘scratch’ migration assays [24] (see Chapter 2 of this thesis).

Breast cancer cells with wild-type E-cadherin show moderate migration capacity, respond to
bFGF but not to FN
Using the barrier migration assay, we evaluated migration capacity of two human breast cell lines
with wild-type E-cadherin expression (MCF-7 and SUM52PE). These epithelial cell lines showed a
moderate migration capacity when no coating or growth factor was added (Fig. 2 A, none).
Interestingly, when we studied migration capacity along a FN-coating we observed no differences. FN
did not induce migration of these cell types (Fig. 2A, FN). When bFGF was added we observed an
induction of migration both with and without FN-coating (Fig. 2A, right panels). Both cell lines exhibit
morphology of epithelial sheets and when migration is induced, cells move forward as a sheet. It
appears like a pushing movement of dividing and moving cells and no individual moving cells were
observed. When we analysed the movies in more detail, we observed many cell divisions in the
SUM-52PE cells without a visible forward movement of the migration front.

These observations suggest that the responses observed are migratory rather than proliferation
dependent but this issue needs further investigations. Figure 2B shows the quantification of cell

movements of the cell types studied under different conditions.
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FIGURE 2. Migration capacities and response of wild-type E-cadherin breast cancer cells.

A. Pictures of migrating epithelial breast cancer cells after 24 h obtained from migration movies. White dashed lines indicate
the migration front at T=0 h. Bar: 100 um.

B. Total and effective migration distances of MCF-7 and SUM-52PE cells after 24 h with and without FN coating and with or
without bFGF (200 ng/ml) treatment.

Breast cancer cells with hyper-methylated E-cadherin show high migration capacity and
respond differentially to FN and bFGF

We then analysed the migration capacity of two breast cancer cell lines with undetectable E-cadherin
protein expression due to hyper-methylation of the E-cadherin promoter (MDA-MB-231 and SUM-
159PT) [25]. Both cell lines with hyper-methylated E-cadherin have a spindle-like morphology and
exhibit a high migration capacity as observed in non-coated cell migration assays without growth
factor treatment (Fig. 3A, none). For MDA-MB-231 cells, we observed cells moving individually ahead
of the migration front, with the majority of cells remaining in the migration front. For the SUM-159PT
cells however, all cells sticked together in moving monolayers, no single moving cells were observed
but cell motility was very high. When MDA-MB-231 cells were allowed to migrate along FN-matrix,
cell motility was increased whereas FN did not further induce migration of SUM-159PT cells (Fig. 3A,
FN). Treatment with bFGF did not increase migration response in either of the two cell lines. The

migration distances measured, both total and effective, are depicted in Figure 3B.
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FIGURE 3. Migration capacities and response of breast cancer cells with hyper-methylated E-cadherin.

A. Pictures of migrating spindle-shaped breast cancer cells after 24 h obtained from migration movies. White dashed lines
indicate the migration front at T=0 h. Bar: 100 um.

B. Total and effective migration distances of MDA-MB-231 and SUM-159PT cells after 24 h with and without FN coating and
with or without bFGF (200 ng/ml) treatment.

Breast cancer cells with mutant E-cadherin lack migration capacity and do not respond to FN
or bFGF treatment

Next we examined the migration capacity of two breast cancer cell lines with biallelic mutations in
E-cadherin (CAMA-1 and SB-BR3) [25]. These mutations resulted in aberrant or absent E-cadherin
protein expression, but in both cases in a non-functional protein. The cells showed rounded cell
morphology, consistent with abnormal E-cadherin mediated cell-cell junctions. Strikingly, both cell
lines completely lacked capacity to migrate (Fig. 4A). During the 24 h of analysis, all cells remained at
the same spot within the culture chamber. In addition, when we tried to induce migration by FN-
coating, bFGF treatment or both, the cell lines still do not respond and showed no migration at all
(Fig. 4A). All measurements show the same results, no migration capacity and no response to

treatment as can be seen from the small scaling (Fig. 4B).
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FIGURE 4. Migration capacities and response of breast cancer cells with mutant E-cadherin.

A. Pictures of migrating rounded breast cancer cells after 24 h obtained from migration movies. White dashed lines indicate the
migration front at T=0 h. Bar: 100 um.

B. Total and effective migration distances of SKBR-3 and CAMA-1 cells after 24 h with and without fibronectin coating and with
or without bFGF (200 ng/ml) treatment.

Comparative analysis of different breast cancer cell lines
To compare the migratory capacities of the six cell lines studied, we plotted the migration distances of

experiments without FN or bFGF in a single graph (Fig. 5).
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FIGURE 5. Migration capacities of 6 different breast cancer cell lines.
A. Total migration distances after 24 h.
B. Effective migration distances after 24 h.
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The hyper-methylated E-cadherin cell lines have the highest migratory capacity. Strikingly, these
two cell lines have comparable total distances but the effective distance of SUM-159PT cells is much
higher. The epithelial wild-type E-cadherin cell lines show moderate migratory capacities, where
MCF-7 is more migratory than SUM-52PE. The mutant E-cadherin cell lines both showed comparable

low to absent migration.

DISCUSSION

In this study we show that various breast cancer cell lines with E-cadherin promoter-methylation and
mutation have completely distinct cell motility capacities. These novel data suggest that mutation and
hyper-methylation of E-cadherin are two separate entities as compared to wild-type E-cadherin.

Cell migration is one of the crucial steps of metastasis and recent studies directly link motility to
metastasis [26]. We have used a novel barrier migration assay to analyse the migration potential of
different breast cancer cell lines. This novel cell migration assay has been developed to obtain
optimal control over the cells and the matrix along which the cells migrate [24]. Migration experiments
are carried out real-time under the microscope to obtain a broad set of motility parameters like
morphology, migration pattern, distances and velocity (see Fig. 1). In addition, cell divisions during
migration can be analysed. Although cell migration in vitro is hard to translate to the in vivo situation
of motility and metastasis formation, from in vivo experiments it has become clear that components of
the ECM are of crucial importance for the process of cell motility within tumours [6].

We evaluated cell migration capacities of different breast cancer cell lines with reported
differences in E-cadherin status. During breast tumour development E-cadherin acts as an invasion-
suppressor and mutation or deregulation of protein expression results in an increase in invasiveness
[27,28]. For a broad set of breast cancer cell lines E-cadherin status correlated with cell morphology
(Hollestelle and Schutte, manuscript in preparation). Cells with wild-type E-cadherin showed an
epithelial sheet morphology, cells with hyper-methylated E-cadherin promoter are spindle-shaped,
while cells with E-cadherin mutations showed rounded cell morphology. We investigated the
migration capacities of two cell lines out of each group. Strikingly, different cell lines with the same E-
cadherin status were completely comparable (Figures 2-4). Three sets of two cell lines isolated from
different patients, but with a similar E-cadherin gene status, showed the same migration capacity and
responsiveness suggesting that E-cadherin status might directly or indirectly be involved in these

processes. Our data suggests that E-cadherin, known to be a involved in tumour invasion [29], might
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also act as a regulator of breast tumour cell migration. To justify this preliminary conclusion, more
detailed genetic experiments on E-cadherin need to be done on the future.

For breast cancer cells with wild-type E-cadherin we observed a moderate migration capacity
(Fig. 2). Cells with hyper-methylated E-cadherin promoter showed a strongly increased capacity (Fig.
3) while cells with E-cadherin mutations completely lacked the capacity to migrate. Moreover, the
latter cells also did not respond to any trigger (Fig. 4). The reasons for big differences between
mutation and hyper-methylation remain unclear and need to be addressed by future experiments. E-
cadherin mutation might results in different secondary cellular effects as compared to hyper-
methylation. Epithelial cells did not respond to FN-coating, while triggering with bFGF did induce
motility. Epithelial cells moved as a sheet and future experiments need to address the exact
contribution of cell proliferation to the migration responses to discriminate between the mitogenic and
migration-inducing effects of bFGF (or other triggers).

We only tested one matrix component making drawing conclusions very preliminary. For the
evaluation of matrix-component involvement in epithelial breast cancer cell lines more matrix
components need to be evaluated. For epithelial cells one might speculate that these cells are hard
to trigger by matrix components because the cell-cell contacts are very high and these cells can not
move individually. For FN and collagen-IV an effect on motility of MCF-7 and MDA-MB-231 cells has
been described [30]. However, these experiments were done using trans-well chemo tactic systems
and in these responses different factors may be involved. One can imagine that crawling into/through
a membrane and migrating along a defined matrix are dissimilar in vitro systems and differences may
be observed for specific factors. One such difference was observed for MDA-MB-231 cells that
showed a higher motility along FN-coating (Fig. 3). In addition, also for bFGF we observed different
effects as reported previously when other assays (scratch and trans-well) were used. When bFGF
expression was induced in MDA-MB-231 cells, the cells showed less malignant features, like a lower
motility [31]. This effect on migration however, was transient and besides the different assays used,
we added bFGF at higher concentrations. This again indicates the need for experiments to determine
the proliferation dependent component of the observed effects.

When we analysed migration capacities of breast cancer cell lines with mutated E-cadherin, we
unexpectedly observed that these cells completely lacked capacity to migrate and failed to respond to
triggers as well (Fig. 4). These phenomena were observed in two cell lines. For a third cell line,
MPEG00, the same results were found (data not shown). These observations seem in contrast to an

earlier study suggesting a motility increase upon E-cadherin mutation [22]. However, the cell line
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used (MDA-MB-435S) is reported to have hyper-methylated E-cadherin promoter [32] with the wild-
type gene (Hollestelle and Schutte, manuscript in preparation). Thus MDA-MB-435S is not a mutant
cell lines but has hyper-methylation which is exactly in line with the presented migration data. These
data show that breast cancer cells with mutated E-cadherin have completely lost the capacity to
migrate and in addition also are not capable to gain this capacity when triggered. An interesting
question is whether the loss of cell-cell contact and absence of migration capacity in those cells are
linked or independent processes. Extra experiments need to be set up to confirm the observation and
to allow statistical analysis of the differences in response. More breast cancer cell lines will be
evaluated and mutant cell lines will be transfected with wild-type E-cadherin to further analyse the
role of E-cadherin during breast tumour cell migration.

In conclusion, we show new data on breast cancer cell motility with a possible but complex role
of E-cadherin. Both migration capacity and responsiveness of breast cancer cells might be linked E-
cadherin status. However, on the exact involvement of E-cadherin and possible other factors, we can
not make strong conclusions. For this purpose gene knock-in and knock-down experiments need to
be done within one cell line to allow proper comparison. The use of a novel migration assay raised
some new questions but also provided new data on motility of tumour cells, which might be useful for

a future translation to in vivo migration and metastasis formation.
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Note: This chapter contains figures that are also available in full colour (labeled with ‘CLR’). These
colour figures can be found in the Appendix of this book (page 209) and in the online version (via
Medical Library, Erasmus MC).
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ABSTRACT

Tumour necrosis factor alpha (TNF), isolated 30 years ago, is a multifunctional cytokine playing a key
role in apoptosis and cell survival as well as in inflammation and immunity. Although named after its
anti-tumour properties, TNF has been implicated in a wide spectrum of other diseases. The current
use of TNF in cancer is regional treatment of locally advanced soft tissue sarcomas and metastatic
melanomas and other irresectable tumours of any histology, to avoid amputation of the limb. It has
been demonstrated in the isolated limb perfusion (ILP) setting that TNF acts synergistically with
cytostatic drugs. The interaction of TNF with TNF Receptor-1 and -2 (TNF-R1, R2) activates several
signal transduction pathways leading to the diverse functions of TNF. The signaling molecules of
TNF-R1 have been elucidated quite well but regulation of the signaling remains unclear. Besides
these molecular insights, laboratory experiments in past decade have shed light upon TNF action
during tumour treatment. Besides extravasation of erythrocytes and lymphocytes leading to
hemorrhagic necrosis, TNF targets the tumour-associated vasculature (TAV) by inducing hyper
permeability and destruction of the vascular lining. This results in an immediate effect of selective
accumulation of cytostatic drugs inside the tumour and a tardive effect of destruction of tumour
vasculature. In this review, covering TNF from molecule to clinic, we provide an overview of the use
of TNF in cancer starting with molecular insights of TNF-R1 signaling, cellular mechanisms of the anti
tumour activities of TNF and we end with the clinical response. In addition possible factors

modulating TNF actions will be discussed.

INTRODUCTION

Tumour necrosis factor alpha (TNF) is a multifunctional cytokine involved in apoptosis, cell survival,
inflammation and immunity acting via two receptors [1,2]. Currently it is used in cancer treatment in
an isolated limb perfusion (ILP) setting for soft tissue sarcomas (STS), irresectable tumours of
various histological types, and melanoma in-transit metastases confined to the limb [3]. TNF was
isolated in 1975 from serum of mice treated with bacterial endotoxin as the active component of
“Coley’s toxin” and shown to induce hemorrhagic necrosis of mice tumours [4,5]. It was almost a
century ago that William Coley, a surgeon from New York, observed high fever and tumour necrosis
in some cancer patients treated with his bacterial filtrate (“Coley’s mixed toxins”) [6]. A decade after
its isolation TNF was also characterized as “cachectin” and as T-lymphocyte differentiation factor

[7,8]. In 1984 the human TNF-gene was cloned [9,10] and a range of clinical experiments were set up
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leading to a license from the European Medicine Evaluation Agency (EMEA) for the treatment of

limb-threatening soft tissue sarcomas in an isolated perfusion setting [11].

TNF and TNF-R1 signaling

TNF is a 17-kDa protein consisting of 157 amino acids, which is a homotrimer in solution. In humans
the gene is mapped on chromosome 6 [12]. Its bioactivity is mainly regulated by soluble TNF-binding
receptors. TNF is mainly produced by activated macrophages, T-lymphocytes and NK-cells. Lower
expression is known for a variety of other cells including fibroblasts, smooth muscle cells and tumour
cells. In cells TNF is synthesized as pro-TNF (26 kDa) which is membrane-bound and upon cleavage
of its pro-domain by TNF-converting enzyme (TACE) it is released (reviewed in [13]).

As mentioned above, TNF acts via two distinct receptors [14]. Although the affinity for TNF-R2 is 5
times higher compared to TNF-R1 [15], the latter initiates the majority of the biological activities of
TNF. TNF-R1 (p60) is expressed on all cell types while TNF-R2 (p80) expression is mainly confined
to immune cells [16]. The major difference between the two receptors is the Death Domain (DD) in
TNF-R1 that is absent in TNF-R2. For this reason TNF-R1 is an important member of the death
receptor family sharing the capability to induce apoptotic cell death [17]. Besides this apoptotic
signaling TNF-R1 is widely studied because it is a dual role receptor: next to induction of apoptosis it
also has the ability to transduce cell survival signals. Although signaling pathways are well defined
nowadays, the life-death signaling regulation is still poorly understood [18,19].

The TNF-R1 signaling pathways are depicted in Figure 1. Upon binding of the homotrimer TNF,
TNF-R1 trimerizes and silencer of death domain (SODD) protein is released [20]. TNFR-associated
death domain (TRADD) binds to the DD of TNF-R1 and recruits the adaptor proteins receptor
interacting protein (RIP), TNFR-associated factor 2 (TRAF-2) and Fas-associated death domain
(FADD) [21]. In turn these adaptor proteins recruit key molecules, which are responsible for further
intracellular signaling. When TNF-R1 signals to apoptosis FADD hinds pro-Caspase-8, which is
subsequently activated. This activation initiates a protease cascade leading to apoptosis, also
involving the mitochondria and with caspases as key regulators [22]. The ultimate event in this
apoptotic signaling is the activation of endonucleases, like EndoG, resulting in DNA fragmentation.
Alternatively, when TNF-R1 signals to survival, TRAF-2 is recruited to the complex, which inhibits
apoptosis via cytoplasmic inhibitor of apoptosis protein (clAP). The hinding of TRAF-2 initiates a
pathway of phosphorylation steps resulting in the activation of cFos/cJun transcription factors via

mitogen-activated protein kinase (MAPK) and cJun N-terminal kinase (JNK) [23]. The major signaling
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event of TRAF-2 and RIP is the widely studied activation of Nuclear Factor Kappa B (NF-kB)
transcription factor via NF-kB inducing kinase (NIK) and the Inhibitor of kB kinase (IKK)-complex [24].
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FIGURE 1. TNF-R1 signaling pathway (CLR).

TNF activates both survival and proliferation pathways along with apoptotic pathways via TNF-R1. The separate pathways are
well defined while the survival-death balance regulation remains unclear. Abbreviations: APAF-1: apoptosis protein activating
factor-1, Bcl-2: B-cell lymphoma-2, Bid, Bak, Bax and Bcl-XL: mitochondrial proteins of the Bcl-2 family, CAD: caspase-
activated DNAse, Caspase-3/8/9: cysteine aspartase (apoptotic protease) 3/8/9, Cdc37: co-chaperon of HSP90, clAP:
cytoplasmic inhibitor of apoptosis, cFos/cJun: transcription factors, DD: death domain, EndoG: mitochondrial DNAse, FADD:
fas-associated DD, HSP90: heat shock protein-90, I-CAD: inhibitor of CAD, I-kB: inhibitor of NF- kB, IKKalpha/beta: I-kB
kinase, JNK: cJun n-terminal kinase, MEKK1: MAPK/ERK kinase-1, MKK3/7: MAPK kinase 3/7, NEMO: NF-kB essential
modulator, NF-kB: nuclear factor kappa B transcription factor, NIK: NF-kB inducing kinase, p38MAPK: p38 mitogen activated
protein kinase, RIP: receptor interacting protein, SODD: silencer of DD, sTNF-R1: soluble TNF-R1, TNF: tumour necrosis
factor alpha, TNF-R1: TNF receptor 1, TRADD: TNF receptor-associated DD, TRAF-2: TNF receptor-associated factor-2.

Both the NF-kB and cFos/cJun transcription factors induce transcription of anti-apoptotic,
proliferation, immunomodulatory and inflammation genes. NF-kB is the major survival factor in
preventing TNF-induced apoptosis and inhibition of this transcription factor may improve the efficacy
of apoptosis-inducing cancer therapies [25]. NF-kB activation in many human malignancies is
aberrant or consecutive and its role in regulation of the apoptosis-proliferation balance in tumour cells
indicates its role in oncogenesis [26,27] For further details on the dual signaling of TNF-R1, see

Figure 1.
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Implications for cellular mechanisms underlying TNF effect during solid tumour treatment

It is widely known that TNF induces hemorrhagic necrosis in a certain set of tumour types. To
investigate the underlying mechanisms of TNF action during ILP of solid tumours in humans we set
up perfusion models in rats and reported that the hemorrhagic necrosis was strongly increased in
tumours treated with TNF and chemotherapeutic drugs [28]. In addition we showed a synergistic anti
tumour effect of the combination treatment with TNF and chemotherapeutic drugs [29]. In contrast,
TNF alone induced only a mild central necrosis and there was no objective tumour response
observed. The same rat models revealed as well that addition of TNF improved the accumulation of
chemotherapeutic drugs selectively in the tumour up to 3 to 6 fold The augmented uptake of
melphalan added to the molecular properties of this small molecule (distribution by gradient instead
of convection) resulted in intra-tumoural concentrations close to the IC50 towards STS cells in vitro
[30,31]. These levels results in tumour cell kill in the ILP-setting and melphalan can distribute within
the well-perfused parts of the tumour although the intra-tumoural pressure is high. This selective
uptake of melphalan by the tumour was also observed when other vaso-active drugs were used in
the ILP-setting (see below). It is important to note that the cell lines we used were not sensitive to
TNF in vitro, which is in accordance with other reports describing a lack of effect of TNF and no
synergism with cytotoxic drugs on cell lines [32,33]. Next to these ILP data, studies in mice and rat
showed that a systemic low dose of TNF augments the anti tumour activity of Doxil [34,35]. These
observations are comprehensible clues that mechanisms underlying the TNF effect during solid
tumour treatment cannot be caused by a direct cytotoxic or cytostatic effect of TNF towards the
tumour cells. It was suggested that rather than tumour cells itself, cells of the tumour-stroma may be
responsible for the observed anti tumour effect of TNF in patients. This hypothesis was confirmed by
data from mice experiments revealing that TNF had a cytotoxic effect against tumour vasculature
[36].

Angiogenesis and tumour-associated vasculature

Angiogenesis, the formation of new blood vessels from pre-existing ones, has become a major field
of research, mainly in cancer [37]. Angiogenesis is essential for a tumour to provide the tumour cells
with oxygen and essential nutrients for growth and to metastasize hematogenically [38]. A growing
tumour activates surrounding vessels by secreting angiogenic factors thereby changing the dormant
tumour-phenotype towards an angiogenic one, the so-called ‘angiogenic switch’ [39]. Activated

endothelial cells have to migrate towards the tumour along a newly formed matrix, of which the
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components are synthesized by themselves, tumour cells and other cells like macrophages and
fibroblasts [40]. Figure 2 shows schematically the process of tumour angiogenesis that can be
divided into 4 different stages. A small dormant, tumour (stage 1) can, depending on the nature of the
tumour and its microenvironment, make the ‘angiogenic switch’ to ensure exponential growth. The
tumour is secreting growth factors, to activate endothelial cells of surrounding vessels (stage 2).
Upon activation these endothelial cells start to migrate and proliferate towards the tumour. Only one
endothelial cell starts an angiogenic sprout and develops into an endothelial tip cell migrating along
the extra cellular matrix (ECM) and guiding the following so-called stalk endothelial cells (stage 3)
[41]. Finally, the growing tumour is connected to the vasculature (stage 4). Besides growth and
proliferation the tumour can metastasize. Malignant tumour cells now have access to the vessels, by
invasion of the vessels, ECM degradation, attachment and homing to target sites distal metastasis
can be formed [42]. The process of tumour angiogenesis results in a tumour associated vasculature
(TAV), which is rather chaotic, both in structure and function. In comparison with normal vessels the
tumour vessels have a non-continuous endothelium, an enlarged basal membrane and a aberrant

pericyte coverage [43].
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FIGURE 2. The sequential steps during tumourangiogenesis (CLR).

The dormant tumour in stage 1 starts to secrete angiogenic growth factors (GF) after its ‘angiogenic
switch’, which is accomplished by an imbalance in pro- and anti-angiogenic factors. These GF
activate endothelial cells of surrounding vessels and these cells start to migrate (stage 2) and
proliferate towards the tumour. An endothelial tip cell (TC) is guiding this sprouting process (stage 3).
In stage 4 the novel sprout has formed a lumen and the tumour is connected to the vasculature
thereby ensuring its growth and enabling itself to metastasize hematogenically.
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Frequently, in tumours the vascular hierarchy of arterioles, capillaries and venules is absent
resulting in loosely associated pericytes [44]. From animal experiments it is known that pericytes are
present in small tumours and more abundant in large tumours [45]. The contribution of pericytes to
(anti)-angiogenic therapies is currently an attractive focus of research. On one hand, these
characteristics impair tumour blood flow, delivery of oxygen and therapeutics to the tumour cells and
vessel functionality but on the other hand these differences may be used as a target. The solid
tumours treated by ILP with TNF have a massive vascular structure consisting of vessels with the
phenotype specific for tumour vessels although detailed study needs to clarify exact contribution of

the TAV to observed anti-tumour responses.

Activities of TNF in solid tumours: hypothetical mechanism
The vascular differences mentioned above are depicted in Figure 3A. These differences are
responsible for a more leaky vasculature in the tumour with average intra-endothelial gaps of 400 nm

depending on tumour type [46].
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FIGURE 3. Differences between healthy and tumour endothelium and a proposed mechanism of the
TNF effect (CLR).
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A. Schematic representation of a vessel with healthy endothelial lining (upper) and tumour
endothelial lining (lower). Healthy endothelium is a continuous lining of endothelial cells, covered with
pericytes and with a thin basement membrane. The permeability is low and extravasation is tightly
organized. In contrast, tumour endothelium does not consist of a continuous lining of endothelial
cells, it lacks pericyte coverage and the basement membrane is thickened. This phenotype results in
an increased permeability of tumour vessel (small arrows). We hypothesize that the tumour
endothelium exhibits a higher TNF-R1 expression due to TNF-R1 upregulating factors produced by
vessel-surrounding cells.

B. Upon TNF treatment in an ILP the healthy endothelium stays intact because it is TNF-insensitive
by lacking TNF-R1 expression on the membrane. Tumour endothelium binds TNF, which affects
endothelial phenotype and induces apoptosis in some endothelial cells. These two processes result
in an enormous induction of vessel permeability (big arrows). As a result the chemo-drug is well
distributed throughout the tumour and a strong extravasation of erythrocytes results in a massive
hemorrhagic tumour necrosis. The selectively targeted tumour vessels are non-functional anymore
and regress.

Blood cells like lymphocytes and monocytes easily adhere and extravasate into the tumour. We
speculate that the endothelial cells of the tumour vessels compared to normal vessels have an
upregulation of TNF-R1 on their membrane, which may be dependent on TNF-R1 upregulating
factors produced by vessel-surrounding cells like tumour cells and macrophages. This upregulation
along with the specific architecture of the endothelial lining defines the tumour vessels as a specific
target for TNF treatment (Fig. 3B). When TNF is administered via an ILP to treat solid tumours it
binds soluble receptors and because of the high dosage TNF-R1 on tumour endothelial cells are
occupied. Healthy endothelium in contrast, does bind TNF however due to a lower amount of
membrane-bound TNF-R1, most TNF-R1 is stored in the golgi-apparatus [47], there is no toxicity. We
propose that this TNF-TNF-R1 binding results in a hyper permeability of the tumour vessels and
erythrocytes and other blood cells extravasate. The strong extravasation of erythrocytes results in
massive hemorrhagic necrosis of the tumour. Due to the direct cytotoxicity of high dose TNF to
endothelial cells, some of these cells will undergo apoptosis and this process will strongly enhance
the induced hyper permeability (Fig. 3B). Several studies have shown that a lower dose of TNF
results in comparable responses [48,49], suggesting that a lower dose still may induce these anti-
vascular effects. The healthy vessels however stay intact no apoptosis and no extravasation occurs.
The observed synergistic activity of TNF and chemotherapeutic drugs are a consequence of this
double induced hyper permeability. This hyper permeability throughout the tumour facilitates
augmented accumulation and distribution of the drug in the tumour, resulting in an improved
exposure of the tumour cells to the cytostatic agent [30]. This double induced hyper permeability

along with the dual targeting, the TAV (by TNF) and the tumour cells (by the chemo-drug), might be
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an explanation for the observed synergistic response of tumours to TNF and chemo resulting in high

response rates in patients.

Clinical Efficacy of TNF-based isolated limb perfusion

The use of TNF in the ILP setting was pioneered by Lejeune and Lienard [50]. In 19 melanoma
patients and a few STS cases impressive and very rapid responses were observed. This observation
was followed by multicenter trials in patients with locally advanced STS and melanoma. In Table 1 we
present an overview of the multicenter trials in Europe that lead to the approval of TNF by the
European Medicine Evaluation Agency (EMEA) in 1998 for its application in ILP for the treatment of
high grade (2-3) STS. In these multicenter trials an overall response rate of 76% and a median limb
salvage rate of 82% was observed. Moreover this table lists the largest single center studies in STS
that confirm the results of the multicenter experience [49,51-67]. We observe strikingly consistent
major response rates, with a median of 76 % (range 58% -91%), with a median limb salvage rate of
84% (range: 58-97). The TNF-based ILP is now performed in 35 cancer centers in Europe with
national referral patterns for limb salvage.

ILP with melphalan alone for melanoma in-transit metastases (IT-mets) is reported in the
literature to result in about 50 % CR rate and a 80% overall response rate [68]. The introduction of
TNF in this setting was reported to increase CR rates to 70-90% and overall response rates to 95-
100%. These results are summarized in Table 2 [50,69-78].

Early on however it was observed that ILP with TNF+Melphalan (TM-ILP) is especially effective
against bulky tumours such as STS, where ILP with Melphalan alone [79] or Doxorubicine alone [79,
80] fails. It should also be noted of course that both drugs have no activity against melanoma in the
systemic setting and that melfalan has no activity agains STS in the systemic setting. TNF-based ILP
with Melphalan or Doxorubicin results in similar tumour response rates, but because of less
locoregional toxicity Melphalan is preferred over Doxorubicin in the ILP setting [65, 66, 67] In our own
series of 50 ILPs in patients with bulky in-transit melanoma the CR rate was still 58% [73], identical to
the CR rate that was seen in a interim analysis of a randomized trial by Fraker et al., [74] where TNF-
based ILP showed to be of significant benefit in patients with a high tumour load, increasing the CR
rate from 19% for M-ILP to 58% in TM-ILP. Apart from bulky melanoma a further indication for TNF-
based ILP is failure to a prior ILP since excellent response rates have been reported in this situation
[76,77]. Similarly high response rates have been reported for TNF-based ILP for non-melanoma

locally advanced skin cancers [78].
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Table 1:

Principle Studies on TNF-based ILP for Irresectable Soft Tissue Sarcomas

ILP Studies Pts CR PR NC/PD Limb Salvage Ref Ref

Drugs n % % % % Year #

Pivotal Multicenter Studies ; ; ;

TNF+IFN+M 20 55 40 5 90 1993 51

TNF+IFN+M 59 18; 64; 18; 84 1996 52

TNF +IFN+M 195 ?g; g;; ;g; 82 1996 53
29 537 18

TNFIFN+M 270, 28 48 240 76 1999 54

196 17 48 35 71

Single Center Studies (>20 Pts)

TNFIFN+M 35 37° 54° > 85 1997 55

TNF +IFN+M 34 35° 59° 6° 85 1998 56

TNF +Dox 20 26° 64° 10° 85 1999 57

TNF+FN+M 22 18° 64> 18° 77 2000 58

TNFIFN+M 55 -, -, -, 84 2001 59

TNFIFN+M 49 8 55 37 58 2003 60

TNFJ_rIFN+M;O 29 38§ 3s§ 18§ 76 2003 61

TNFIFN+M 64 42 45 13 82 2005 62

TNFiIFN+M: 29 2o§ 502 302 65 2005 63

TNF+FN+M 37 16, 68, 16 97 2005 64

TNF+Dox 21 ng gg? ?g? 71 2005 65

TNFIFN+M 217 18 51 31 87 2005 66
26° 49> 25°

TNF+M’ 100 492 172 342 87 2005 49

. 357 22° 437
TNFIFN+M 240 24 50 26 82 2005 67

Pts = patients; n = number of patients; CR = complete remission; PR = partial remission rate; NC = no change; PD =
progressive disease

1 Objective Clinical Response Rate By WHO criteria.

2 CR: clinical CR or 100% necrosis; PR: clinical PR or >50-89% necrosis.

3 CR only recognized by EMEA when histopathology showed 100% necrosis.

4 Independent committee recognized 196 patients as pure amputation candidates.

5 No clinical response data; CR: >90% necrosis; PR: radiological and/or histopathological >50% necrosis.

6 CR/PR: loss of vasculature on Ultrasound/MRI; lower panel CR: >90% necrosis on histopathology

7 low dose TNF of 1mg, or Various doses of TNF (Bonvalot: 0.5 mg — 4 mg); (Grinhagen: 1mg — 4 mg) STS patients.
8 Patients with metastatic disease.

9 Patients with multiple tumors in extremity.

10 Patients >75 years old.

11 Patients with recurrent sarcomas in 60-70 Gray irradiated fields.

As TNF acts primarily on the tumour vasculature, these observations make sense and the
propensity to respond to a TNF-based ILP is assumed to depend more on tumour vasculature than

on the histologic type of tumours.
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Table 2:

TNF-based ILP in Melanoma and Non-Melanoma Skin Cancer Patients

ILP Pts CR PR Overall TTLP Median Ref Ref
n % % RR mo Year #
All Melanoma Patients 19 89 11 100* 8+ 1992 50
44 80 10 100* 18+ 1883 69
58 88 12 100* 26 1995 70
26 76 16 92 ns 1996 71
32 78 22 100* 14 1999 72
32 69 22 91 14 1999 72
100 69 26 95 16+ 2004 73
Bulky Melanoma only 39 59 16 75 ns 2002 74
20 70 25 95 ns 2004 75
50 58 34 83 8 2004 73
Repeat ILP for Melanoma 17 65 29 94 6 1997 76
26 75 25 100 14 2005 77
Non Melanoma 15 60 27 87 20+ 1999 78

Skin Cancers

Pts = patients; n = number of patients; CR = complete remission; PR = partial remission rate; Overall RR = Overall (CR+PR)
Response Rate; TTLP = time to local progression; mo = months; ns = not specified ; * TNF + IFN

Response of STS to TNF-based ILP is shown in Figure 4A. MRI of a patient with six-seven high-
grade leiomyosarcoma in the upper leg shows before ILP clear dark tumour masses with high
gadolinium uptake. Five weeks after ILP all tumour masses are gadolinium-negative. Along the distal
femur only small tumour remnants are visible, but at the proximal femur a large, but gadolinium
negative, tumour mass without signs of regressions is visible. All lesions were resected and found to
be 100% necrotic. Thus the response was classified as a histopathologic CR.

Targeting by TNF of the tumour vasculature is revealed in patients by angiographies before and
after ILP. The TAV was selectively destructed by the TNF-based ILP; the TAV is gone while normal
vessels of the limbs are still intact after ILP (Fig. 4B). TNF targets the vasculature of tumours with
completely different histologies but as the TAV is well developed in all these tumours the combination
therapy in the ILP-setting is very effective for the distinct tumours treated. Synergistic and high
response rates are achieved in sarcomas consisting of a broad range of subtypes as well as in

melanomas.
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__before before after

normal skin melanoma tumor

FIGURE 4. Anti-tumour and anti-vascular effects of TNF upon ILP treatment of sarcoma and
melanoma patients (CLR).

A. MRI of a patient with a high-grade leiomyosarcoma in the upper leg showing tumour mass before
treatment (left) while 5 weeks after ILP with TNF and melphalan there is no gadolinium uptake in the
tumour remnants (right). Tumour remnants were resected and all necrotic.

B. Angiographies of 2 patients with rapidly growing sarcomas in the leg before (left) and after (right)
ILP with TNF and melphalan. Angiographies clearly show the well-developed tumour vasculature
before ILP, which is selectively destructed after treatment while the normal vessel are still present
and intact. Both patients were classified as complete responders.

C. Endothelial lining of tumour vessels is destructed. Endothelial staining (CD-31) of vessels in
normal skin (left) and melanoma (right) in biopsies of a melanoma patient taken after ILP. Vessels in
the normal skin show a continuous endothelial lining (arrow) while in the melanoma-associated
vessel this lining is disrupted and the endothelial cells detach from the basement membrane
(arrowheads). The elastic fibers (asterisks, stained aspecific) in the thickened basement membrane
are also visible in the melanoma vessel. Scale bar: 50 um.

At the histopathological level a massive hemorrhagic necrosis is observed inside melanomas
treated with ILP [81] an effect likely caused by the TNF-induced coagulation and extravasation of
erythrocytes [82]. In accordance with the angiographies of STS, the vascular lining of melanoma
tumour vessels is destructed (Fig. 4C). Staining for endothelial cells reveals that upon treatment in
skin vessels the endothelium is intact and continuous while this lining is heavily disrupted and the

cells detach from the underlying basement membrane in melanoma-associated vessels. These anti-
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vascular TNF-effects are achieved by the high concentration reached during ILP. At these high levels
TNF acts anti-vascular and anti-angiogenic while at lower concentration TNF is known to promote
angiogenesis [83]. In addition to the direct TAV-mediated effects, TNF reduces the blood flow in
tumours in a dose-dependent fashion [84]. These set of anti-vascular TNF-effects were recently
confirmed by experiments revealing that the tumour response to TNF correlates whit the degree of
tumour vascularity [85]. Along with this dual role in angiogenesis, TNF is also known for its dual role
in cancer treatment, anti-TNF therapy is also used for several cancers. The anti-neoplastic and

tumour-promoting effects of TNF are discussed in a recent review [86].

Approaches to modulate TNF action in cancer treatment

High response rates in ILP-setting do not avoid the search for factors that modulate the TNF effect in
solid tumours. Besides the possible application of TNF in other settings (for example systemic
treatment) and for other tumours-types, the non-responding patients in the ILP-setting may also
benefit from TNF sensitizers. Some of these approaches are mentioned below. An obvious target is
inhibition of the NF-kB survival pathway. Inactivation of NF-kB is known to sensitize several tumours
to TNF [87]. NF-kB can be blocked in several ways, overexpression of its inhibitor I-kB and selective
NF-kB inhibitors have shown to increase TNF-induces apoptosis of tumour cells [88,89]. One such
inhibitor, bortezomib, has by now entered the clinic as a combination therapy with chemotoxic drugs
for prostate cancer and myeloma [90].

Nitric oxide (NO) is involved in survival of TNF treated cells through NF-kB induced expression
of inducible NO synthase (iNOS) [91,92]. We have previously shown that inhibition of NOS by
addition of L-NAME during TNF-based ILP resulted in an increased tumour response in rats bearing
STS [93]. These observations are confirmed by a recent study showing that NOS inhibition in
endothelial cells reduces their sensitivity to TNF in vitro leading to the hypothesis that tumour vessels
exhibit a higher level of NOS which might explain the higher TNF-sensitivity [94]. These studies justify
further evaluation of NOS inhibition in tumours of patients treated by an ILP to stimulate the anti-TAV
activities of TNF.

Apoptosis induced by TNF is also associated with the generation of reactive oxygen species
(ROS). It is shown that the key-survival factor NF-kB induces ROS neutralizing enzymes like
superoxide dismutase [95]. Induction of the ROS production or an inhibition of the NF-kB pathway by
cyclooxygenase-2 (COX-2) inhibitors are reported to be successful in sensitizing tumour cells to TNF-
induced apoptosis [96].
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Procedures with liposomal encapsulation of TNF to elongate its circulation time and to achieve
effective TNF concentrations in the tumour showed to be effective in systemic treatment in
combination with chemotherapeutic drugs in rats [97].

Another experimental approach is the development of TNF analogues like TNF-mutants
selectively binding to TNF-R1 [98] and mutants affecting the pharmacokinetics of TNF-TNFR1
interactions at tumour vascular level [99]. In animal models these approaches have shown promising
results compared to wild type TNF but this research is still too experimental and no TNF-analogues
have reached clinical studies yet.

A more physiological and therefore potent way is the role of other cytokines that serve as TNF
sensitizers. Interferon gamma (IFN) is one of the widely studied cytokines and although in the ILP
setting for melanomas and sarcomas no beneficial effects and some levels of toxicity were observed,
for other cancers IFN might be very suitable because of its reported actions on TNF-R1 and caspase-
8 thereby regulating TNF-induced apoptosis [100]. Endothelial monocyte-activating polypeptide I
(EMAP-II) is a cytokine produced by tumour cells so a local production is suggested thereby
facilitating TNF anti-tumour activities. EMAP-II can sensitize reported TNF-resistant tumours sensitive
to TNF, which was shown by upregulation of EMAP-II resulting in an increased TNF effect [101].
Underlying mechanisms for this effect remain unclear although it is postulated that an upregulation of
TNF-R1 on endothelial cells might be an explanation [102]. Besides TNF modulating effects EMAP-II
exhibits other anti-tumour effects like anti-angiogenic and immunosuppressive activities [103,104].
Combining these cytokines with TNF and investigation of expression patterns and local protein
production might be very promising in modulating TNF activities in cancer treatment.

Besides modulating TNF actions other TAV manipulating agent are tested in ILP as well.
Recently we showed that both histamine (via its own vascular activity) and Interleukin-2 (via
upregulation of TNF production) have strong synergistic anti-tumour effects when combined with
melphalan. Importantly, with both these agents an augmented accumulation of melphalan in the
tumour specifically was observed, confirming TAV as effective target in solid tumour treatment
[105,106].

CONCLUSIONS
The use of high dose of TNF locally administered in combination with melphalan for patients with
metastatic in-transit melanoma and soft tissue sarcoma confined to the limb is a well-established

treatment modality nowadays. Furthermore the modulation of tumour pathophysiology by low dose
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TNF indicates that in combination with liposomal drugs systemic therapy should be investigated in

the clinic. Besides understanding of the molecular events of TNF-R1 signaling taking place during

tumour treatment, these studies likely will expand the use of TNF for other cancer types and for non-

responding ILP-patients as well. The multifunctional properties of TNF may well result in a more

varied application of this cytokine.
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ABSTRACT

Endothelial Monocyte-Activating Polypeptide-1l (EMAP-II) is a pro-inflammatory cytokine with anti-
angiogenic properties. Its precursor, proEMAP, is identical to the p43 auxiliary component of the
tRNA multisynthetase complex and therefore involved in protein translation. Although most of the
activities have been ascribed to the active form EMAP-II, also p43 has reported cytokine properties.
ProEMAP/p43 and EMAP-II act on many levels and on many cell types including endothelial cells,
immune cells and fibroblasts. In this review we summarize all available data on isolation, expression
and functions of EMAP-II both in physiological processes as well as in pathological settings, like
cancer. We also discuss the different reported mechanisms for processing of proEMAP/p43 into
EMAP-II. Finally, we speculate on the possible applications of this cytokine for (cancer) therapy.

Discovery and isolation

The history and discovery of EMAP-II are closely related to that of Tumour Necrosis Factor-o. (TNF).
TNF, discovered in the mid 70-ties but cloned almost ten years later, was named after the
observation that it can induce hemorrhagic necrosis in murine tumours [1-4]. After its cloning,
research focused mainly on the TNF-induced vascular response. In vitro, TNF exerts procoagulant
activity and modulates haemostatic activity of endothelial cells (EC) [5,6]. In vivo however,
comparable TNF-concentrations induced severe tissue damage and a septic shock-like syndrome [7].
In addition, tumour-bearing mice turned out to be more susceptible to TNF-induced toxic side effects
than to TNF anti-tumour activity, thus limiting the applicability of TNF [8]. Within this context it is
remarkable that relatively low concentrations of TNF administered to methylcholanthrene A (Meth A)
fibrosarcoma-bearing mice induced fibrin formation throughout the tumour vascular bed [9]. This
interesting finding, and the TNF-sensitivity of Meth A sarcomas, initiated the search for Meth A
sarcoma-produced factors that might enhance the procoagulant response to TNF.

In 1990, a polypeptide was purified from Meth A-conditioned medium capable of enhancing
TNF-induced Tissue Factor (TF) upregulation on EC. This tumour-derived TNF-mediator had an
estimated molecular weight of 44 kD and was called Meth A factor [10]. Meth A factor induced TF,
together with TNF, in a more than additive way. Subsequently, this polypeptide was called
Endothelial Monocyte-Activating Polypeptide-I due to its procoagulant activity of EC and to prevent
confusion with the afterwards identified EMAP-II. The same group of researchers isolated a second
factor from Meth A supernatants of approximately 46 kD. This factor had a lower TF inducing

capacity, but also induced monocyte activation [11]. This second factor turned out to be identical to
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Vascular Permeability Factor, isolated earlier as an angiogenic mitogen [12,13]. This factor was
renamed and is nowadays known as Vascular Endothelial Growth Factor (VEGF) [14] and still is
considered the key angiogenic factor, with essential roles in development, inflammation,
differentiation and tumour growth (for reviews see [15,16]).

Two years later, in 1992, another factor was isolated from Meth A conditioned medium, a
polypeptide of approximately 22 kD. This factor had a unique amino-terminal sequence, induced TF
expression to modulate coagulant responses, was chemotactic for monocytes and granulocytes and
induced inflammation upon injection [17]. Based on its properties, this factor was named EMAP-II and
was suggested to manipulate the tumour microenvironment, especially the vasculature. The
precursor of this protein, proEMAP, turned out to be identical to another protein, namely the p43
auxiliary protein of the aminoacyl tRNA synthetase (ARS) complex, discussed in more detail below
[18].

Again two years later the human EMAP-II gene was cloned and reported to activate EC and
monocytes in vitro and induce thrombo-hemorrhagic effects and tumour regression when injected
intratumourally into Meth A sarcomas [19].

Currently, EMAP-II proteins have been identified in a broad set of organisms. Figure 1 shows
EMAP-II protein sequence and alignment of a selection of species. Homology is the highest among
vertebrates, mainly in both the N- and the C-terminal part. For the mature protein part of the
sequence (C-terminal) also some homology with fly EMAP-II is present. As to be expected, the
homologues domains overlap — in part — with the functional domains, which are discussed below.

Except for the yeast homologue, all EMAP-II proteins share a C-terminal lysine residue.
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FIGURE 1. Homology of proEMAP/p43 protein sequence between different species. Alignment of protein sequence of a
selection of species in which EMAP-II protein is found using ClustalW software. Amino acids present in at least five species
are indicated by black boxes, when present in less than five, similar amino acid residues are indicated by gray boxes.
Accession numbers of the protein sequences are: D. melanogaster (NP_610426), A.gambiae (XP_314551), E. coli
(NP_289648), H. sapiens (NP_004748), C. familiaris (XP_545016), M. musculus (NP_031952), R.norvegicus (NP_446209),
G.gallus (XP_420496) and S.cerevisiae (P46672).
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Gene structure and protein characteristics
EMAP-II is known in literature by several synonyms: SCYEL, small inducible cytokine subfamily E
member 1; p43, multisynthetase complex auxiliary component p43; MCAL, multisynthetase complex
auxiliary component 1; AIMP1, ARS-interacting multifunctional protein 1. For clarity we will use
EMAP-II (for the active protein) and proEMAP/p43 (for its precursor) in this review.

The human EMAP-II gene is located on chromosome 4g24 and spans approximately 31.2 kb.
The EMAP-II gene contains 7 exons and the ATG start site is located in the second exon. Gene
transcription results in a 1057 bp mRNA transcript of which 118 bp are untranslated divided between
5 and 3 into 49 and 69 bp respectively. The human EMAP-II mRNA sequence and the gene

structure are depicted in Figure 2.
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FIGURE 2. Structure of the human EMAP-II gene.

A. Schematic representation of the human EMAP-II gene. Transcription of the EMAP-II gene results in a 1057 bp mRNA
(Accession number U10117) and the coding sequence (CDS) is 939 bp. The human EMAP-II gene contains 7 exons spanning
approximately 31.2 kb on chromosome 4q24. For gene structure information GENATLAS was used.

B. mRNA sequence of EMAP-II transcript. The CDS is depicted in italic and the start and stop codon are depicted in bold
italic.

Because of its function as auxiliary protein within the ARS complex, proEMAP/p43 is expressed

in virtually all tissues and can be considered as a housekeeping gene and marker for protein
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synthesis [20,21]. Although proEMAP/p43 is universally expressed, the level of expression varies and
is abundant at sites of apoptosis and tissue remodeling [21,22].

Protein translation is a very complex biological process. Besides mRNA and tRNA, many
proteins, co-factors and enzymes are involved. As translation is one of the basic processes in every
cell, many of these factors are considered to be housekeeping proteins. In higher eukaryotic
organisms nine ARS (specific for amino acids Arg, Asp, GIn, Glu, lle, Leu, Lys, Met, Pro) are
assembled in a 1-1.5 x 106 Da multi protein complex [23]. Within this multi-enzyme complex also
three auxiliary proteins are associated, initially named for their apparent molecular weight, p18, p38
and p43 [24]. These three auxiliary proteins share functions in maintenance of the stability of the ARS
complex, but also have different other properties. The p18 protein is suggested to be involved in
association with the ARS complex with elongation factor 1H and p38 is reported to contribute to the
protein-protein interactions within the complex [25,26]. Many more functions have been described for
the p43 subunit. P43 is a tRNA binding protein, suggesting a role in tRNA trafficking [27]. Strikingly,
p43 also has a variety of biological functions, corresponding with the observation that p18 and p38
are always found as components of the ARS complex, while p43 and p43-like proteins are distributed
widely within different species. Besides in vertebrates, p43 or p43-like domains have been found in
bacteria (Trpb), in yeast (Arc1lp) and in protozoan and metazoan species [28-31]. Within this context
the isolation of EMAP-II (described above) from tumour-derived culture medium is remarkable,
because the observation that proEMAP and p43 were the same proteins was made several years
later. This link between protein synthesis and cell signaling has also been found in other tRNA
synthetases (RS), like tyrosyl-RS and tryptophanyl-RS [32,33]. The biological functions of
proEMAP/p43 and EMAP-II are very abundantly described and widely studied.

Functional domains

By peptide-sequence analysis and deletion fragment studies within the proEMAP/p43 sequence,
several functional domains are identified. Figure 3 summarizes the different motifs and domains
found. The division of p43 and EMAP-II (being the C-terminal part, residue 147-312 based on
cleavage after Asp6) is also depicted in Figure 3. The first functional domain, the peptide
responsible for induction of monocyte and leukocyte migration, inflammatory response and binding to
a monocyte-derived protein, was identified as the N-terminal region of EMAP-II mature protein [34].

This peptide corresponds to amino acids 152-166 within the proEMAP/p43 protein. Interestingly, this
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peptide contains a so-called RIGRIIT motif, also present in tyrosyl-RS and corresponding to residue
158-164, that was later identified as being responsible for monocyte and leukocyte migration [35].
The tRNA binding domain is the most prominent domain within the protein and is mapped to the
EMAP-II part of the protein [31,36]. This domain encompasses amino acid 151-252. Three other
functional domains were described recently using deletion fragments of proEMAP/p43 [37]. Both the
regions which regulate fibroblast proliferation and EC apoptosis are located in the proEMAP/p43

part of the protein, corresponding with observations that several cell types secrete proEMAP/p43

[38,39], which has also several biological activities (discussed below).

151

16 46 101 114 147152 166 192 252 312
i | ] i * *
L3512 > p43
47312 » EMAP-II
L51-252 » tRNA binding

152-166 . . .
<—> Leukocyte migration, Inflammation

&%, Fibroblast proliferation

10112, Endothelial apoptosis

Lo » Endothelial migration

= heparin binding motif (217-219, 267-269)

FIGURE 3. Functional domains within the proEMAP/p43-EMAP-II protein.

Different domains identified in literature as functional domains are depicted. Numbers refer to the amino acid sequence of
human EMAP-II. In this figure Asp!47 is depicted as cleavage-site to process proEMAP/p43 into mature EMAP-II. Different
domains and motifs are derived from different studies using different experimental setups. For references, see text.

The fibroblast proliferation region corresponds with amino acid 6-46 and the EC apoptosis
region with amino acid 101-114. A relatively large region of the protein appeared to have a function in
EC migration (residue 114-192). This region overlaps the peptide involved in leukocyte migration and
thus also contains the RIGRIIT motif. Finally, EMAP-II contains two heparin-binding motifs, both
located in the mature protein (residues 217-219 and 267-269). These motifs were shown to be

involved in the anti-angiogenic activities of EMAP-II at acidic pH [40].

Features and biological functions of proEMAP/p43 and EMAP-II

As mentioned above, proEMAP/p43 (and its cleavage product EMAP-II) exhibits a broad spectrum of
biological activities. One of the synonyms (AIMP1) underlines these multifunctional properties of
EMAP-II [41]. Both for the mature cytokine EMAP-II and for its precursor proEMAP/p43 multiple
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functions have been described in literature. Table 1 summarizes thus far identified activities and
shows whether activity has been documented for EMAP-II, proEMAP/p43 or both.

Biological function, feature proEMAP/p43 EMAP-II Ref
Manipulation of EC coagulation properties X 17
Upregulation of TF expression X 17
Monocyte/macrophage, granulocyte chemotaxis X 17
Proinflammatory response (footpad) X 17
Directed leucocyte migration X 34
Increase intracellular calcium levels X 34
—Reteaseof von-Wittebrand Factor by EC X 19

Upregulation of E- and P-selectin by EC X 19
Induction of TNF production by monocytes X 19
Thrombohemorrhage in Meth A (i.t.) X 19
Induction of TNF-sensitivity (i.v.) of MC-2 (i.t.) X 19
Induction of TNF-sensitivity (i.v.) of B16, HT-1080 (i.t.) X 43
Auxiliary component of multi RS complex X 31
Induction of TNF-sensitivity (i.v.) of TAV in human

melanoma (EMAP-gene transfer) X X 44,45
Association with (autoimmune) brain diseases, injury X X 59-63
Neovascularization during lung development X X 65,66
High serum levels during pregnancy X X 69
Inhibition of primary and metastatic tumor growth X 52,53
Antiangiogenic, apoptosis of growing EC X 52,54
Association with apoptosis-induced influx of

leucocytes into reperfused kidneys X 71
Apoptosis of corneal EC after transplantation X 67
Position in multi RS complex near midpoint X 42
Upregulation of TNF-R1 mRNA in EC X 79
Improvement of photodynamic therapy effects X 55
mRNA expression related to TNF-SAM2 effectively

in glioblastoma patients X 68
Induction of proinflammatory genes (like TNF) X 39,75
Reduction of keratitis via anti-angiogenesis X 56
Binding to g ATP synthase on tumor cells X X 84
Expression negatively regulated by PGE(2) X 70
Dose-dependent role in angiogenesis X 57
Induction of TNF-sensitivity (ILP) of BN175 (EMAP-

gene transfer) X X 49,50
Marker for microglial cells in brain X 64
Association with macrophages in uveal melanoma X 72
Affects EC actin cytoskeleton (at high dose) X 82
Induction of lymphocyte apoptosis in solid tumors X 73,74
Involved in rapamycin decreased inflammation X 76,77
Induction of vasodilatation via NOS X 85
Induction of fibroblast proliferation, wound repair X 78
Binds to heparan sulphate at low pH X 40
Induction of DOC1 gene expression in EC X 80
Binding to ¢'5p1 integrin, blocks adhesion of EC to FN X 83
TNF-R1 and TRADD mobilization in EC X 81
Correlation with response of melanoma patients to

TNF-based ILP X 51

TABLE 1. Summary of all reported biological functions and features of EMAP-II.

All published features from EMAP-II isolation till now are listed and the table indicates whether activity has been described for
proEMAP/p43, EMAP-II or both and their corresponding references are given. For a detailed description, see text.
Abbreviations: EC, endothelial cells; TF, tissue factor; TNF, tumour necrosis factor-ct; RS, tRNA synthetase; TAV, tumour-
associated vasculature; i.v., intravenous; i.t., intratumoural, PGE(2), prostaglandin E(2); ILP, isolated limb perfusion; NOS,
nitric oxide synthase; DOC1, downregulated in ovarian cancer 1; FN, fibronectin; TRADD, TNFR associated death domain.
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Effects on cells and function of proEMAP/p43

Right after its isolation (see above) the first EMAP-II functions were reported. These include
manipulation of the procoagulant properties of EC, likely through upregulation of TF, and the
chemotactic effects towards monocytes and granulocytes. These in vitro observations correspond
with the observed proinflammatory response after EMAP-II injection in footpads of mice [17]. A
couple of years after its isolation these functions were mapped to the amino terminus of EMAP-II (see
also Figure 3). Leukocyte migration was shown to be directed by EMAP-II and in addition, an
increase in intra cellular calcium levels was found to be involved in this cellular activation [34]. These
activities towards monocytes and EC were analyzed in more detail to point out the molecular players
involved. In EC, EMAP-II induces E- and P-selectin expression, release of von Willebrand Factor and
TNF production by monocytes [19].

One of the most intriguing findings with respect to EMAP-Il was done in 1997 when the p43
auxiliary component of the RS multi-enzyme complex turned out to be homologous to the precursor
of EMAP-II [31]. This finding led to naming the precursor of EMAP-II proEMAP/p43. The fact that p43
and proEMAP were actually the same proteins linked cytokine properties and basic functions in
protein translation to one and the same protein. Structural analysis of the multi RS complex revealed
that proEMAP/p43 occupies a central position within the complex [42].

Anti-tumour and anti-angiogenic properties

When injected intra-tumourally into Meth A fibrosarcoma-bearing mice, EMAP-II induced a TNF-like
thrombo-hemorrhage and for the mammary carcinoma MC-2 the same treatment induced sensitivity
to systemic TNF treatment [19]. For mouse melanoma (B16) and human fibrosarcoma (HT-1080)
similar observations were made [43]. Consistent with its initially described functions and relation to
TNF anti-cancer therapy experiments using retroviral gene transfer revealed that TNF-resistant
human melanomas (Pmel) were rendered sensitive to systemic TNF therapy when the tumour cells
were transfected to increase proEMAP/p43 and EMAP-II protein expression [44,45]. This enhancing
effect of EMAP-II on TNF anti-cancer therapy was suggested to expand the clinical use of TNF (for
recent review see [46]).

In the clinic, TNF is used in isolated perfusion settings for sarcoma and melanoma patients
[47,48]. To investigate the role of EMAP-II in isolated limb perfusion (ILP) the same retroviral gene
transfer approach was used to generate soft tissue sarcomas with different proEMAP/p43 and
EMAP-II protein levels. These sarcomas were treated with a TNF-based ILP in rats and also in this
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ILP-setting EMAP-II increased sensitivity towards TNF [49,50]. Recently, upregulated EMAP-II
expression after ILP in melanoma biopsies from TNF-based ILP treated patients was found to
correlate with a complete response to ILP treatment [51]. Next to contribution to TNF therapy, EMAP-
Il is shown to be capable to inhibit primary and metastatic tumour growth of lung carcinoma (LLC)
and mammary tumours (MDA-MB-468) in mice [52] and primary tumour growth of glioma in rats [53].
These anti-tumour effects were suggested to be angiogenesis mediated because EMAP-II showed
anti-angiogenic activities and was capable of inducing apoptosis in growing EC [52,54].

The anti-angiogenic activities of EMAP-II have been investigated in several settings. In mice
bearing mammary carcinomas, pre-treatment with EMAP-Il enhanced the effectiveness of
photodynamic therapy, which was mediated by a decrease in VEGF expression [55]. Anti-angiogenic
properties of EMAP-II are also implicated in stromal keratitis. Via anti-angiogenic activities like
induction of EC apoptosis a decrease in infection and inflammation was observed resulting in a
reduction in severity of keratitis [56]. Interestingly, besides EMAP-II also for proEMAP/p43 a role in
angiogenesis has been described. This role turned out to be biphasic and dose-dependent; low
concentrations are pro-angiogenic while high concentrations are anti-angiogenic [57]. These

properties are very comparable to other cytokines, like TNF [58].

Brain disease, embryogenesis and serum levels studies

Beside anti-tumour activities, EMAP-I is also reported to be involved in a broad set of brain diseases
and injury. More specific, EMAP-II is associated with macrophages in several autoimmune
inflammatory lesions, spinal cord injury, virus induced inflammation of the nervous system,
hippocampal brain damage, and traumatic brain injury [59-63]. Based on these findings during brain
damage, injury and inflammation EMAP-II is considered to be a marker for microglial cells in these
lesions [64].

During embryogenesis, a role for proEMAP/p43 and EMAP-II has been found in lung
development. This function is linked to the manipulation of neovascularisation by EMAP-II during
embryonic development [65,66].

Some other studies have been performed to evaluate EMAP-II protein and mRNA expression in
patient samples. In a search for proteins involved in corneal transplant rejection, EMAP-II was found
in serum and appeared capable of inducing corneal EC apoptosis, which was suggested to be
involved in corneal decompensation after transplantation [67]. In slides of glioblastoma tumours from
patients treated with TNF-SAM2 and chemotherapy, EMAP-II mRNA expression did correlate with the
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outcome of the treatment. Patients with high EMAP-II expression tended to have a longer
progression free survival [68]. Interestingly, also during pregnancy proEMAP/p43 and EMAP-II serum
levels are increased, while there was no evidence that EMAP-II is involved in endothelial activation
during preeclampsia [69]. Next to pregnancy, also during the menstrual cycle a temporal EMAP-I
expression pattern is observed. The gene coding for the proEMAP/p43 protein, is negatively
regulated by prostaglandin E2 [70].

Apoptosis and inflammation
The initially described function of EMAP-II as chemo attractant for leukocytes and macrophages has
been translated to a set of disease settings. In areas of apoptosis in ischemia-reperfused kidneys,
high EMAP-II expression correlated with sites of leukocytes-infiltrated inflamed tissue. When
apoptosis was inhibited, inflammation was also declined [71]. In primary uveal melanoma, areas of
high EMAP-II expression correlate with tumour-associated macrophages accumulation [72].
Comparable correlation was found in experiments with melanoma biopsies of ILP treated patients
[51]. A more detailed function of EMAP-II in solid tumours has been described recently, showing that
EMAP-II expressing tumour cells (producing EMAP-Il as membrane-bound protein or secreted
cytokine) can induce apoptosis of lymphocytes in solid tumours. This function in the tumour
microenvironment suggests an immunosuppressive role of EMAP-II in growing solid tumours [73,74].
The proinflammatory role of EMAP-II, as observed during protein characterization right after
EMAP-II identification [17] is also further investigated. For proEMAP/p43 a proinflammatory role has
been described, in line with the initial finding for EMAP-II, resulting in upregulation of proinflammatory
genes like TNF [75,76]. The mature EMAP-II is reported to be one of the mediators of the anti-
proliferative and anti-inflammatory action of rapamycin, both after injury and neointima formation
[77,78].

Mechanistic studies on proEMAP/p43 and EMAP-II effects

Unexpectedly, given the many functions of proEMAP/p43 and EMAP-II, including its presence as a
component of the multi RS complex, Park et al. succeeded to make proEMAP/p43 knockout mice.
The fact that these mice survive without proEMAP/p43 put its vital function in protein translation in
another perspective. Apparently, due to the crucial importance of protein translation, there is a kind of
rescue by other (unknown) proteins and mechanisms. The major defect reported in these knockouts

is a retarded wound closure due to a decrease in fibroblast proliferation [79].
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Recently, besides describing the many roles of EMAP-II, more details are being published about
mechanistic processes underlying the functions. As EC are still considered as the mayor target,
several mechanisms have been proposed for these cells. For the TNF sensitizing properties initially a
very straightforward mechanism was suggested: an upregulation of TNF-R1 mRNA expression [80].
Protein data, however, were less convincing and in a recent broad micro array study of EMAP-II
induced genes by EC no TNF-R1 was found. In contrast, DOC1 (downregulated in ovarian cancer 1)
came out as one of most abundantly regulated genes [81]. Apparently in line with this micro array
study are novel data on TNF-R1 and TRADD protein showing redistribution, rather than upregulation
in EC upon EMAP-II treatment [82]. As other possible targets of EMAP-II in EC, two proteins involved
in actin dynamics, Hsp27 and cofilin, were found in a broader study with angiogenesis inhibitors [83].
Interestingly, for the apoptotic features of EMAP-II in growing EC the mechanisms involved include
inhibition of EC adhesion and spreading on fibronectin via direct binding of EMAP-II to integrin 1501
[84]. For the anti-proliferative properties of EMAP-II and proEMAP/p43 towards EC, binding to the -
subunit of ATP synthase was found as mechanistic explanation [85]. In a more detailed study this
interaction turned out to be mediated by heparan sulfate and strongly enhanced at low pH [86].

For vasodilatation occurring during EMAP-II induced inflammation, NO is suggested to be
involved as revealed by studies using pulmonary artery rings. When NO was repressed via NOS
inhibition with L-NAME, the EMAP-II induced vasodilatation was decreased [87].

The many function described above and summarized in Table 1 for proEMAP/p43 and EMAP-II
show the complexity of involvement in both protein translation and cytokine effects. This fascinating
link of protein translation and cytokine function is gained in higher organisms: present in mammals
while absent in yeast and bacteria [88]. Based on this very broad range of functions and features

EMAP-II is referred to as a pro-inflammatory cytokine with anti-angiogenic properties.

From proEMAP/p43 to EMAP-II
Although many functions of EMAP-II are also reported for its precursor proEMAP/p43 (see Table 1)
still the majority of activities are ascribed to the mature cytokine EMAP-II.

ProEMAP/p43 is proteolytically cleaved to produce the mature cytokine EMAP-II under
conditions of cellular stress like apoptosis, hypoxia and treatment with chemotherapeutic agents
[21,38,89]. The mechanism(s) of proEMAP/p43 cleavage and especially which proteases are
involved turned out to be very complex and are still under debate. First indications on proEMAP/p43
cleavage arose from studies with full-length tyrosyl-tRNA synthetase (TyrRS). This TyrRS is secreted
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under apoptotic conditions and cleaved into mini TyrRS and a COOH-terminal domain known to be
EMAP-II-like [35]. These two fragments with cytokine activities can be generated by leukocyte
elastase, an extra cellular protease [32]. This implies that the precursor is secreted, as described
later also for proEMAP/p43. For EMAP-II comparable cleavage has been suggested.

When proEMAP/p43 is incubated with elastase-2, the cleavage products did not include the
EMAP-II part (amino acid 147-312), which still is considered to be the mature EMAP-II cytokine [90].
This EMAP-II cytokine is based on in vitro cleavage experiments using recombinant mouse
proEMAP/p43. These experiments identified caspase-7, and to a lesser extend caspase-3, as
proteases capable of proEMAP/p43 cleavage [91]. The cleavage site within the proEMAP/p43
sequence was mapped at the critical aspartate residue (Asp-144) in the ASTD-motif. Although this
motif is absent in humans, Asp-146 has been suggested to be critical in cleavage of human
proEMAP/p43 [92]. In line with these findings is the fact that caspase-7 is capable of cleaving EMAP-
Il out of the whole murine multi tRNA synthethase complex [93]. Noteworthy, these findings were
made in in vitro cleavage assays with recombinant mouse proteins.

Experiments with human proteins show very different results and question the suggested
similarity on cleavage mechanisms. Data on recombinant human proEMAP/p43 show that human
caspase-3 and -7 are not capable of proEMAP/p43 cleavage in an in vitro assay, and in lysates of
human tumour cell lines triggered with apoptosis-inducers no EMAP-II was found [94]. In another
study in which mouse melanoma tumour cells were used, EMAP-II release was induced by hypoxia,
this induction was also shown to be independent of caspase-3 and -7 activation [95]. The
involvement of caspases in proEMAP/p43 cleavage is very contradictive and at least very dependent
on experimental setting. For translation to the in vivo situation the mechanisms of proEMAP/p43
cleavage might very well be microenvironment dependent and different mature EMAP-II forms still
might retain their cytokine activities. Using different tumour cell lines, we recently found no
involvement of caspase-3 and -7 in proEMAP/p43 cleavage and show data on matrix
metalloprotease-7 contribution [96].

In conclusion, the cleavage of proEMAP/p43 varies strongly between different settings, species
and likely even between tumour types. The exact mechanisms, cleavage sites and whether this

affects the cytokine properties and activity of EMAP-II are still unknown.
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CONCLUSIONS

The plethora of properties of proEMAP/p43 and EMAP-II shows that this protein is an important
player in cell functionality and may be a very attractive target for therapy. Because of its close relation
with TNF, one of the first applications might be manipulation of TNF effectiveness in ILP settings or
expression analysis during treatment and follow-up of patients with solid tumours. Novel data on
molecular mechanisms involved in EMAP-II actions towards EC and inflammation-related infiltrated
cells (like macrophages and lymphocytes) may expand the use of EMAP-II but clearly more research,
using both in vitro and in vivo experimental models, need to be conducted.

As EMAP-II is considered a marker for microglial cells and macrophages in brain diseases [97]
the proEMAP/p43 and EMAP-II distribution in tissue biopsies might serve as a diagnostic marker for
specific disease settings, possibly in combination with other markers [98].

In conclusion, the multifunctional properties, many pathological settings in which EMAP-II is
involved and the interesting novel molecular data might in the future result in more wide-ranging

applications in several therapeutic settings.
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ABSTRACT

Endothelial monocyte-activating polypeptide-ll (EMAP-II) is a proinflammatory cytokine with
antiangiogenic properties and released by cells in response to cellular stress. Its precursor
(proEMAP/p43), identical to the p43 component of the mammalian multi tRNA synthetase complex,
is involved in protein translation. The mechanism of conversion of proEMAP/p43 into EMAP-II is still
under debate. As EMAP-II was initially isolated from tumour cell derived medium, we studied the
cleavage of proEMAP/p43 by tumour cells. We found that caspase-7 activation kinetics did not
overlap the kinetics of proEMAP/p43 cleavage. Recombinant caspase-3, and —7 did not cleave
proEMAP/p43 in cell lysates either. In addition, inhibition of caspase-3 and -7 did not result in a
decline in EMAP-II release by tumour cells. Next we investigated the involvement of different matrix
metalloproteinases (MMPs) in proEMAP/p43 cleavage. In contrast to MMP-2, 3, and -9, MMP-7
cleaved proEMAP/p43 in cell lysates into a product corresponding to EMAP-II. Involvement of MMP-
7 was confirmed by mass spectrometry and recombinant protein cleavage. Inhibition of MMP-7 with
a broad range inhibitor and specific RNAI resulted in a decreased EMAP-II release by tumour cells.
Finally, we showed that the kinetics of MMP-7 activation overlap with EMAP-II release by triggered
tumour cells. In conclusion, we provide evidence that in tumour cells MMP-7 is involved in the
conversion of proEMAP/p43 into EMAP-II and suggest that MMP-7 may attribute to EMAP-II

activities at specific sites in the tumour microenvironment.

INTRODUCTION

Endothelial monocyte-activating polypeptide-Il (EMAP-I1) is a multifunctional cytokine that was first
isolated from supernatants of cultured murine fibrosarcoma and human melanoma cells [1,2]. Initially
described functions of EMAP-II are proinflammatory properties, chemotaxis of neutrophils and
monocytes/macrophages and induction of von Willebrand Factor, E- and P-selectin and Tissue
Factor in endothelial cells (EC) [3,4]. In addition, EMAP-II is highly expressed at sites of epithelial
mesenchymal junctions and angiogenesis during embryonic development [5,6] and exhibits
antiangiogenic activities by inducing EC apoptosis and suppression of tumour growth [7,8]. It inhibits
EC proliferation, which is suggested to be mediated by binding of EMAP-II to (-adenosine
triphosphate synthase [9]. Recently, the antiangiogenic activity of EMAP-II is shown to be regulated
by heparan sulphate [10] and EMAP-II is shown to bind alpha5 integrins thereby inhibiting the
adhesion of EC to fibronectin matrix [11]. Furthermore, a cancer cell dependent novel

immunosuppressive role of EMAP-II has been described by inducing lymphocyte apoptosis [12,13].
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For both human and mouse, the sequence of EMAP-II [4,14] shows that it is produced as a
precursor protein (proEMAP) that was shown to be identical to the p43 subunit of the mammalian
multi tRNA synthetase complex and thereby involved in protein translation [15-17]. ProEMAP/p43 (~
35 kDa) is proteolytically cleaved to produce the mature polypeptide of 18-20 kDa, however no
secretion signal peptide is present in the sequence [18]. Inducers of the release of mature EMAP-II
by tumour cells in vitro are apoptosis [19] and cellular stress, like hypoxia and treatment with
chemotherapeutic agents [20].

The mechanisms of proEMAP cleavage, however, are still under debate and contradicting
papers have been published on this issue. Using in vitro cleavage experiments with recombinant
mouse proEMAP/p43, caspase-7, and to a lesser extend caspase-3, were identified as proteases
capable of proEMAP/p43 cleavage [21]. The cleavage site within the proEMAP/p43 sequence was
mapped at the critical aspartate residue (Asp-144) in the ASTD-motif. Although this motif is absent in
humans, Asp-146 has been suggested to be critical in this cleavage [22], but supportive experimental
data is missing. Apparently in line with these findings is the fact that caspase-7 is capable of cleaving
EMAP-II out of the whole murine multi tRNA synthetase complex [15]. In contrast, data on
recombinant human proEMAP/p43 show that human caspase-3 and -7 are not capable to cleave
proEMAP/p43 in an in vitro cleavage assay and in lysates of human tumour cell lines triggered with
apoptosis-inducers, no EMAP-II was found [23]. In another report, where EMAP-II release was
induced in mouse melanoma cells by hypoxia, this induction was shown to be independent of
caspase-3 and -7 activation [24]. Recently, proEMAP isolated from endothelial cells was shown to be
cleaved by Cathepsin L and a 44 amino acid region of proEMAP was identified as being susceptible
to protease cleavage [25].

To address the conflicting data we set up experiments to identify a protease that cleaves
proEMAP/p43 in tumour cells. Based on kinetics of EMAP-II release and caspase-7 activation in
tumour cells, inhibition experiments and in vitro cleavage experiments we excluded caspase-7 from
proEMAP/p43 cleavage. Because matrix metalloproteinases (MMPs) are known for their protein
cleavage activities we studied MMP-2, -3, -7 and -9 for their contribution to proEMAP/p43 cleavage.
We identified MMP-7 as being capable of cleaving proEMAP/p43 and confirmed this by mass
spectrometry, recombinant protein cleavage, inhibition experiments and kinetics studies. Our results
show that in tumour cells MMP-7 rather than caspase-7 is involved in the cleavage of proEMAP/p43
into EMAP-II and justifies more research on MMP-7 expression in relation to EMAP-II cleavage by

tumours.
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MATERIALS AND METHODS

Cell culture

B16BL6 (mouse melanoma) and BLM (human melanoma, kindly provided by drs. R.M.W. de Waal
and W.P.Leenders, University Medical Center St Radboud, Nijmegen, The Netherlands) cells were
cultured in DMEM medium (Biowhittaker) and BN175 (rat syngeneic soft tissue sarcoma), Meth A
(methylcholanthrene A-transformed mouse fibrosarcoma) and PG-WU (Gibbon Ape ecotropic
packaging kidney cell line, kindly provided by drs. P.C. Wu and S.K. Libutti, National Cancer Institute,
NIH, Bethesda, USA) cells were cultured in RPMI 1640 medium (Biowhittaker) supplemented with
10% Fetal Calf Serum (FCS) and 100 U/ml penicillin/streptomycin (Life Technologies). PG-WU cells
were cultured under selection of neomycin (800 pg/ml, Sigma-Aldrich). Tumour cells were maintained
at 37 °C, 5% COz2 in a humidified incubator and routinely subcultured by removal from flasks using
Trypsin-EDTA (Sigma-Aldrich).

Generation and analysis of high EMAP-expressing cell lines

The packaging cell line PG-WU, producing a retrovirus encoding for the human EMAP-II gene [26],
was used to transfect B16BL6, BN175 and BLM cells. To prepare virus-containing conditioned
medium 5x108 PG-WU cells were grown for at least 48 h, viral supernatants were briefly centrifuged,
filtered across a 0.45 um membrane (Corning) and SequaBrene (1 wl/ml supernatant, Sigma-Aldrich)
was added. Tumour cells, grown till 40-50% confluence, were transfected with freshly prepared viral
supernatants for 5 h on 3 subsequent days and in between incubated with standard medium. For
each cell line 12 different clones were expanded under neomycin selection (800 pg/ml, Sigma-
Aldrich) and checked for viral human EMAP-II gene incorporation by PCR and Western blotting. DNA
was extracted from the cells using QiaAmp DNA Mini columns (Qiagen). For PCR the following
primers were used: 5-AATCGGATGGTGATTTTACTTTGTA-3' (forward, within EMAP-II sequence)
paired with either 5-CATTTTATTTGATTCCACTGTTGC-3' (reverse, within EMAP-II sequence) or 5
GAATGCTCGTCAAGAAGACAG-3' (reverse, within IRES vector sequence). Amplification was
performed using a T-Gradient thermocycler (Biometra) using 35 cycles of a 94 °C denaturation step
(45 s), a 55 °C annealing step (45 s) and a 72 °C elongation step (60 s) followed by 72 °C (7 min) and

soaked at 4 °C. Amplified PCR products were analyzed on agarose gels.

Treatment of tumour cells to induce EMAP-II production
B16BL6, BN175, BLM, their high EMAP-expressing clones (B16-E, BN-E, BLM-E) and Meth A cells
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were treated with a set of chemotherapeutic drugs, apoptosis inducers, hypoxia, hypoxia mimicker,
cytokines and starvation. The different treatments were: Actinomycin D (100 ng/ml, Sigma-Aldrich),
Cyclohexamide/TNF-o. (3 pg/ml / 250 ng/ml, Sigma-Aldrich, TNFo. was a generous gift of
Boehringer-Ingelheim GmbH), Mevinolin/Etoposide (20-40 pg/ml each, Sigma-Aldrich), lonomycin
(20 pg/ml, MP Biomedicals), IFN-B (500 U/ml, Biosource), hypoxia (1% O) or starvation. Treatments
were tested for the different cell lines and for different time points to identify the optimal trigger for
EMAP-II production. For inhibition experiments caspase-3 and -7 inhibitor DEVD-CHO, cell
permeable (1 uM, BioSource) or MMP-1, -3, -7, -9 inhibiting MMP-inhibitor-I (10 pg/ml, Calbiochem)

was added.

Western Blot analysis

At several time points medium samples were taken, protease inhibitor cocktail (Roche) added,
protein concentration determined with Coomassie Plus Reagent (Pierce) and normalized by protein
content. Equal amounts of supernatant proteins were precipitated with ice-cold acetone and
resuspended in 50 pl Laemmli Sample Buffer (BioRad). Samples were heated at 95 °C for 8 min,
electrophoresed by SDS-PAGE on 15% gels and transferred onto polyvinylidene difluoride (PVDF)
membranes (BioRad). Membranes were blocked for at least 1 h at room temperature with 5% nonfat
dried milk (BioRad) in PBS/0,05% Tween-20 and incubated with anti-EMAP-II (0,2 ng/ml, BioSource)
or anti-MMP-7 (0,2 wg/ml, Abcam) diluted in 5% nonfat dried milk in PBS/0,05% Tween-20 overnight
at 4 oC. After washing with PBS/0,05% Tween-20 and incubation with biotinylated goat anti-rabbit I9G
for 1 h at room temperature, proteins were made visible by amplified alkaline phosphatase (BioRad).
Membranes were incubated with alkaline phosphatase-streptavidin complex (BioRad) for 1 h at room
temperature, washed and stained with NBT-BCIP substrate (Roche) until staining was optimal. The
substrate reaction was stopped by washing several times with AD, membranes were dried and
scanned for analysis. To confirm equal protein loading afterwards, all PVDF membranes were
stained with Ponceau S solution (Sigma-Aldrich) for total protein. An abundantly present protein was

used as loading control to show equal protein loading.
Caspase-7 activity assay

To measure caspase-7 activity Caspase-7 Activity Assay Kit (Cell Signaling) was used according to

manufactures protocol. Briefly, after treatment cells were washed once with ice-cold PBS, scraped,
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resuspended in ice-cold Cell Extraction Buffer (50 mM Pipes/KOH (pH 6.5), 2 mM EDTA, 0,1%
Chaps, 5 mM DTT, 20 pg/ml leupeptin, 10 ug/ml pepstatin A, 10 ug/ml aprotinin) and subjected to 3
freeze-thaw cycles. After centrifugation for 10 min at 4 °C, caspase-7 was immunoprecipitated by
Caspase-7 Antibody (Cell Signaling) and protein A sepharose beads (Amersham). The precipitate
was washed with Reaction Buffer (50 mM Hepes (pH 7.5), 75 mM NacCl, 5 mM DTT, 0,1% Chaps)
and incubated with 0.4 mM caspase-7 substrate (Ac-DEVD-AFC) in Reaction Buffer overnight at 37
oC. AFC fluorescence was measured at excitation of 400 nm and emission of 510 nm.

In vitro cleavage assay

B16BL6, BN175 and their high EMAP-expressing clones were grown in 75 cm? flasks and lysed in
Lysis Buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.2% NP-40, 10% glycerol) and 1:1 diluted in
MMP Reaction Buffer (50 mM Tris-HCI (pH 7.5), 10 mM CaClz, 0.05% tween-20, 0.02% NaNs). A
control (=0 h) sample was taken, recombinant active MMP-2, -3 (trypsin-activated proMMP-3),
(Oncogene) -7, -9 (Calbiochem) (0,1 ng/ml) was added and samples were incubated at 37 °C for
several time points. Alternatively, tumour cell lysates were diluted in 2X Reaction Buffer, recombinant
active caspase-3, -7 (respectively 100 and 10 U/sample, Calbiochem) was added and samples were
incubated at 37 °C for several time points. ProEMAP/p43 cleavage was analyzed by Western blotting.
To confirm activity of added recombinant caspases and MMPs in tumour cell lysates, we performed
activity assays. For caspase-3 and -7, Enzolyte AnaRed Caspase-7 activity assay and for MMP-2, -3,
-7, and -9, Enzolyte 520 MMP activity assays with the corresponding specific substrates (Anaspec)
were used. B16-E and BN-E cell lysates were 1:1 diluted in assay buffer, caspase-3 (100 U), -7 (10
U) or 25 ng MMP was added, samples were incubated at 37 °C for several time points and the

caspase and MMP activity was measured by adding the corresponding specific substrates.

Recombinant protein cleavage

Recombinant human GST-tagged proEMAP/p43 (100 ng, Abnova) and recombinant human MMP-7
(100 ng) were incubated in 200 [l MMP assay buffer at 37 °C for 1 and 2 h. ProEMAP/p43 cleavage
was analyzed by Western blotting using antibodies against EMAP-Il and GST.

Mass spectrometry

In vitro cleavage assays with MMP-7 were repeated and control samples (t=0 h) and t=6 h (B16-E) or

t=24 h (BN-E) were both stained by Coomassie Brilliant Blue (Pierce) and analyzed by Western
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blotting. Bands of interest were cut out of the gel, destained, lyophilized and digested by Trypsin
(ultra-grade, Promega) in 50 mM Tris-HCI (pH 8.8) overnight at room temperature. Acetonitrile/0.1%
TFA (1:2) solution (7 wl) was added to the gel plugs and 0.5 pl of a matrix-sample (0.5 pl:2.5ul)
solution was spotted on a MALDI-TOF MS target plate. ACCA (2 mg in 1 ml acetonitrile) was used as
matrix. Mass spectra were obtained on a Bruker Apex Q 9.4 Tesla Fourier transform mass
spectrometer (FTMS), using a broadband MS scan (m/z 800-4000 at 125,000 resolution at m/z 2000)
[27]. Mass spectra of complex peptide mixtures were screened for human EMAP-specific peptides

obtained from the GenBank protein database by using MASCOT software (www.matrixscience.com).

MMP-7 inhibition by siRNA

For the inhibition of MMP-7 we used double stranded 25-nt RNA duplex, stealth RNA interference, to
mouse MMP-7 (sequence: 5'-GCCAGAUGUUGCAGAAUACUCACUA-3") and their scrambled control
RNA interference duplexes (Invitrogen). Duplexes were transfected into B16-E cells in a triple
transfection setup using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Two RNAI duplexes were tested for their ability to down regulate MMP-7 (checked by Western
blotting). The RNAI duplex with optimal inhibition was used in consecutive experiments to evaluate
the effects of MMP-7 inhibition on proEMAP/p43 cleavage. Inhibition was quantified by densitometric

analysis using ImageJ Software (NCI) and expression ratios were calculated.

MMP-7 activity assay

MMP-7 activity was measured using MMP-7 assay kit (Enzolyte, Anaspec) according to
manufacturer’s protocol. Briefly, after treatment in phenol red-free medium, conditioned medium was
concentrated and incubated with APMA (1 mM) for 15 minutes at 37 °C. MMP-7 substrate (5-
FAM/QXL-520 FRET peptide) was added, samples were incubated for 60 minutes at room
temperature and fluorescence was measured at excitation of 490 nm and emission of 520 nm.

RESULTS

Generation of high EMAP-expressing cell lines

To study the cleavage of proEMAP/p43 by tumour cells we generated cell lines with an upregulated
EMAP-II expression as described in the materials and methods section and published before [26,28].

By retroviral transfection we made B16-E, BN-E and BLM-E cell lines, checked clones for
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incorporation of viral human EMAP-II ¢cDNA by PCR and selected clones based on proEMAP/p43

protein production (data not shown).

Optimal trigger for tumour cells to produce EMAP-II is cell type dependent

It is well documented in literature that some tumour cells in vitro can produce active EMAP-II at low
levels in the culture medium, either with or without treatment, while other tumour cells do not [12,20].
In Meth A, B16BL6, B16-E, BN175, BN-E, BLM and BLM-E cell lines cellular stress was induced
with a set of triggers to prompt the cells to produce active EMAP-II. Except for Meth A, none of these
cell lines produced detectable amounts of EMAP-II before treatment. For B16BL6, B16-E, BN175
and BN-E the optimal treatment conditions are depicted in Fig. 1A.
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FIGURE 1. ProEMAP/p43 cleavage induction is cell type dependent and does not correspond to caspase-7 activation.
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A. Western blot analysis for proEMAP/p43 and EMAP-II in the culture medium of B16, B16-E, BN175 and BN-E tumour cells.
B16 and B16-E cells were treated with Mevinolin/Etoposide combination for 0-24 h, BN175 and BN-E cells were triggered by
IFN-B for 0-144 h. For B16 and BN175 cells the high proEMAP/p43 expressing clones show more EMAP-II in the culture
medium. Arrowhead points proEMAP/p43, open arrow points EMAP-II and small arrows intermediate form. (M) protein kD
marker, (rE) recombinant EMAP-II, 50 ng. (BT) Before treatment, (LC) Loading control.

B. Table summarizes all different treatments tested on different tumour cell lines to find the optimal trigger for proEMAP/p43
cleavage as tested by Western blot analysis for EMAP-II in the culture medium. (-) no EMAP-II detected, (+) low amounts of
EMAP-II, (++) high amounts of EMAP-II, (ND) Not determined.

C. Caspase-7 activity during proEMAP/p43 cleavage in B16 and B16-E cells triggered by Mevinolin/Etoposide combination for
0-24 h. Caspase-7 is activated at much earlier time points compared to EMAP-II production. (UTC) untreated control. Graph
represents mean activity + SD of three independent experiments.

D. Schematic representation of caspase-7 and proEMAP/p43 cleavage kinetics over time. At time points that EMAP-II is
detected caspase-7 activity is decreased to background levels.

Upon treatment all cells produced EMAP-II, although there were cell-type dependent
differences in intermediates formed and the EMAP-II production was higher in the transfected clones
compared to the wild-type tumour cells. For all tumour cells also proEMAP/p43 was detected in the
culture medium, a feature described earlier by others [19]. Noteworthy is the fact that the observed
active EMAP-II form appeared to have a lower mass than the recombinant EMAP-II standard, also
found by Murray et al. [12]. The sequence of the recombinant EMAP-II protein is based on the
suggested cleavage of proEMAP/p43 by caspase-7 [21]. The different triggers tested together with
the production of EMAP-II are listed in the table of Fig. 1B.

Kinetics of caspase-7 activity and proEMAP/p43 cleavage by B16BL6 tumour cells

Using immunoprecipation and a specific caspase-7 substrate we determined the activity of caspase-
7 in the culture medium of B16BL6 and B16-E melanoma cells treated with Mevinolin/Etoposide to
trigger EMAP-II production. The caspase-7 activity over time is presented in Fig. 1C. For both
B16BL6 and B16-E cells we found an optimal caspase-7 activity after 1-2 h. However, when at later
time points caspase-7 activity decreased to control levels, the EMAP-II production still increased as
can be seen from the Western blots in Fig. 1A. For BN175 and BN-E we found comparable results
(data not shown). Caspase-7 activation appeared at much earlier time points than EMAP-II
production. We concluded that activation of caspase-7 and production of EMAP-II do not overlap
and that still EMAP-I1 is produced when no caspase-7 activity can be detected. This is depicted in a

schematic graph in Fig. 1D.
Active caspase-3 and -7 do not cleave proEMAP/p43 in tumour cell lysate

Concerning the involvement of caspase-3 and -7 in proEMAP/p43 cleavage contradictive reports are

published in the literature. Active caspase-3 or -7, have not been added to cell lysates. Instead,
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recombinant proteins (mouse proEMAP/p43 and caspase-3 or —7) were used in recombinant protein

cleavage assays or EMAP-II and caspase-3 and -7 detected in human tumour cell lysates [21,23].
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FIGURE 2. ProEMAP/p43 is not cleaved by caspase-3 or -7 in cell lysates.
A. B16 and B16-E cell lysate with recombinant caspase-3 and -7 (100 U/sample) added.

B. BN175 and BN-E cell lysate with recombinant caspase-3 and -7 (100 U/sample) added. ProEMAP/p43 cleavage in cell
lysate was evaluated over time by Western blot analysis. Arrowhead points proEMAP/p43. (M) Protein kD marker, (rE)
recombinant EMAP-II, 50 ng, (x) Empty lane, (LC) Loading control.

When we incubated cell lysate of B16BL6, B16-E (Fig. 2A) and BN175, BN-E (Fig. 2B) with
active recombinant human caspase-3 and -7 in optimal cleavage buffer, we observed no cleavage of
proEMAP/p43 over time. Even after 24 h no change was observed in the amount of proEMAP/p43.

The activity of recombinant caspases in cell lysates was validated with specific substrates (see Fig.
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5A, B). Both caspase-3 and -7 were still active in cell lysates as compared to controls used in the
activity assay. We conclude that these data correspond with the caspase-7 kinetics shown in Fig. 1C

and that caspase-3 and -7 do not cleave proEMAP/p43 in the cell lines studied.

Inhibition of caspase-3 and -7 does not abolish EMAP-II production by tumour cells

To evaluate the effect of caspase-3 and -7 on production of active EMAP-II we treated B16BL6,
B16-E, BN175 and BN-E cells with the optimal trigger for EMAP-II production with or without addition
of specific caspase inhibitor.
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FIGURE 3. Inhibition of caspase-7 does not prevent proEMAP/p43 cleavage by tumour cells.
A. B16 and B16-E cells treated with Mevinolin/Etoposide combination for 0-24 h with (left) and without (right) caspase-3 and -7
inhibitor.
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B. BN175 and BN-E cells treated with IFN-f for 0-144h with (left) and without (right) caspase-3 and -7 inhibitor. ProEMAP/p43
cleavage in culture medium was evaluated over time by Western blot analysis. Arrowhead points proEMAP/p43, open arrow
points EMAP-II. (M) Protein kD marker, (rE) recombinant EMAP-II, 50 ng, (BT) Before treatment, (LC) Loading control.

Fig. 3A shows the treatment of B16 and B6-E with Mevinolin/Etoposide (40 pg/ml each, 0-24 h)
with (right) and without (left) DEVD-CHO. Addition of this specific inhibitor to the cells did not abolish
the formation of EMAP-II, although for some time points we observed differences in the amount of
EMAP-II. For BN175 and BN-E (triggered with IFN-[3, 500 U/ml, 0-144 h) we also observed no effect
of the caspase inhibitor DEVD-CHO (Fig. 3B). Activity of DEVD-CHO was confirmed in a caspase-

cleavage assay (data not shown). Taken together, we provide several clues that caspase-3 and -7

are not involved in proEMAP/p43 cleavage in tumour cells.

MMP-7, in contrast to MMP-2,-3, and -9, cleaves proEMAP/p43 in tumour cell lysate

Matschurat et al., showed that EMAP-II release is regulated by hypoxia in B16 and Meth A cells [24]

and suggested that hypoxia-regulated proteases might be possible candidates for proEMAP/p43

cleavage. Because it is known that MMPs are in part regulated by hypoxia, that they cleave matrix-

components as well as a number of other proteins, and that within the proEMAP/p43 sequence

some putative MMP-sites are present [29,30], we tested MMPs for their ability to cleave

proEMAP/p43.
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FIGURE 4. MMP-7, in contrast to MMP-2, -3, -9, cleaves proEMAP/p43 in B16 and BN175 cell lysates.

A. B16 and B16-E cell lysate incubated with MMP-2, -3, -7, -9 (0,1 pg/ml) for 0-24 h.

B. BN175 and BN-E cell lysate incubated with MMP-2, -3, -7, -9 (0,1 pg/ml) for 0-72 h. ProEMAP/p43 cleavage in cell lysate
was evaluated over time by Western blot analysis. Arrowhead points proEMAP/p43, open arrow points EMAP-II. (M) Protein
kD marker, (rE) recombinant EMAP-II, 50 ng, (LC) Loading control.

MMP-2, -3, -7 and -9 were tested in an in vitro cleavage assay with lysates of B16BL6 and
B16-E (Fig. 4A) and BN175 and BN-E cells (Fig. 4B). In contrast to MMP-2, -3, and -9, MMP-7
appeared capable of cleaving proEMAP/p43 into two major intermediate forms and a cleavage-
product of about 17-18 kD, comparable with the apparent size of EMAP-II in our other experiments.
For B16BL6 and B16-E the cleavage happened much faster and was optimal at 6-8 h. In contrast,
for BN175 and BN-E we found an optimal time point at 32 h. For both cell lines EMAP-II levels were
very low and decreased at later time points, indicating that EMAP-II is very unstable. For the other
MMPs tested no change in proEMAP/p43 was observed over time. The activity of recombinant
MMPs in cell lysates was validated with specific substrates (see Fig. 5A, B). All MMPs were active
after 4 h and even after 24 h we detected substantial activities. For MMP-3 (the only activated
proMMP) the activity in cell lysate is even higher as compared to the control used in the activity
assay. Fig. 4 shows that within tumour cell lysate MMP-7 is capable of cleaving proEMAP/p43 in

both mouse melanoma and rat sarcoma cells.

Identification of EMAP-specific peptide in cleavage products

To confirm MMP-7 involvement in EMAP-II generation, we performed mass spectrometry analysis
on different bands in MMP-7 treated B16-E cell lysates. Based on Western blot analysis, several
bands were cut out of a Coomassie stained gel and analyzed by MALDI-FTMS. (Fig. 5C, D). A
zoom-in on the 1534.82 peak of the mass spectra is shown in Fig. 5C. This EMAP-specific peptide
(obtained from the GenBank database) was found in the recombinant protein, proEMAP,
intermediate and EMAP-II cleavage product bands. For the EMAP-II cleavage product however no
significance was found by the software. Other samples (‘EMAP-II' band close to cleavage product,
negative control (empty lane) and marker protein) did not contain the specific peptide. For BN-E cell
lysate treated with MMP-7 the EMAP-peptide was identified in the proEMAP-band (data not shown).
Because the proEMAP-band is being processed, intermediate and EMAP-II cleavage product are
formed by MMP-7 and these same bands contained EMAP-specific peptide we conclude that
proEMAP is cleaved by MMP-7.
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Additional evidence for this conclusion is shown in Fig. 5E where recombinant proEMAP was
incubated with recombinant MMP-7. After 1 and 2 h incubation both intermediate and EMAP-II
cleavage products were observed. Staining for the N-terminal GST-tag confirmed the cleavage of
GST-proEMAP and showed the N-terminal fragments as well (Fig. 5E).
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A. Activity measurements of recombinant proteases in tumour cell lysates. B16-E (left) and BN-E (right) cell lysates were
incubated with caspase-3, -7 (100, 10 U) or MMP-2, -3, -7, -9 (25 ng) and activity was measured after 4 and 24 h and
compared to positive controls (fresh recombinant protease). All proteases used were still active after incubation in cell lysates.
In time the activity decreases while for MMP-3 the activity increased. (CL) Cell lysate, (C) Caspase, (M) MMP.

B. MALDI-FTMS analysis of different peptide mixtures derived from protein bands migrating at indicated spots (D). B16-E cell
lysate was incubated with MMP-7 and samples were loaded on two gels, one stained with Coomassie and one analyzed by
Western blotting. An EMAP-II specific peptide peak (1534.82) was found in recombinant EMAP-II, proEMAP and intermediate
product. For EMAP-II cleavage product the peak seemed present but too low to be separated from the background (indicated
by the asterisk). A band migrating close to EMAP-II (‘(EMAP-II 2'), the negative control and a protein from the marker did not
contain the peptide.

C. Western blot of the same cleavage reaction as used for mass spectrometry analysis. Six isolated bands are indicated and
the table shows where EMAP-II peptide was found. Asterisk means present but not significant. A spot from an empty lane was
used as negative control.

D. Recombinant proEMAP/p43 cleavage by MMP-7. Recombinant human proEMAP/p43 with a N-terminal GST-tag was
incubated with recombinant human MMP-7 for 1 and 2 h. At both time points EMAP-II and intermediate forms were detected.
GST-antibodies showed N-terminal fragments. All proEMAP/p43 was processed by MMP-7 within 2 h.

MMP inhibition interferes with proEMAP/p43 cleavage in tumour cells

To validate the MMP-7 cleavage data we induced B16BL6, B16-E and BN175, BN-E cells to
produce EMAP-II with and without addition of a broad range MMP-Inhibitor (inhibits MMP-1, -3, -7, -
9). For B16BL6 melanoma cells we observed inhibition of EMAP-II cleavage when MMP-Inhibitor
was present, active EMAP-II was absent in medium when inhibitor was added (Fig. 6A). For BN175
and BN-E cells the observed effects were less pronounced indicating that in these cells proEMAP
cleavage might be more complex (data not shown). We conclude that inhibition of MMP by a broad
range inhibitor prevented B16 melanoma cells from proEMAP/p43 cleavage.

To specifically study the role of MMP-7 in proEMAP/p43 cleavage by tumour cells we performed
RNAI inhibition experiments with B16-E tumour cells. Firstly, two designed RNAi duplexes were
tested for their ability to inhibit MMP-7 production. Fig. 6B shows the RNAI inhibition of MMP-7 in
B16-E cells. MMP-7 RNAI induced a down regulation of MMP-7 protein production, mainly reflected
by the decrease of its active form (~18 kD). We continued with the RNAi (number 2) with the highest
inhibition. B16-E cells, transfected with RNAi or the scrambled control, were triggered to produce
EMAP-II. We observed a decrease in proEMAP/p43 cleavage when MMP-7 was inhibited resulting
in lower amounts of EMAP-II and intermediate form in the culture medium (Fig. 6C). From repeated
experiments inhibition was quantified and depicted as ratio RNAi/scrambled (Fig. 6D). For proEMAP
and the loading control (LC) the expression was comparable while for intermediate and EMAP-II

cleavage products a significant inhibition was found.
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Kinetics of MMP-7 activity and proEMAP/p43 cleavage

In Figure 1 we showed that the kinetics of caspase-7 activation and proEMAP/p43 cleavage did not
correspond. Using a specific MMP-7 activity measurement, we determined the MMP-7 activity during
triggering of proEMAP/p43 cleavage. In contrast to caspase-7 we detected MMP-7 activity
increasing in time along with EMAP-II production. Time points of proEMAP/p43 cleavage overlapped
with those of MMP-7 activation. For both B16-E and BN-E tumour cells we observed MMP-7 activity

increasing along with increasing incubation times (Fig. 6E, F).
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FIGURE 6. Inhibition of MMP prevents B16 tumour cells from release of EMAP-II in the culture medium.

A. B16 and B16-E cells treated with Mevinolin/Etoposide combination for 24 h with and without broad range MMP-inhibitor.
Arrowhead points proEMAP/p43, open arrow points EMAP-II, brace indicated intermediate forms. (M) Protein kD marker, (rE)
recombinant EMAP-II, 50 ng, (CL) Cell lysate, (Med) culture medium, (LC) Loading control.

B. Western blot analysis of MMP-7 levels in B16-E cells after triple transfection of two different MMP-7 RNAi duplexes (1 and
2, in duplo) or their scrambled control (C). We observed MMP-7 inhibition, mainly represented by its active form. (LC) Loading
control.

C. B16-E cells treated with Mevinolin/Etoposide combination for 24 h after RNAI inhibition of MMP-7 compared to the control.
When MMP-7 is inhibited, less EMAP-II is secreted in the medium. ProEMAP/p43 and EMAP-II were detected by Western
blotting in cell lysate and culture medium. Arrowhead points proEMAP/p43, open arrow points EMAP-II, brace indicated
intermediate forms. (M) Protein kD marker, (rE) recombinant EMAP-II, 50 ng, (CL) Cell lysate, (Med) culture medium, (LC)
Loading control.

D. Quantification of RNAi experiments. Seven repeated experiments were quantified for expression levels of proEMAP,
intermediate form, EMAP-II and the LC. Graph shows ratio RNAi/scrambled control. For intermediate and EMAP-II a significant
decrease was found (* p<0.0001 and p=0.0002 respectively). n.s. not significant as compared to LC.
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E. MMP-7 activity during proEMAP/p43 cleavage of B16-E cells triggered with Mevinolin/Etoposide for 0-24 h.
F. MMP-7 activity during proEMAP/p43 cleavage of BN-E cells triggered with IFN-I

for 0-72 h. For both cell lines (Fig. E and F) time points of MMP-7 activation and proEMAP/p43 overlap. (UTC) Untreated
control. Graph represents mean activity + SD of three independent experiments.

Noteworthy, the absolute measured activity values for MMP-7 are about 10-fold higher in BN-E
tumour cells as compared to B16-E cells. These measurements are in accordance with our other
experiments on the involvement of MMP-7 in proEMAP/p43 cleavage and we conclude that MMP-7 is

a protease capable of and involved in the cleavage of proEMAP/p43 into EMAP-II in tumour cells.

DISCUSSION
In the presented study we provide evidence that MMP-7 is involved in the cleavage of proEMAP/p43
into EMAP-II by tumour cells. In literature contradictory reports and theories are published concerning
the mechanism of proEMAP/p43 cleavage. This accounts especially for capsase-7, which is claimed
to be responsible for proEMAP/p43 cleavage but also excluded [21,23]. EMAP-II has been described
to have a number of activities such as, cytokine properties, anti-angiogenic, embryonic development,
apoptosis, proliferation, adhesion, TNF-sensitivity of tumours, protein translation [3,6,7,11,13,31-33].
Given these many functions and the controversy on proEMAP/p43 cleavage knowledge on this
cleavage will be very useful.

We initiated to evaluate the role of caspase-7 in the cleavage of proEMAP/p43 by tumour cells.
To induce active EMAP-II production we triggered mouse, rat and human tumour cells with a set of
cellular stress inducers. From other reports it is known that different tumour cell types differ in their
production of active EMAP-II [12,20]. In line with these reports, we did observe differences between
the cell lines (Fig. 1B). In addition, we observed very low amount of active EMAP-II in the culture
medium, which is due to the high instability of this polypeptide in conditioned medium. Mature EMAP-
Il may either be broken down or further processed [18]. Noteworthy is also the small differences we
observed in the apparent molecular weight and gel-mobility of EMAP-II between the cell lines.
Recently, we published that indeed active EMAP-II differs in gel-mobility when comparing different
species [34]. This may imply that besides the differences in optimal treatment for proEMAP/p43
cleavage, also the mechanisms involved are (in part) different within different species.

In our experiments we excluded caspase-7 from cleavage of proEMAP/p43 by tumour cells. We
provide multiple clues to justify this conclusion: kinetics of caspase-7 activation does not overlap with
proEMAP/p43 cleavage, caspase-7 inhibition does not prevent tumour cells from cleaving

proEMAP/p43, and in an in vitro assay using cell lysate and recombinant caspase-7 we did not
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observe proEMAP/p43 cleavage (Figs. 1-3). These data are in line with Zhang et al. but in contrast
with Behrensdorf et al. [21,23]. We speculate that the discrepancy may result from the assays used.
We used for the first time tumour cells in culture for proEMAP/p43 cleavage studies. In addition, we
used tumour cell lysate to add recombinant caspases, instead of detecting them in the lysate. We feel
that by using tumour cells, we obtained a more physiological setup. Processes and proteins within
the cell may therefore be overlooked in previous studies, which only used recombinant protein
cleavage assays. Because we present multiple findings based on different types of experiments,
which are supported by others, we consider caspase-7 not to be involved in proEMAP/p43 cleavage
by tumour cells.

To identify a protease involved in proEMAP/p43 cleavage we focused on MMPs as these
proteases are well known for their ability to cleave and activate proteins, besides matrix components,
like plasminogen, TNF-o., CD95 and TGF-B [35-38]. We initially chose to test MMP-2, -7 and -9
based on their reported cleavage effects and because we found putative cleavage sites within the
proEMAP/p43 sequence. However, these putative sites are very speculative and the consensus
sequence for MMP cleavage varies extensively between substrates [30]. We studied MMP-3 as well,
which is known to activate MMP-7, as we wanted to exclude a possible cleavage of proEMAP/p43
directly by MMP-3. Using an in vitro cleavage assay with cell lysates we found MMP-7 capable of
cleaving proEMAP/p43, while MMP-2, -3 and -9 did not cleave proEMAP-p43 (Fig. 4). MMP-7 is an
extra cellular MMP mainly produced by carcinoma and stroma cells, known to cleave many proteins
and involved in tumour cell invasion [39,40]. Interestingly, with this in vitro assay the optimal time
point for proEMAP/p43 cleavage differs between B16BL6 melanoma and BN175 sarcoma cells. This
is another indication that the exact mechanism of cleavage differs between the cell types studied.
Different cell types likely differentially regulate activity of MMPs via other MMPs and inhibitors (like
TIMPs). This was confirmed by activity assays which showed that all MMPs (and caspases) were
active in tumour cell lysates but for some MMP we observed differences in activity levels (Fig. 5A, B).
The fact that there is one product in B16BL6 and probably two products in BN175, appearing as a
rather broad band, confirms this cell type dependency. However, the cleaved EMAP-II appears at
comparable molecular weights as shown in earlier experiments. To exactly map the cleavage site in
these different cell types the cleaved EMAP-II, both from in vitro cleavage experiments as well from
cell culture experiments, should be isolated and sequenced. Very interesting will be whether there
are differences in the biological properties of this tumour cell produced EMAP-II. Isolation and testing

of these small amounts of EMAP-II is focus of ongoing research.

136



TUMOUR MOTILITY

To further confirm the involvement of MMP-7 in proEMAP/p43 cleavage we performed mass
spectrometry analysis on different cleavage products (Fig. 5C). Mass spectra from different bands,
containing multiple proteins, were compared against known EMAP-II peptides. For the bands
corresponding to recombinant EMAP-II, proEMAP, intermediate and EMAP-II cleavage product we
found the EMAP-II peptide present (Fig. 5D shows the corresponding Western blot of B16-E cell
lysate treated with MMP-7). This peptide was absent in negative control, marker protein and a band
migrating next to EMAP-II. These data confirm that proEMAP/p43 indeed is cleaved by MMP-7 in
B16-E cell lysates. Additional recombinant protein cleavage again confirmed MMP-7 induced
proEMAP/p43 cleavage. By using GST-tagged proEMAP/p43 also the N-terminal fragments were
shown (Fig. 5E).

To validate our findings in cells we inhibited MMPs during treatment of B16BL6 and BN175 cells
to produce EMAP-II. Using a broad range inhibitor the cleavage of proEMAP/p43 was prevented and
no EMAP-II appeared in the culture medium of B16BL6 cells (Fig. 6A). For BN175 cells we did not
observe this effect (data not shown). These differences again confirm the cell type dependent
cleavage mechanisms. In addition, using the broad range MMP inhibitor we observed more
intermediate forms, which might indicate a broader involvement of MMPs in this process. Specific
inhibition of MMP-7 by RNAI confirmed the involvement of MMP-7 in proEMAP/p43 cleavage (Fig.
6B, C). The cleaved EMAP-II product appeared to run somewhat higher as compared to Fig. 1. This
might indicate that MMP-7 influences/activate other proteases (like caspases and other MMPs),
which are also involved in (further) proEMAP/p43 cleavage. Whether this is true needs to be
addressed in future experiments. Quantification of the MMP-7 RNAI inhibited cleavage revealed that
both intermediate and EMAP-II were significantly decreased while proEMAP and the loading controls
were comparable. The absence of an effect on proEMAP/p43 might be due to the huge differences in
amounts of secreted proEMAP/p43 and EMAP-II. For all cell experiments proEMAP/p43 was more
abundantly detected in conditioned medium as compared to EMAP-II. MMP-7 involvement is further
emphasized by the kinetics of MMP-7 activation and proEMAP/p43 cleavage.

The proposed role of MMP-7 is summarized in a schematic drawing in Fig. 7. We hypothesize
that upon cellular stress proEMAP/p43 protein is ‘secreted’ during apoptotic cell death. Because
proEMAP/p43 has no signal peptide, this is likely an undirected process. In the extra cellular space
proEMAP/p43 is cleaved by MMP-7. Alternatively proEMAP/p43 cleavage occurs on the membrane
during other stress signals like hypoxia. In this case proEMAP/p43 and MMP-7 are docked in a
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membrane complex, probably with other unknown proteins. What happens to the multi tRNA
synthetase complex (a conformational change or release of some subunits) is unclear.

For some tumour cells membrane expression of EMAP-II is detected and MMP-7 is known to
cleave other membrane bound proteins [12,37,41]. Strikingly, in a recent study on protease
involvement in proEMAP/p43 cleavage this membrane bound phenotype was also found for
fibroblasts [25]. Upon production of EMAP-II, macrophages are recruited to the sites of cell death and

membrane bound EMAP-II is involved in lymphocyte apoptosis (Fig. 7).

> extra cellular matrix

€ extra cellular MMP-7 produced
by tumor and stroma cells

mm proEMAP/p43 (part of
tRNA MS complex)

O tRNA synthetase

W active EMAP-II
Stress signal

(chemo, hypoxia, © unknown protein(s)
apoptosis, ...)
Apoptotic cell death Hypoxic cell response
4 Y

l ProEMAP/p43 cleavage l

Extra cellular Membrane-bound

EMAP-II recruites macrophages
to apoptotic, hypoxic, inflamed, ...
microenvironments or induces
lymphocyte apoptosis

FIGURE 7. Schematic representation of the proposed involvement of MMP-7 in proEMAP/p43 cleavage and EMAP-II
production. Within tumour cells proEMAP/p43 is present as part of the tRNA multisynthetase (MS) complex and MMP-7 is
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stored extra cellular. Upon cellular stress signals we propose two ways of proEMAP/p43 cleavage. During apoptotic cell death,
protein synthesis is inhibited and the tRNA MS complex falls apart, proEMAP/p43 is undirected secreted and becomes
available as MMP-7 substrate and EMAP-II is formed. The active EMAP-I recruits macrophages to clear cellular debris after
apoptotic cell death. Alternatively, upon other signals the tRNA MS complex is (in part) directed to the cell membrane, after a
conformational change and/or binding of other proteins, proEMAP/p43 becomes available for cleavage at the cell membrane.
MMP-7 is present in the same complex. The formed membrane-bound EMAP-II can induce lymphocyte apoptosis.

In conclusion we provide several indications that MMP-7, instead of caspase-7, is involved in the
cleavage of proEMAP/p43 by tumour cells. These novel findings justify more research on the exact
mechanisms of this cleavage and point out implications for the manipulation of EMAP-II activities

both in tumours as in other diseases and normal processes.
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ABSTRACT

Endothelial monocyte-activating polypeptide-Il  (EMAP-II), a proinflammatory cytokine with
antiangiogenic properties, renders tumours sensitive to tumour necrosis factor-alpha (TNF)
treatment. The exact mechanisms for this effect remain unclear. Here we show that human
endothelial cells (EC) are insensitive to TNF-induced apoptosis but after a short pre-treatment with
EMAP-II, EC quickly undergo TNF-induced apoptosis. EMAP-II treatment did not increase TNF-R1
protein expression but rather induced TNF-R1 redistribution from Golgi storage pools to cell
membranes. In addition, we observed EMAP-II induced mobilization and membrane expression of
the TNF-R1-Associated Death Domain (TRADD) protein. Immunofluorescence co-staining
experiments revealed that these two effects occurred at the same time in the same cell but TNF-R1
and TRADD were localized in different vesicles. These findings suggest that EMAP-II sensitises EC
to apoptosis by facilitating TNF-R1 apoptotic signalling via TRADD mobilization and introduce a

molecular and antiangiogenic explanation for the TNF sensitising properties of EMAP-II in tumours.

INTRODUCTION
Endothelial monocyte-activating polypeptide-Il (EMAP-1I) is a proinflammatory cytokine with
antiangiogenic properties and isolated from supernatants of cultured tumour cells [1,2]. EMAP-Il is a
chemo attractant for monocytes/macrophages and neutrophils, induces von Willebrand Factor, E-
and P-selectin and Tissue Factor on endothelial cells (EC) and suppresses tumour growth [3]. For its
antiangiogenic activities inhibition of EC proliferation and a role for heparan sulphate and pH have
been suggested. EMAP-II was shown to hind alpha5 integrins thereby inhibiting the adhesion of EC
to fibronectin matrix [4,5]. In addition, tumour-produced EMAP-II can be immunosuppressive by
inducing lymphocyte apoptosis and tumours with an upregulated EMAP-II expression are rendered
sensitive to tumour necrosis factor-alpha (TNF) therapy [6,7]. This was confirmed by retroviral
transfer of the EMAP-II gene in both subcutaneous mice models and isolated limb perfusions in rats
[8,9]. An upregulation of TNF-R1 by EMAP-II in EC in vitro has been presented as possible
explanation for the EMAP-II induced TNF-sensitivity [10]. However, data on mRNA and protein level
were not consistent and in a recent gene array study of EMAP-II-induced genes in EC no TNF-R1
was found leaving the exact underlying mechanisms unclear [11].

TNF exerts pleiotropic effects in immunity, inflammation, cell proliferation, differentiation and
apoptosis [12]. TNF acts via two distinct receptors, TNF-R1 and TNF-R2, with TNF-R1 being member
of the death receptor family containing a Death Domain (DD) [13]. Upon TNF binding TNF-R1
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signalling can lead to survival and apoptotic pathways both initiated by the recruitment of TNF-R1-
Associated Death Domain (TRADD) [14]. Subsequently, TNFR-Associated Factor 2 (TRAF-2) and
Receptor Interacting Protein 1 (RIP-1) hind and are involved in the survival signalling while Fas-
Associated Death Domain (FADD) and caspase-8 mediate apoptotic signalling [15].

Recent data showed how these signalling complexes act mechanistically. Survival pathways are
activated by the formation of complex I, including TNF-R1, TRADD, TRAF-2 and RIP-1. During
apoptotic signalling complex Il or Death Inducing Signalling Complex (DISC) is formed, which
includes TRADD, FADD and RIP-1 and is able to bind caspase-8 [16]. Besides formation of distinct
complexes, also regulation by intracellular compartmentalization of so-called TNF-receptosomes has
been reported [17]. These data show that TNF-R1 signalling is very complex and besides the
proteins themselves, also the way in which they are involved is being unravelled. Although exact
mechanisms remain unresolved, FADD/caspase-8, in contrast to TRADD, is not recruited to the
membrane [18].

In this report we investigated the effects of EMAP-II on early TNF-R1 signalling in EC. We found
that EC are insensitive to short TNF treatment, but when pre-treated with EMAP-II EC became very
responsive to TNF-induced apoptosis. Our data confirm that EMAP-II does not change the TNF-R1
protein expression but rather induces TNF-R1 redistribution from Golgi storage pools to the cell
membrane. In addition, we observed an EMAP-Il-induced membrane expression of TRADD, which
was confirmed by immunofluorescence showing small fractions of mobilized TRADD. Finally, we
observed that although these two effects occurred at the same time in the same cell, TNF-R1 and
TRADD were localized in different vesicles.

MATERIALS AND METHODS

Cell culture and reagents

Human Umbilical Vein Endothelial Cells (HUVEC) were used between passage 3 and 7 and
maintained in Human Endothelial-SFM Medium supplemented with 10% New Born Calf Serum, 5%
Human Serum (Invitrogen), 20 ng/ml bFGF and 100 ng/ml EGF (PeproTech), in gelatin-coated flasks.
Cells were cultured at 37 °C, 5% CO: in a humidified incubator. Human recombinant TNF and EMAP-

[l were kindly provided by Boehringer-Ingelheim, GmbH.
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Apoptosis Assay
HUVEC were treated for 1 h with TNF with and without 1 h pre-treatment of EMAP-II at various
concentrations. After 2 h treatment the medium was replaced by medium containing 0,5 uM of the
apoptotic death cell marker Yo-Pro-1 iodide (491/509) (Molecular Probes) and cells were incubated
20 minutes at 37 °C in the dark. Bright field and immunofluorescent images were taken using an
Axiovert 100 M microscope using a 10X/0.30 PLAN-NEOFLUAR objective lens and AxioCam HRC

digital camera using AxioVision software (Carl Zeiss).

Immunoprecipitation and Western Blotting

HUVEC were grown till confluence, treated with EMAP-II (concentration range, 1h), washed twice
with ice-cold PBS and lysed in ice-cold Lysis Buffer (50 mM Tris-HCI (pH 7,4), 150 mM NaCl, 1 mM
EDTA, 1% NP-40, protein inhibitor cocktail) for 30 min on ice. Lysates were cleared from cellular
debris by centrifugation for 10 min at 0 °C, 12000g. In the meantime Protein A Sepharose Beads
were washed twice with Lysis Buffer. Protein concentration was determined with Coomassie Plus
Reagent (Pierce) in samples of conditioned medium, cell lysate and cell lysate of membrane
biotinylated cells and samples were normalized by protein content. Samples were pre-cleared with 20
wl Protein A Sepharose Beads for 1 h at 4 °C and incubated with 10 ul of polyclonal goat-anti human
TNF-R1 antibody (R&D Systems) for 4 h at 4 °C using an upright rotator. The Sepharose Beads were
washed twice in Lysis Buffer and twice in Lysis Buffer lacking NP-40. Precipitates were resuspended
in Laemmli Sample Buffer, electrophoresed by SDS-PAGE on 10% gels and transferred onto
polyvinylidene difluoride membranes (BioRad). Membranes were blocked for at least 1 h at room
temperature with 5% nonfat dried milk in PBS/0,05% Tween-20 and incubated with mouse anti-TNF-
R1 antibody (0,2 nug/ml, R&D Systems), mouse anti-TRADD antibody (0,5 ug/ml, Pharmingen) or
mouse anti-FADD antibody (0,5 ug/ml, Pharmingen) overnight at 4 °C. After washing with
PBS/0,05% Tween-20 and incubation with biotinylated goat anti-mouse 1gG for 1 h at room
temperature, proteins were made visible by amplified alkaline phosphatase (BioRad). Membranes
were incubated with alkaline phosphatase-streptavidin complex for 1 h at room temperature, washed
and stained with NBT-BCIP substrate (Roche) until staining was optimal. The substrate reaction was

stopped by washing several times with AD, membranes were dried and scanned for analysis.
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Membrane Biotinylation

To detect membrane-bound TNF-R1, EMAP-II treated HUVEC were washed twice with ice-cold PBS.
Before lysis, cells were incubated with S-NHS-biotin (0,5 mg/ml, Sigma-Aldrich) dissolved in ice-cold
PBS for 1 h at 4 °C. For detection of membrane-bound TNF-R1, TNF-R1 precipitates of cell lysates of
membrane biotinylated cells were blotted and stained directly with alkaline phosphatase-streptavidin.
For detection of membrane-bound TRADD and FADD, membranes of membrane biotinylated cells
were isolated by precipitation with streptavidin labeled Sepharose beads (Amersham) and anti-
TRADD or FADD incubated immunoblots were incubated with alkaline-phosphatase labeled
secondary antibodies.

Immunofluorescence Staining

After treatment, HUVEC were washed twice with PBS, fixed in 4% formalin at room temperature for
10 min, washed and permeabilized using 0,15% Triton-X-100 for 2 min. After blocking for 45 min in
blocking solution (1% BSA / 0,05% Tween-20 / PBS) fixed cells were incubated with first (1/200) and
secondary (1/500) antibody-mixtures for 2 h at room temperature in blocking solution. In between
incubations cells were washed 3 times with PBS / 0,05% Tween-20. Thereafter cells were briefly
washed in 70% and 100% ethanol respectively, air dried and mounted onto microscope slides using
10 wl of a 1.1 solution of VectaShield (Vector Laboratories) and DAPI-DABCO (Molecular Probes).
Primary antibodies used: mouse anti-human TRADD (BD Transduction Laboratories), rabbit anti-
human TNF-R1 (PeproTech), sheep anti-human TGN46 (Serotec). Alexa Fluor 594 and Alexa Fluor
488 (Molecular Probes) labelled secondary antibodies were used. Immunofluorescent images were
taken using an Axiovert 100 M microscope with 40X/1.30 Oil-FLUAR or 63X/1.4 Oil Plan-
APOCHROMAT objective lens (Carl Zeiss) and an ORCA Il ER camera (C4742-98, Hamamatsu

Photonics Systems).

RESULTS

The observed anti-tumour activities of TNF when administered via an isolated limb perfusion (ILP)
have been ascribed to be vasculature-mediated. When used in combination with chemotherapeutic
drugs, TNF affects the EC and the drug kills the tumour cells [19,20]. However, EC in vitro appeared
insensitive to (short) high dose TNF treatment. When we treated EC for 1 h with low (10 ng/ml) and

high (10 pg/ml) dose TNF we did not observe any effects. Both morphology and apoptosis data
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showed no difference (Fig. 1A). In contrast, when we pre-treated EC for 1 h with EMAP-II (10 pg/ml)
and afterwards with TNF, at high dose TNF all EC underwent apoptosis within 1 h (Fig. 1B).

S0 <
Vs

0 EMAP-II

10 ug/ml TNF.

10 pug/ml EMAP-II

FIGURE 1. EMAP-II sensitises HUVEC towards TNF-induced apoptosis (CLR).

A. HUVEC were treated with 0, 10 ng/ml or 10 ug/ml TNF for 1 h after 1 h pre-treatment with standard culture medium
(control). Pictures were taken to show monolayer morphology (left) and apoptotic cells (right). No TNF effect was observed.
Bar, 100 um.

B. HUVEC were treated with 0, 10 ng/ml or 10 pg/ml TNF for 1 h after a 1 h pre-treatment with 10 pg/ml EMAP-II. High dose
TNF induced massive apoptotic cell death after EMAP-II pre-treatment. At low dose some EC undergo apoptosis. Bar, 100

um.

After 1 h pre-treatment with EMAP-II the cells still look healthy, as can be seen in the 0 TNF

controls. This apoptosis sensitising effect was very fast and complete.
To further study this EMAP-II sensitising effect we determined TNF-R1 protein expression in EC upon
EMAP-II treatment (1 h, concentration course) and did not observe an increase. However, when we
isolated cell membranes from EMAP-II treated EC, we did observe a concentration dependent
upregulation of membrane-bound TNF-R1 (Fig. 2A).

This redistribution, rather than upregulation, might be an explanation for the observed TNF-
sensitising properties of EMAP-II and also explains the apparently contradictive reports in literature.
To confirm the observed TNF-R1 redistribution we stained EC for TGN (trans-Golgi network) and
TNF-R1. In untreated controls TNF-R1 is mainly located in the Golgi storage pool. Almost all Golgi
and TNF-R1 overlapped as shown in the merged image (Fig. 2B).
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FIGURE 2. EMAP-II induces TNF-R1 redistribution in HUVEC (CLR).

A. Immunoprecipitation and western blot analysis of TNF-R1 in whole cell lysate (WCL) and cell membranes upon 1 h EMAP-II
treatment. Total TNF-R1 expression was not altered, while the membrane-bound TNF-R1 fraction was increased at increasing
EMAP-II concentrations.

B. Immunofluorescent staining for TNF-R1 and TGN (trans-Golgi network) of non-treated HUVEC. TNF-R1 expression is
mainly Golgi-associated (merged image).

C. Immunofluorescent staining for TNF-R1 and TGN after 1 h EMAP-II (10 [g/ml) treatment. The Golgi-associated TNF-R1
expression was clearly decreased. The overlapping yellow staining is almost completely absent indicating TNF-R1
redistribution out of Golgi storage pools. Bar, 20 um.

Upon 1 h EMAP-II treatment we observed that fractions of TNF-R1 were redistributed out of the
Golgi, probably towards the cell membrane. The Golgi-associated TNF-R1 staining was decreased in
treated EC (Fig. 2C). The Golgi were stained red in the merged image indicating loss of TNF-R1
(green) signal. We conclude that within 1 h EMAP-II induced a redistribution of TNF-R1 out of the
Golgi storage pools and subsequently enhanced the membrane-expression of TNF-R1 in EC.
TRADD is one of the major mediators of TNF-R1 signal transduction so we tested whether EMAP-II
also might affect TRADD expression and cellular distribution. We treated EC with low (10 ng/ml) and
high (10 pg/ml) dose EMAP-II for 1 h and determined TRADD and FADD protein expression in the

cell lysate and membrane fractions.
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For TRADD, in contrast to FADD in the same sample, we observed membrane expression of a

small fraction of the protein; while in the cell lysate no differences for TRADD were seen (Fig. 3A).

A 0 10ng 10ung O 10ng 10ng  /ml EMAP-II
= S . ~== WB: TRADD
M - WB: FADD
WCL Biot.Membr.
TGN

- EMAP-II

+ EMAP-II

+ EMAP-II

FIGURE 3. EMAP-II induces mobilization and membrane-expression of TRADD in HUVEC (CLR).

A. Western blot analysis of TRADD and FADD in whole cell lysate (WCL) and cell membranes in HUVEC treated with 0, 10
ng/ml, 10 pug/ml EMAP-II for 1 h. EMAP-II induced small amounts of TRADD membrane-expression. FADD expression was
upregulated in the cell lysate.
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B. Immunofluorescent staining for TRADD and TGN (trans-Golgi network) of non-treated HUVEC. TRADD expression is
almost exclusively within the Golgi apparatus.

C. Immunofluorescent staining for TRADD and TGN after 1 h EMAP-II (10 ug/ml) treatment. TRADD expression appeared
mainly Golgi-associated as shown by the yellow overlap in the merged image. In addition some TRADD-containing vesicles
were observed (asterisks). Bar, 20 um.

D. High magnification image of a treated EC showing TRADD mobilization in small vesicles, staining positive for TRADD
(green) and negative for TGN (red). Bar, 5 um.

For FADD, we observed a small increase in the cell lysate upon EMAP-II treatment. Using
immunofluorescence for TRADD and TGN, we observed a strong Golgi-associated expression of
TRADD in both the untreated (Fig. 3B) and treated (Fig. 3C) EC. The clear decline of co-staining (as
found for TGN and TNF-R1, see Fig. 2) was not observed. However, when we made images at high
magnification, a subset of treated EC showed small vesicles staining positive for TRADD, and
negative for TGN. This phenomenon was not observed in the untreated EC. Fig. 3D shows an
example of a treated EC, co-stained for TRADD and TGN that mobilized small fractions of TRADD
(green) via small vesicles into the cell periphery

To search for a possible connection between the two observed EMAP-|| effects in EC we set up
a co-staining of TNF-R1 and TRADD. In untreated EC TNF-R1 mainly was expressed in the Golgi
apparatus and sporadically some high TNF-R1 expressing cells were found. For TRADD the
localization was in the Golgi and overlap in the merged image revealed localization of these two
proteins at the same compartment within the cells (Fig. 4A). Upon EMAP-II treatment, the Golgi-
expression of TNF-R1 was clearly declined and more high TNF-R1 expressing cells were observed.
For TRADD its location was still mainly in the Golgi but some TRADD-containing vesicles were also
seen (Fig. 4B, arrows). Strikingly, in the merged image the overlap between TNF-R1 and TRADD
was gone for the Golgi storage pools, only Golgi-associated TRADD (red) was observed. Moreover,
we observed that EMAP-II treated cells, showing TNF-R1 redistribution, also stained positive for
TRADD-containing vesicles (arrowheads in Fig. 4C).

These TRADD-containing vesicles were clearly other vesicles than the TNF-R1-containing
vesicles. We did not observe co-staining for any vesicle and the size of the vesicles is also very
different. For non-treated EC that sometimes showed TNF-R1 redistribution, no positive stain for
TRADD-containing vesicles was observed (asterisk, Fig. 4A). From these observations we conclude
that there are two possible explanations for the sensitising properties of EMAP-II: it induces TNF-R1

redistribution and TRADD mobilization. These two effects occur at the same time in the same cell.
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FIGURE 4. TNF-R1 and TRADD are transported in different vesicles within the same cell (CLR).

A. Immunofluorescent staining for TNF-R1 and TRADD of non-treated HUVEC. Both proteins were mainly expressed in the
Golgi. Also in sporadically observed EC with TNF-R1 redistribution, the Golgi showed co-staining and no TRADD-positive
vesicles were seen (asterisk).

B. Immunofluorescent staining for TRADD and TGN after 1 h EMAP-II (10 ug/ml) treatment. TNF-R1 expression in the Golgi is
decreased while TRADD expression was still Golgi-associated. Merged images did not show co-localization (yellow) in Golgi
anymore. Cells with TNF-R1 redistribution stained positive for TRADD-containing vesicles as well (arrows), Bar, 20 um.

C. High magnification images of two EMAP-I| treated EC showing TNF-R1 redistribution and TRADD mobilization. The small
amounts of mobilized TRADD (red, arrow-heads) located in different vesicles as compared to the abundantly present TNF-R1
(green). Bar, 5 um.

DISCUSSION

In this report we describe an explanation for the TNF-sensitising properties of EMAP-II. The use of
TNF in the clinic is restricted to isolated perfusion settings due to severe systemic toxicity when
administered systemically [19]. Therefore studies aimed to understand and improve TNF therapy are
very useful. EMAP-I is shown to determine TNF sensitivity of tumours in vivo, both in systemic and
isolated treatment modalities [7-9]. Supportive mechanistic data however are limited and not
confirmative. An upregulation of TNF-R1 on mRNA level in EC has been reported [10] but in a gene

array study no TNF-R1 was picked up [11]. In a recent study using patient biopsies we also observed
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no correlation between TNF-R1 protein levels and response to TNF treatment [21]. Recently, more
detailed knowledge has become available on TNF-R1 signalling. For the regulation of this signalling,
compartmentalization and formation of specific complexes is crucial [16,17]. We set up experiments
to evaluate the effects of EMAP-II on TNF-R1 and TRADD localization and distribution in EC.

EMAP-II is shown to induce EC apoptosis of growing EC under subconfluent conditions in a
long-term (12-48 h) treatment [3,22]. When we treated confluent EC with EMAP-II for 1 h we did not
observe apoptosis or virtual morphological changes. However, this 1 h treatment was sufficient to
render EC sensitive to TNF-induced apoptosis. This sensitising effect was very fast and absolute
(Fig. 1B). In patients, TNF-induced tumour necrosis seemed at least partially mediated by anti-
vascular effects and in mice the involvement of TNF-R1 expressing EC of the tumour vasculature has
been suggested [23]. We speculate that local upregulation of EMAP-Il in the tumour
microenvironment may enhance the sensitivity of tumour vessels to TNF.

Interestingly, when we evaluated the TNF-R1 protein expression of EMAP-II treated EC we did
not observe an upregulation. In contrast, TNF-R1 was redistributed out of Golgi storage pools
towards the cell membrane (Fig. 2). This finding might explain the contradictive reports in literature
and also illustrates that TNF-sensitising properties of EMAP-Il do involve TNF-R1 protein
redistribution. For some cells we did not observe TNF-R1 expression neither in the Golgi nor in other
cellular compartments. Because TNF-R1 signalling is a very dynamic process (within minutes) only a
small fraction will be present on the cell membrane and many receptors are shedded to regulate TNF
activities.

The priming effect of EMAP-II on EC also involved TRADD mobilization. TRADD is know to be
recruited to the membrane upon TNF-binding to TNF-R1 [14]. Recently, for PAK4 a facilitating effect
on TRADD-TNF-R1 binding properties was reported [24]. To our knowledge EMAP-II is the first
reported cytokine to exhibit comparable activities, while the TNF-R1 signalling outcome is the
opposite.

Although not excluded we do not expect a direct binding of EMAP-II to TNF-R1. Sequence and
domain analysis only located a tRNA binding domain within the EMAP-II protein. Exact underlying
mechanisms for this EMAP-II effect remain unclear. Small fractions of mobilized TRADD become
membrane-bound and based on its properties, this fraction is likely bound to TNF-R1. In co-
immunoprecipitation experiments we did not detect TNF-R1 bound TRADD, probably due to the very
low amounts that will be TNF-R1 bound as compared to TNF-treated cells. Nevertheless the two
observed EMAP-II effects on early TNF-R1 signalling suggests a ‘priming-effect’ of the EC by EMAP-
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I for TNF-induced apoptosis. In addition, when we co-stained for TRADD and TNF-R1 the two effects
seemed to take place at the same time in the same cell. In non-treated cells, we sporadically
observed TNF-R1 redistribution but no effect on TRADD was seen. For EMAP-II treated EC we
observed that virtually all cells with TNF-R1 redistribution also showed a TRADD mobilization (Fig. 4).
The EMAP-II induced TNF-R1 redistribution may induce TRADD mobilizing or vice versa. The sum of
these effects might be an explanation for the sensitising properties of EMAP-II for inducing EC
apoptosis as we showed in Fig. 1.

Evidently more detailed research needs to be conducted to elucidate the exact molecular
regulation of the EMAP-II effects on TNF-R1 apoptotic signalling induced by TNF. For example, what
happens to the distribution of TNF-R1 and TRADD upon TNF-treatment? Will there be an effect on
the survival signalling of TNF? Are there EMAP-II interacting proteins? And how are these involved in
the EMAP-II activities towards EC? These and other questions are open avenues of future research.
In conclusion, we provide data that EMAP-II is capable to affect TNF-R1 apoptotic signalling in EC
and suggest a molecular and antiangiogenic mechanism for the TNF sensitising properties of EMAP-
II. A more detailed knowledge of the EMAP-II-TNF axis may result in a more directed and widespread

utility of TNF in the treatment of cancer patients.

CONCLUSION

TNF-R1 induced apoptosis is a very complex process and for EC little is known about the regulation.
When TNF is used to treat solid tumours its activities are vasculature mediated.[19] In contrast, EC in
vitro are insensitive to TNF. EMAP-II is known to be able to enhance TNF-induced tumour regression
in mouse models.[7,8] Mechanistic data for this effect, however, are very contradictive.

The data presented in this study suggest that indeed the underlying mechanisms might be more
complex than anticipated earlier. We also observed no effect of EMAP-II on TNF-R1 protein levels. In
contrast, TNF-R1 membrane localisation on EC was induced by EMAP-II treatment. In addition,
TRADD was mobilized out of the Golgi. These data show that prior to addition of TNF, its apoptotic
signalling can be manipulated by EMAP-II. Both TNF-R1 and TRADD are mobilized within the same
cell. This very quick mobilisation was observed before addition of TNF. Pre-treatment of EC with
EMAP-II thereby facilitates TNF-induced EC apoptosis.
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ABSTRACT
Tumour Necrosis Factor-alpha (TNF) is a proinflammatory cytokine with potent anti-tumour activities.

Its clinical use in cancer treatment is limited by considerable toxicity after systemic administration,
and is currently confined to isolated limb and organ perfusion settings. The high dose administered
via these settings can lead to hemorrhagic necrosis in solid tumours. The novel tumour-derived
cytokine, Endothelial Monocyte-Activating Polypeptide Il (EMAP-II) has been demonstrated to render
a TNF-resistant tumour sensitive to TNF therapy. We demonstrate here that in vitro stable
transfection of rat sarcoma cells led to higher levels of proEMAP/p43 protein and supernatants of
transfected cells did induce an increase of Tissue Factor activity by endothelial cells. This gene
transfer resulted in improved response rates of soft-tissue sarcoma to subsequent regional TNF
treatment by means of an isolated limb perfusion (ILP) in rats. In order to confirm that this was an
EMAP-II related effect, wild-type tumour bearing rats were pre-treated with an intravenous injection of
recombinant EMAP-II followed by an ILP with TNF. These experiments resulted in a comparable
tumour response as was observed in rats bearing EMAP-II transfected sarcoma treated by TNF-ILP.
These results indicate that induction of EMAP-II production by sarcoma tumours in rats via gene
transfer, improves the response to ILP with TNF.

INTRODUCTION

Studies of the anti-tumour activities of systemically administered TNF in humans have been
hampered by severe dose-limiting toxicity at relatively low doses of the cytokine which are insufficient
for an antitumour response [1]. This situation changed when TNF was applied in the isolated limb
perfusion (ILP) setting. The efficacy of the application of TNF in combination with cytostatic agents in
ILP for treatment of patients with in transit melanoma metastases or locally advanced soft tissue
sarcomas has now been well established [1-3]. This treatment can be used as a limb-saving
neoadjuvant therapy when it is followed by local excision of residual tumour. TNF became a
registered cancer drug in Europe based on results of multicenter studies in which clinical response
rates of 75% and limb salvage rates of 71% were observed in 196 patients who had been classified
as having unresectable solid tumours that could only have been managed by amputation. Approval
by the EMEA was given for the use of TNF in the setting of an ILP for locally advanced extremity
grade II-1ll soft tissue sarcomas (STS) [4]. However, up to 25% of the patients do not respond to
TNF-based ILP with a sufficient anti-tumour effect for limb preservation. Underlying reasons and
mechanisms for this non-responding patient group is not known.
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There is evidence that the mechanism of action of TNF is not directly on tumour cells but acts
indirectly by destruction of tumour associated vasculature [5]. This destruction may eventually lead to
death of tumour cells when used in combination with an anti-tumour drug. The anti-tumour effects after
TNF-based ILP can be very rapid, indicating that the TNF-mediated collapse of the tumour vascular bed
may play an essential role in the anti-tumour mechanism. The selective destructive effects of TNF-based
ILP on tumour associated vessels have been illustrated in the clinic by means of pre- and post perfusion
angiographies (see also Chapter 5 of this thesis). Severe hemorrhagic necrosis, accompanied with
vascular destruction was observed after ILP with TNF in combination with Melphalan. Our laboratory
has developed ILP models with different tumour types in rats to study prerequisites for improving
efficacy of different treatments and to study mechanisms of synergy [6,7]. These models mimic the
clinical setting closely with respect to response rates and histopathology. The crucial observation
has been that TNF selectively and highly significantly enhances the uptake of Melphalan and

doxorubicin in the tumours[8].

Endothelial Monocyte-Activating Polypeptide Il (EMAP-II) is a pro-inflammatory cytokine with
anti-angiogenic properties. EMAP-II induces chemo taxis of neutrophils and monocytes/imacrophages
and an induction of von Willebrand Factor, E- and P-selectin and Tissue Factor in endothelial cells
[9,10]. In addition, EMAP-II exhibits antiangiogenic activities by inducing endothelial cell apoptosis
and can inhibit tumour growth [11]. For TNF-resistant tumours, EMAP-II is shown to sensitise those
tumours towards systemic TNF treatment. These sensitising properties were not seen on tumour cells
in vitro suggesting an anti-tumour effect at vascular level. Wu et al [12] defined a way to upregulate
EMAP-II production by means of retroviral transfection of a human melanoma cell line. We used this
same method using a TNF-resistant rat soft tissue sarcoma, BN175. Here we describe application of
EMAP-II gene transfer, subsequent regional TNF treatment and its effects on in vivo tumour growth in

arat ILP model.

MATERIALS AND METHODS

Animals

Inbred male Brown Norway rats, weighing 200 to 300 grams, were obtained from Harlan-CPB,
Austerlitz, The Netherlands. All animals were kept at standard laboratory conditions and were fed a
standard laboratory diet (Hope Farms, Woerden, the Netherlands). The experimental protocols

adhered to the rules laid down in the “Dutch Animal Experimentation Act” (1977) and the published
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“Guidelines on the protection of Experimental Animals” by the council of the EC (1986). All animal
studies were done in accordance with protocols approved by the Animal Care Committee of the

Erasmus University of Rotterdam, the Netherlands.

Tumour model

BN-175 is a non-immunogenic, rapidly growing soft tissue sarcoma syngeneic in Brown Norway rats,
with a tumour doubling time of approximately 2 to 3 days. This tumour was implanted into the flank of
donor rats and passaged serially. For this study we used small tumour fragments (= 1 mm?2 ) that
were subcutaneous implanted into the right hind limb just above the ankle. All surgical interventions
were performed at a tumour diameter between 5 and 10 mm, at least 7 days after implantation. Rats

were sacrificed if tumour diameter exceeded 25 mm.

Drugs
Recombinant human Tumour Necrosis Factor-o,, recombinant human EMAP-II and antibodies
directed to human EMAP-II were provided as a kind gift by Dr. G. Adolf (Boehringer Ingelheim GmbH,

Germany).

Transfection of BN-175 tumour cells with the EMAP Il gene

Viral supernatants from the Gibbon Ape ecotropic packaging cell line PG-WU was used to transfect
the BN-175 tumour cell line. To prepare virus-containing conditioned medium 5x108 PG-WU cells
were grown for at least 48 h, viral supernatants were briefly centrifuged, filtered across a 0.45 um
membrane (Corning) and SequaBrene (1 ul/ml supernatant, Sigma-Aldrich) was added. Tumour
cells, grown till 40-50% confluence, were washed twice with PBS and transfected with freshly
prepared viral supernatants for 6 h on 3 subsequent days and in between incubated with standard
medium in an incubator at 37 °C and 5% CO. After 5 to 7 days the transfected tumour cells (named
BN-E) were subcultured into 75 cm? flasks and expanded under Neomycin selection (800 pg/ml,

Sigma).

Analysis of EMAP-II transfected cells
Transfected tumour cells were trypsinated and pelleted. DNA was extracted using the Qlamp DNA
mini kit (Qiagen Inc.) and amplified by PCR using primers specific for the EMAP-II insert and the

downstream retroviral IRES region of the vector to selectively amplify retroviral derived EMAP-II. For
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EMAP-II the following primers were used: 5-AATCGGATGGTGATTTTACTTTGTA-3' (EF-1) as the
forward primer in both PCR reactions and backward: 5-CATTTTATTTGATTCCACTGTTGC-3' (ER-1)
with a PCR product of 333 bp for the EMAP-II part, and backward for IRES and EMAP-II: 5
GAATGCTCGTCAAGAAGACAG-3' (ER-2), resulting in a 577 bp PCR product. PCR amplification
was performed under the following conditions: 5 minutes at 95 °C, 35 cycles (94 °C for 45 seconds,
55 oC for 45 seconds, 72 °C for 60 seconds), and 7 minutes at 72 °C, soak at 4 °C. Amplified PCR-

products were subjected to gel electrophoresis on a 1% agarose gel containing ethidium bromide.

Western blot analysis

After transfection, tumour cells were harvested, washed and centrifuged. Cell pellets were lysed at 4
°C in 50 mM TrisCl (pH 8.0); 150 mM NaCl; 0.02% Na-azide; 0.1 % SDS; 1 pg/ml aprotinine; 5% Na-
deoxycholate; 1 % Nonidet P-40; 10 ng/ml DNAse | and 100 pg/ml PMSF for 10 min. Samples were
vortexed and debris was pelleted by centrifugation at 15,000 g for 10 minutes. Protein contents were
determined by BCA protein assay (Pierce) to correct for equal loading and 120 pg protein per sample
was loaded on SDS-gels. Lysates were mixed with Laemmli buffer containing 5% (3-mercaptoethanal,
boiled for 5 minutes and electrophoresed on a 15 % Acrylamide-gel using SDS-PAGE. Membranes
were subsequently blocked for non-specific binding overnight at 4 °C with PBS/ 5 % nonfat dry milk/
0.05 % Tween-20 and incubated for 2 hours with EMAP-II polyclonal rabbit antiserum (diluted 1:2000
in PBS/ 5 % nonfat dry milk/ 0.05 % Tween-20) at 4 °C. After washing thoroughly, the membranes
were incubated for 1 hour with biotinylated goat-anti-rabbit IgG antiserum (diluted 1:3000 in PBS/ 5 %
nonfat dry milk/ 0.05 % Tween-20) at room temperature. Membranes were incubated with alkaline
phosphatase-streptavidin complex for 1 h at room temperature, washed and stained with NBT-BCIP
substrate (Roche) until staining was optimal. The substrate reaction was stopped by washing several

times with AD, membranes were dried and scanned for analysis.

Coagulation Assay

Conditioned medium from wild type BN-175 and BN-E tumour cell lines was tested for procoagulant
activity using a two-stage coagulation assay. HUVEC (Biowhittaker) were grown to ~80% confluence
in 6-well plates in complete EGM-2 media (Clonetics). Cells were washed twice with sterile PBS.
Tumour conditioned medium was produced by growing ~5x108 tumour cells per 75-cm? tissue culture
flask in 15 ml of serum-free medium. After 24 hr, conditioned medium was collected and vacuum

filtered across a 0.45 um membrane to remove cellular debris and used directly. HUVEC were
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treated with conditioned medium of tumour cells. Normal HUVEC and tumour cell medium were used
as a negative control and TNF at a concentration of 1 pg/ml as a positive control. The samples were
incubated for 6 hours at 37 °C in a 5% CO2 incubator and assayed for procoagulant activity. Medium
was removed from the treated HUVEC and cells were washed with Ca/Mg free PBS. After 10 min
incubation with 1 ml 25 mM Tris/EDTA (pH 7.4) per well, cells were gently removed from the wells
and subsequently collected and centrifuged at 14,000 g for 10 minutes at room temperature.
Supernatants were carefully removed and the resultant cell pellets were resuspended in 100 pl assay
buffer (25 mM Tris, pH 7.4; 150 mM NaCl; 0.1% BSA) and shortly vortexed. Cell pellets were added
to 100 I human citrated plasma (Biopool), mixed well and incubated at 37 °C degrees for 3 minutes
in a clinical fibrometer. The coagulation reaction was catalyzed by adding 100 ul 30 mM CaClz and
clotting time was measured. Standard curves were generated using recombinant human Tissue

Factor (American Diagnostica, Greenwich, CT) to calculate Tissue Factor concentrations.

Immunohistochemistry

Approximately 2 x 106 BN175 or BN-E tumour cells were injected subcutaneously in the flank region
of syngeneic Brown Norway (BN) rats. When tumours reached 10 mm in diameter they were resected
from the animal, immediately fixated in 4 % formalin and embedded in paraffin. Assessment of
tumour histology was done on 5 to 8 um hematoxylin-eosin stained sections. Before staining for
EMAP-II, sections were dewaxed with xyleen and rehydrated by passing through a graded series of
alcohol followed by PBS. Sections were micro waved two times for 5 min in 0.01 M citrate buffer (2.1
g/l citric acid and 1g/l Sodium hydroxide) to enhance immunoreactivity. All incubations were carried
out in a humidified chamber at room temperature. Sections were incubated in 5 % normal goat serum
for 30 min to block nonspecific binding of antibodies. Sections were rinsed with PBS/0,05% Tween-
20 and rabbit polyclonal antibodies against human EMAP-II was added at a 1:100 dilution. Polyclonal
rabbit 19G (Santa Cruz Biotechnology) was used as a negative control. Slides were incubated for 1
hour, washed three times with PBS and subsequently incubated with goat-anti-rabbit secondary
antibodies conjugated to peroxidase for 1 h. After washing three times in PBS, slides were incubated
with avidin-biotin complex reagent, followed by diaminobenzidine substrate. Thereafter the slides
were rinsed with distilled water and counter stained with hematoxylin. Finally, slides were dehydrated
with graded alcohol, xyleen and covered with Enthalan. Slides were examined with a Leica DM-RXA

microscope and images were made using a Sony DXC950 digital camera.
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Isolated Limb Perfusion (ILP) model

The perfusion technique was performed as described previously [7,13]. In our laboratory Manusama
et al. modified the technique of ILP in rats, originally described by Benckhuijsen [14]. In this model,
using the BN-175 soft tissue sarcoma, it was shown that only when TNF was combined with
Melphalan or Doxorubicin a tumour response could be reached. We used the BN-175 soft tissue
sarcoma to set up an experimental model to study the response rate to TNF-based ILP. Briefly, small
fragments (3-5 mm) of tumour were implanted subcutaneous into the right hind limb of the rat. About
7 to 8 days after implantation tumours reached an average diameter of 8-12 mm and ILP-treatment
was performed. Animals were anaesthetized with Hypnorm (Janssen Pharmaceutica, Tilburg, The
Netherlands) and Ketamine (Apharmo BV, Arnhem, The Netherlands). Heparin (50 1U) was injected
intravenously to prevent coagulation. To keep the hind limb at a constant temperature, a warm water
mattress was applied. Temperature was measured with a temperature probe on the skin covering the
tumour and was maintained between 38 and 39 °C. The femoral artery and vein were cannulated with
silastic tubing (0.012 inch ID, 0.025 inch OD; 0.025 inch ID, 0.047 inch OD respectively, Dow
Corning, Michigan, USA). Collaterals were occluded by a groin tourniquet and time of isolation
started when the tourniquet was tightened. An oxygenation reservoir and a roller pump were included
into the circuit. The perfusion solution consisted of 5 ml Haemaccel (Behring Pharma, Amsterdam,
the Netherlands) in the sham perfusions, and TNF (50 pg) was added to the oxygenation reservoir as
a bolus in the treatment group. A roller pump (Watson Marlow, Falmouth, UK; type 505 U)
recirculated the perfusate at a flow rate of 2.4 ml/ min. A washout with 5 ml oxygenated Haemaccel
was performed at the end of the perfusion. After the perfusion, the cannulas were removed and the
femoral vessels of the perfused limb were ligated. The extensive collateral circulation was capable to
restore the blood supply of the perfused leg. In other experiments, 16 hours before ILP, 50 g
recombinant EMAP-II, dissolved in 200 ul PBS, was injected intravenously. Rats were closely
monitored afterwards and moderate but reversible toxicity was observed after EMAP-II
administration. Subsequent tumour growth was daily recorded by calliper measurement. Tumour
volume was calculated as 0.4 x (A2 x B), where B represents the longest diameter and A the diameter

perpendicular to B.
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RESULTS

Transfection of BN-175 cells with EMAP-I|

BN-175 (rat soft tissue sarcoma) cells were transfected with retroviral particles containing EMAP-II
gene and appeared resistant to continuous exposure to 800 pg/ml neomycin, demonstrating
successful transfection with the construct (data not shown). After 2 weeks of growing in selection
medium, genomic DNA was extracted from the transfected tumour cell lines to confirm incorporation
of the human EMAP-II gene. PCR analysis showed human EMAP-II in BN-E cell line in contrast to
BN175 wild-type cells (Fig. 1A).
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FIGURE 1. Validation of EMAP-II transfected cell lines.

A. PCR analysis of wild-type BN-175 and EMAP-I| transfected cell lines (BN-E). Viral derived human EMAP-II is only present in
the BN-E cells.

B. Western blots analysis of BN-175 and BN-E cell lysate (120 pg) for EMAP-II. kD: protein marker, rE: recombinant human
EMAP-II (100 ng).

C. Tissue Factor Assay. positive control: medium of HUVEC treated with 1 ug TNF; negative: medium of untreated cells; wild
type tumour medium; transfected tumour medium. For detailed methods, see materials and methods section.

Western Blot analysis of wild type and transfected tumour cell lysates demonstrated that the
band corresponding to the size of proEMAP/p43, ~35 kDa (Fig. 1B) did not visually increase in the
BN-E cells. We only show the results with normal growing tumour cells. In our ongoing experiments
we would like to demonstrate the generation of active EMAP-II and intermediate cleavage products

by inducing apoptosis or other triggers like hypoxia in the tumour cells.
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Coagulation Assay

We wanted to test whether the EMAP-II transfected cell line, BN-E, produced functional protein. We
determined EMAP-II activity based on the induction of Tissue Factor expression on human
endothelial cells. HUVECs were treated with conditioned medium of transfected and wild-type tumour
cells. As shown in Fig. 1C, 6 hour exposure of HUVECs to medium conditioned by tumour
transfected with EMAP-II (BN-E) induced a 20 % increase in the production of Tissue Factor by these
cells, as compared to treatment with conditioned medium from wild type cells. Non-conditioned

medium and recombinant TNF were used as negative and positive controls respectively.

Immunohistochemical analysis for EMAP in tumours
The tumour model used for our in vivo studies was generated by injection of 2x106 tumour cells

subcutaneous in the hind limb of a syngeneic Brown Norway rat.

O 5

FIGURE 2. Histological and immunohistochemical analysis of wild-type and BN-E tumours (CLR).

A. H&E staining.

B. Immunohistichemical staining for EMAP-II. Transfected tumour cells look somewhat smaller. EMAP-II is expressed by all
cells and staining patterns are comparable.

Tumours were grown to an average diameter of 8-12 mm and we observed comparable growth

rates between wild-type and EMAP transfected tumours (data not shown). Figure 2 shows
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histological H&E staining (A) and immunohistochemistry for EMAP-II (B) for wild-type and BN-E
tumours. Both images showed morphological differences, with smaller BN-E cells, but because the
antibody recognizes both endogenous and exogenous EMAP-II no differences were observed.
EMAP-II is expressed by all cells.

TNF-ILP in rats with wild-type and BN-E tumours

In Figure 3A results of TNF-ILP in rats bearing the BN-E tumour compared to the wild-type tumour
are shown. Perfusion with Haemaccel alone resulted in progressive disease in all animals. Although
ILP with TNF resulted in a slight inhibition of tumour growth of the wild type tumour compared with
the sham control, there was no significant difference in tumour response. As can be seen in this
graph the EMAP-I transfected tumour BN-E responded significantly better to ILP with 50 pug TNF.
We saw macroscopically a more profound necrosis in the BN-E tumour that led to a significant slower
outgrowth of tumour after the perfusion. In animals with transfected tumours a small rim of viable
tumour cells survived. However, as can be seen at day nine, the overall observed response rate still
implied a decline in tumour dimension, while profound recurrent tumour growth was demonstrated in

all animals from day eleven. Tumour volumes are shown in the table of Figure 3B.
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FIGURE 3. A. Growth curves of BN wild-type tumour after ILP with sham (¥ ) n=5 and TNF () n=7 and BN-E tumour after
ILP with sham (o) n=7 and TNF (A) n=5.
B. Tumour volumes of wild-type and BN-E tumours in rats on consecutive days after sham or TNF-ILP.
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TNF-ILP rats with wild-type tumours preceded by EMAP-II injection
Recombinant human EMAP-II (50 ug) was injected intravenously in rats 16 hours prior to TNF
perfusion. Rats showed a moderate toxic response immediately after injection, which was reversible

within 4 hours. Figure 4 shows the growth curves of wild-type tumours of animals treated with TNF

perfusion after pre-treatment with i.v. EMAP-II.

8000

tumor volume (mm3)

Days

FIGURE 4. Results of ILP in wild type BN tumour with and without pre-treatment with IV EMAP-II. Control tumour with no
treatment (o) n=6, sham perfusion alone (¥ ) n=5, TNF-ILP alone () n=7, IV EMAP-II treatment followed by sham perfusion
(0), and IV EMAP-II followed by TNF-ILP (m) n=6.

Sham perfusions after EMAP-II injection were also performed. Wild-type tumours treated with
sham perfusion or TNF-ILP alone continued to grow, the EMAP-II pre-treated animals showed a
delay in tumour growth only after TNF-ILP. This difference was observed until the ninth day, when

both groups started to develop the same growth rate.

DISCUSSION
The results presented in this study show that transfection of the TNF resistant tumour BN-175 with
EMAP-II can render this tumour TNF sensitive during TNF-based ILP treatment. This approach could
provide clues for further study to enhance efficacy in the clinical setting where 25 % of patients with
locally advanced limb threatening extremity soft tissue sarcoma do not respond to TNF and
chemotherapy in the ILP setting.

By introducing the isolated perfusion as a mode to apply TNF in patients we have been able to
achieve effective concentrations of TNF in the tumour region. Antitumour effects after TNF containing

ILP can be extremely rapid. TNF mediated collapse of the tumour vascular bed plays an essential
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role in the antitumour mechanism as has been illustrated in publications on clinical studies by pre and
post perfusion angiography [11]. Moreover, in studies in sarcoma patients with magnetic resonance
spectrometry we have clearly shown that the metabolic shut down of the tumour is virtually complete
within 16 hours after the perfusion, confirming the likelihood of TNF mediating its most important effects
on the vasculature of the tumour. At the histopathological level these intravascular effects such as throm-
bocyte aggregation, erythrostasis, endothelial and vascular destruction have been described for the early
stage changes after ILP which resembles closely to observations made in experimental tumour systems.
Because TNF is known to act on the tumour endothelium, a range of cytotoxic agents have been
used in combination to have an additional anti-tumour effect. After the initial destruction of tumour
vessels these agents can exert their toxic effect on the tumour cells.

Here we used a gene-transfer approach to improve the effect of TNF therapy. Based on distinct
responsiveness of different tumours to TNF, a cytokine that contributes to these distinct responses
was isolated. This cytokine, EMAP-II, is produced by tumours and capable of rendering a TNF
insensitive tumour sensitive to TNF treatment [12]. This may be an important finding regarding the
clinical use of TNF as anti cancer therapy in ILP. Therefore, we investigated whether we could
enhance the TNF-sensitivity during ILP of a non-responding rat sarcoma in vivo by transfecting the
tumour with EMAP 11, in order to increase EMAP-II levels.

EMAP-II is a tumour-derived cytokine with pro-inflammatory properties, inducing procoagulant
activity on the surface of endothelial cells and chemo taxis of monocytes/macrophages [15]. High
expression levels are found in association with tissues that display high turnover and high levels of
protein synthesis, like tumour tissue [16]. It was first isolated from the conditioned medium of the
murine Meth-A fibrosarcoma. This tumour responds well to TNF therapy and investigators identified
EMAP-II in the supernatant of cultured tumour cells. Studies have shown that EMAP-II is capable of
sensitizing resistant tumours to the anti tumour effects of TNF and led us to hypothesize that EMAP-II
could be of additional benefit in the TNF-ILP setting. By gene-transfer we created a more sensitive
tumour to TNF therapy, without the toxic side effects of systemic EMAP-II application. In our next
experiments we injected recombinant EMAP-II in rats that were 16 hours later subjected to a TNF-
ILP. In a dose of 50 ug rEMAP per rat combined with 50 ug TNF we saw a significant decrease of
growth of the tumours, with an immediate, although moderate and reversible, toxic reaction to the
injected EMAP-II. These results were comparable with the effect seen in the transfected tumour and
suggest that this effect is mediated by EMAP-II rather than an effect created by transfection of the
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tumour. Currently we are making control cell lines transfected with empty-vector containing viruses to
confirm this.

ILP might be an interesting method for new treatment modalities such as adenoviral-vector
mediated gene therapy [17,18]. In our laboratory we have shown that ILP is a good and selective
method for effective homogeneous transvascular local gene-delivery by using adenoviral vectors.
Experiments in our soft tissue sarcoma and osteosarcoma ILP models have clearly shown this by
making use of luciferase-marker gene and LacZ gene methodology [19]. Moreover, we have shown that
ILP with adenoviral-vector gene delivery of the cytokine IL-3 is the only method in these tumour models
to achieve good tumour responses in contrast to other methods such as IV administration, intra-arterial
administration or intra-tumour administration [18]. It demonstrates that ILP is a valuable method to treat
advanced limb tumours and to develop new treatment modalities.

The possibility of manipulating the sensitivity for TNF in a tumour in vivo also leaves a window
for systemic application of TNF in future settings. If viral vectors can be used to increase tumour
sensitivity in a way that the TNF dose can be lowered, we might be able to save patients in the future

the invasive perfusion procedure and be able to administer TNF systemically in patients.
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ABSTRACT

Tumour necrosis factor-alpha (TNF) has been used in the clinic for more than 10 years in an isolated
limb perfusion (ILP). However, intra-tumoural expression of TNF receptor-1 (TNF-R1) and TNF-R1
upregulating factors are unknown. We determined the expression of TNF-R1, proEMAP and EMAP-I|
before and after ILP and evaluated this against clinical response. Tumour biopsies were taken before
and after ILP of patients (N=27) with advanced sarcoma or metastatic melanoma. Biopsies were
randomly analysed by western blotting for proEMAP/EMAP-II and TNF-R1 expression. Appropriate
melanoma biopsies were stained for EMAP-II, TNF-R1, CD31 and CD68. For melanomas we found
that an up-regulation of EMAP-II, in contrast to proEMAP or TNF-R1, directly after ILP significantly
correlated with a complete tumour response. No correlation was found for sarcoma patients. In a
comparative analysis we found that the overall proEMAP and EMAP-II expression was higher in
melanoma as compared to sarcoma cases and measurements in cell lines revealed high proEMAP
expression by melanoma cells. We report high EMAP-II expression by endothelial cells and
association with macrophages. In addition, macrophages are recruited to vessel-remnants after ILP.
An upregulation of EMAP-II directly after ILP of melanoma patients correlates with and might predict
a complete response to TNF-based ILP. The association of macrophages with EMAP-II expression
and vascular damage suggests a role for EMAP-II in regulating the TNF-based anti-tumour effects
observed with an ILP. Analysis of EMAP-II expression in melanoma biopsies should be implemented
in the ILP procedure.

INTRODUCTION
In the clinic, TNF is currently used in an ILP setting and is registered in Europe since 1998 [1].
Patients with soft tissue sarcoma (STS) or in transit melanoma metastases in the extremities treated
by an ILP with TNF and Melphalan respond very well and 75% limb salvage is achieved with up to
80% response rates in patients with limb threatening locally advanced STS [2,3] whilst a 70% or
higher complete response rate is achieved in patients with melanoma in transit metastases [4,5].
Responding tumours show hemorrhagic necrosis and the TNF effect seems tumour associated
vasculature-dependent [1]. Molecular data on intra-tumoural expression of TNF-R1 and TNF-R1
upregulating factors however do not exist.

Endothelial monocyte-activating polypeptide-1l (EMAP-I1) is a multifunctional cytokine that was
first isolated from supernatants of cultured murine fibrosarcoma and human melanoma cells [6,7].
Even before it was named, its enhancing effects on tumour necrosis factor-alpha (TNF)-induced
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hemorrhagic tumour response were reported [8]. EMAP-II induces chemo taxis of neutrophils and
monocytes/macrophages and an induction of von Willebrand Factor, E- and P-selectin and Tissue
Factor in endothelial cells [9,10]. In addition, EMAP-II exhibits antiangiogenic activities by inducing
endothelial cell apoptosis and suppression of tumour growth [11]. Recently, a cancer cell dependent
novel immunosuppressive role of EMAP-II by inducing lymphocyte apoptosis has been described
[12]. EMAP-II is transcribed in all cells as proEMAP and involved in protein translation as component
of the tRNA synthase complex [13].

For TNF-resistant tumours EMAP-I| is shown to sensitise those tumours towards TNF upon
EMAP-II gene transfer. These sensitising properties were not seen on tumour cells in vitro suggesting
an anti-tumour effect at vascular level. This was confirmed by a strong increase in Tissue Factor
induction by high EMAP-II expressing tumours compared to wild type [14,15]. Another relation
between TNF and EMAP-II was found in endothelial cells in which EMAP-II was capable of inducing
an up-regulation of TNF-R1 mRNA expression [16]. However, this up-regulation on mRNA level did
not correspond to protein levels and in a recent gene array study no records on EMAP-II-altered
TNF-R1 expression were found [17] suggesting that the relation between EMAP-II and TNF-R1 is
more complex. In a rat model we showed that high EMAP-expressing tumours show a better
response to TNF in an isolated limb perfusion (ILP) [18]. This TNF-sensitising effect of EMAP-I|
initiated studies on the role of EMAP-II in the clinical application of TNF in cancer treatment.

In the current study we show data on TNF-R1 and EMAP-II protein expression in tumours from
patients treated with a TNF-melphalan ILP. In a double blind set-up we evaluated and quantified
proEMAP, EMAP-Il and TNF-R1 protein expression both before and after ILP of sarcoma and
melanoma patients (total N=27). In addition, comparative analysis, histology and
immunofluorescence stainings of melanoma to locate these proteins were done. The TNF-R1 and
EMAP-II distribution within tumour tissue before and after ILP treatment indicates possible underlying

mechanisms of the observed anti tumour effects of an ILP treatment.

MATERIALS AND METHODS

Patients

At the Erasmus MC-Daniel den Hoed Cancer Centre more than 350 TNF-based ILPs were performed
between 1991 and 2002 in soft tissue sarcoma and melanoma bearing patients. Because of the
multifocality of the tumours and impossibility of surgical resection all patients were potential
candidates for amputation. Tumour material from these patients was stored in a tumour bank.
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Corresponding tumour biopsies before and after ILP were available for 11 patients. Only two
melanoma patients received a melphalan alone ILP and no appropriate biopsies were available from
these patients. Patients were included when a standardized taken biopsy was available both pre- and
post-ILP. To expand this group extra biopsies were taken from patients treated between 2001-2004.
In total 27 patients (14 suffering from sarcoma and 13 suffering from melanoma) were included in this
study. Due to the nature of the biopsies, sarcomas and melanomas were used for western blotting
experiments and appropriate melanomas were used for immunofluorescence as well. TNF-based ILP
with TNF and melphalan is a registered treatment modality for patients with limb threatening tumours,
the protocols are approved by the Medical Ethical Committee of the Erasmus University Medical
Centre and an informed consent form was obtained from all patients. Patients and tumour

characteristics are listed in Table I.

Isolated limb perfusion

TNF-based ILP procedure has been described previously [2,3]. Besides lymph node dissection, (for
melanoma patients undergoing an iliac perfusion or with palpable lymph nodes) a tumour biopsy was
taken directly before and directly after (within 1-2 minutes) the ILP procedure. The biopsies were
directly frozen and stored at —80 °C until analysis. Response rates were reported according to WHO
criteria [19] in which a complete response (CR) is disappearance of all lesions with no new areas of
disease appearing in the ILP regions. Partial response (PR) is defined as a reduction of 50-99 % of
the total tumour size and a stable disease (SD) is defined as no change after ILP treatment. The final

outcome of the ILP consists of the clinical and histological response.

Tissue lysis and Western blotting

Tumour lysates were prepared in freshly made Lysis Buffer (50 mM Pipes/KOH, pH 6.5, 2 mM EDTA,
0,1% Chaps, 5 mM DTT, protease inhibitor cocktail (Roche Diagnostics)), 100 ul per 25 mg tumour-
tissue and the samples were subjected to 3 freeze-thaw cycles. Cultured tumour cells were lysed as
described below. Samples were centrifuged for 10 minutes at 14000 rpm at 4 °C and within the clear
supernatant the protein concentration was determined using Coomassie Reagent (Uptima). 100 g of
tumour lysate or 150 g of total protein from cultured cells was resolved by SDS-PAGE, transferred
to polyvinylidene difluoride membranes (BioRad) and analysed by Western blotting using rabbit anti-
human EMAP-II (BioSource) or mouse anti-human TNF-R1 (R&D Systems). Expression was

quantified by densitometric analysis using ImageJ Software (NIH) and compared to positive control
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(recombinant protein) for EMAP-II (BioSource) or expressed as absolute total density (averaged pixel

value times the number of pixels) for TNF-R1.

Cell Culture

B16BL6 (mouse melanoma), BLM (human melanoma) and Mel57 (human melanoma) cells were
cultured in DMEM medium (Biowhittaker), BN175 (rat syngeneic soft tissue sarcoma) cells were
cultured in RPMI 1640 medium (Biowhittaker), ROS-1 (rat osteo sarcoma) cells were cultured in
EMEM medium supplemented with 10% Fetal Calf Serum (FCS) and 100 U/ml penicillin/streptomycin
(Life Technologies). Tumour cells were maintained at 37 °C, 5% CO2 in a humidified incubator and
routinely subcultured by removal from flasks using Trypsin-EDTA (Sigma-Aldrich). Human Umbilical
Vein Endothelial Cells (HUVEC) were used between passage 3 and 7 and maintained in Human
Endothelial-SFM Medium supplemented with 10% New Born Calf Serum, 5% Human Serum
(Invitrogen), 20 ng/ml bFGF and 100 ng/ml EGF (PeproTech), in gelatin-coated flasks.

ELISA

Total EMAP concentrations were determined in tumour cell lysates. Tumour cells were counted and
lysed in 75 pl/1.108 cells Lysis Buffer (50 mM Tris-HCI (pH 7,4), 150 mM NaCl, 1 mM EDTA, 1% NP-
40, protein inhibitor cocktail) for 30 min on ice. Cell lysates were cleared from cellular debris by
centrifugation for 10 min at 0 °C, 14000 rpm and stored at —80 °C until analysis. ELISA was
performed using the Accucyte Human EMAP-2 Kit for detection of total EMAP-2 (Cytimmune) using

the provided reagents according to the manufacturers instructions.

Immunofluorescence stainings

Cryosections (5 um) of Tissue-Tek (Sakura) embedded melanoma biopsies were fixed on polylysine-
coated slides with acetone, air-dried and rehydrated with PBS. Tissue sections were incubated in
blocking solution (1% BSA / 0,05% Tween-20 / PBS) for at least 30 minutes and subsequently
incubated with primary antibodies (rabbit anti-human TNF-R1, R&D Systems, mouse anti-human
TNF-R1, Alexis, rabbit anti-human EMAP-II, BioSource, sheep anti-human CD31, R&D Systems,
mouse anti-human CD68, DaKo Cytomation) for 1 hour at room temperature (CD31, CD68) or
overnight at 4 °C (EMAP-II, TNF-R1) followed by green (488) and red (594) labelled Alexa Fluor
secondary antibodies (Molecular Probes) for 1 hour at room temperature. Specificity of the antibodies

used was checked by staining with secondary antibodies alone. Slides were mounted using a 1:1
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solution of VectaShield (Vector Laboratories) and DAPI-DABCO (Molecular Probes).
Immunofluorescent images were taken using an Axiovert 100 M microscope with 40X/1.30 Oil-Plan-
NEOFLUAR objective lens (Carl Zeiss) and an ORCA Il ER camera (C4742-98, Hamamatsu

Photonics Systems) with Openlab 3.1.5 software (Improvision).

HE staining

The same tumour biopsies of melanoma patients used for western blot analysis were used for
histological analysis. 5 um cryosections of Tissue-Tek (Sakura) embedded melanoma biopsies were
fixed on polylysine-coated slides with acetone, air-dried and rehydrated with PBS. Sections were
stained with haematoxylin and eosin using standard procedures. Slides were examined on a Leica
DM-RXA microscope and photographed using a Sony 3CCD DXC 950 camera.

Statistical analysis

ProEMAP, EMAP-II and TNF-R1 expression were divided in up- and down regulated after ILP
treatment. Expression threshold was set at > 5% compared to control and an upregulation was
considered relevant when it was at least 1.2 times higher compared to before treatment. ProEMAP
and EMAP-II were compared to TNF-R1 expression and clinical outcome using cross tabulation and
Chi-Square tests. All tests were two sided and the cutoff level for statistical significance was set at p
<0.05.

RESULTS

Patients

Twenty-seven patients were included in this study, divided in 14 suffering from sarcoma and 13
suffering from melanoma confined to leg or arm. All patients were treated with an ILP with a
combination of TNF and melphalan. Patients were included when a standardized taken tumour
biopsy was available from just before and immediately after ILP. From one patient (no. 21) also
normal skin biopsies were taken. From one patient (no. 16) no response data were available because
this patient died 4 days after a leakage-free ILP due to a myocardial infarction and was known with a

previous cardiac history. Patient characteristics are summarized in Table I.
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Pat  Sex Age Tumor Subtype Number Site Grade Stage ILP Response
No. ) type sarcoma of tumors type toILP
1 F 65 S Pleiomorphic >10 Lower leg High PT Fem SD
2 M 74 S Kaposi >10 Lower leg/foot Low PT Fem CR
3 M 74 S Pleiomorphic 1 Upper arm High PT Axil  SD
4 M 41 S Lipo 4 Upper/lower leg, knee High LR Iliac PR
5 i 3 S Teiomyo Y Upperarm High TR xi— PR
6 M 54 S Pleiomorphic 1 Upper leg High PT Iliac PR
7 F 68 S Leiomyo 1 Lower leg High PT Fem PR
8 M 88 S Angio 6 Ankle/foot Med LR Fem CR
9 M 50 S Neuro 1 Upper leg Med Met Tliac PR
10 M 20 S Aggressive fibro 8 Upper/lower leg Low LR Iliac PR
11 F 73 S Clear 1 Upper leg High Met Tliac PR
12 F 82 S Mal fibr histiocyt 1 Upper leg High PT Iliac PR
13 M 51 S Pleiomorphic 1 Upper arm High LR Axil PR
14 F 45 S Stuart-Treves >100 Upper leg Med PT Iliac PR
15 F 82 M - >50 Lower leg - Met, PLN Tliac PR
16 I3 77 M >100 Total leg - Met. PLN Iliac  -*
17 M 8 M >100 Lower leg, foot - PT, Dmet Tliac PR
18 F 62 M <10 Lower arm - Met, PLN Axil CR
19 M 25 M >100 Lower leg, foot - PT, Dmet Tliac PR
20 1 57 M >50 Total leg - Met, PLN Iliac CR
21 M 64 M >20 Lower leg - Met, PLN Fem CR
22 F 83 M >50 Lower leg - Met, PLN Fem CR
23 F 66 M <10 Lower leg, foot - Met Fem CR
24 ¥ 65 M >100 Total leg - Met, PLN Iliac  SD
25 F 77 M <10 Lower leg, foot - Met, PLN Iliac PR
26 I 76 M >50 Total leg - Met Iliac CR
27 1 46 M >20 Total leg - Met, PLN Iliac  SD

TABLE I. Patient and tumour characteristics. The 14 sarcoma and 13 melanoma patients consist of 15 females (56%) and 12
males (44%), the average age is 63 (range 20-88). * Patient no. 16 died 4 days after ILP due to a myocardial infarction. This
patient was included for expression studies but excluded from statistical analysis. Abbreviations: F, female; M, male; S,
sarcoma; M, melanoma; Med, medium; PT, primary tumour; LR, local recurrence; Met, metastases; PLN, positive lymph
nodes; Dmet, distal metastases; Fem, femoral ILP; Axil, axilar ILP; lliac, lliac ILP; SD, stable disease, CR, complete response;
PR, partial response.

EMAP-II and TNF-R1 expression before and after ILP in sarcoma patients

Fig. 1a shows protein expression of EMAP-II and TNF-R1 in 14 sarcoma patients before (b) and after
(@) ILP. All sarcoma patients show proEMAP expression although in patient 3 and 14 the expression
is very low. The mature cytokine EMAP-II was also observed in nearly all sarcoma biopsies although
it was very low in a number of patients. In addition some intermediate forms were observed which is
in accordance with previous reports [20,21]. Also TNF-R1 expression was found in almost all
sarcoma patients. For proEMAP, EMAP-II and TNF-R1 protein expression varied a lot between
patients and before and after ILP. ProEMAP and EMAP-II expression were quantified using
densitometric analysis and illustrated as percentage of control (recombinant EMAP-II) before and
after ILP (Fig. 1b, c). Because activities are attributed to the active form, as a derivative of these
quantitative data the ratio EMAP-II/proEMAP was calculated (Fig. 1d). The quantification of TNF-R1

expression is illustrated as total absolute density because no positive control was available (Fig. 1e).
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FIGURE 1. Western blot analysis of EMAP-II and TNF-R1 expression in tumour biopsies from sarcoma patients taken right
before (b) and after (a) TNF-based ILP.

A. Western blots. +C, 50 ng recombinant EMAP-II protein, for TNF-R1 no positive control was available.

B. Quantification of proEMAP expression before (open bars) and after (closed bars) ILP as compared to the positive control.

C. Quantification of EMAP-II expression before and after ILP as compared to the positive control.

D. Ratio of EMAP-II/proEMAP derived from Fig. b and ¢ before and after ILP.

E. Quantification of TNF-R1 expression before and after ILP shown as absolute density values.

EMAP-II and TNF-R1 expression before and after ILP in melanoma patients

For 13 melanoma patients (patient 15-27) the same analyses were performed as for the sarcoma
patients. Except for patient 24, all melanoma patients show proEMAP expression and EMAP-II was
found in all biopsies (Fig. 2a). Similar to the sarcoma patients some intermediates forms were
observed as well. TNF-R1 expression was found in all melanoma patients although very low in
patient 24 and 27. Quantitative analysis of proEMAP and EMAP-II expression was done and
expressed as percentage of control (Fig 2b, ¢). The derived ratio EMAP-II/proEMAP is shown in Fig.
2d and the absolute total density values for TNF-R1 expression in the melanoma patients are
depicted in Fig. 2e. When comparing Fig. 1a and 2a, the expression of proEMAP and EMAP-II in

melanoma biopsies was more abundant than in sarcoma biopsies.
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FIGURE 2. Western blot analysis of EMAP-Il and TNF-R1 expression in tumour biopsies from melanoma patients taken right
before (b) and after (a) TNF-based ILP.

A. Western blots. +C, 50 ng recombinant EMAP-II protein, for TNF-R1 no positive control was available.

B. Quantification of proEMAP expression before (open bars) and after (closed bars) ILP as compared to the positive control.

C. Quantification of EMAP-II expression before and after ILP as compared to the positive control.

D. Ratio of EMAP-II/proEMAP derived from Fig. b and ¢ before and after ILP.

E. Quantification of TNF-R1 expression before and after ILP shown as absolute density values.

Correlation analysis

To demonstrate statistical correlation between proEMAP, EMAP-II and TNF-R1 expression and
response rates we performed Chi-Square analysis. We divided the patients in up- and down-
regulation of proEMAP, EMAP-Il and TNF-R1 protein expression upon ILP treatment. An
upregulation of 1.2 fold and expression of > 5% were set as thresholds. A 1.2 increase was
considered relevant in terms of measurements used and to prevent inclusion of observed
upregulations that are too small to be hiologically relevant. Whether this 1.2 increase is biologically
relevant in itself cannot be concluded but local upregulation is known to be of crucial importance for
EMAP-II to exert its biological activities (see discussion section). In addition, the patients were
divided in complete responders (CR) at one site and partial responders (PR) or stable disease (SD)
at the other. The successes (up-regulation and CR) were correlated to the failures (down regulation
and PR/SD) for sarcoma and melanoma patients by cross tabulation and Chi-Square analysis. The p-

values for significance are shown in Table II.
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MELANOMA

TNF-R1t CR

proEMAPt  0.433 0.260
EMAP-It  1.000 0.018
Ratio (act/pro) 0.699 0.260
TNF-R1t - 1.000

TABLE |I. Correlation statistics showing p-values of Chi-Square analysis of melanoma. For sarcomas and melanomas an up-
regulation of proEMAP, EMAP-II, ratio or TNF-R1 was compared to an up-regulation of TNF-R1 and number of complete
responses (CR). All tests were two sided and the cut-off level for statistical significance was set at p < 0.05. Arrow up means >
1.2 times up-regulation after ILP treatment. For sarcomas no correlation was found.

An up-regulation of proEMAP or the ratio did not correlate with an up-regulation of TNF-R1 or a
CR for melanoma patients. In contrast, a significant correlation was found between an up-regulation
of EMAP-II and a CR for melanomas (p = 0.018). Thus, when EMAP-II is upregulated directly after
ILP treatment, the patient is expected to have a CR. Up-regulation of EMAP-II therefore could be an
independent prognostic marker for a CR of melanoma patients. Between an up-regulation of TNF-R1

and CR no relation was found (Table II). For sarcoma patients no positive correlation was found.

Comparative analysis of proEMAP/EMAP-II expression in sarcoma and melanoma

An upregulation of EMAP-II did correlate with complete response in melanoma patients but not in
sarcoma patients. Comparing these two groups for relative proEMAP and EMAP-II expression
revealed that for both proEMAP and EMAP-II, both before and after ILP, melanoma tumour biopsies
had a higher relative expression (Fig. 3a). The differences were most profound for EMAP-II (in
melanoma 1.8 times higher before and after ILP), proEMAP was 1.6 and 1.3 times higher in
melanoma before and after ILP respectively. For a more detailed analysis we also compared
subgroups within sarcoma and melanoma patients. Sarcoma cases were divided according to grade
and stage (Fig. 3b).

Although some subgroups were very small, some interesting differences were observed. Both
before and after ILP proEMAP was the highest in medium-grade sarcomas while for EMAP-II this
only was the case after ILP. The abundant upregulation of EMAP-II after ILP in the medium-grade
sarcomas (from 8.2 to 25%) resulted from 3 patients (no. 8, 9 and 14) with 1 CR and 2 PR.
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FIGURE 3. Comparative analysis of proEMAP/EMAP-II expression in melanoma and sarcoma tumours.
A. Table showing overall relative proEMAP/EMAP-II expression in the sarcoma and melanoma biopsies before and after ILP.
In melanoma all relative values are higher as compared to sarcoma.

B. ProEMAP/EMAP-II expression in sarcoma patients subdivided by grade or stage of the tumour. For abbreviations see
legend Table I.

C. ProEMAP/EMAP-II expression in melanoma patients subdivided by stage of the tumour. Note the high EMAP-II expression
in 2 patients with metastases after ILP. For abbreviations see legend Table I.

D. Western blot analysis of EMAP expression in tumour cell lines. Three melanomas (B16, BLM, Mel57) were compared with 2
sarcoma lines (BN175, ROS1). HUVEC were used as EC control.

E, Quantification of western blot analysis showing the relative proEMAP/EMAP expression as compared to positive control.
Note the very low EMAP-II expression of the cultured (unstimulated) cells. F Total EMAP concentration in tumour cell lysates
measured by ELISA.

The 2 SD patients (no. 1 and 3) were both high-grade sarcomas and for this group a
downregulation for EMAP-II after ILP was found. When comparing the different stages before ILP
proEMAP was the highest in the Local Recurrence (LR) patients, while after ILP patients with
metastases (Met) had highest proEMAP expression (Fig. 3b, lower panel). However, EMAP-II
expression in the Met-subgroup was almost absent while the 2 patients (no. 9 and 11) did have a PR.
For Primary Tumours (PT) we observe the most abundant upregulation of EMAP-II after ILP (from 7.5
to 14.9%) but although most of the PT sarcoma patients had a PR also two patients of this group had
a SD.

Melanoma patients were divided according to stage (Fig. 3c). For all subgroups, except for the
Met group after ILP, the proEMAP expression was very high. Interestingly, for EMAP-II the opposite
was the case: EMAP-II expression was very high after ILP in the Met patient group (40.4%). Patients
(no. 23 and 26) within this group did have a CR although also before ILP the EMAP-II expression was
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already high in these 2 patients. In conclusion, we observed higher proEMAP/EMAP-II levels in
melanoma patients and although these groups were too small to draw any conclusions, some

interesting differences were found between the subgroups.

ProEMAP/EMAP-I expression in tumour cell lines

For a further analysis of cellular proEMAP/EMAP-II expression by melanoma and sarcoma cells we
evaluated the expression in some melanoma and sarcoma cell lines available in the lab. Using
quantitative western blotting the 2 human melanoma cell lines analysed (BLM, Mel57) had the most
abundant proEMAP expression although the differences with ROS-1 and HUVEC were small (Fig. 3
d, e). The relatively high proEMAP levels in the endothelial cell line did correspond with the co-
staining experiments (see below). Surprisingly, we observed differences between species of EMAP-II
active forms. For the human cells (BLM, Mel57 and HUVEC) the apparent molecular weight was 18-
19 kD while for the mouse and rat lines (B16, BN175 and ROS-1) it was around 16-17 kD. For all cell
lines the EMAP-II expression was very low (Fig. 3e, right graph). In addition, ELISA was performed
for total EMAP within lysates of tumour cells. For Mel57 and BLM melanoma lines EMAP
concentration was higher as compared to the other cell lines. The values for the sarcoma lines BN-

175 and ROS-1 were lower and very low respectively as determined by the ELISA procedure (Fig.

3f)

Immunofluorescent detection of EMAP-Il and TNF-R1 in melanoma biopsies

Double fluorescent staining for EMAP-II and TNF-R1 expression before and after ILP treatment are
shown in Fig. 4a. Before ILP it is obvious that all cells express proEMAP-EMAP-II due to the function
of proEMAP in protein translation. In some vessel-like regions throughout the biopsy a higher
expression was found (arrow). Before ILP, TNF-R1 expression was found in a fraction of the cells
while these high TNF-R1 expressing cells located nearby the vessel-like structures. Evidently, the
high expressing EMAP-II cells and the high expressing TNF-R1 cells do not overlap as shown in the
merged image (Fig 4a, upper panel). After ILP the tumour structure is completely disrupted and no
vessel-like structures were observed anymore. EMAP-II expression was still seen in all cells and
some clustering of high EMAP-II expressing cells was noted (Fig. 4a, lower panel). TNF-R1
expression after ILP was found in a fraction of the cells and its expression seemed reorganized as

receptor-clusters (arrowheads).
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A EMAP-II TNF-R1 Merge

Before

FIGURE 4 (CLR). A. Inmunofluorescence stainings for EMAP-II (green) and TNF-R1 (red) of melanoma biopsies taken right
before (upper panel) and after (lower panel) TNF-based ILP. Before ILP proEMAP-EMAP-II is present in all cells but some
vessel-like regions (arrow) have a higher expression, likely due to local increased expression of mature EMAP-II. TNF-R1 is
mainly expressed in the surrounding of these vessel-like regions in a scattered manner. Noteworthy is the observation that
high EMAP-II expressing cells and TNF-R1 expressing cells do not overlap. After ILP the tumour structure is extensively
damaged. Some high EMAP-II expressing tumour cells clustered to together were observed. TNF-R1 expression was still
present in some tumour cells and appeared more organized in clusters (arrowheads) as compared to before ILP. The vessel-
like structures are not visible anymore after ILP. Bar, 50 pum.

B. Histological HE staining of melanoma biopsies taken before and after ILP. Before ILP the melanoma showed a
heterogeneous structure of tumour cells and infiltrate (left panel). Asterisk indicated a tumour-associated vessel. After ILP the
tumour cells are strongly redistributed and the tumour-associated macrophages (also called foamy macrophages) tend to
cluster. Tumour vessels before and after ILP are shown at the right panel. Bar, 20 pum.
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The high expressing EMAP-II cells after ILP did not correlate with the high expressing TNF-R1
cells. To compare these immunofluorescence data with tumour histology HE stainings were done of
the same biopsies (Fig. 4b). Before ILP (upper panel) heterogeneous tumour histology is observed
with characteristics of malignant melanoma like differences in tumour nuclei dimensions, tumour
infiltrate and tumour-associated vessels (asterisk). The right panel show an example of melanoma
vessel(s) before ILP. After ILP (lower panel) the tumour histology is reorganised, cells that have a
macrophage appearance tend to cluster (asterisk). The vessel in the right panel shows also
association with infiltrate-like cells.

Localization of EMAP-Il and TNF-R1 in melanoma biopsies before and after ILP

To localize EMAP-II and TNF-R1 expression in the heterogeneous tumour sections we co-stained
EMAP-II and TNF-R1 together with endothelial (CD31) and macrophages/monocytes marker (CD68)
before and after ILP (Fig. 5).

As shown in Fig. 5a the vessel-like structures found with the EMAP-II staining in Fig. 4 indeed
(in part) co-stained with CD31. These endothelial cells had a high EMAP-II expression before ILP
(Fig. 5a, arrow). In contrast, TNF-R1 expressing cells did not co-stain with the endothelium (Fig. 5a,
upper panel). Before ILP, cells with high TNF-R1 expression located in close proximity to vessels,
confirming our results shown in Fig. 4. After ILP, within the disrupted tumour structure high
expressing EMAP-II cells were still present clustered together. The CD31 positive cells stained
positive for EMAP-II as well. TNF-R1 expression after ILP was again found in receptor-clusters (Fig.
5a, arrowheads) and the endothelial cells expressed TNF-R1 at very low levels.

Co-staining with CD68 revealed that high EMAP-II expressing cells or regions were associated
with macrophages. Moreover, this co-staining was in close proximity to vessel-like structures (Fig. 5b,
arrow). The high TNF-R1 expressing cells in the melanoma tissue before ILP were macrophages; a
strong co-staining was observed for TNF-R1 and CD68 (Fig. 5b, asterisks). After ILP the association
of EMAP-II expression and macrophages was still abundant, with similar staining-patterns. For TNF-
R1, association with CD68 positive cells was less after ILP as compared to before treatment (Fig. 5b,
lower panel, arrowheads point receptor-clusters).

Finally, we stained melanoma tumour biopsies for CD31 and CD68 together (Fig. 5¢). Before
ILP, healthy-looking vessels are present and macrophages were distributed quite equally throughout
the tumour tissue. After ILP vessels appeared disrupted and macrophages were present in close

proximity to these vessel remnants.
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A

Before

Before

Before

FIGURE 5 (CLR). Immunofluorescence stainings for EMAP-II and TNF-R1 in combination with endothelial marker (CD31,
panel a) or macrophage/monocyte marker (CD68, panel b) and co-staining with both markers (CD31/CD68, panel c) of
melanoma biopsies taken right before and after TNF-based ILP.

A. Before ILP the high EMAP-II expressing regions in part co-localize with endothelial cells (arrow) while the TNF-R1
expressing cells are surrounding the vessels. No co-localization of TNF-R1 with endothelial cells was observed. After ILP high
expressing EMAP-II cells were still present and endothelial cells of the disrupted vessels stained positive as well. TNF-R1 was
observed in clusters (arrowheads) and some expression was seen in endothelial cells.
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B. Before ILP, high expressing EMAP-II cells/regions co-stained with macrophages in vessel-like regions (arrow). Most tumour-
macrophages expressed high levels of TNF-R1 (asterisks). After ILP co-localization of EMAP-II and macrophages is obvious
while clustered TNF-R1 expression (arrowheads) was less associated with macrophages.

C. Before ILP, healthy-looking vessels are present and macrophages are equally distributed throughout the tumour. After ILP
the tumour vasculature has been disrupted and macrophages were recruited to these endothelial/vessel remnants. Bar: 20 um

EMAP-Il and TNF-R1 expression in normal skin and melanoma

From one melanoma patient (no. 21) besides a melanoma biopsy also a biopsy of normal skin was
taken before and after TNF-based ILP. EMAP-II and TNF-R1 expression were determined by
quantitative western blotting. Strikingly, in normal skin exactly the opposite occurred compared to the
melanoma (Fig. 6a). In the normal skin the ILP treatment induced an up-regulation of proEMAP and a
down-regulation of EMAP-II, while in the melanoma EMAP-II is upregulated while proEMAP is lower

after ILP.
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FIGURE 6. Comparison of EMAP-Il and TNF-R1 expression in tumour biopsies and normal skin tissue from a melanoma
patient before (b) and after (a) TNF-based ILP.

A. Western blots.

B. Quantification of proEMAP expression before (open bars) and after (closed bars) ILP as compared to the positive control.

C. Quantification of EMAP-II expression before and after ILP as compared to the positive control.

D. Ratio of EMAP-II/proEMAP derived from Fig. b and ¢ before and after ILP.

E. Quantification of TNF-R1 expression before and after ILP shown as absolute density values. For EMAP-II and TNF-R1 in
the normal skin exactly the opposite is occurring as compared to the melanoma tumour. Abbreviations: NS, normal skin; MT,
melanoma tumour.
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Quantification is shown in Fig. 6b and c. The ratio shows the same opposite effects for the
normal skin versus the melanoma tumour (Fig. 6d). For TNF-R1 also an opposite effect was found;
TNF-R1 expression was high after ILP in the normal skin and before ILP in the melanoma tumour
(Fig. 6a).

DISCUSSION

Here we describe novel data on TNF-R1 and EMAP-II protein expression in cancer patients treated
with a TNF-based ILP. For melanoma we report an association between EMAP-II and the response
to the TNF-ILP treatment. Our data strongly complement previous knowledge from preclinical and
fundamental studies on EMAP-II and might have important implications for patients treated with a
TNF-based ILP.

Out of the 350 TNF-based ILPs performed at our institute we selected patients based on the
availability of tumour tissue. For this study we needed tumour tissue taken directly before and directly
after ILP. Therefore this patient group is unique. The response rates of the sarcoma and melanoma
patients in our patient group nicely matches the response rates of larger groups treated by TNF-
based ILP [3,22]. For sarcomas our study group had 2 CR (14%), which is somewhat lower as
compared to larger cohorts and most likely caused by the relative small group (N=14) used in this
mechanistic study. The overall response rate is 86% and comparable with other studies.

We employed both immunologic staining and Western blot analysis, to firstly analyse TNF-R1,
proEMAP and EMAP-II expression levels before and after treatment, in a quantitative manner (Figs. 1
and 2), and secondly to provide insight in localization of the proteins within the tumour tissues.

Because of the nature of the hiopsies no histological analysis was possible on sarcoma material
and only a fraction of the melanoma biopsies can be used. These 3-5 patients were not representing
the whole cohort so findings need to be justified as supportive and not conclusive observations.
Using these melanoma biopsies we found proEMAP/EMAP-II staining in all cells. In some regions of
the tumour we observed higher expression levels, which might be due to an up regulation of protein
synthesis but, based on co-staining, we conclude that these regions contained a higher level of the
secreted active EMAP-II cytokine. The high expression patterns have a vessel-like structure (Fig. 4),
which we could confirm when co-stained with CD31 (Fig. 5a) and is in agreement with other reports
[23]. For tumour histology analysis we also were restricted to the same melanoma material because
we preferred to have biopsies both directly pre- and post-ILP and only frozen material was available,
resulting in sections with some gaps. Histological experiments confirmed the reorganisation of tumour
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cells. In HE sections after ILP we observed infiltrate-like cells close to the vessels and based on
specific staining we concluded that these infiltrate contained macrophages.

Surprisingly, to our knowledge no literature is available on TNF-R1 distribution within tumour
tissue before and after ILP treatment. Previously, measurements on TNF-R1 were done in serum of
patients to determine the concentration of soluble TNF-R1 in response to TNF-based ILP [24,25].
Here we show for the first time TNF-R1 protein distribution in tumour tissue before and after ILP. We
found that TNF-R1 is mainly expressed by cells located closely to vessels but not by endothelial cells
themselves. After ILP the vascular structure is disrupted and for TNF-R1 we observed a cluster-like
pattern, a feature reported for other members of the death receptor family as well [26]. Expression
level of TNF-R1 was however not changed by the perfusion suggesting that rather protein
redistribution than up- or down regulation of TNF-R1 is involved in the anti-tumour effects of TNF.

To attribute expression of EMAP-II and TNF-R1 protein to specific cells within the
heterogeneous tumour tissue we performed co-staining experiments with endothelial and
macrophage/monocyte markers (Fig. 5). Endothelial cells were chosen because of the known anti-
vascular activities of TNF in an ILP and the reported anti-angiogenic properties of EMAP-II [1,27] and
macrophages/monocytes are very well known for their contribution in tumourgenesis and are one of
the major responsive cells to the chemo attractive activities of EMAP-II [28,29]. Co-staining of
endothelial cells with EMAP-II implies that high EMAP-II expression may be involved in the anti-
vascular effects of TNF. The absence of TNF-R1 on tumour endothelium was unexpected. Only after
ILP little positive staining was observed. For endothelial cells in vitro it is known that they express
TNF-R1 and for EMAP-II an upregulating role has been suggested [16]. It is known that TNF-R1
expression is mainly in the Golgi apparatus and only very small (signalling) fractions are present on
the membrane [30]. However, also Golgi-staining was not observed. This might be caused by the
tissue staining procedures but this also may reflect a major difference between endothelial cells in
culture and those of tumour vessels. The fact that there is no co-staining of endothelial cells and
TNF-R1 shows that the underlying mechanism responsible for the TNF response is much more
multifaceted than the simple binding of TNF to TNF-R1 on endothelial cells resulting in endothelial
cell apoptosis. We speculate that during TNF-based ILP a whole set of cytokines, growth factors and
cells are involved, thereby changing the tumour pathophysiology, like cellular organization and
vascular flow, which opens windows for TNF and melphalan to exert their anti-tumour activities.

Experiments with co-staining for macrophages confirm this hypothesis and pinpoint

macrophages and EMAP-II as important players during TNF-based ILP. The tumour-associated
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macrophages are located in regions of high EMAP-II expression and are attracted by the chemo
attractive properties of EMAP-II to vascular structures before ILP (Fig. 5b). Also after ILP there is still
a strong co-localization of EMAP-II and macrophages, which implies that EMAP-II is still after ILP
directing macrophages to specific sites. These sites are regions of vascular remnants as revealed by
co-staining of endothelial cells and macrophages (Fig. 5¢). While before ILP the vessels are intact
and the macrophages are spread throughout the tumour, after ILP the macrophages are recruited to
sites of vascular destruction. Our data show that EMAP-II is an important regulator of this process.
For TNF-R1 we observed co-staining with macrophages only before ILP. This might indicate a role for
TNF-R1 in activating the tumour-associated macrophages during their suggested role in tumour
response.

These observations, the fact that TNF targets endothelial cells within solid tumours and that all
these observations were made directly after ILP imply that TNF attributes mainly to these
phenomena. Unfortunately, no control tissue was available of (melanoma) patients treated with
Melphalan alone for verification, because all patients get the optimal TNF+Melphalan treatment.
Additionally, the anti-vascular and cytokine dependent (macrophage) effects will be much lower in the
melphalan alone group making adequate evaluation complicated.

The opposing effect of ILP treatment on proEMAP-EMAP-II in the normal skin as compared to
the melanoma tumour (Fig. 6) is a remarkable finding but only done in one sample. TNF selectively
disrupts tumour vasculature; maybe the effects on EMAP-II and macrophages recruitment may be
tumour specific. The high EMAP-II expression in the normal skin can be explained by the high level of
cell turnover and replacement, which occurs in healthy skin tissue [31].

Besides the observed EMAP-II effect on macrophages during ILP treatment, an important
observation of this study is the relationship between EMAP-II expression and complete response of
melanoma patients after TNF-based ILP. Particularly, the correlation was found for the active
cytokine EMAP-II, and not for proEMAP, ratio or TNF-R1 (Table I1). This correlation between EMAP-II
and clinical response strongly suggests an important function of EMAP-II both in mechanism and in
clinical outcome. For sarcomas no correlation was found. The relatively small group of patients we
studied (N=14) may be responsible for this but moreover, sarcomas are very heterogeneous tumours
and our group consists of many different subtypes. In addition, sarcoma tumours had a lower EMAP-
Il expression as compared to melanomas and depending on tumour type EMAP-II is expressed at
different levels and by different mechanisms [12]. A role of EMAP-II in sarcoma regression is not

ruled out but for sarcomas additional factors might play crucial roles. We speculate that a certain
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threshold of EMAP-II needs to be reached to establish its reported effects and this likely is strongly
dependent on tumour type and tumour micro-environmental composition like matrix composition,
infiltration and vascular density.

Our results justify further experimental analysis of the function of EMAP-II in anti-tumour
activities of TNF. This will lead to more insight in this process and possibilities to intervene and
manipulate the EMAP-II expression or activity improving response rates in the clinical setting. In
conclusion, we propose that analysis of EMAP-II expression in tumour biopsies of melanoma patients
should be implemented in the ILP-procedure so this correlation could be defined in a randomised trial

within a larger patient group.
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TUMOUR MOTILITY

SUMMARY

Tumour motility, motility within tumours. The tumour itself is at least as dynamic as the many fields of
research aiming to understand cancer formation and optimize treatments for patients. This thesis

describes experiments to study and analyse tumour motility at various levels.

Treatment of cancer in the 21st century can be very successful. However, this success still is limited
and almost always temporal. Although there are many treatment modalities nowadays, still it is not
completely understood what happens within the tumour upon treatment. Next to the still developing
field of ‘individual patient diagnostics’ based on gene and protein profiling to diagnose cancer earlier,
our knowledge of tumour biology still is restricted. Only a few decades ago all treatments were
completely focussed on the killing of tumour cells. Mainly initiated by recent advances in microscopic
imaging at cellular and molecular level from individual cells in controlled systems to intravital models
our knowledge of the tumour microenvironment has greatly increased. Solid tumours are highly
dynamic ‘organs’ and treatment must be multi-targeted to change their microenvironment in such a
way that the antitumour effects are optimal and predictive.

Solid tumours are dynamic at multiple levels. During tumour growth they attract endothelial cells
to provide themselves with oxygen and nutrients, a process called angiogenesis. Next to endothelial
cells and tumour cells there are many other cell types, like macrophages, lymphocytes, pericytes and
fibroblast present in solid tumours. All these cells do communicate with each other and move within,
through and towards the tumour. Endothelial cell migrate to form new vessels, pericytes are recruited
to mature these vessels, immune cells infiltrate the tumour tissue and last but no least tumour cells
themselves migrate to blood or lymph vessels to invade and metastasize. On cellular level there is a
lot of motility: cell migration, attraction, redistribution within the tumour. But next to cellular level, also
within the different cells there is motility. Many proteins are mobilized, transported and redistributed
from storage pools to specific compartments of the cell, for example the cell membrane. Further
understanding of these different levels of motility in tumours, both fundamentally and induced by
treatment was one of the aims of this thesis.

Motility in tumours was studied on several levels: cell migration, both of endothelial and tumour cells,

mobilisation of signalling molecules in endothelial cells and redistribution of cells within the tumour.

This thesis is divided in two parts. The first part describes results of cell migration studies. The
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second part shows results of the role of EMAP-II in the anti-tumour effects of TNF as used in an ILP-

setting. Here the results and major conclusions are briefly summarized.

After a short introduction of the process of cell migration (Chapter 1) the fist results are described in
Chapter 2 where the set up of a novel cell migration assay is explained. The novel migration
approach, called the barrier assay, was tested and compared to the ‘scratch’ or wound healing assay.
We used real-time imaging to obtain a broad set of migration parameters. These real-time data
enabled us to correlate migration response and cell morphology. For endothelial cells it was found
that bFGF and VEGF both did induce migration but patterns were different. The value of the barrier
assay was proven for both endothelial cells and fibroblasts. For endothelial cells a concentration
dependent migration-inhibiting effect was found for fibronectin and for fibroblast a concentration
independent promoting effect is described, which was enhanced by bFGF. Both effects were absent
when ‘scratch’ assays were used. In addition, this chapter describes the contribution of stabilisation
of MT to the observed migration responses. These experiments show that the way of MT stabilisation
is treatment and cell specific and a strong, directed migration response is not always accompanied by
the same type of MT stabilisation.

The differences between bFGF and VEGF induced endothelial migration are further investigated
in Chapter 3. Here the exact migration profiles are compared and while bFGF induced a higher
migratory response, VEGF induced the highest directionality of the cell movements. These
differences were further analysed by studying the cell cytoskeleton. VEGF induced many actin stress
fibres, while bFGF treated endothelial cells showed many peripheral bands and actin networks at the
cell cortex. This actin positive cell cortex was covered by VASP protein at cell edges. VEGF only
showed these staining patterns locally. Next to actin, the MT cytoskeleton was studied and
measurements of MT growth rates showed that VEGF did induce much higher growth rates as
compared to bFGF and control cells. Because recently a role in directed cell movements was found
for CLASP, we investigated CLASP distribution in migrating endothelial cells. In contrast to CLASP2,
small amounts of CLASP1 accumulated locally at cell leading edges when treated with VEGF. For
bFGF and control cells this was not observed.

Chapter 4 describes another application of the barrier assay. Cell motility of tumour cells was
studied using different breast tumour cell lines with different characteristics. In contrast to results
obtained with other assays, it is shown that cell lines with mutated E-cadherin have low to absent the

capacity to migrate. In addition, treatment with bFGF and fibronectin did not induce migration. For cell
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lines with wild-type E-cadherin a moderate migratory response was observed. This response was
induced by bFGF. Cell lines with hyper-methylated E-cadherin have high migration capacities and

respond to treatment but as migration is already high the induction is mild.

Motility in cells and tumours is studied in the second part of this thesis and the TNF-based ILP
treatment of sarcoma and melanoma is used as basis. Experiments from molecule to patients are
described to gain insight in the intratumoural expression of proteins and mechanisms of response.
EMAP-II plays a central role in this part and its effects on TNF antitumour effects are investigated.
Chapters 5 and 6 broadly introduce and discuss these two cytokines.

Chapter 7 shows data on the production of EMAP-II by tumour cells. ProEMAP, expressed in all
cells, is cleaved into active EMAP-II by different mechanisms reported in literature by using different
in vitro models. This chapter for the first time provides data on tumour cells. MMP-7 was pointed as
protease that specifically cleaves proEMAP into mature EMAP-II. Other MMPs (2, 3 and 9) and
caspase-3 and 7 were excluded. Specific inhibition of MMP-7 decreased EMAP-II cleavage, activity
measurements showed that kinetics of MMP-7 activity overlap EMAP-II release by tumour cells and
mass spectrometry confirmed proEMAP cleavage.

Chapter 8 describes the effects of EMAP-Il on TNF-R1 signalling in endothelial cells.
Endothelial cells are insensitive for TNF treatment but a short pre-treatment of EMAP-II resulted in
massive TNF-induced endothelial apoptosis. This striking sensitizing effect was further analysed at
TNF-R1 level. EMAP-II did not affect protein expression levels of TNF-R1 but induced a mobilisation
of receptors out of Golgi storage pools towards the cell membrane. Also for TRADD an intracellular
redistributing effect was induced by EMAP-II resulting in small amounts of membrane-associated
TRADD. Strikingly, these mobilising events did occur only in a small fraction of the cells but were
always observed in the same cell and in different vesicles.

In Chapter 9 results with EMAP-II transfected soft tissue sarcoma tumours treated with TNF in a
rat ILP model are shown. EMAP-II transfected tumours did respond better to TNF treatment as
compared to the wild-type controls. When wild-type tumour bearing rats were pre-treated with
intravenous EMAP-II, also a better response to TNF-ILP was observed.

Chapter 10 describes results obtained from patient biopsies analysed for EMAP-II and TNF-R1
expression and distribution in relation the treatment response. Tumour biopsies taken just before and
after ILP treatment were analysed and double blind related to clinical outcome. For melanoma

patients an upregulation of EMAP-II after perfusion did correlate with a complete response to TNF-
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based ILP. For TNF-R1 and proEMAP no relation was found. Sarcoma patients did not show a
correlation. Melanoma tumours and cells did show an overall higher protein expression of both
proEMAP and EMAP-II when compared to sarcoma tumours and cells. Stainings of melanoma
biopsies revealed the intratumoural distribution of EMAP-II and TNF-R1. EMAP-II was found in all
cells of the tumour and a marked higher expression was seen in endothelial cells. TNF-R1
expression in contrast was peri-vascular. EMAP-II expression was associated with macrophages
both before and after ILP and before ILP the tumour-macrophages showed TNF-R1 expression.

Finally, after ILP the tumour-macrophages were recruited to sites of vessel remnants.
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CONCLUSIONS

= The ‘barrier migration assay’ enables real-time analysis of migrating cells along a controlled
and manipulative matrix without damaging the cells.

= The ‘scratch-induced migration’ can strongly interfere with the migration response studied
in the ‘scratch’ or wound-healing assay.

= Fibronectin inhibits migration directionality of endothelial cells and this effect is
concentration dependent.

= DFGF treatment together with fibronectin coating induces a strong migration response
accompanied by obvious morphological changes in fibroblasts.

=  Fibronectin-induced migration in fibroblasts is concentration independent.

= The cellular distribution of stable microtubules in fast moving fibroblasts differs strongly per
treatment.

= VEGF and bFGF both induce endothelial migration but VEGF induces a higher
directionality of cell movements.

= Migration capacity of breast cancer cell lines is correlated with E-cadherin gene status of

these cell lines.

= MMP-7 is involved in the release of EMAP-II by tumour cells via cleavage of proEMAP.

= EMAP-II does not influence TNF-R1 protein expression in endothelial cells.

= EMAP-II facilitates TNF-induced apoptosis in endothelial cells via TNF-R1 and TRADD
mobilisation.

= TNF-R1 and TRADD are mobilized in different vesicles in the same endothelial cell.

= Rat soft tissue sarcomas transfected with EMAP-II respond better to TNF administered via
ILP as compared to control tumours.

= An upregulation of EMAP-II directly after ILP in melanoma biopsies of patients correlates
with and might predict a complete response to TNF-based ILP.

= Within melanoma biopsies, endothelial cells express EMAP-II, while TNF-R1 expression is

peri-vascular.
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POPUPAIRE SAMENVATTING

Ondanks de vele kennis die er momenteel is op het gebied van kanker(bestrijding) moeten we helaas
nog steeds vaststellen dat kanker één van de belangrijkste doodsoorzaken is in Nederland en de rest
van de westerse wereld. Gelukkig kunnen we vandaag de dag zeggen dat het krijgen van kanker niet
meteen ‘het einde’ hoeft te betekenen. Kanker kan worden genezen of dragelijker worden. Er zijn
goede behandelingen en er is hoogwaardige technische apparatuur om de ziekte snel in beeld te
brengen. Deze hoopvolle ontwikkelingen echter, nemen niet weg dat iedereen wel iemand kent die
aan kanker lijdt/heeft geleden. Daarom is het goed om te zeggen dat de wetenschap veel weet maar,
beter om te zeggen dat de wetenschap veel weet maar veel meer (nog) niet weet. Omdat kanker een
zeer complexe ziekte is, moet er ook nog veel onderzocht worden. Veel onderzoek richt zich op het
zo vroeg mogelijk ontdekken van kanker om zo de behandeling meer kans van slagen te geven. Het
zal in de toekomst waarschijnlijk zelfs mogelijk zijn om het krijgen van kanker te voorspellen op basis
van genetische gegevens.

Hoe ontstaat kanker? Cellen zijn de bouwstenen van ons lichaam. Gezonde cellen hebben elk
een specifieke functie op een specifieke plaats. Een kankercel heeft twee belangrijke eigenschappen:
ongeremde celdeling en de capaciteit om elders in het lichaam te nestelen en uit te groeien
(vitzaaiingen of metastasen). Kanker is een ziekte van de genen. Door schade aan het DNA van een
cel (mutaties) kan een cel zich zodanig aanpassen dat er geen controle meer is over de celdeling.
Mutaties kunnen ontstaan als gevolg van erfelijkheid of door factoren uit de omgeving
(leefgewoonten, roken, voeding). Verreweg de meeste mutaties worden gerepareerd door een
ingenieus systeem in de cel. Het kan echter zo zijn dat de plaats en hoeveelheid van de mutaties te
veel wordt om te repareren. Het ligt voor de hand dat deze genen die, na mutatie eventueel leiden tot
ongeremde celgroei, een zeer belangrijke focus zijn van het huidige wetenschappelijk onderzoek.

Naast het ontstaan van kanker zijn er meer belangrijke vragen voor de wetenschap. Vragen als:
Hoe ‘leeft’ een tumor? Hoe is de tumor opgebouwd? Hoe vormt een tumor uitzaaiingen? Wat gebeurt
er in een tumor tijdens en na een behandeling? Deze vragen zijn vandaag de dag nog maar zeer
beperkt te beantwoorden en in dit proefschrift worden experimenten besproken die hieraan een
bescheiden bijdrage kunnen leveren. De titel ‘Tumoren in beweging' geeft weer dat de tumor
ontzettend dynamisch is. Deze dynamiek op verschillende niveaus is bestudeerd.

Nog niet zo lang geleden bestond het behandelen van tumoren vooral uit het doden van de

kankercellen. Het is vooral te danken aan geavanceerde microscopische technieken en andere
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beeldanalyse dat de kennis van de tumor en zijn omgeving enorm is toegenomen. Tumoren zijn
dynamische ‘organen’, die met een combinatie van behandelingen moeten worden aangepakt. Op
deze manier zou dan de dynamiek van de tumor en zijn omgeving optimaal moeten worden
beinvloed zodat de antitumor effecten van de behandeling zo effectief mogelijk zijn en in de toekomst
zelfs voorspelbaar en manipuleerbaar. Om dit te bereiken is uitgebreide kennis nodig van de
tumorbiologie, op moleculair, cellulair en fysiologisch niveau.

Een belangrijke ontdekking voor behandeling van kanker is dat vaste tumoren (bv. melanomen)
in staat zijn om een eigen vaatbed te ontwikkelen. Dit proces heet angiogenese. Op deze manier
kunnen tumoren zichzelf in leven houden. Er is een eigen aan- en afvoer van bloed en
voedingsstoffen. Door deze tumorvaten aan te pakken, kan een tumor worden uitgehongerd en
afsterven. Het is van groot belang om te weten hoe deze bloedvaten ontstaan en wat het verschil is
tussen tumorvaten en gezonde vaten. Deze kennis kan worden toegepast om anti-angiogene
therapieén te ontwikkelen en optimaliseren. De cellen die een bloedvat vormen zijn endotheelcellen.
Deze cellen vormen de wand van ieder bloedvat. Naast kankercellen, bestaat een tumor dus ook uit
endotheelcellen. Daarnaast vinden we in een tumor ook immuuncellen, zoals macrofagen en
lymfocyten. Verder zijn er nog fibroblasten, pericyten en het netwerk tussen de cellen, de extra
cellulaire matrix. De tumor bestaat dus uit een scala van cellen, die niet zomaar stilzitten. Al deze
cellen communiceren met elkaar en migreren (bewegen) door de tumor heen en naar de tumor toe.
Endotheelcellen migreren om een nieuw bloedvat te vormen, immuuncellen infiltreren het
tumorweefsel en de kankercellen zelf migreren naar de vaten toe om uitzaaiingen te kunnen vormen.

Op cellulair niveau is er dus veel ‘in beweging'’. Dit geldt ook binnenin iedere cel. Veel eiwitten
worden gemobiliseerd en getransporteerd in de cel. Bijvoorbeeld, een receptor eiwit kan worden
gemobiliseerd vanuit de opslag (Golgi-apparaat) naar het celmembraan om zo bepaalde signalen op
te pikken en door te geven aan de cel. Een signaal kan weer tot gevolg hebben dat de cel gaat
migreren, delen of dood gaat. Ook deze moleculaire biologie is dus van essentieel belang om te
begrijpen hoe cellen reageren op bepaalde behandelingen. Door de verschillende mechanismen van
celsignalering te bestuderen en begrijpen kan het effect van de behandeling worden beinvioed. Het is
dus een beweging op verschillende niveaus: van cellen, naar de tumor toe, in de tumor en binnenin
de cel. Het bestuderen van deze dynamiek is het doel van dit proefschrift.

Beweging in tumoren is bestudeerd op verschillende niveaus: celmigratie van endotheel- en
tumorcellen, mobilisatie van eiwitten in endotheelcellen en de herverdeling van cellen in een tumor

na behandeling. Dit proefschrift is verdeeld in twee delen: het eerste deel gaat over celmigratie en de
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ontwikkeling van een nieuwe methode om dit te bestuderen, het tweede deel over de rol van het eiwit

EMAP-II op de antitumor effecten van TNF bij de behandeling van sarcomen en melanomen.

In hoofdstuk 1 wordt een korte introductie gegeven over het proces van celmigratie. De
verschillende eiwitten die hierbij een rol spelen worden besproken en in een schema worden de
verschillende opeenvolgende stappen van celmigratie weergegeven. De eerste resultaten staan in
hoofdstuk 2 waarin het opzetten en testen van een nieuwe celmigratie methode wordt beschreven.
Deze nieuwe methode, de ‘barriere-assay’, is getest en vergeleken met een bestaande methode, de
‘scratch’ assay (een methode waarbij cellen worden weg geschraapt om een gebied zonder cellen te
creéren waarin de cellen kunnen migreren). Bij de nieuwe methode wordt dit celvrije gebied op een
meer gecontroleerde manier gemaakt door het plaatsen (en later verwijderen) van een barriére.
Bijkomend voordeel is dat de samenstelling van dit celvrije gebied (de matrix waarover de cellen
migreren) in de nieuwe methode gecontroleerd en manipuleerbaar is. De manier waarop cellen dit
celvrije gebied in migreren is bekeken onder de microscoop zodat, de migratie ‘live’ kan worden
geanalyseerd. Voor endotheelcellen is gevonden dat de groeifactoren VEGF en bFGF een
verschillend migratie patroon induceren. De waarde van de nieuwe assay is bewezen door te kijken
naar het effect van bepaalde matrixcomponenten. Voor fibronectine is gevonden dat het de migratie
van endotheelcellen remt terwijl het die van fibroblasten juist induceert. Deze twee effecten werden
niet gevonden met de ‘scratch’ methode.

In de volgende twee hoofdstukken worden twee toepassingen van de nieuwe migratie methode
beschreven. In hoofdstuk 3 wordt het verschil tussen VEGF en bFGF geinduceerde endotheel
migratie verder uitgediept. De verschillende migratie profielen worden vergeleken en het blijkt dat
bFGF de hoogste migratie afstand induceert, terwijl de VEGF geinduceerde migratie vooral rechtlijnig
en gericht is. Dit betekend dat er bij VEGF minder verandering van migratierichting zijn. Verder zijn
een aantal eigenschappen en eiwitten van het cytoskelet van de cellen bestudeerd. Voor VEGF
werden hogere groeisnelheden van microtubuli gevonden in vergelijking met bFGF en het
microtubuli-bindende eiwit CLASP1 lokaliseert in kleine hoeveelheden aan de randen van
migrerende endotheelcellen als deze met VEGF zijn behandeld. Voor bFGF en controle cellen werd
dit niet of minder waargenomen.

Hoofdstuk 4 beschrifft migratie experimenten met tumorcellen. In dit hoofdstuk zijn
verschillende borstkanker cellijnen met elkaar vergeleken. Van deze cellijnen zijn veel genetische
eigenschappen bekend. Cellijnen met een mutatie in het E-cadherine gen bleken niet in staat te
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migreren, ook niet als er bFGF en/of fibronectine werd toegevoegd. Cellijnen met het normale gen
hadden een lage migratie capaciteit terwijl cellijnen met hypermethylatie van de E-cadherin promoter
een erg hoge migratie capaciteit lieten zien. Deze migratie was al zo hoog dat een behandeling geen

inducerend effect meer heeft.

In het tweede deel van dit proefschrift worden experimenten beschreven die zijn gedaan om (een
deel van) het mechanisme van behandeling van tumoren (sarcomen en melanomen) met TNF te
bestuden. Deze tumoren worden in de kliniek behandeld met een geisoleerde perfusie. Tijdens deze
behandeling wordt een arm of been geisoleerd van de rest van het lichaam zodat, een hoge dosis
TNF en chemotherapie kan worden toegediend. Deze behandeling is een mooi voorbeeld van een
dubbele targeting: TNF grijpt aan op de tumorvaten en de chemotherapie doodt de kankercellen. Van
de patiénten die deze behandeling krijgen, reageert ongeveer 70% goed. Dit betekent dat deze
patiénten het arm of been kunnen behouden. Voordat deze behandeling beschikbaar was, was
amputatie de enige oplossing. Er is dus een groep van 30% die niet (voldoende) reageert op de
behandeling. Om dit proberen te verklaren en mogelijk verbeteren zijn er experimenten opgezet van
molecuul tot patiént rond het eiwit EMAP-II. Er is gekozen voor EMAP-II omdat dit eiwit in muizen in
staat blijkt tumoren gevoelig te maken voor TNF. De moleculaire achtergrond van EMAP-II, de
verhouding met TNF-effecten op endotheelcellen, effecten in ratten en in tumormateriaal van
patiénten zijn onderzocht.

In de hoofdstukken 5 en 6 wordt de huidige kennis van TNF en EMAP-II samengevat. In
hoofdstuk 7 worden data beschreven die de productie van EMAP-II door tumorcellen verklaart.
EMAP-II wordt gevormd uit proEMAP en het exacte mechanisme hiervan is nog onbekend en er zijn
verschillende en tegenstrijdige publicaties over in de literatuur. In dit hoofdstuk staan de
experimenten waaruit blijkt dat we MMP-7 hebben gevonden als eiwit dat in staat is om proEMAP om
te zetten in EMAP-II. Voor andere eiwitten (MMP-2, -3, -9 en caspase-3 , -7) bleek dit niet het geval.
Deze bevindingen werden bevestigd toen bleek dat remming van MMP-7 de vorming van EMAP-I|
remde. Verdere aanwijzingen werden gevonden omdat activiteit van MMP-7 en vorming van EMAP-||
op dezelfde tijdsstippen plaatsvindt en door middel van massa spectrometrie, waarmee het knippen
van proEMAP werd bevestigd.

Hoofdstuk 8 beschrijft de effecten van EMAP-II op de signalering van TNF-receptor 1 (TNF-R1)
in endotheelcellen. Ondanks de effecten van TNF op tumorvaten, blijken endotheelcellen ongevoelig
voor TNF. Toen deze endotheelcellen werden voorbehandeld met EMAP-II bleek echter dat TNF is
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staat was celdood te induceren. Dit opvallende effect is in meer detail bestudeerd en het bleek dat
EMAP-II een mobilisatie van TNF-R1 kon induceren. Na behandeling was er een deel van de TNF-
R1 moleculen verplaatst van het Golgi-apparaat naar het celmembraan. Er was geen effect van
EMAP-II op de expressie van TNF-R1. Ook voor het adaptor eiwit TRADD werd een mobilisatie
gevonden. Deze twee effecten kunnen een mogelijke verklaring zijn voor het effect van EMAP-II in
combinatie met TNF op endotheelcellen.

In hoofdstuk 9 staan de resultaten van experimenten met ratten die tumoren hadden met
verschillende expressieniveaus van EMAP-II. Deze ratten werden behandeld met een geisoleerde
pootperfusie en tumoren waarin de EMAP-II was opgereguleerd lieten een betere response zien op
behandeling met TNF.

Hoofdstuk 10 beschrijft de resultaten die werden verkregen door biopten van patiénten te
analyseren voor de expressie van EMAP-Il en TNF-R1 voor en na de behandeling. In een
dubbelblinde opzet zijn biopten van patiénten met een sarcoom of melanoom genomen direct voor en
direct na de geisoleerde perfusie, geanalyseerd en gerelateerd aan de response van de patiénten op
de behandeling. Voor melanoom patiénten bleek dat een hogere EMAP-II expressie na de
behandeling gecorreleerd was aan een goede response. Voor proEMAP en TNF-R1 werd er geen
relatie gevonden. Voor de sarcoom patiénten werd geen relatie aangetoond. In verdere analyse
bleek dat melanoom tumoren en cellen een hogere EMAP-II expressie hadden in vergelijking met
sarcoom tumoren en cellen. Een aantal melanoom biopten is aangekleurd voor EMAP-II en TNF-R1
om de verdeling van deze eiwitten in de tumoren te bestuderen. EMAP-II was aanwezig in alle cellen
van de tumor en opvallend hoog in endotheelcellen. Voor TNF-R1 werd een peri-vasculaire
aankleuring gevonden: in de cellen rondom de bloedvaten. De expressie van EMAP-II bleek
geassocieerd met macrofagen in de tumor en na behandeling waren de macrofagen gehergroepeerd

rondom de resten van (kapotte) vaten.
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CONCLUSIES

= De ‘barriere migratie methode’ maakt het mogelijk om migrerende cellen ‘live’ te volgen
terwijl de matrix gecontroleerd en manipuleerbaar is en de cellen intact blijven.

= De migratie die wordt geinduceerd door het zetten van de ‘scratch’ kan interfereren met de
response die wordt geinduceerd door de behandeling wanneer celmigratie wordt
bestudeerd in de ‘scratch migratie assay'.

=  Fibronectine remt de gerichtheid van endotheelcelmigratie en dit effect is concentratie
afhankelijk.

=  bFGF behandeling in combinatie met fibronectine coating induceert een sterke migratie in
fibroblasten en de cellen ondergaan hierbij drastische morfologie veranderingen.

=  Fibronectine-geinduceerde migratie van fibroblasten is concentratie onafhankelijk.

= De cellulaire verdeling van stabiele microtubuli in snel migrerende fibroblasten is
afhankelijk van de behandeling.

= bFGF en VEGF kunnen beide migratie van endotheelcellen induceren maar, VEGF
induceert een hogere gerichtheid van de celbewegingen.

= De migratie capaciteit van borstkanker cellijnen is gecorreleerd aan de status van E-
cadherine expressie van deze cellijnen.

= MMP-7 is betrokken bij de vorming van EMAP-II door tumorcellen door middel van het
knippen van proEMAP.

= EMAP-II heeft geen effect op de eiwit expressie van TNF-R1 in endotheelcellen.

= EMAP-II beinvioedt door TNF-geinduceerde celdood in endotheelcellen via een mobilisatie
van TNF-R1 en TRADD.

= TNF-R1 en TRADD worden gemobiliseerd in verschillende blaasjes in dezelfde
endotheelcel.

= Een rattensarcoom, getransfecteerd met EMAP-II, reageert beter op een geisoleerde
pootperfusie met TNF dan controle tumoren.

= Een opregulatie van EMAP-II direct na perfusie in biopten van melanoom patiénten is
gecorreleerd aan een goede response op een TNF-gebaseerde perfusie en kan deze
response mogelijk voorspellen.

=  Endotheelcellen in melanoombiopten hebben een hoge EMAP-II eiwitexpressie, terwijl de

expressie van TNF-R1 peri-vasculair is.
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DANKWOORD

Met veel plezier heb ik dit proefschrift geschreven. Door de hulp en bijdrage van vele mensen is het
er gekomen. Het is dan wel mijn proefschrift, promoveren doe je niet alleen. Het maken van een
proefschrift geeft een dankbaar en tevreden gevoel. Veel dank ben ik verschuldigd aan een ieder die
op welke manier ook betrokken is geweest bij het tot stand komen van dit boek. Op deze plaats wil ik,
jullie allemaal enorm bedanken voor alles! Een aantal mensen wil ik hier graag in het bijzonder
bedanken.

Om te beginnen mijn promotor Lex Eggermont. Als (moleculair) bioloog promoveren bij een
chirurg: het blijft bijzonder. Dit echter, kan alleen als de chirurg er één is als jij: breed georiénteerd en
geinteresseerd in de meest brede zin van het woord. Als de uitspraak van molecuul tot patiént op
iemand van toepassing is, dan wel op jou. Hiermee bespeel je het hele veld en dat is geweldig om
mee te maken. Bijzonder vind ik ook dat deze compleetheid zelfs geldt voor je meelevendheid buiten
de lab-zaken om. Enorm bedankt voor al je steun en vertrouwen. |k heb met veel plezier en vrijheid
kunnen werken in je lab. De keren dat we elkaar spraken waren altijd gezellig en motiverend tegelijk.

Mijn copromotor, Timo ten Hagen. Al vanaf de eerste keer dat ik het lab ‘in de kelder' van de
hoogbouw bezocht, was ik onder de indruk van de microscopie opstellingen. Nu een aantal jaren
later is dit ‘wagenpark’ zelfs verdubbeld. Het geeft mooi je passie voor ‘imaging’ weer en ook je niet
aflatende inzet om al die experimenten maar mogelijk te maken. Van het kleinste slangetje tot een
rattenbak als waterbad, van een complete microscoop tot up-to-date software, je kon het altijd snel
regelen. Ik wil je ontzettend bedanken voor je begeleiding. Je voelde perfect aan wanneer je de
touwtjes kon laten vieren en daardoor kon ik groeien naar meer zelfstandigheid. En tot slot natuurlijk
de congressen, die elke keer weer leuk een leerzaam waren. Ook je bijzondere skiles zal ik niet snel
vergeten. We komen elkaar zeker wel weer eens tegen.

En dan Niels Galjart. Samenwerken met jou heb ik altijd buitengewoon gewaardeerd. Het
onderwerp blijft ook ontzettend boeiend en het onderzoek houdt dan ook nog lang niet op (wanneer
wel?). Dankjewel voor de discussies en je input en ideeén voor experimenten. Ik heb er veel van
geleerd en het was vaak nog gezellig ook. Jouw enthousiasme voor fundamenteel onderzoek werkt
aanstekelijk. Ook wil ik je danken voor het plaatsnemen in de promotiecommissie. Zoals we het vaak
zeiden tegen elkaar: bedankt, meneer! Zeg ik ook hier: tot ziens, meneer!

Mijn dank gaat ook uit naar de andere leden van de kleine commissie. Riccardo Fodde, bedankt

voor je suggesties en frisse kijk op het manuscript. Je kritische houding is precies wat jonge
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wetenschappers nodig hebben. Wim Buurman, erg leuk dat u als EMAP-expert in de commissie
plaats wilde nemen. Veel dank hiervoor.

Ook de overige leden van de grote commissie wil ik bedanken. Thanks to Ferdy Lejeune. |
highly appreciate your presence in Rotterdam again. Also thanks for the cheese-fondue lessons in
Lausanne! Rob de Waal, EMAP-expert van den beginne, erg leuk om u in de commissie te hebben,
bedankt. Chris Bangma wil ik ook danken voor het plaatsnemen in de commissie.

En dan natuurlijk mijn ‘vaste lab-maat’ Joost. Een betere running-mate kan een promovendus
zich niet wensen. Tsjonge, wat hebben wij een blotjes gedraaid! Met jou samenwerken, zal ik zeker
missen. Het ging altijd gemakkelijk en was ook altijd leuk en gezellig. Elke keer weer een gil in de
doka als er weer eens een freaking mooie cel voorbij kwam. Ik hoefde je niet te vertellen hoe gaaf of
belangrijk de proeven waren, want dat voelde je zelf haarfijn aan. Ik vond het mooi om te zien dat je
steeds meer gefascineerd raakte door de moleculaire biologie. Enorm veel dank voor al je hulp! Ook
gaaf dat je paranimf wilt zijn. We spreken elkaar zeker nog, zelfs nog over een jaar of 15 bij een
concert van de ‘PJ2PR-band’ waarvan de muzikanten en zanger al hard aan het repeteren zijn.

Verder wil ik ook Debby bedanken. Eerst als stagiaire en later even als collega op het EMAP-
project. Dankjewel voor de altijd keurig uitgevoerde experimenten. Het bleek maar weer eens hoe
belangrijk dit is toen we al de oude blotjes wilden kleuren. Sorry dat je nu een ‘voetbal-maatje’
kwijtraakt.

Ook de andere stagiaires die ik mocht begeleiden wil ik bedanken voor hun hulp en inzet. Naast
Debby en Joost waren dit Marjon en Veronique. Voor allen geldt: jullie bijdrage was essentieel voor
het publiceren van de artikelen. Ik vond het erg leuk om jullie te begeleiden.

Ook de mede promovendi van de grote ‘AlO-zaal’ wil ik bedanken. De collega’s van de ‘oude
groep” Ann (leuk dat ik je congres- en toeristmaat mocht zijn, volgend jaar weer een sorbet in
Dresden?), Lucy (de ‘mede-bioloog’ op de kamer, ik ben zeer benieuwd wat er uit ‘jouw setje
melanoompjes’ komt), Flavia (it was a great pleasure to work with you, | admired your input as
experienced surgeon in the lab, sorry that | did still not bring the CD but at least now you know what
your present will be on the 12th of October!). Verder ook de ‘nieuwe promovendi: Marna, Sefan en
Jill (jullie zorgden voor een verdere verbreding van het lab, zeker qua link met de kliniek). Ik wil jullie
allemaal bedanken voor de besprekingen en discussies en veel succes wensen met de experimenten
en het maken van jullie proefschrift.

Natuurlijk ook dank aan de andere collega’s, Gisela (bedankt voor het carpoolen), Cindy en

Sjoerd. Het was altijd leuk om weer eens binnen te wandelen bij jullie. En ook de ‘LECO-exen’ wil ik
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noemen: Saske, Sandra, Titia (jaja, EMAP-II staat in de titel, bedankt voor het ‘opstapje’ in het
project) en Boudewijn (Boudje, bakkie?). Allemaal enorm bedankt voor een goede en gezellige tijd.

Graag wil ik ook mensen van andere afdelingen bedanken voor de goede en vruchtbare
samenwerking. Medische Oncologie, Mieke Schutte, hartelijk bedankt voor al je enthousiasme en
hulp bij het ‘borst-deel'. Ik vond het erg leerzaam om met je samen te werken. Je had altijd veel tijd
en je kritische kijk op de resultaten en het hoofdstuk waardeer ik enorm. Ook dit onderzoek is nog
niet af en we gaan dit zeker afronden. Proteomics, Theo Luider, het heeft even geduurd maar het is
wel mooi gelukt. Er komt een mooie publicatie aan. Bedankt voor je specialistische hulp en kennis.
Dit was essentieel voor het resultaat. En ook op de ‘wonderschone wereld-blot’ kom ik zeker terug.
Celbiologie, Xenia en Marja, ik heb met veel plezier gemigreerd met jullie cellen. Pathologie,
Nijmegen, William Leenders, hoe het zit met de mutanten kunnen we straks tijdens iedere lunch
bespreken, iets wat de snelheid zeker ten goede zal komen. Als laatste natuurlijk Celbiologie,
Nijmegen, de eerste mooie resultaten zijn er. Be, bedankt voor je vertrouwen en Wilma, Marieke,
Jack en de anderen, het is nu echt begonnen, ik heb er zeer veel zin in!

Tot slot wil ik graag mijn familie en vrienden bedanken. De vrienden uiteraard voor de nodige
ontspanning. Niet in de laatste plaats wil ik mijn ouders enorm bedanken voor het stimuleren en
mogelijk maken van het benutten van mijn talenten. Tot op de dag van vandaag staan jullie altijd voor
ons klaar. Pa en ma, jullie zijn uniek! Ook mijn fantastische zus en broer. Zus, veel succes met je
man en gezin in de toekomst, Broer, erg tof dat je paranimf wil zijn en veel succes voor de klas en
met je vrouwtje, ik ben ik erg trots op jullie! Ook mijn schoonfamilie wil ik graag bedanken voor al hun
steun en interesse. Ook voor deze ‘kant’ geldt: jullie zijn bijzonder en onmisbaar. Dit geldt natuurlijk
niet minder voor Daniélle. Zonder jouw nuchtere kijk, was het zeker niet gelukt. Met jou heb ik alles al
meegemaakt. Enorm veel dank voor je luisterend oor dat er echt elke dag van de afgelopen jaren

was! Samen met jou genieten van Silas relativeert alles en maakt me intens dankbaar.

Aan het eind van dit veel gelezen stukje van elk proefschrift, heb ik nog een vraagje aan de niet-
ingewijden onder jullie. Waarom ga je niet eens verder met de samenvatting? (een paar pagina’'s
terug). Dit is speciaal voor jullie geschreven en bedoeld om ook de rest van dit boekje een beetje tot
de verbeelding te laten spreken. En daar hoef je echt niet alles voor te begrijpen. Ik hoor erg graag

wat jullie ervan vinden. Alvast bedankt!

Remco
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APPENDIX: COLOUR FIGURES

Chapter 1 (Figure 1, page 18):

@ nucleus .~~~ cellmembrane *\ actin microtubules *MTOC = adhesion

FIGURE 1. Sequential steps during cell migration.

Schematic representation of a cell migrating to the right and of the processes occurring during this movement. Upon a
migratory stimulus the cell polarizes and intra cellular structures like MTs and the MTOC are redistributed. Then cellular
protrusions are formed by actin polymerisation at the leading edge. New adhesions are formed in the regions of protrusion.
MTs target adhesions behind the cell front and at the rear of the cell to support adhesion turnover. Adhesions at the rear of the
cell are disassembled and the — often very tiny — tail is retracted by actin-Myosin Il interactions. As a result there is a net
movement of the cell body.

Chapter 2 (Figure 3, page 33):
f-Act B-Tubulin

f-Actin Vinculin Merge / DAPI

C f-Actin BM bFGF VEGF
Stress Fibers (%) 13.33 44.83 9231
Dense Peripheral Bands (%) 100 65.52 15.38
No. FA/cell (£SD) 3 (1) 6 (£7) 14 (£7)

FIGURE 3. Visualization of cytoskeleton and adhesions of HUVEC in “barrier-based” assay.

HUVEC were induced to migrate for 24 h, fixed and stained for f-actin, B-tubulin and nuclei (A) or f-actin, vinculin and nuclei
(B).

A. Cytoskeleton differences in cells at migration front in a negative control with basal medium, treated with bFGF (200 ng/ml)
or treated with VEGF (10 ng/ml), Bar, 10 pum.

B. Differences in adhesions number and structure in cells migrating in a negative control with basal medium, treated with bFGF
(200 ng/ml) or treated with VEGF (10 ng/ml), bar, 10 um

C. Quantification of stress fibres, dense peripheral bands and vinculin-positive focal adhesions (FA). For actin some cells
contain both types of staining resulting in more than 100 % total.
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Chapter 2 (Figure 5, page 39):
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FIGURE 5. MT stabilization and MTOC reorientation during HUVEC migration.

HUVEC were grown on different coatings until confluence and allowed to migrate for 2 h after removal of the barrier, or
introduction of a scratch. After 0 h (control) or 2 h the cells were fixed and stained for acetylated MTs (red) and nuclei (blue).
Cell-free area is at upper/upper-right for all pictures.

A. Control cells at T=0 h. HUVEC were grown until confluence and immediately after removing the barrier or introducing the
scratch, cells were fixed and stained. Bar, 10 um

B. Migrating HUVEC in both assays, fixed at T=2 h. Except for VEGF-treated cells in the “barrier” assay no differences were
seen. The elongated cells bundle their stable MT. Bar, 10 um

C. Quantification of acetylated MTs. Cells with stable MTs are depicted as percentage of total counted cells. Data represent
mean = SEM of 3 independent experiments.

D. Table represents percentage of cells with MTOC oriented towards the cell-free area after 0 and 2 h for the different
treatments in the two assays.
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Chapter 2 (Figure 7, page 40):
A

Barrier Scratch
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BARRIER 22 37 28 21 41 29
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FIGURE 7. MT stabilization and MTOC reorientation during 3T3 migration.

3T3 fibroblasts were grown with and without FN-coating until confluence and allowed to migrate for 2 h after removal of the
barrier or introduction of a scratch. After 0 h (control) or 2 h the cells were fixed and stained for acetylated MTs (red) and nuclei
(blue). Cell-free area is at upper/upper-right for all pictures.

A. Control cells at T=0 h. 3T3 cells were grown until confluence and immediately after removing the barrier or introducing the
scratch, cells were fixed and stained. Bar, 10 um.

B. Migrating 3T3 cells in both assays, fixed at T=2 h. Especially in the “scratch” assay LPA induced MT stabilization
irrespective of coating. Bar, 10 um.

C. Quantification of acetylated MTs. Cells with stable MTs are depicted as percentage of total counted cells. Data represent
mean = SEM of 3 independent experiments.

D. Table represents percentage of cells with MTOC oriented towards the cell-free area. LPA induces MTOC reorientation in
“scratch” assay both with and without FN. In spite of a lack in MTOC reorientation a strong migration profile with accompanied
cell morphology was seen when the cells were exposed to bFGF and FN (Fig. 6)
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Chapter 3 (Figure 2, page 56):

f-Actin VASP

overlay

A

FGF

VEGF

FIGURE 2. Actin and VASP distribution in migrating HUVEC.

A. HUVEC were induced to migrate for 24 h, fixed and stained for f-Actin (red), Ena/VASP (green) and nuclei (blue). In basal
medium controls the actin is mainly visible as dens peripheral bands and VASP is mainly cytoplasmic. Upon bFGF treatment,
actin staining is observed at the edges of the cells and a positive VASP signal was found at the most distal site of this rim at
the leading edge and cell rims. VEGF induced many stress fibers and VASP was mainly located in focal adhesions. Bar: 10
um.

B. Enlargement of cell rims of HUVEC at migration fronts. Arrowheads point VASP located at ends of actin fibers as focal
adhesions, Asterisks point membrane-expressed VASP. In bFGF treated we observed VASP along whole membranes while in
VEGF treated cells this expression was locally. Bar: 5 um.
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Chapter 3 (Figure 4, page 58):

A MEF Adhesion-Single
Cell Motility Assay

Migration distance Directionality

6KO

CLASP-1

FGF

VEGF

FIGURE 4. Role of CLASPs in directionality of cell movements.

A. Mouse Embryonic Fibroblasts isolated from wild-type (8WT) and CLASP-2 knouckout mice (6KO) were allowed to adhere
and single cell motility was measured under the microscope for 6h. No difference on migration distance was found while
directionality was decreased in 6KO cells. Right part shows the migration tracks of 30 cells derived from 3 independent
experiments.

B. HUVEC were induced to migrate for 24 h, fixed and stained for stable MTs (red), CLASP1 (green) and nuclei (blue). In BM
cells we observed low amounts of stable MTs and CLASP1 was location was Golgi-associated and distributed throughout the
cytoplasm. bFGF treatment did induce some nuclear CLASP1 and a mild increase in stable MTs. VEGF cells have slightly
more stable MTs and s small accumulation of CLASP1 at local sites in the leading edge. Bar: 10 um.

C. Enlargement of cell leading edges of BM, bFGF and VEGF treated HUVEC. Asterisk shows local CLASP1 accumulation.
Bar: 5 um.
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FIGURE 5. CLASP?2 distribution in migrating HUVEC.

A. HUVEC were induced to migrate for 24 h, fixed and stained for stable MTs (red), CLASP2 (green) and nuclei (blue). For the
stable MTs staining again a small increase was observed for the VEGF treated cells. For CLASP2 no clear differences were
observed between the different treatments. CLASP2 was found rather diffuse throughout the cytoplasm and no nuclear signal
was seen. Bar: 10 um.

B. Enlargement of cells at migration fronts. Bar: 5 um.
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FIGURE 1. TNF-R1 signaling pathway.

TNF activates both survival and proliferation pathways along with apoptotic pathways via TNF-R1. The separate pathways are
well defined while the survival-death balance regulation remains unclear. Abbreviations: APAF-1: apoptosis protein activating
factor-1, Bcl-2: B-cell lymphoma-2, Bid, Bak, Bax and Bcl-XL: mitochondrial proteins of the Bcl-2 family, CAD: caspase-
activated DNAse, Caspase-3/8/9: cysteine aspartase (apoptotic protease) 3/8/9, Cdc37: co-chaperon of HSP90, cIAP:
cytoplasmic inhibitor of apoptosis, cFos/cJun: transcription factors, DD: death domain, EndoG: mitochondrial DNAse, FADD:
fas-associated DD, HSP90: heat shock protein-90, I-CAD: inhibitor of CAD, I-kB: inhibitor of NF- kB, IKKalpha/beta: I-kB
kinase, JNK: cJun n-terminal kinase, MEKK1: MAPK/ERK kinase-1, MKK3/7: MAPK kinase 3/7, NEMO: NF-kB essential
modulator, NF-kB: nuclear factor kappa B transcription factor, NIK: NF-kB inducing kinase, p38MAPK: p38 mitogen activated
protein kinase, RIP: receptor interacting protein, SODD: silencer of DD, sTNF-R1: soluble TNF-R1, TNF: tumour necrosis
factor alpha, TNF-R1: TNF receptor 1, TRADD: TNF receptor-associated DD, TRAF-2: TNF receptor-associated factor-2.
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FIGURE 2. The sequential steps during tumourangiogenesis.

The dormant tumour in stage 1 starts to secrete angiogenic growth factors (GF) after its ‘angiogenic switch’, which is
accomplished by an imbalance in pro- and anti-angiogenic factors. These GF activate endothelial cells of surrounding vessels
and these cells start to migrate (stage 2) and proliferate towards the tumour. An endothelial tip cell (TC) is guiding this
sprouting process (stage 3). In stage 4 the novel sprout has formed a lumen and the tumour is connected to the vasculature
thereby ensuring its growth and enabling itself to metastasize hematogenically.

Chapter 5 (Figure 3, page 87):
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FIGURE 3. Differences between healthy and tumour endothelium and a proposed mechanism of the TNF effect.

A. Schematic representation of a vessel with healthy endothelial lining (upper) and tumour endothelial lining (lower). Healthy
endothelium is a continuous lining of endothelial cells, covered with pericytes and with a thin basement membrane. The
permeability is low and extravasation is tightly organized. In contrast, tumour endothelium does not consist of a continuous
lining of endothelial cells, it lacks pericyte coverage and the basement membrane is thickened. This phenotype results in an
increased permeability of tumour vessel (small arrows). We hypothesize that the tumour endothelium exhibits a higher TNF-R1
expression due to TNF-R1 upregulating factors produced by vessel-surrounding cells.

B. Upon TNF treatment in an ILP the healthy endothelium stays intact because it is TNF-insensitive by lacking TNF-R1
expression on the membrane. Tumour endothelium binds TNF, which affects endothelial phenotype and induces apoptosis in
some endothelial cells. These two processes result in an enormous induction of vessel permeability (big arrows). As a result
the chemo-drug is well distributed throughout the tumour and a strong extravasation of erythrocytes results in a massive
hemorrhagic tumour necrosis. The selectively targeted tumour vessels are non-functional anymore and regress.
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FIGURE 4. Anti-tumour and anti-vascular effects of TNF upon ILP treatment of sarcoma and melanoma patients.

A. MRI of a patient with a high-grade leiomyosarcoma in the upper leg showing tumour mass before treatment (left) while 5
weeks after ILP with TNF and melphalan there is no gadolinium uptake in the tumour remnants (right). Tumour remnants were
resected and all necrotic.

B. Angiographies of 2 patients with rapidly growing sarcomas in the leg before (left) and after (right) ILP with TNF and
melphalan. Angiographies clearly show the well-developed tumour vasculature before ILP, which is selectively destructed after
treatment while the normal vessel are still present and intact. Both patients were classified as complete responders.

C. Endothelial lining of tumour vessels is destructed. Endothelial staining (CD-31) of vessels in normal skin (left) and
melanoma (right) in biopsies of a melanoma patient taken after ILP. Vessels in the normal skin show a continuous endothelial
lining (arrow) while in the melanoma-associated vessel this lining is disrupted and the endothelial cells detach from the
basement membrane (arrowheads). The elastic fibers (asterisks, stained aspecific) in the thickened basement membrane are
also visible in the melanoma vessel. Scale bar: 50 um.
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FIGURE 1. EMAP-II sensitises HUVEC towards TNF-induced apoptosis.

A. HUVEC were treated with 0, 10 ng/ml or 10 ug/ml TNF for 1 h after 1 h pre-treatment with standard culture medium
(control). Pictures were taken to show monolayer morphology (left) and apoptotic cells (right). No TNF effect was observed.
Bar, 100 um.

B. HUVEC were treated with 0, 10 ng/ml or 10 pg/ml TNF for 1 h after a 1 h pre-treatment with 10 Ig/ml EMAP-II. High dose
TNF induced massive apoptotic cell death after EMAP-II pre-treatment. At low dose some EC undergo apoptosis. Bar, 100

um.
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FIGURE 2. EMAP-II induces TNF-R1 redistribution in HUVEC.

A. Immunoprecipitation and western blot analysis of TNF-R1 in whole cell lysate (WCL) and cell membranes upon 1 h EMAP-II
treatment. Total TNF-R1 expression was not altered, while the membrane-bound TNF-R1 fraction was increased at increasing
EMAP-II concentrations.

B. Immunofluorescent staining for TNF-R1 and TGN (trans-Golgi network) of non-treated HUVEC. TNF-R1 expression is
mainly Golgi-associated (merged image).

C. Immunofluorescent staining for TNF-R1 and TGN after 1 h EMAP-II (10 pg/ml) treatment. The Golgi-associated TNF-R1
expression was clearly decreased. The overlapping yellow staining is almost completely absent indicating TNF-R1
redistribution out of Golgi storage pools. Bar, 20 um.
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FIGURE 3. EMAP-II induces mobilization and membrane-expression of TRADD in HUVEC.

A. Western blot analysis of TRADD and FADD in whole cell lysate (WCL) and cell membranes in HUVEC treated with 0, 10
ng/ml, 10 pg/ml EMAP-II for 1 h. EMAP-II induced small amounts of TRADD membrane-expression. FADD expression was
upregulated in the cell lysate.

B. Immunofluorescent staining for TRADD and TGN (trans-Golgi network) of non-treated HUVEC. TRADD expression is
almost exclusively within the Golgi apparatus.

C. Immunofluorescent staining for TRADD and TGN after 1 h EMAP-II (10 ug/ml) treatment. TRADD expression appeared
mainly Golgi-associated as shown by the yellow overlap in the merged image. In addition some TRADD-containing vesicles
were observed (asterisks). Bar, 20 um.

D. High magnification image of a treated EC showing TRADD mobilization in small vesicles, staining positive for TRADD
(green) and negative for TGN (red). Bar, 5 pum.
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FIGURE 4. TNF-R1 and TRADD are transported in different vesicles within the same cell.

A. Immunofluorescent staining for TNF-R1 and TRADD of non-treated HUVEC. Both proteins were mainly expressed in the
Golgi. Also in sporadically observed EC with TNF-R1 redistribution, the Golgi showed co-staining and no TRADD-positive
vesicles were seen (asterisk).

B. Immunofluorescent staining for TRADD and TGN after 1 h EMAP-II (10 ug/ml) treatment. TNF-R1 expression in the Golgi is
decreased while TRADD expression was still Golgi-associated. Merged images did not show co-localization (yellow) in Golgi
anymore. Cells with TNF-R1 redistribution stained positive for TRADD-containing vesicles as well (arrows), Bar, 20 um.

C. High magnification images of two EMAP-II treated EC showing TNF-R1 redistribution and TRADD mobilization. The small
amounts of mobilized TRADD (red, arrow-heads) located in different vesicles as compared to the abundantly present TNF-R1
(green). Bar, 5 um.
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Chapter 9 (Figure 2, page 165):

FIGURE 2. Histological and immunohistochemical analysis of wild-type and BN-E tumours.

A. H&E staining.

B. Immunohistichemical staining for EMAP-II. Transfected tumour cells look somewhat smaller. EMAP-II is expressed by all
cells and staining patterns are comparable.
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EMAP-II TNF-R1 Merge
A

FIGURE 4. A. Imnmunofluorescence stainings for EMAP-II (green) and TNF-R1 (red) of melanoma hiopsies taken right before
(upper panel) and after (lower panel) TNF-based ILP. Before ILP proEMAP-EMAP-II is present in all cells but some vessel-like
regions (arrow) have a higher expression, likely due to local increased expression of mature EMAP-IIl. TNF-R1 is mainly
expressed in the surrounding of these vessel-like regions in a scattered manner. Noteworthy is the observation that high
EMAP-II expressing cells and TNF-R1 expressing cells do not overlap. After ILP the tumour structure is extensively damaged.
Some high EMAP-II expressing tumour cells clustered to together were observed. TNF-R1 expression was still present in
some tumour cells and appeared more organized in clusters (arrowheads) as compared to before ILP. The vessel-like
structures are not visible anymore after ILP. Bar, 50 um.

B. Histological HE staining of melanoma biopsies taken before and after ILP. Before ILP the melanoma showed a
heterogeneous structure of tumour cells and infiltrate (left panel). Asterisk indicates a tumour-associated vessel. After ILP the
tumour cells are strongly redistributed and the tumour-associated macrophages (also called foamy macrophages) tend to
cluster. Tumour vessels before and after ILP are shown at the right panel. Bar, 20 um.
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FIGURE 5. Immunofluorescence stainings for EMAP-II and TNF-R1 in combination with endothelial marker (CD31, panel a) or
macrophage/monocyte marker (CD68, panel b) and co-staining with both markers (CD31/CD68, panel c) of melanoma
biopsies taken right before and after TNF-based ILP.

A. Before ILP the high EMAP-II expressing regions in part co-localize with endothelial cells (arrow) while the TNF-R1
expressing cells are surrounding the vessels. No co-localization of TNF-R1 with endothelial cells was observed. After ILP high
expressing EMAP-II cells were still present and endothelial cells of the disrupted vessels stained positive as well. TNF-R1 was
observed in clusters (arrowheads) and some expression was seen in endothelial cells.

B. Before ILP, high expressing EMAP-II cells/regions co-stained with macrophages in vessel-like regions (arrow). Most tumor-
macrophages expressed high levels of TNF-R1 (asterisks). After ILP co-localization of EMAP-II and macrophages is obvious
while clustered TNF-R1 expression (arrowheads) was less associated with macrophages.

C. Before ILP, healthy-looking vessels are present and macrophages are equally distributed throughout the tumor. After ILP
the tumor vasculature has been disrupted and macrophages were recruited to these endothelial/vessel remnants. Bar: 20 um
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