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AML Acute monocytic leukemia
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1 The vascular endothelium in health and disease

The vascular endothelium is composed of a monolayer of endothelial cells lining the entire
circulatory system forming an almost 1 kg endocrine organ from the heart to the smallest
capillaries.>? Instead of only facilitating selective permeability to water and electrolytes, the
vascular endothelium plays a pivotal multifunctional role in fluid filtration, hormone trafficking,
modulation of the vascular tone and growth, regulation of blood vessel formation, modulation
of blood flow, regulation of thrombosis and thrombolysis, hemostasis, platelet adherence,
coordination of platelet and leukocyte interactions, regulation of immune and inflammatory
responses by controlling neutrophil, leukocyte, monocyte and lymphocyte interactions with the
blood vessel wall.}® The vascular endothelium can be influenced through specific junctional
proteins and receptors that govern cell-cell and cell-matrix interactions as well as through
membrane-bound receptors for various molecules such as proteins, metabolites, hormones
and many more.* Due to the broad spectrum of vascular endothelial functions it is no surprise
that endothelial injury, dysfunction and activation is involved in several diseases, for example,
chronic kidney failure, hypertension, atherosclerosis, vascular leakage, congestive heart
failure, stroke, cancer, diabetes, sepsis and inflammatory syndromes.’? Thus, numerous
advances in the design of therapeutic agents targeting the vascular endothelium have been

made to restore the normal endothelial function.>8

1.1 The role of the vascular endothelium in inflammatory diseases

In general, the tightly regulated process of acute inflammation is a beneficial event since it is
strongly required for providing protection against infections or injury restoring homeostasis in
the healthy organism. Acute inflammation occurs predominantly at postcapillary venules and
its main function is, at a basic level, to recruit plasma proteins and leukocytes (mainly
neutrophils) to the site of infection or injury, a process that is based on the selective
extravasation through the activated endothelium.® However, a successful acute inflammatory
response crucially includes a timely resolution and repair phase to prevent a pathological
outcome that is associated with a broad variety of diseases characterized by constant
infiltration of leukocytes leading to tissue damage or even cancer.® Resolution of inflammation
is primarily mediated by recruited macrophages and is accompanied with an active
biosynthesis of anti-inflammatory and pro-resolution lipid mediators such as lipoxins, resolvins
and protectins as well as growth factors such as the transforming growth factor-p (TGFp) to
inhibit neutrophil recruitment and to promote the recruitment of monocytes, which initiate tissue

remodeling.!>*®* Besides macrophages, epithelial and mesenchymal cells as well as
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extracellular matrix (ECM) and the vascular endothelium are crucially involved in a successful
tissue repair. Incomplete remodeling of the vasculature is associated with altered tissue
oxygenation promoting the manifestation of atrophy and fibrosis.'**> Moreover, much less is
known about the mechanisms causing chronic inflammatory diseases such as atherosclerosis,
diabetes, chronic obstructive pulmonary disease, asthma, inflammatory bowel disease,
neurodegenerative disease, multiple sclerosis, rheumatoid arthritis or cancer. Nonetheless,
although non-resolving inflammation is not a primary cause of these diseases it significantly
contributes to their pathogenesis.® Due its pivotal role in the inflammatory response, it is not
surprising that the vascular endothelium is in the focus for the treatment of chronic
inflammatory diseases. In fact, diverse therapies or therapeutic approaches are intent on the
decrease of leukocyte-endothelial cell interactions mediated via reduced expression or
blocking of cell adhesion molecules for example by the treatment with NFkB inhibitors or

neutralizing antibodies.6-1°

1.2 Therole of the vascular endothelium in cancer

According to healthy cells and tissues, tumors have to be supplied with nutrients and oxygen
and require the ability to get rid of metabolic wastes and carbon dioxide. Hence, a functional
vascular network is essential for tumor growth and survival and metastatic dissemination.
Angiogenesis, the sprouting of new blood vessels which is in an healthy adult only activated
transiently as part of physiologic processes such as wound healing, is, therefore, continually
activated during tumor progression leading to the permanent sprouting of new blood vessel
surrounding the tumor.?® On the one hand, constant angiogenesis is enabled by the
upregulated expression of angiogenic factors such as the vascular endothelial growth factor
(VEGF) or the fibroblast growth factor (FGF) due to both hypoxia and oncogene signaling.?24
On the other hand, angiogenesis can be induced by signals derived from cells of the innate
immune system such as macrophages, neutrophils, mast cells and myeloid progenitors that
are recruited to the tumor microenvironment and infiltrate the progressed tumor.?>2° Thus, the
tumor vasculature represents a promising therapeutic target since it is easily accessible to
blood-borne drugs and its destruction prevents the nutrient and oxygen supply of tumors
leading to tumoral cell death.® In this context, microtubule-targeting agents (MTAs) are
the most frequently used chemotherapeutic drugs: besides the inhibition of endothelial
cell proliferation due to their mitosis-blocking actions MTAs show mitosis-independent
anti-angiogenic effects as well as vascular-disruptive actions on already existing tumor
vessels. 3139

Besides the induction of angiogenesis the activation of invasion and metastasis was described

as another hallmark of cancer — distinctive and complementary capability that enable tumor
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growth and metastatic dissemination.*® Three crucial steps in metastatic dissemination are (i)
the intravasation of tumor cells into the circulatory system, (ii) the attachment of tumor cells to
the healthy endothelium and finally (iii) the extravasation of tumor cells through the
endothelium into the underlying tissue where the formation of a secondary tumor is
initiated.*42 Although endothelial cells of the non-tumor vasculature are directly involved in all
of these steps playing an essential role in their regulation, the impact of chemotherapeutic

drugs such as MTAs on the healthy endothelium has been largely neglected.4>44

2 Cell interactions of the vascular endothelium

2.1 The interaction of endothelial cells with leukocytes or tumor
cells

During the process of acute inflammation, leukocyte recruitment is initiated by the presentation
of chemokines to leukocytes travelling in the circulatory system leading to the secretion of pro-
inflammatory cytokines such as tumor necrosis factor-a (TNFa) to activate the vascular
endothelium. Endothelial activation in turn results in the enhanced expression of selectins and
cell adhesion molecules leading to the attachment of leukocytes to the endothelium. Since
leukocyte attachment is initiated via weak interactions to selectins, the leukocytes are still
pulled along with the blood flow, which leads to a rolling motion of the cells on the vascular
surface (Figure 1).%°*7 In the next step of the cascade, leukocytes are activated by endothelial
derived chemoattractants and chemokines that regulate leukocyte integrin affinity and avidity
via inside-out signaling.®®°° After activation, leukocytes tightly adhere to the endothelium
enabled by cell adhesion molecules such as the vascular cell adhesion molecule-1 (VCAM-1)
or ICAM-1. Finally, leukocytes extravasate through the endothelial barrier into the underlying
tissue, a process referred to as diapedesis, where monocytes differentiate into classically or

alternatively activated macrophages.*>4
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Tethering Rolling Activation Adhesion Diapedesis
A
€. 6. 6. .
e " B — - . "‘é o —— e T Yud 1
Endothelium
Basal'lamina
Tissue

Figure 1: Important steps in the process of inflammation. The initial attachment (tethering) of leukocytes
recruited to the vascular endothelium represents the first step in the inflammatory process. Due to the weak
leukocyte-endothelial cell interactions leukocytes are still pulled along with the blood flow (rolling). Then, firm
adhesion of leukocytes is mediated by endothelial cell-induced leukocyte activation. Finally, leukocytes transmigrate
through the endothelium to extravasate into the underlying tissue (diapedesis). The figure is partially adapted and
modified by permission from Springer Customer Service Centre GmbH, Springer Nature, Lab. Incest., Leukocyte-
endothelial cell interactions in the inflammatory response, Muller WA, © 2002.5!

Although only a small subset of cancer cells in a primary tumor are able to develop into
metastases, cancer cell dissemination is responsible for 90 % of cancer-related mortality.%:52:53
In general, the multistep process of tumor metastasis (Figure 2) is initiated by the detachment
of malignant cells from a primary vascularized tumor that migrate and invade the surrounding
tissue followed by direct transmigration through nearby blood vessels (or lymphatics) to enter
the circulatory system (intravasation). If these spreading cancer cells are not eliminated by the
immune system and survive the shear stress in the bloodstream, they can subsequently attach
onto endothelial cells lining the blood vessels. This process commonly involves platelets,
lymphocytes and other blood components. Then the disseminating cells either directly
extravasate through the vascular endothelium into the underlying tissue and start to proliferate
or they already proliferate in the blood vessels before they extravasate through the vascular
endothelium into the underlying tissue collectively as groups.*>4°*” These secondary tumors,
referred to as micrometastases, can develop into clinically detectable macrometastases,

provided that they are able to survive and proliferate in the new environment. 15859
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Figure 2: Important steps in the process of tumor metastasis. Single malignant cells are detached from a
primary vascularized tumor, migrate and invade the surrounding tissue and intravasate through the endothelium
into the circulatory system of vascular or lymphatic vessels. The disseminating tumor cells are transported into
distant organs where they adhere onto and extravasate through the endothelium into the underlying tissue followed
by the initiation of proliferation and angiogenesis leading to the formation of secondary tumors. The figure is partially
adapted and modified by permission from Springer Customer Service Centre GmbH, Springer Nature, Nat Rev
Cancer, The pathogenesis of cancer metastasis: the ‘seed and soil’ hypothesis revisited, Fidler 1J, © 2002.%° ECs:
endothelial cells.

2.2 Cell adhesion molecules involved in endothelial cell inter-
actions with leukocytes or tumor cells

The interaction between vascular endothelial cells and leukocytes in the process of acute
inflammation or tumor cells in the metastatic process is crucially regulated by cell adhesion
molecules (CAMs) (Figure 3). Since the structure, function and hemodynamic pattern of
vascular endothelial cells differs between the diverse organs and tissues of the human body,
there are differences in how endothelial cells interact with tumor cells or leukocytes.%2 For

instance, the rolling of leukocytes on the vascular surface seems to play a minor role in the
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brain microvasculature while this process is even non-existent in pulmonary capillaries and

hepatic sinusoids.®%-64

2.2.1 Cell adhesion molecules involved in the rolling of leukocytes or tumor cells on
the endothelium

Tethering and rolling of leukocytes on the endothelium (Figure 3) is mainly mediated by the
selectin family of adhesion molecules and their ligands bearing the terminal core tetra-
saccharide structure sialyl Lewis¥® (sLe*/sLe?).85¢” The family of selectins comprises three
related molecules: L-selectin (CD62L) is constitutively expressed in most leukocytes, E-
selectin (CD62E) is expressed in the inflammatory activated endothelium and P-selectin
(CD62P) is expressed in both the activated endothelium and activated platelets.®” Accordingly,
the diverse ligands for L-selectin on endothelial cells must be properly decorated with the
correct carbohydrate residues upon endothelial activation, whereas P-selectin glycoprotein
ligand-1 (PSGL-1), the major ligand for E-selectin and P-selectin, is constitutively expressed
on all blood lymphocytes, monocytes and neutrophils.*’*! Besides selectins, interactions
between the integrin a1 (also known as very late activation antigen-4, VLA-4) on leukocytes
and the vascular-cell adhesion molecule-1 (VCAM-1) on the activated endothelium as well as
homophilic interactions of N-cadherin on neutrophils and endothelial cells have been identified
to be involved in the rolling of leukocytes on the vascular surface.®°

Although the mechanisms by which tumor cells adhere to endothelial cells are not yet fully
understood, it is very likely that they mimic mechanisms described for leukocyte-endothelial
cell interactions.”® Thus, as with leukocytes, the rolling of tumor cells on the endothelium is
crucially mediated via selectins (Figure 3).”* However, in contrast to leukocytes, tumor cells do
not express selectins, but their respective ligands, since malignant transformation is
associated with alterations of cell surface glycans leading to enhanced expression of sLe*/sLe?
and other structures.’>"® For instance, expression of the selectin ligands PSGL-1 and CD24
was determined for several tumors such as breast and colon cancer.”*"® Hence, it is no
surprise that several studies indicate that the enhanced expression of selectin ligands is
associated with tumor progression, enhanced metastasis formation, organ-specific metastatic
spreading and poor prognosis in various cancers.’®® The observation that the rolling of tumor
cells on the vascular surface is enabled via interactions between endothelial E- and P-selectin
and their ligands expressed on tumor cells implies the need of inflammatory processes in
metastasis formation since these endothelial selectins are only expressed upon inflammatory
activation.’”>82 Actually, several studies demonstrate the role of pro-inflammatory cytokines for

the attachment of tumor cells to the endothelium.838¢ As with neutrophils, besides selectins
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hemophilic interactions of N-cadherin were reported to be involved in the rolling of tumor cells

on the endothelium.®8
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Figure 3: CAMs involved in the rolling of leukocytes or tumor cells on the vascular endothelium. (A)
Prominent molecules involved in the rolling of leukocytes (LC) on the vascular surface are sLe*/sLe? (PSGL-1), L-
selectin and VLA-4 expressed on leukocytes that interact with endothelial E-selectin, sLe*/sLe? or VCAM-1,
respectively. (B) Prominent molecules involved in the rolling of tumor cells (TC) on the vascular surface are
sLeX/sLe? (PSGL-1/CD24) expressed on tumor cells that interact with endothelial E-selectin or P-selectin,
respectively. (A/B) Homophilic interactions of N-cadherin play a role in the rolling of both leukocytes and tumor cells
on the vascular surface.

2.2.2 Cell adhesion molecules involved in the firm adhesion of leukocytes or tumor
cells onto the endothelium

The rapid transition from rolling to firm adhesion of leukocytes on the endothelium (Figure 4)
is mediated by the integrin family of cell adhesion molecules expressed by leukocytes and their
interaction partners, immunoglobulin superfamily members, on endothelial cells.®”:88 Integrins
are heterodimeric receptors consisting of two non-covalently associated a- and B-chains.*’:5!
Within the eight groups of the integrin family, 31-integrins, which mediate mainly interactions
between cells and extracellular matrix, and B2-integrins, which mediate mainly cell-cell
interactions, are the most widely studied groups. The most important integrins involved in the
firm adhesion of leukocytes on the endothelium are the alLp2-integrin (also known as
lymphocyte function-associated antigen-L (LFA-1)), the aMB2-integrin (also known as Mac-1)
and VLA-4.°8 The integrin interaction partners on the endothelium are the intercellular
adhesion molecule-1 (ICAM-1) and -2 (ICAM-2) that interact with LFA-1 and Mac-1 and VCAM-
1 that interacts with VLA-4.4" Classical chemoattractants and chemokines secreted from

inflammatorily activated endothelial cells play a crucial role in the integrin-mediated adhesion
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since they rapidly regulate integrin affinity and avidity in a cell-specific manner by inside-out
signaling leading to conformational changes of integrins from a favored low-affinity state to an
high-affinity state with an opened ligand-binding pocket.*®%° The endothelial integrin
counterparts ICAM-1/-2 and VCAM-1 are expressed on the surface of the resting endothelium
only at very low levels, but their surface expression is crucially increased in response to
inflammatory cytokines such as TNFa or interleukin 18 (IL-1B).%%°* Moreover, besides their role
in the regulation of apoptosis, cell migration, adhesion and angiogenesis, there is a growing
evidence that endothelial galectins such as galectin-1, -3 and -9 are also involved in the firm

adhesion of leukocytes to the endothelium.92-%4

Although the expression of several integrins, especially of the B2-subgroup, is mainly restricted
to leukocytes, alterations in the integrin expression is associated with malignant
transformation.*”#2 The B1-integrin subfamily constitutes a major class of integrins that mediate
cell interactions with ECM proteins such as collagen, fibronectin and laminin and is critically
involved in the adhesion of tumor cells to the basal lamina underlying the endothelium.®>° For
instance, it was demonstrated that a581 and a2B1-integrins expressed by the breast cancer
cell line MDA-MB-231 mediate tumor cell adhesion to fibronectin and type | collagen (Figure
4).°” Moreover, it was reported that VLA-4 plays a crucial role in the firm adhesion of cancer
cells to either fibronectin or endothelial VCAM-1.%8202 |n addition, as with leukocyte-endothelial
cell interactions, there is growing evidence that tumor cells are able to tightly adhere to
endothelial galectins what might be facilitated by an altered glycosylation and exposure of
glycoproteins by the disseminating cells.1%31% For instance, the Thomsen-Friedenreich antigen
(TA) represented by MUC1 and CD44v6 is expressed on T-cell ymphomas and most human
carcinomas and bears [3-galactose as a terminal sugar which serves as a ligand for galectin-
3.1%5-111 Moreover, the lysosomal-membrane-associated glycoprotein-1 and -2 (Lampl/2),
whose surface expression is upregulated in several human tumor cells, were also described
as ligands for galectin-3.112 Besides the direct adhesion of tumor cells onto the endothelium,
leukocytes are critically involved in tumor cell adhesion since they act as bridge or linker cells.
For instance, MDA-MB-468 breast carcinoma cells expressing ICAM-1 were found to be
connected via B2-integrins expressed on neutrophil granulocytes to endothelial cells
expressing ICAM-1 that was also linked to B2-integrins of the bridging leukocytes.*” A similar
mechanism has been described for tumor cells expressing the a583-integrin that is linked via
fibrinogen to allbB3-integrins of platelets whose attachment to the endothelium is in turn

mediated by selectins. 131

It is worth of note that, in the case of fenestrated or discontinuous endothelia such as the

hepatic endothelium, leukocytes and tumor cells can also directly attach to the underlying basal
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lamina, which is mediated via the interaction between integrins and ECM components such as

collagen and fibronectin.*’
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Figure 4: CAMs involved in the firm adhesion of leukocytes or tumor cells on the vascular endothelium. (A)
Prominent molecules involved in the firm adhesion of leukocytes (LC) onto the vascular surface are B2-integrins
(LFA-1/Mac-1) and B1-integrins (VLA-4) expressed on leukocytes that interact with endothelial ICAM-1, ICAM-2
and VCAM-1, respectively. (B) Prominent molecules involved in the direct firm adhesion of tumor cells (TC) onto
the vascular surface are B1-integrins (a231/VLA-4) and carbohydrates (B-galactose) expressed on tumor cells that
interact with extracellular matrix (ECM) components (collagen/fibronectin) and endothelial galectins (galectin-3),
respectively. Tumor cells often use neutrophils (N) or platelets (P) as a linker to firmly adhere onto endothelial cells.
Prominent molecules involved in this indirect firm adhesion of tumor cells onto the vascular surface are ICAM-1 or
a5B3-integrin expressed on tumor cells, B2-integrins (LFA-1) expressed on neutrophils, allbB3-integrin and P-
selectin expressed on platelets and endothelial ICAM-1 and sLe*/sLe?, respectively.

2.2.3 Cell adhesion molecules involved in the transmigration of leukocytes or tumor
cells through the endothelium

The transendothelial migration of leukocytes (Figure 5) is the final step in acute inflammation
with respect to leukocyte-endothelial cell interactions. On this occasion, leukocytes can either
transmigrate between two endothelial cells referred to as paracellular diapedesis or they can
transmigrate through a single endothelial cell referred to as transcellular diapedesis.!!®
Paracellular transmigration, where leukocytes have to pass endothelial tight junctions and
adherens junctions, is mainly mediated by homophilic interactions of the platelet/endothelial
cell adhesion molecule-1 (PECAM-1) and of CD99, both of which are expressed on most
leukocytes as well as vascular endothelial cells.’®*1?2t PECAM-1, a member of the
immunoglobulin (Ig) superfamily, is supposed to play a role in the early phase of leukocyte
diapedesis, since extravasating cells were found to be tightly adherent to the apical surface of
the endothelial monolayer and cannot pass pseudopods into the intercellular junctions upon
PECAM-1 blockade.119120122.123 |n contrast, upon the blockade of CD99 transmigrating
leukocytes were found to arrest part-way across the intercellular junctions whereby the leading

edge of the extravasating cell was below the endothelial monolayer whereas the trailing edge



INTRODUCTION 11

remained on the apical surface of the endothelium. Hence, CD99, a type 1 transmembrane
protein which does not belong to any known protein family, is supposed to play a role in the
late phase of leukocyte diapedesis.'?* While both PECAM-1 and CD99 are involved in the
diapedesis of monocytes and neutrophilic granulocytes to the site of inflammation, only CD99
seems to be relevant for lymphocyte diapedesis.'?1122124-127 Besides PECAM-1 and CD99,
junctional adhesion molecules (JAMs), further members of the Ig superfamily, are associated
with paracellular diapedesis, since it was reported that JAMs expressed on endothelial cells
can interact with integrins on leukocytes (JAM-1 binds to LFA-1, JAM-2 binds to VLA-4 and
JAM-3 binds to Mac-1).118128-130 Mych less is known about transcellular diapedesis, however,
it is assumed that it is mediated via the same molecules as described for the paracellular

transmigration of leukocytes.*°

In contrast to the diapedesis of leukocytes, where the endothelial integrity is only transiently
and reversibly impaired, the transendothelial migration of tumor cells is associated with an
irreversible damage caused by active endothelial retraction that is required for tumor cells to
overcome the endothelial barrier function.'3-134 Endothelial integrity is primarily dependent on
the organization and function of transmembrane adhesion proteins of both tight and adherens
junctions. Endothelial adherens junctions formed by homophilic interactions of vascular
endothelial cadherin (VE-cadherin), which builds a complex with cytoskeletal and signaling
proteins including a-, B- and y-catenin, represents one of the major adhesion systems in this
context.'*® Disseminating tumor cells are thought to increase the vascular permeability by
inducing changes in endothelial cells such as tyrosine phosphorylation of VE-cadherin which
leads to the dissociation of cytoskeletal proteins and is accompanied by the reorganization of
the actin cytoskeleton, the formation of actin stress fibers and interendothelial gaps and the
induction of apoptosis (Figure 5).131:136-140 |t is suggested that these changes in endothelial
function can be caused solely by the attachment of tumor cells on the endothelium and/or the
secretion of endothelial cell-influencing factors.*®*2133 For instance, it could be demonstrated
that the adhesion of invasive breast, prostatic and ovarian cancer cells onto the endothelium
led to endothelial retraction caused by tyrosine phosphorylation of VE-cadherin, which was
mediated by activation of the H-Ras/Raf/MEK/ERK signaling cascade triggered by endothelial
cell interactions with tumoral a2B1-integrins.**2 Furthermore, the transmembrane protein tissue
factor (TF), which is highly expressed on metastatic melanoma cell lines, is crucially involved
in the generation of the serine protease thrombin.#:42 Tumor-derived thrombin in turn
facilitates the transendothelial migration of melanoma cells since it is able to disrupt the
endothelial integrity by both tyrosine phosphorylation and ubiquitination-coupled internalization
of VE-cadherin.'® Thus, instead of a direct interplay between cell adhesion molecules as

described for the diapedesis of leukocytes, transendothelial migration of tumor cells
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substantially depends on the loss of endothelial barrier function caused by an active

breakdown of endothelial junction integrity.
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Figure 5: Transmigration of leukocytes or tumor cells through the vascular endothelium. (A) Homophilic
interactions of PECMA-1 and CD99 are mainly involved in the transendothelial migration of leukocytes (LC). Further
prominent molecules involved are p2-integrins (LFA-1/Mac-1) and B1-integrins (VLA-4) expressed on leukocytes
that interact with endothelial JAM-1, JAM-2 and JAM-3, respectively. (B) The transendothelial migration of tumor
cells (TC) through the endothelium is not mediated by typical molecule interactions. However, the B1-integrin-
mediated adhesion of tumor cells onto the vascular surface or factors secreted by tumor cells (e.g. thrombin) induce
endothelial VE-cadherin phosphorylation and, in the case of thrombin, also VE-cadherin internalization causing
endothelial cell retraction.

2.3 Chemokines involved in endothelial cell interactions with
leukocytes or tumor cells

Besides CAMs, various chemokines play a pivotal role in the regulation of leukocyte-
endothelial cell interactions, since they provide the directional information for the movement of
leukocytes during development, homeostasis and inflammation.*® Moreover, chemokines are
thought to be the most powerful physiological activators of the firm adhesion of leukocytes as
they are able to convert the low-affinity, selectin-mediated interaction between leukocytes and
the endothelium into the higher-affinity, integrin-mediated interaction within less than a
second.*®4° Chemokines are a superfamily of small molecules with highly conserved structural
elements and are secreted by many different cell types of the body under inflammatory and
non-inflammatory conditions.** Chemokine receptors belong to the family of G-protein-
coupled receptors (GPCRs) and are mainly expressed on different types of leukocytes, where
their expression is specific in certain subpopulations.*”144145 During inflammation, leukocytes

are therefore selectively recruited into the inflamed tissue by increased secretion of the
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respective chemokines at the site of infection or injury.*® Early pro-inflammatory cytokines
such as interleukin-1 and -4 (IL-1 and IL-4), tumor necrosis factor-a (TNFa) and interferon-y
(INFy) as well as bacterial products such as lipopolysaccharide (LPS) and viral products
represent the primary stimuli of chemokine secretion in the process of acute inflammation.4
148 For instance, the prominent neutrophil activator interleukin-8 (IL-8), also known as C-X-C
motif chemokine 8 (CXCL8), can be produced by activated endothelial cells or macrophages
and binding to one of its receptors (C-X-C chemokine receptor type 1 or 2, CXCR1/2) triggers
a signaling cascade leading to the activation of leukocyte integrins and thus firm
adherence.46149150 Dye to the specific expression of chemokine receptors in leukocyte
subpopulations the type of inflammatory infiltrate in acute and chronic diseases such as
bacterial pneumonia, the acute respiratory distress syndrome, ulcerative colitis and Crohn’s
disease is, at least in part, controlled by the subgroup of chemokines expressed in the diseased

tissue 148,151-153

Chemokines have also been suggested to play a crucial role in tumor growth and tumor cell
migration as well as in the determination of the metastatic pattern of various malignant
neoplasias such as breast cancer, prostate cancer, colon and colorectal cancer, melanoma
and many more.*>*1% For instance, the chemokine receptors C-X-C chemokine receptor type
4 (CXCR4) and C-C chemokine receptor type 7 (CCR7) are highly expressed in human breast
cancer cells, malignant tumors and metastases, where the expression of CXCR4 is mediated
by overexpression of the receptor tyrosine-protein kinase c-erbB-2 (also known as HER2/neu)
in about 30 % of all breast cancers.®1"t Accordingly, the respective ligands for these
receptors, C-X-C motif chemokine 12 (CXCL12, also known as stromal cell-derived factor-1a,
SDF-1a) for CXCR4 and C-C motif chemokine 21 (CCL21) for CCR7, are prominently
expressed in organs that are preferential destinations for breast cancer metastasis including
bone marrow, brain, liver, lung and lymph nodes.'®® Similar correlations between the
chemokine system CXCL12/CXCR4 and organ-specific metastasis formation could be
observed for prostate cancers, colon and colorectal cancers and melanoma,163167.172-176
Furthermore, it was demonstrated that the administration of CXCL12 to PC-3 prostate cancer
cells resulted in an increased expression of CXCR4 leading to an enhanced adhesion onto
and transmigration through endothelial cells most likely due to the CXCL12/CXCR4-regulated
expression and activation of a5B3-integrins.*’”1® In addition, the chemokine receptor C-X-C
chemokine receptor type 3 (CXCR3), which is the receptor for the C-X-C motif chemokine 9,
10 and 11 (CXCL9, CXCL10, CXCL11), has been associated with colon cancer and melanoma
cell dissemination into the lymph nodes.'®182 Moreover, it was reported that the chemokine
system CXCL9/CXCRS triggers melanoma cell migration as well as the a5B1-integrin (also
known as VLA-5) and VLA-4 dependent melanoma cell adhesion to fibronectin, which

highlights the role of this chemokine system in melanoma cell metastasis formation.8?



INTRODUCTION 14

2.4 The NFkB signaling pathway

The nuclear factor-kB (NFkB) is an important, ubiquitously expressed transcription factor that
is typically activated by pro-inflammatory cytokines such as TNFa and IL-1 and other specific
stimuli and plays a critical role in the regulation of various biological processes including
apoptosis, inflammation, innate and adaptive immunity and many more. This is achieved by
regulating the transcription of several target genes such as cell adhesion molecules (e.g.
ICAM-1, VCAM-1, E-selectin), pro-inflammatory cytokines and chemokines.!8318 Thus,
inflammatory activation of NFkB is crucially involved in leukocyte recruitment to the inflamed
or injured tissue as well as in leukocyte activation.18%18.186 Dye to the broad spectrum of NFkB
responsibilities it is no surprise that aberrant NFkB activity has been implicated in the
pathogenesis of many diseases including acute respiratory distress syndrome and H. pylori

infection as well as chronic diseases such as atherosclerosis and rheumatoid arthritis.187-1%°

In the simplest model of NFkB activation (Figure 6), an inflammatory stimulus, for example
TNFa, activates the signal transduction cascade that induces the activation of the inhibitor of
NFkB (IkB) kinase (IKK) complex by phosphorylation.®184 The IKK complex is composed of
the two catalytic subunits IKKa (also known as IKK1) and IKKB (also known as IKK2) as well
as the regulatory subunit IKKy (also known as NEMO).1°1192 Activation of IKKa and IKKB in
turn leads to the phosphorylation of members of the IkB protein family, which comprises the
typical IkB proteins IkBa, IkBB and IkBg, the precursor proteins p100 and p105 and atypical
IkB proteins such as BCL-3 and IKBNS.1°1:19-1%8 Phosphorylated IkBa then undergoes rapid
ubiquitin-mediated degradation by the proteasome whereby NFkB homo- or heterodimers,
which are in an non-activated cell sequestered in a complex with IkB proteins in the cytoplasm,
are released from the IkB/NFkB complex.1818 Subsequently, released cytosolic NFkB dimers,
for example the heterodimer p50/p65 as the most abundant form, translocates into the nucleus,
where it is further activated by diverse posttranslational modifications followed by binding to
promoters or enhancers of NFkB target genes.1831841931% Gene transcription is finally
terminated by one of the well described negative feedback loops or by post-translational

ubiquitination of the signaling intermediates.
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Figure 6: Crucial steps in the canonical NFkB signaling pathway. Inflammatory stimuli phosphorylate and
thereby activate the catalytic subunits IKKa and IKKf of the IKK complex, which in turn results in the phosphorylation
of the NFkB inhibitor IkBa. Phosphorylated IkBa is subsequently ubiquitinated and degraded by the proteasome
whereby the NFkB heterodimer p50/p65 is released. The released cytosolic p50/p65 heterodimer translocates into
the nucleus where it binds to the NFkB binding site of promotors or enhancer of NFkB target genes. Gene
transcription can be terminated by post-translational ubiquitination of the translocated subunits. The figure is
adapted by permission from Springer Customer Service Centre GmbH, Springer Nature, Nat Rev Immunol., New
regulators of NFkB in inflammation, Ghosh S and Hayden MS, © 2008.183 |[KK: inhibitor of IkB kinase, NFkB: nuclear
factor-kB, P: phosphate, Ub: ubiquitin.

3 The microtubule network

Microtubules — key components of the eukaryotic cytoskeleton — are highly dynamic structures,
which play an essential role in a wide range of cellular processes such as development and
maintenance of cell shape, intracellular transport, cell signaling, cell division and mitosis, cell
polarization and migration just to name a few.2°%-203 Especially the importance of microtubules
in cell division and the orchestration of mitotic events makes them, at least so far, the major

target for anticancer drugs.?0-2%4

3.1 The structure of microtubules

Microtubules are polarized hollow tube-like structures composed of 13 parallel protofilaments,
which are formed by polymerization of a/B-tubulin heterodimers so that a- and B-tubulin
subunits alternate along the longitudinal axis of the filament (Figure 7).2°22% Due to the tandem
arrangement of a/B-tubulin heterodimers, microtubules consists of a (+)-end, which is
terminated by B-tubulin subunits and radiates in the whole cytoplasm, and a (-)-end, which is
terminated by a-tubulin subunits and is anchored at the microtubule organizing center (MTOC),
also known as centrosome by which microtubule assembly is controlled.?022%6.207 The dynamic
behavior of microtubules is defined by their ability to undergo cycles of rapid growth
(polymerization) and shrinkage (depolymerization) — referred to as dynamic instability, a
process mediated by the exchange of guanosine triphosphate (GTP) by guanosine
diphosphate (GDP).200.208.209
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Figure 7: The structure of microtubules. Microtubules are polarized hollow tube-like structures composed of 13
parallel protofilaments. Each protofilament is formed by polymerization of a/p-tubulin heterodimers so that a- and
B-tubulin subunits alternate along the longitudinal axis of the filament. The figure is partially adapted and modified
by permission from Springer Customer Service Centre GmbH, Springer Nature, Nat Rev Cancer, Microtubules as
a target for anticancer drugs, Jordan MA and Wilson L, © 2004.2%*

3.2 Microtubule dynamics — mode of action

The dynamic properties of microtubules are essential for their biological functions as they allow
the rapid reorganization and the spatial and temporal differentiation of microtubules in
accordance with the cell context.?°® Microtubule polymerization and thus microtubule assembly
occurs on both ends of the growing structure in two phases: the formation of a short
polymerization nucleus (nucleation) precedes the rapid polymer growth (elongation) by
reversible, noncovalent addition of a/B-tubulin heterodimers.?°* Although both the a- and B-
tubulin subunit possess a GTP binding region, GTP bound to a-tubulin at the dimer interface
is never hydrolyzed or exchanged whereas these conversions are possible in the case of GTP
bound to B-tubulin since it is able to bind both GTP and GDP.2%52% During microtubule
polymerization, GTP is hydrolyzed to GDP shortly after the GTP-bound B-tubulin subunit was
integrated into the microtubule structure (Figure 8). In the case of rapid microtubule growth,
which appears when microtubule polymerization is faster than microtubule depolymerization,
a new GTP-bound B-tubulin subunit is incorporated into the microtubule polymer before the
GTP of the previously integrated subunit is hydrolyzed leading to accumulation of GTP at the
microtubule tip which is referred to as a GTP cap.?02210211 |n contrast, a slow rate of GTP-
bound B-tubulin subunit addition to the microtubule polymer offers enough time for hydrolysis

of GTP of the previously integrated subunit into GDP leading to the loss of the GTP cap due
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to GDP accumulation at the microtubule tip.?°> Since GTP hydrolysis triggers conformational
changes of tubulin causing a reduction in the binding affinity of the subunits within the polymer,
the protofilament is turned into a curved shape leading to the dissociation of a/B-tubulin
heterodimers and thus microtubule depolymerization.2°221° Since the microtubule (+)-end is
terminated by B-tubulin subunits allowing the formation of a GTP cap, it grows and shrinks
more rapidly than the microtubule (-)-end, which is terminated by a-tubulin subunits and
embedded in the MTOC.?0212 |n addition to dynamic instability, microtubules display another
dynamic behavior called treadmilling — a process by which a/B-tubulin heterodimers are
released from the microtubule (-)-end and simultaneously added at the microtubule (+) end of
the same microtubule.?*32'> Dynamic instability and treadmilling are not mutually exclusive
activities as they even occur in some microtubule populations at the same time depending on

intracellular conditions. 1621/
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Figure 8: The dynamic instability of microtubules. The dynamic instability of microtubules is defined by their
ability to undergo cycles of rapid growth (enabled by polymerization) and shrinkage (enabled by depolymerization).
Microtubule polymerization is mediated via reversible and noncovalent addition of a/B-tubulin heterodimers to the
growing microtubule, a process mediated by the hydrolysis and exchange of GTP into GDP. A slow rate of a/B-
tubulin heterodimer addition leads to conformational changes of tubulin that results in a reduction of binding affinity
of the tubulin subunits causing the protofilaments to turn into a curved shape and thus microtubule depolymerization.
The figure is partially adapted and modified by permission from Springer Customer Service Centre GmbH, Springer
Nature, Nat Rev Mol Cell Biol., Control of microtubule organization and dynamics: two ends in the limelight,
Akhmanova A and Steinmetz MO, © 2015.2%3
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3.3 Theregulation of microtubule dynamics

Microtubule dynamics and activities are critical for the different cellular functions of
microtubules and are therefore finely regulated by the expression level of different tubulin
isoforms, posttranslational modifications and the activity of microtubule-associated proteins
(MAPs),201:206,218.219 Tq date, six a-tubulin and seven B-tubulin isoforms with various expression
levels in different cells and tissues have been identified in humans.2°? According to posttrans-
lational modifications including acetylation, detyrosination/tyrosination, palmitoylation, phos-
phorylation, polyglutamylation and polyglycylation, each isotype can further be divided into
different subtypes.2°621° Although microtubule dynamics can be directly affected by the tubulin
isotypes and their posttranslational modifications, the main modulators of microtubule
dynamics are MAPs and other microtubule-interacting proteins.2°® The large family of MAPs
regulate microtubule dynamics either by favoring microtubule polymerization and thus
stabilization, which is mediated by MAPs such as MAP4, Tau, survivin, EB1, dynactin 1, TOGp
and FHIT, or by sequestering a/B-tubulin heterodimers and promoting microtubule
depolymerization and thus destabilization, which is mediated by MAPs such as stathmin, the
kinesin-13 family and MCAK206:220-225

4  Microtubule-targeting agents (MTAS)

The involvement of microtubules in mitosis and cell division makes them an important target
for anticancer drugs. In fact, microtubule-targeting agents (MTAS) are the most frequently used
chemotherapeutic drugs. All therapeutically applied MTAs represent natural products —
produced by a large number of plants and animals — or semisynthetic derivatives thereof.31201
MTAs are classified according to their action on the microtubule system into two main groups:
microtubule-stabilizing and -destabilizing agents. Microtubule-destabilizing drugs, including
the plant-derived Vinca alkaloids (from Catharanthus roseus) including vincristine, vinblastine,
vinorelbine, vindesine and vinflunine as the main representatives, destabilize microtubules
either by inhibiting microtubule polymerization or by depolymerizing existing ones and are
currently used against hematological and lymphatic cancers and several solid tumors such as
breast cancer.??222 Moreover, the plant-derived compound colchicine (from Colchicum
autumnale) belongs to the class of microtubule-destabilizing drugs as well. However,
colchicine has yet found no significant use in cancer treatment, but it is commonly used for the
therapy of gout and familial Mediterranean fever as well as other inflammatory
diseases.3%01:22% Microtubule-stabilizing drugs, comprising the plant-derived taxane paclitaxel

(from the bark of Taxus brevifolia) and its semi-synthetic derivative docetaxel as well as the
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bacterial epothilones (from the myxobacterium Sorangium cellulosum), stabilize microtubules
either by initiating microtubule polymerization or by hyper-stabilizing existing ones and are
currently used against solid tumors including breast, ovarian and lung cancer.3>2** Due to the
clinical success of MTAs, a large variety of experimental drugs such as combretastatins,
discodermolide, laulimalides, spongistatin and tubulysins are currently in preclinical and/or
clinical trials.3%2°* Apart from the fact that some MTAs bind more or less to soluble tubulin, the
aforementioned compounds bind directly with high affinity to -tubulin along microtubules.?°%:2%
In the case of microtubule-destabilizing drugs, binding to the 3-subunit of microtubules occurs
either at the Vinca-binding domain located at the microtubule (+)-end or the colchicine-binding
domain located within the microtubule lattice, whereas the binding of microtubule-stabilizing
drugs occurs at the taxane-binding domain located on the inside surface of the microtubule
(Figure 9).31:201

Vinca alkaloid

Figure 9: MTA-binding domains on microtubules. The microtubule-destabilizing Vinca alkaloids bind to
microtubule B-tubulin at the Vinca-binding domain located at the microtubule (+)-end, whereas colchicine binds to
the B-subunit of microtubules at the colchicine-binding domain located within the microtubule lattice. The
microtubule-stabilizing taxanes bind to microtubule B-tubulin at the taxane-binding domain located on the inside
surface of the microtubule. The figure is partially adapted and modified by permission from Springer Customer
Service Centre GmbH, Springer Nature, Nat Rev Cancer, Microtubules as a target for anticancer drugs, Jordan MA
and Wilson L, © 2004.201

4.1 The use of MTAs as anticancer drugs

The anti-cancer effects of MTAs have frequently been associated with the inhibition of mitosis
causing the reduction of cancer cell proliferation and finally cell death induction through
apoptosis.?®*® However, other notable effects of MTAs including the induction of mitosis-

independent cell death, the inhibition of metastasis and tumor angiogenesis as well as their
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vascular disruptive activity strongly suggest that mitosis is not a key “target” of MTAs.3! For
instance, the microtubule-destabilizing drug spongistatin and paclitaxel have been shown to
induce the phosphorylation and thus inactivation of Bcl-2, a mitosis-independent acting anti-
apoptotic modulator of the Bcl-2 (B-cell lymphoma/leukemia-2) family.23¢-2¥9 Furthermore, in
the case of paclitaxel it was demonstrated that it is also able to cleave Bcl-2 converting it from
an anti-apoptotic into a pro-apoptotic modulator.2®® In addition, it was reported that both
spongistatin and paclitaxel were able to interfere with cancer metastasis. While spongistatin
reduced the expression of the matrix metalloproteinase 9 (MMP-9), a major gelatinase cleaving
and degrading ECM microstructures, leading to reduced metastasis formation, paclitaxel
caused the inhibition of MMP-2 and MMP-9 exocytosis from cytoplasmic vesicles and thus
inhibition of invasion.?37:240-242 Besijdes their influence on cancer cells, paclitaxel and other
microtubule-stabilizing agents as well as spongistatin and other microtubule-destabilizing
agents also show anti-angiogenic effects in endothelial cells of the tumor vasculature both in
classical in vitro and in vivo assays.3234237.243 Moreover, the microtubule-destabilizing drug
combretastatin A-4 3-O-phosphate (CA4P) currently undergoes advanced clinical testing,
since it represents a very potent vascular disrupting agent (VDA), meaning that it induces a
rapid collapse of the existing tumor vasculature without significantly harming normal tissues,
causing the blockade of blood flow and tumor necrosis. 3031244

4.2 The use of MTAs as anti-inflammatory drugs

The lead compound of MTAs as anti-inflammatory drugs is colchicine (COL). Beside its
common use for the therapy of gout and familial Mediterranean fever, COL has also been used
or is recommended (off-label) for the therapy of rheumatic diseases such as vasculitis and
neutrophilic dermatoses as well as for cardiovascular diseases such as pericarditis, coronary
artery disease and secondary atrial fibrillation.??%24> The anti-inflammatory effect of COL is
mainly mediated by interfering with cellular functions of leukocytes such as the chemotactic
recruitment of neutrophils as well as neutrophil rolling and transendothelial migration.246-24° For
instance, COL reduced the monosodium urate crystals (MSU)-induced chemotactic
recruitment of neutrophils in gout, which is on the one hand enabled by suppression of the
MSU-induced activation of caspase-1, the enzymatic component of the nucleotide-binding
oligomerization domain (NOD-like) receptor family pyrin 3 (NALP3) inflammasome, leading to
reduced IL-1B8 as well as TNFa and IL-6 levels of macrophages.?*® On the other hand, in
neutrophils the MSU-induced loss of the myeloid inhibitory C-type lectin-like receptor (MICL),
an inhibitory receptor downregulated by several pro-inflammatory cytokines, is inhibited by
COL.2* Moreover, it was demonstrated that the IL-1- and TNFa-induced rolling of neutrophils

on the vascular surface is reduced by COL due to changes in the distribution of E-selectin on
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endothelial cells and a decreased expression of L-selectin on the surface of neutrophils.?*” In
addition, recent studies suggest that COL reduces the transendothelial migration of
neutrophils, since it inhibits their deformability and motility crucial for the process of
extravasation.?*® Besides its well-studied use as an anti-cancer drug, studies of the last two
decades recommended paclitaxel at low-doses for the use of non-cancer diseases such as
fibrotic diseases, inflammation, critical limb ischemia and coronary artery restenosis.?*%2% To
date, the molecular mechanism underlying the anti-inflammatory effect of paclitaxel is not fully
understood. However, it was reported that paclitaxel clearly inhibits the chemotaxis of
neutrophils triggered by endotoxin-activated serum.?® Moreover, paclitaxel was demonstrated
to attenuate TNFa- and thrombin-induced permeability of the endothelium by enhancing
endothelial integrity and paracellular gap junction formation.?*”2%8 |n addition, the decreased
transendothelial migration of leukocytes due to paclitaxel treatment was attributed to an
enhanced endothelial integrity as well.?*® In contrast to colchicine and paclitaxel, the possibility
that also Vinca alkaloids could act as anti-inflammatory agents has not been investigated so
far, most likely because of their inflammation-associated side effects. Nonetheless, one study
revealed that vinblastine diminished the adhesion of untreated neutrophils to IL-1- and TNFa-

activated endothelial cells, however, the underlying mechanisms remained unexplained.?*’

4.3 Major drawbacks of MTAs

Besides their sufficient supply, which represents a general drawback of all natural compounds,
the major drawback of MTAs is the occurrence of side effects and — in the case of cancer
treatment — resistance influencing their clinical success. The principle side effects of MTAs are
peripheral neuropathy and reversible myelosuppression (also known as bone marrow
suppression).26%261 However, the causes of neurotoxicity have not been fully elucidated, but
undoubtedly involve the impact of MTAs on neuronal microtubules.?®? Resistance of MTAs can
occur at several stages including primarily cellular efflux of the drug, ineffective interaction with
microtubules and deficient induction of apoptosis.?®® Cellular efflux of the drug is often caused
by an overexpression of ABC-transporters — the membrane efflux pumps of the ATP-binding
cassette (ABC) family. P-glycoprotein, the most prominent ABC protein, actively effluxes Vinca
alkaloids and taxanes and is responsible for the classical multidrug-resistant phenotype.
Moreover, Vinca alkaloids are substrates for the multidrug resistance-associated protein 1
(MRP1), taxanes are transported by MRP2 and MRP7 and epothilone B is a substrate for
MRP7.263-266 Unfortunately, attempts to avoid drugs resistance by combining MTAs with ABC
protein inhibitors have been failed.?®” In addition, various factors such as the expression of
different tubulin isoforms, post-translational modifications as well as the expression of MAPs

participate in the regulation of microtubule dynamics and activities (see 1.3.3) and several
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studies indicate that changes in the expression level of the involved modulators correlate with

the resistance to Vinca alkaloids, paclitaxel and other MTAs,268-270

5 Pretubulysin

Due to the major drawbacks of the currently used MTAs, the search for new classes of MTAs
is still ongoing. In this context, the bacterial tubulysins produced by diverse myxobacterial
strains including Archangium gephyra Ar 315, Angiococcus disciformis An d48, and
Cystobacter sp. SBCb004 have recently been described as highly potent MTAs.?"* These
compounds are linear tetrapeptides that bind at the Vinca-binding domain of 3-tubulin causing
microtubule destabilization.?’"?"4 Tubulysins have shown to be highly cytotoxic against
different tumor cell lines, including multi drug resistant cells, whereby the potency of growth
inhibition exceeds that of other tubulin modifiers such as epothilone, vinblastine and paclitaxel
by 20- to 1000-fold.?43271272 Byt, as with other natural compounds, a crucial drawback of
tubulysins is their sufficient supply. Fortunately, this obstacle has been overcome by the

synthesis of simplified tubulysin derivatives including pretubulysin.275-278

Pretubulysin (PT), a biosynthetic precursor of tubulysin D (from Angiococcus disciformis), is a
linear tetrapeptide consisting of N-methyl-(R)-pipecolic acid (Mep), L-isoleucine (lle), the novel
amino acid tubuvaline (Tuv) and a chain-extended analogue of phenylalanine, referred to as
tubuphenylalanine (Tup) (Figure 10).27527 In contrast to tubulysins, PT is chemically
accessible and can be synthesized in the gram scale.?”® Its profound anti-tumor activities such
as cytotoxicity against various tumor cell lines or inhibition of tumor cell migration have been
proven in vitro as well as in vivo.?’%%2 Beyond its direct effect on tumor cells, these studies
revealed that PT strongly influences endothelial cells. For instance, it was demonstrated that
PT attenuates tumor angiogenesis in a murine subcutaneous tumor model that was also
confirmed in several in vitro test systems such as endothelial migration or tube formation
assays.?8! Moreover, it was reported that PT also exerts strong vascular-disruptive actions in
A-Mel-3 amelanotic melanoma tumors as well as in vitro on primary endothelial cells.?3
Interestingly, PT was recommended as a promising agent for the treatment of metastatic
cancer, since it strongly decreased the formation of metastasis induced by 4T1 mouse breast

cancer cells in vivo.282
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Figure 10: The chemical structure of pretubulysin (PT). PT is a linear tetrapeptide consisting of N-methyl-(R)-
pipecolic acid (Mep), L-isoleucine (lle), the novel amino acid tubuvaline (Tuv) and a chain-extended analogue of
phenylalanine, referred to as tubuphenylalanine (Tup). The figure is partially adapted and modified from Schwenk
et al., 2017.284

6  Aim of the study

6.1 Characterization of the influence of PT on tumor-endothelial
cell interactions

Both the well described anti-angiogenic and vascular-disruptive effects of MTAs such as PT
depend on their influence on endothelial cells of the tumor vasculature. However, the impact
of MTAs on endothelial cells of the non-tumor vasculature, with respect to its role in the rolling,
adhesion and transendothelial migration of hematogenically disseminating tumor cells (see
1.2.2.1to 1.2.2.3), has been widely neglected. Beside its cytotoxicity against tumor cells and its
influence on the tumor vasculature, PT was shown to exert profound anti-metastatic activities
and thus is recommended as a promising chemotherapeutic drug. However, the influence of
PT on interactions between tumor cells and the non-tumor vasculature has not been investi-
gated so far. Hence, one aim of the present study was to analyze the impact of PT on tumor-
endothelial cell interactions in vitro in order to gain insights into the mechanism underlying the
anti-metastatic effect of PT. Therefore, we performed cell adhesion and transendothelial
migration assays as well as immunocytochemistry and microscopical analyses using the
breast cancer cell line MDA-MB-231 and primary human umbilical vein endothelial cells
(HUVECSs). Moreover, the role of potentially involved cell adhesion molecules including ICAM-
1, VCAM-1, N-cadherin, E-selectin and galectin-3 as well as of the chemokine system
CXCL12/CXCR4 was elucidated to identify the mechanisms underlying the influence of PT on

tumor-endothelial cell interactions.

The presented figures (Figures 12 to 21 except of Figure 16) and also parts of the text content
belonging to this topic were adapted and partially modified according to the rules of the
Creative Commons Attribution 3.0 License (CC BY 3.0) applied by Oncotarget from Schwenk

et al., 2017, whereby authors retain ownership of the copyright for their article.?®*
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6.2 Characterization of the influence of PT and other MTAS on
leukocyte-endothelial cell interactions

Besides colchicine (COL), currently the leading compound of MTAs as anti-inflammatory
drugs, the potential use of other MTAs such as Vinca alkaloids or taxanes for the treatment of
inflammatory diseases has been largely neglected (see 1.4.2). Moreover, the few studies that
exist often focused on the impact of MTAs on leukocytes such as neutrophils and macrophages
but not on the endothelium, which plays a pivotal role in the rolling, firm adhesion and
extravasation of leukocytes in the process of inflammation (see 1.2.2.1 to 1.2.2.3). Since COL
represents an effective modulator of inflammatory processes, we therefore hypothesized that
other MTAs including PT might also affect the process of inflammation. Thus, one aim of the
present study was to characterize the impact of PT on leukocyte-endothelial cell interactions.
Therefore, intravital microscopy of postcapillary venules of the mouse cremaster muscle were
performed to investigate the anti-inflammatory potential of PT in vivo. Moreover, the influence
of PT and that of vincristine (VIN), colchicine (COL) and paclitaxel (PAC) on leukocyte-
endothelial cell interactions was analyzed in vitro in order to get insights into the underlying
mechanism, focusing on the impact of the compounds on endothelial cells. Therefore, we
performed cell adhesion assays using the monocyte-like cell line THP-1 and human dermal
microvascular endothelial cells (HMEC-1). Moreover, the role of the potentially involved cell
adhesion molecules ICAM-1 and VCAM-1 was elucidated using flow cytometric analysis and
the effect of the compounds on the NFkB promotor activity was investigated to identify the

underlying signaling pathway that might be affected by MTAs.
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1. Materials

1.1 Compounds

Pretubulysin was synthesized as described previously and kindly provided by the group of
Prof. Dr. Uli Kazmaier (Institute of Organic Chemistry, Saarland University, Saarbrucken,
Germany).2’® Vincristine (AG-CN2-0446), colchicine (AG-CN2-0048) and paclitaxel (AG-CN2-
0045) were purchased from Biomol GmbH (Hamburg, Germany).

Pretubulysin, vincristine, colchicine and paclitaxel were dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 10 mM and stored at -20 °C. For experiments, each compound
was freshly diluted in growth medium without exceeding a final DMSO concentration of 0.1 %.

The exact concentrations are described in the respective passages.

1.2 Biochemicals, dyes, inhibitors and cell culture reagents

Biochemicals, dyes, inhibitors and cell culture reagents used in this study are listed in the

following tables (Table 2 to 4).

Table 2: Biochemicals and dyes

Reagent

Supplier

1,4-Dithiothreitol (DTT)
2-Mercaptoethanol

Ammonium persulfate (APS)

Bovine serum albumin (BSA)

Bovine serum albumin (BSA, fraction V)
Calcium chloride dihydrate, CaCl, - 2 H,O
CellTracker™ Green CMFDA dye

Crystal violet

CXCL12 (SDF-1a)

Dimethyl sulfoxide (DMSO)

Disodium hydrogen phosphate dihydrate,
Na;HPQO4 -2 HQO

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany
Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Carl Roth GmbH, Karlsruhe,
Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany
Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Carl Roth GmbH, Karlsruhe,
Germany

Life Technologies GmbH,
Darmstadt, Germany
Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany
PeproTech GmbH, Hamburg,
Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Carl Roth GmbH, Karlsruhe,
Germany
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Table 2: Continue biochemicals and dyes

Reagent Supplier
FluorSave™ Reagent Merck KGaA, Darmstadt,
Germany

Formaldehyde, 16 % ultrapure

Glycerol

Glycine PUFFERAN® 2 99 %, p.a.
HOECHST 33342

Hydrogen peroxide, H.O- (30 % solution)
Luminol

Magnesium chloride hexahydrate, MgCl, - 6 H.O
Nonidet™ P40

p-Coumaric acid =2 98.0 %

peqGOLD dNTP-Set

peqGOLD Protein Marker 1V, 10-170 kDa
Potassium chloride, KCI

Potassium dihydrogen phosphate, KH2PO4
Powdered milk (low fat, blotting grade)
Propidium iodide

Pryonin Y

Random Primer 6

RNase AWAY®

RNase-Free DNase Set

Roti-Histofix 4 %

Rotiphorese® Gel 30

Sodium chloride, NaCl

Sodium deoxycholate = 97 %

Sodium dodecyl sulfate (SDS)

Staurosporine

Polysciences Europe GmbH,
Hirschberg (Bergstralle),
Germany

Carl Roth GmbH, Karlsruhe,
Germany

Carl Roth GmbH, Karlsruhe,
Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany
Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany
Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Merck KGaA, Darmstadt,
Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany
Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

VWR International GmbH,
Darmstadt, Germany

VWR International GmbH,
Darmstadt, Germany

Merck KGaA, Darmstadt,
Germany

Carl Roth GmbH, Karlsruhe,
Germany

Carl Roth GmbH, Karlsruhe,
Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany
Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

New England BioLabs GmbH,
Frankfurt am Main, Germany

Molecular BioProducts Inc., San

Diego, CA, USA

Qiagen GmbH, Hilden,
Germany

Carl Roth GmbH, Karlsruhe,
Germany

Carl Roth GmbH, Karlsruhe,
Germany

Carl Roth GmbH, Karlsruhe,
Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Carl Roth GmbH, Karlsruhe,
Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany
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Table 2: Continue biochemicals and dyes

Reagent

Supplier

Substrate Reagent Pack for ELISA
SuperScript™ Il Reverse Transcriptase
SYBR Green PCR Master Mix
Tetramethylethylenediamine (TEMED)
TRIS PUFFERAN® 299.3 %

Trisodium citrate dihydrate

Triton® X-100

Tumor necrosis factor-a (TNFa)

Tween® 20

R&D Systems GmbH, Wies-
baden-Nordenstadt, Germany
Thermo Fisher Scientific GmbH,
Dreieich, Germany

Life Technologies GmbH,
Darmstadt, Germany

Bio-Rad Laboratories GmbH,
Munich, Germany

Carl Roth GmbH,

Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe,
Germany

Merck KGaA, Darmstadt,
Germany

PeproTech GmbH, Hamburg,
Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Table 3: Inhibitors

Reagent

Supplier

cOmplete™, Mini, EDTA-free Protease Inhibitor
Cocktail

Phenylmethylsulfonyl fluoride (PMSF)
Plerixafor (AMD3100)

Recombinant RNasin® Ribonuclease Inhibitor

Sodium fluoride, NaF

Sodium orthovanadate, NasVO,4

Roche Diagnostics Deutschland
GmbH, Mannheim, Germany
Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Santa Cruz Biotechnology,
Heidelberg, Germany
Promega GmbH, Mannheim,
Germany

Merck KGaA, Darmstadt,
Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Table 4: Cell culture reagents

Reagent Supplier
Amphotericin B (250 pg/ml) PAN-Biotech GmbH, Aidenbach,
Germany

Collagen G

Dulbecco’s modified eagle medium (DMEM),
high glucose

Biochrom AG, Berlin, Germany

GE Healthcare Life Sciences,
Freiburg, Germany
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Table 4: Continue cell culture reagents

Reagent

Supplier

EASY Endothelial cell growth medium (ECGM)
Ethylenediaminetetraacetic acid (EDTA)

Fetal Calf Serum, Superior

Fibronectin from human plasma

HyClone RPMI-1640 medium

HyClone™ HyQTase Cell Detachment Reagent
Medium 199

Penicillin-Streptomycin (P: 10,000 U/ml, S: 10 mg/ml)

Trypsin

PELOBiIotech GmbH,
Planegg/Martinsried, Germany
Biochrom AG, Berlin, Germany

Biochrom AG, Berlin, Germany

Merck KGaA, Darmstadt,
Germany

GE Healthcare Life Sciences,
Freiburg, Germany

GE Healthcare Life Sciences,
Freiburg, Germany

GE Healthcare Life Sciences,
Freiburg, Germany
PAN-Biotech GmbH, Aidenbach,
Germany

Biochrom AG, Berlin, Germany

1.3 Buffers, solutions and media

Buffers, solutions and media used in cell culture or for in vitro assays are listed in the following
tables (Table 5 to 7).

Table 5: Buffers and solutions used in cell culture

Buffer/Solution
CellTracker™ Green solution

Composition

5 uM CellTracker™ Green CMFDA dye, in serum-free
DMEM or RPMI

137 mM NacCl, 2.7 mM KCI, 10 mM Na;HPO, - 2 H,0, 2
mM KH2POy, in dist. water

137 mM NacCl, 2.7 mM KClI, 8.1 mM NazHPO, - 2 H,0,
1.5 mM KH,PO4, 0.5 mM MgCl; - 6 H>O, 0.7 mM CacCl.
- 2 H.0, in dist. water

0.2 % BSA, in PBS

PBS (pH 7.4)

PBS+ (pH 7.4)

PBSA (pH 7.4)

Trypsin/EDTA solution 0.05 % Trypsin, 0.02 % EDTA, in PBS
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Table 6: Cell culture media

Medium Composition

DMEM 10 % FCS Superior, 1 % penicillin, 1 % streptomycin,
in DMEM (high glucose)

ECGM 10 % FCS Superior, 2.5 % supplement Mix, 1 %

Freezing medium
M199 + 0.1 % BSA
M199 + 20 % FCS
RPMI

Stopping medium

penicillin, 1 % streptomycin, 1 % amphotericin B, in
EASY ECGM
10 % DMSO, in FCS

0.1 % BSA, in Medium 199

20 % FCS, in Medium 199

10 % FCS Superior, 1 % penicillin, 1 % streptomycin,
in HyClone RPMI-1640

10 % FCS Superior, 1 % penicillin, 1 % streptomycin,
in Medium 199

Table 7: Buffers and solution used for in vitro assays

Buffer/Solution

Composition

1x sample buffer

5x sample buffer
Blotto-T (1 %/5 %)
BSA-T (1 %/5 %)
cOmplete ™solution
Crystal violet solution
ECL solution
Electrophoresis buffer
HFS-PI solution

Luminol solution

Lysis buffer
Methanol/ethanol solution (2:1)
p-Coumaric acid solution

Reagent diluent

125 mM Tris-HCI (pH 6.8), 20 % glycerol, 4 % SDS, 0.8
% DTT, 0.01 % Pryonin Y, in dist. water

312.5 mM Tris-HCI (pH 6.8), 50 % glycerol, 5 % SDS, 2
% DTT, 0.025 % Pryonin Y, in dist. water

1 %/5 % powdered milk, in TBS-T

1 %/5 % BSA, in TBS-T

1 tablet, in 1.5 ml dist. water

0.5 % crystal violet, 20 % methanol, in dist. water

98.5 mM Tris-HCI (pH 8.5), 1 % luminol solution, 0.4 %
p-coumaric acid solution, 0.02 % H,0., in dist. water
192 mM glycine, 25 mM Tris, 0.1 % SDS, in dist. water
0.1 % Triton X-100, 0.1 % sodium citrate, 50 pg/ml
propidium iodide, in PBS

250 mM luminol, in DMSO

2 % cOmplete™ solution, 1 mM NaF, 1 mM PMSF, 1
mM NasVOyg, in RIPA buffer

2 volumes methanol, 1 volume ethanol

90 mM p-coumaric acid, in DMSO

1 % BSA (fraction V), in PBS
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Table 7: Continue buffers and solution used for in vitro assays

Buffer/Solution

Composition

RIPA buffer

Separation gel (10 %)
Separation gel (15 %)
Sodium citrate solution
Stacking gel (4 %)
Stripping buffer

Tank buffer

TBS-T (pH 7.4-7.5)
Triton X-100 (0.2 %)

Wash buffer for ELISA

150 mM NacCl, 50 mM Tris-HCI (pH 7.5), 1 % Nonidet™
P40, 0.25 % sodium deoxycholate, 0.1 % SDS, in dist.
water

33.4 % Rotiphorese® Gel 30, 370 mM Tris-HCI (pH 8.8),
0.1 % SDS, 0.1 % TEMED, 0.05 % APS, in dist. water
49.6 % Rotiphorese® Gel 30, 375 mM Tris-HCI (pH 8.8),
0.1 % SDS, 0.1 % TEMED, 0.05 % APS, in dist. water
50 % sodium citrate (0.1 M in dist. water), 50 % ethanol

17.3 % Rotiphorese® Gel 30, 125 mM Tris-HCI (pH 6.8),
0.1 % SDS, 0.2 % TEMED, 0.1 % APS, in dist. water
62.5 mM Tris, 2 % SDS, 0.8 % 2-mercaptoethanol, in
dist. water

192 mM glycine, 25 mM Tris, 10 % methanol, in dist.
water

25 mM Tris, 150 mM NacCl, 0.05 % Tween® 20, in dist.
water

0.2 % Triton X-100, in PBS

0.05 % Tween® 20, in PBS

1.4 Commercial Kits

Kits used this study are listed in table 8.

Table 8: Kits

Product Supplier

CellTiter-Blue® Cell Viability Assay Promega GmbH, Mannheim,
Germany

CytoTox 96® Non-Radioactive Cytotoxicity Assay Promega GmbH, Mannheim,
Germany

Dual-Luciferase® Reporter Assay System Promega GmbH, Mannheim,
Germany

HUVEC Nucleofector® Kit Lonza Cologne GmbH, Cologne,
Germany

MiraCLEAN® Endotoxin Removal Kit Mirus Bio LLC, Madison, W],
USA

Mouse CXCL12/SDF-1 DuoSet ELISA
Pierce™ BCA Protein Assay Kit

PureYield™ Plasmid Maxiprep System

RNeasy Mini Kit

R&D Systems GmbH, Wies-
baden-Nordenstadt, Germany
Thermo Fisher Scientific GmbH,
Dreieich, Germany

Promega GmbH, Mannheim,
Germany

Qiagen GmbH, Hilden, Germany
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1.5 Antibodies

Antibodies used for western blot analysis, immunocytochemistry, flow cytometric analysis and

blocking experiments are listed in the following tables (Table 9 to 14).

Table 9: Primary antibodies used for western blot analysis

Immunogen,

Ref. number Type Supplier Dilution  Solution
Anti-ICAM-1, mouse, Santa Cruz Biotech-  1:500 5 % Blotto-T
sc-107 monoclonal nology, Heidelberg,

Germany
Anti-N-cadherin, rabbit, polyclonal ~ Abcam, Cambridge, 1:2,000 5 % BSA-T
ab76057 UK
Anti-p44/42 (Erk1/2), rabbit, polyclonal  Cell Signaling Tech-  1:1,000 5 % Blotto-T
9102 nology Europe B.V.,

Frankfurt am Main,

Germany
Anti-phospho-p44/42 mouse, Cell Signaling Tech-  1:2,000 5 % BSA-T
(Erk1/2) (Thr202/ monoclonal nology Europe B.V.,
Tyr204), 9106 Frankfurt am Main,

Germany
Anti-SDF-1 mouse, Santa Cruz Biotech- 1:200 5 % Blotto-T
(CXCL12), monoclonal nology, Heidelberg,
sc-74271 Germany
Anti-VCAM-1, mouse, Santa Cruz Biotech-  1:300 5 % Blotto-T
sc-13160 monoclonal nology, Heidelberg,

Germany
Anti-B-actin- mouse, Sigma-Aldrich 1:1x10° 5% BSA-T
peroxidase, monoclonal Chemie GmbH,
A3854 Taufkirchen,

Germany

Table 10: Secondary antibodies used for western blot analysis

Immunogen,

Supplier Dilution  Solution

Ref. number

Goat-anti-mouse IgG- Santa Cruz Biotechnology, 1:5,000 1 % Blotto-T/BSA-T
HRP, sc-2005 Heidelberg, Germany

Goat-anti-rabbit IgG-HRP, Santa Cruz Biotechnology, 1:1,000 1 % Blotto-T/BSA-T
sc-2004 Heidelberg, Germany
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Table 11: Primary antibodies used for immunocytochemistry

Immunogen,

Ref. number Type Supplier Dilution  Solution
Anti-collagen | + 11 rabbit, polyclonal Abcam, 1:40 PBSA
+ 1+ 1V, Cambridge, UK
ab36064
Anti-PECAM-1, mouse, monoclonal  Santa Cruz Biotech- 1:400 PBSA
sc-53411 nology, Heidelberg,
Germany
Anti-VE-cadherin, mouse, monoclonal  Santa Cruz Biotech- 1:400 PBSA
sc-9989 nology, Heidelberg,
Germany

Table 12: Secondary antibodies used for immunocytochemistry
Immunogen, Ref. number Supplier Dilution  Solution
Alexa Fluor® 488-conjugated Thermo Fisher Scientific GmbH, 1:400 PBSA
goat anti-rabbit IgG, A11008 Dreieich, Germany
Alexa Fluor® 633-conjugated Thermo Fisher Scientific GmbH, 1:400 PBSA
goat anti-mouse IgG, A21050 Dreieich, Germany

Table 13: Antibodies used for flow cytometric analysis
:&T?}:iﬁgg; Label Type Supplier Dilution  Solution
Anti-CD106 PE mouse, monoclonal BD Biosciences, 1:20 PBSA
(VCAM-1), Heidelberg,
555647 Germany
Anti-CD325 PE mouse, monoclonal BD Biosciences, 1:20 PBSA
(N-cadherin), Heidelberg,
561554 Germany
Anti-CD54 FITC  mouse, monoclonal Bio-Rad 1:33 PBS
(ICAM-1), Laboratories GmbH,
MCA1615F Munich, Germany
Anti-CD62E PE mouse, monoclonal BD Biosciences, 1:20 PBSA
(E-selectin), Heidelberg,
551145 Germany

Table 14: Antibodies used for blocking experiments
Anti-ICAM-1, mouse, monoclonal Santa Cruz Biotechnology,
sc-107 Heidelberg, Germany
Anti-VCAM-1, mouse, monoclonal Thermo Fisher Scientific GmbH,
MA5-16429 Dreieich, Germany
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Table 14: Continue antibodies used for blocking experiments

Immunogen,
Ref. number

Type

Supplier

Anti-B1-integrin,
ab24693

mouse, monoclonal

Abcam, Cambridge, UK

1.6 Oligonucleotides for gRT-PCR

The primers used in this study for qRT-PCR were designed via the tool Primer-BLAST (NCBI,

Bethasda, Maryland, USA) and were purchased from Eurofins Scientific SE (Luxemburg). The

used primers are listed in table 15.

Table 15: Oligonucleotides

Gene name Gene product Direction Sequence (5’ 2 3)
CDH2 Neural cadherin forward 5-CAG GAA AAG TGG CAA
(N-cadherin) GTG GC-3’
CDH2 Neural cadherin reverse 5-AGG AAA AGG TCC CCT
(N-cadherin) GGA GT-3
CXCL12 C-X-C motif chemokine 12 forward 5-GAA AGC CAT GTT GCC
(CXCL12) AGA GC-3’
CXCL12 C-X-C motif chemokine 12 reverse 5-AGC TTC GGG TCA ATG
(CXCL12) CAC A-3
CXCR4 C-X-C chemokine receptor forward 5-GCT GTT GGC TGA AAA
type 4 (CXCR4) GGT GG-3’
CXCR4 C-X-C chemokine receptor reverse 5-ATC TGC CTC ACT GAC
type 4 (CXCR4) GTT GG-3’
GAPDH Glyceraldehyde-3-phos- forward 5-CCA CAT CGC TCA GAC
phate dehydrogenase ACC AT-3
(GAPDH)
GAPDH Glyceraldehyde-3-phos- reverse 5-TGA AGG GGT CAT TGA
phate dehydrogenase TGG CAA-3
(GAPDH)
ICAM1 Intercellular adhesion forward 5-CTG CTC GGG GCT CTG
molecule 1 (ICAM-1) TTC-3
ICAM1 Intercellular adhesion reverse 5-AAC AAC TTG GGC TGG
molecule 1 (ICAM-1) TCA CA-3
LGALS3 Galectin-3 forward 5-GCC TTC CACTTT AAC
CCA CG-¥
LGALS3 Galectin-3 reverse 5-ACT GCA ACCTTG AAG
TGG TCA-3’
SELE E-selectin forward 5-AGA TGA GGA CTG CGT
GGA GA-3’
SELE E-selectin reverse 5-GTG GCC ACT GCA GGA
TGT AT-3
VCAM1 Vascular cell adhesion forward 5-CCA CAG TAA GGC AGG

molecule 1 (VCAM-1)

CTG TAA-3
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Table 15: Continue oligonucleotides

Gene name Gene product Direction Sequence (5’ 2> 3)
VCAM1 Vascular cell adhesion reverse 5-GCT GGA ACA GGT CAT
molecule 1 (VCAM-1) GGT CA-3
1.7 Plasmids

For Dual-Luciferase® reporter assays the vectors pGL4.32[luc2P/NF-kB-RE/Hygro] and
pGL4.74[hRIuc/TK] purchased from Promega GmbH (Mannheim, Germany) were used. While
the pGL4.32[luc2P/NF-kB-RE/Hygro] vector contains five copies of an NFkB response element
leading to the transcription of the luciferase reporter gene luc2P (Photinus pyralis), the
pGL4.74[hRIuc/TK] vector encodes the luciferase reporter gene hRluc (Renilla reniformis)
leading to the constitutive expression of the reporter gene and was used as an internal control
(Figure 11).

Synthetic poly(A) signal/
transcriptional p e site NF-xB-RE
{for background reduction)

Minimal promoter

pGL4.32[lue2P/NF-xB-RE/Mygro]
Vector
(6049bp) 2021

EcoRl 1830 2015

pGLA.74[ AR Iuc/TK)
Vector
(4237bp)

Sall
BamHl |

L anee =nhancer/ V40 late
Sall 3833 S SV40 late SV40 late
' poly(A) signal poly(A) signal

HSW-TK
promoter
Synthetic

poly(A) BamHI 2228

Figure 11: Plasmids used for Dual-Luciferase reporter assays. (A) The pGL4.32[luc2P/NF-kB-RE/Hygro] vector
contains five copies of an NFkB response element, a minimal promoter, the luc2p reporter gene, an SV40 late
poly(A) signal, an SV40 early enhancer/promoter, a synthetic hygromycin (Hyg") coding region, a synthetic poly(A)
signal, a reporter vector primer 4 (RVprimer4)-binding region, a CO/E1-derived plasmid replication origin, a coding
region for synthetic 3-lactamase (Amp"), a synthetic poly(A) signal/transcriptional pause site and a reporter vector
primer 3 (RVprimer3)-binding region. (B) The pGL4.74[hRIluc/TK] vector contains an HSV-TK promoter, the hRluc
reporter gene, an SV40 late poly(A) signal, a reporter vector primer 4 (RVprimer4)-binding region, a CO/E1-derived
plasmid replication origin, a coding region for synthetic B-lactamase (Amp"), a synthetic poly(A) signal/transcriptional
pause site and a reporter vector primer 3 (RVprimer3)-binding region. Figures and information adapted from
Promega GmbH (https://www.promega.de/products/vectors).
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1.8 Primary cells and cell lines

Primary cells and cell lines used in this study are listed in table 16.

Table 16: Primary cells and cell lines

Primary cells/ Description Supplier Reference
cell line number
CDC/EU.HMEC-1 Derived by transfection of American Type ATCC®
(HMEC-1) human dermal microvascular  Culture Collection CRL-3243™
endothelial cells with a PBR-  (ATCC), LGC
322-based plasmid Standards GmbH,
containing the coding region  Wesel, Germany
for large T antigen, an SV40
A gene product?®
HUVECs Pooled primary human PELOBiotech PB-CH-190-
umbilical vein endothelial GmbH, 8013
cells Planegg/Martinsried,
Germany
MDA-MB-231 Derived from a single sample Leibniz Institute for ACC-732
of pleural effusion of a 51- German Collection
year-old woman with breast of Microorganisms
carcinoma?6.287 and Cell Cultures
(DSMZ),
Braunschweig,
Germany
THP-1 Derived from the peripheral Leibniz Institute for ACC-16

blood of a one-year-old boy
suffering from acute
monocytic leukemia (AML)?88

German Collection
of Microorganisms
and Cell Cultures
(DSMZ),
Braunschweig,
Germany

1.9 Technical equipment

Technical equipment used in this study is listed in table 17.

Table 17: Technical equipment

Device

Supplier

Autoclave: Systec VX-95

Blotter: Criterion™ Blotter

Centrifuge: Heraeus™ Megafuge™ 16R

Systec GmbH, Linden, Germany

Bio-Rad Laboratories GmbH,
Munich, Germany

Thermo Fisher Scientific,
Dreieich, Germany
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Table 17: Continue technical equipment

Device

Supplier

Centrifuge: MICRO STAR 17R

Centrifuge: Mini Star silverline

Current source: PowerPacTM HC

Electrophoresis system: Mini-PROTEAN® Tetra System
Electroporator: Nucleofector 2b

Flow cytometer: FACSVerse™

Fluorescence microscope: LSM 510

Heatblock

Hemocytometer: Neubauer-improved

Incubator: HERACell 150i

Inverted microscope: DM IL LED

Liguid nitrogen storage system: ARPEGE 110
Magnetic stirrer: IKA® RH basic 2
Microplate reader: Infinite F200 pro
Microplate reader: Varioskan® Flash
Nanophotometer: P 330

Orbital shaker: Sea Star

pH meter: FE20

Pipette: Eppendorf Multipette® plus
Pipettes: Eppendorf Research® plus
Pipettor: Pipetus®

gRT-PCR system: StepOnePlus System™
Scale: Mettler-Toledo (0.1-200 mg)
Scale: PIONEER™ (10-1000 g)

Sterile bench: SAFE 2020

VWR International GmbH,
Darmstadt, Germany

VWR International GmbH,
Darmstadt, Germany

Bio-Rad Laboratories GmbH,
Munich, Germany

Bio-Rad Laboratories GmbH,
Munich, Germany

Lonza Cologne GmbH, Cologne,
Germany

BD Biosciences, Heidelberg,
Germany

Carl Zeiss AG, Jena, Germany

VWR International GmbH,
Darmstadt, Germany

Paul Marienfeld GmbH & Co.
KG, Lauda-Kdnigshofen,
Germany

Thermo Fisher Scientific,
Dreieich, Germany

Leica Microsystems, Wetzlar,
Germany

Air Liquide S.A., Paris, France

IKA-Werke GmbH & Co. KG,
Staufen, Germany

Tecan Trading AG, Mannedorf,
Switzerland

Thermo Fisher Scientific,
Dreieich, Germany

Implen GmbH, Munich,
Germany

Heathrow Scientific, Vernon
Hills, IL, USA

Mettler-Toledo GmbH, Gielen,
Germany

Eppendorf AG, Hamburg,
Germany

Eppendorf AG, Hamburg,
Germany

Hirschmann Laborgerate GmbH
& Co. KG, Eberstadt, Germany
Applied Biosystems GmbH,
Darmstadt, Germany
Mettler-Toledo GmbH, Gielen,
Germany

Ohaus Europe GmbH,
Greifensee, Switzerland
Thermo Fisher Scientific,
Dreieich, Germany
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Table 17: Continue technical equipment

Device

Supplier

Tube roller: stuart® SRT9D

Ultra pure water system: Astacus
Ultrasonic cleaner: USC300TH
Vacuum pump: Integra Vacusafe
Vortexer: Vortex Genie® 2

Water bath: Julabo ED

X-ray Film processor: Agfa CP 1000

Bibby Scientific Limited,
Staffordshire, UK
MembraPure GmbH, Berlin,
Germany

VWR International GmbH,
Darmstadt, Germany
INTEGRA Biosciences GmbH,
Biebertal, Germany
Scientific Industries, Inc.,
Bohemia, NY, USA
JULABO GmbH, Seelbach,
Germany

AGFA, Cologne, Germany

1.10 Consumable materials

Consumable materials used in this study are listed in table 18.

Table 18: Consumable materials

Product

Supplier

8-well p-slides: p-Slide 8 well, ibiTreat
Microplates for absorbance measurements:
Nunc™ MicroWell™ 96-Well (269620)

Cell culture dishes (10 cm)

Cell culture flasks (25 cm?, 75 cm?)

Cell culture plates (6-, 12-, 24-, 48-, 96-well)
Cell scraper

Centrifuge tubes (15 ml, 50 ml)

Cover slips

Cryo vials

Eppendorf Combitips advanced®

Low-binding tubes (1.5 ml)

Microplates for ELISA: Clear Polystyrene Microplates

ibidi GmbH, Planegg/
Martinsried, Germany

Thermo Fisher Scientific GmbH,
Dreieich, Germany

Sarstedt AG & Co., Numbrecht,
Germany

Greiner Bio-One GmbH,
Frickenhausen, Germany
Greiner Bio-One GmbH,
Frickenhausen, Germany

TPP Techno Plastic Products
AG, Trasadingen, Switzerland
Greiner Bio-One GmbH,
Frickenhausen, Germany
Helmut Saur, Reutlingen,
Germany

Greiner Bio-One GmbH,
Frickenhausen, Germany
Eppendorf AG, Hamburg,
Germany

Sarstedt AG & Co., Nimbrecht,
Germany

R&D Systems GmbH, Wies-
baden-Nordenstadt, Germany
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Table 18: Continue consumable materials

Product Supplier

Microplates for fluorescence measurements: Thermo Fisher Scientific GmbH,

Nunc™ MicroWell™ 96-Well (265301) Dreieich, Germany

Microplates for luminescence measurments: Sigma-Aldrich Chemie GmbH,

Corning® 96 well NBS™ Microplate Taufkirchen, Germany

Microplates for qRT-PCR: MicroAmp™ Fast Optical Applied Biosystems GmbH,

96-Well Reaction Plate Darmstadt, Germany

Pipette tips (standard, 10 pl, 200 pl, 300 pl, 2000 pl) Greiner Bio-One GmbH,
Frickenhausen, Germany

Pipette tips with filter: ART® Aerosol Resistant Tips Thermo Fisher Scientific GmbH,

(10 pl) Dreieich, Germany

Pipette tips with filter: Biosphere® (200 ul, 1000 pl) Sarstedt AG & Co.,
Numbrecht, Germany

PVDF membran: Immun-Blot® PVDF Bio-Rad Laboratories GmbH,
Munich, Germany

Reaction tubes (0.2 ml, 1.5 ml, 2 ml) Greiner Bio-One GmbH,
Frickenhausen, Germany

Sealing tape for ELISA: StarSeal Sealing Tape Poly- STARLAB INTERNATIONAL

olefin Film (E2796-9793) GmbH, Hamburg, Germany

Sealing tape for gRT-PCR: StarSeal Sealing Tape Poly- STARLAB INTERNATIONAL

olefin Film (E2796-9795) GmbH, Hamburg, Germany

Serological pipettes (5 ml, 10 ml, 25 ml) Greiner Bio-One GmbH,

Frickenhausen, Germany
Transwell® Insert (polycarbonate membrane, diameter ~ Corning, New York, USA
6.5 mm, pore size 8 um)

Whatman filter paper Bio-Rad Laboratories GmbH,
Munich, Germany
X-ray films: Super RX-N FUJIFILM Europe GmbH,

Dusseldorf, Germany

2. Cell culture

Primary cells and cell lines were cultured in a cell culture incubator under constant humidity at
37 °C with 5 % CO,. Growth and morphology of all cells and cell lines were routinely observed
by microscopy using the inverted microscope Leica DM IL LED (Leica Microsystems, Wetzlar,
Germany). Unless otherwise stated, all buffers, solutions and media were pre-warmed at 37 °C

before they were added to cells.

2.1 Endothelial cells

Unless otherwise stated, endothelial cells were seeded in culture flasks or plates coated for at

least 30 min with collagen G (10 pg/ml) in PBS before use.
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2.1.1 HUVECs — human umbilical vein endothelial cells

Primary human umbilical vein endothelial cells (HUVECs) were cultured in endothelial cell
growth medium (ECGM) and were used for all assays studying the influence of PT and other
MTAs on endothelial cell interactions with tumor cells and the underlying mechanisms except
for adhesion assays with tumor cells.

2.1.2 HMEC-1 - human dermal microvascular endothelial cells

The immortalized human endothelial cell line CDC/EU.HMEC-1 (HMEC-1) was originally
established by transfection of human dermal microvascular endothelial cells with a PBR-322-
based plasmid containing the coding region for large T antigen, an SV40 A gene product.?®
HMECs were cultured in ECGM and were used for all assays studying the influence of PT and
other MTAs on endothelial cell interactions with leukocytes and the underlying mechanisms.

2.2 Tumor cells and leukocytes

2.2.1 MDA-MB-231 — human epithelial breast carcinoma cell line

The human epithelial breast carcinoma cell line MDA-MB-231 was originally established from
a single sample of pleural effusion of a 51-year-old woman with breast carcinoma.?2¢26” MDA-
MB-231 cells were cultured in Dulbecco’s modified eagle medium (DMEM) and were

exclusively used for adhesion assays.

2.2.2 THP-1 - human leukemia monocyte-like cell line

The human monocyte-like cell line THP-1 was originally established from the peripheral blood
of a one-year-old boy suffering from acute monocytic leukemia (AML).?8 THP-1 cells were
cultured in HyClone RPMI-1640 medium (RPMI) and were exclusively used for adhesion

assays.
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2.3 Passaging

For passaging confluent adherent cells (endothelial cells and MDA-MB-231 cells), cell culture
medium was removed and the cells were carefully washed twice with phosphate-buffered
saline (PBS, pH 7.4) before they were incubated with 2 ml of a Trypsin/EDTA solution at 37 °C
for about 1 min. As soon as all cells were detached, the enzymatic reaction was stopped using
stopping medium in the case of endothelial cells or DMEM in the case of MDA-MB-231 cells.
Cells were harvested by centrifugation (300 g, 5 min, RT), the pellet was resuspended in
culture medium and the cells were either transferred into a new cell culture flask (75 cm?) or
were seeded for experiments in cell culture dishes or plates. Endothelial cells were passaged
three times a week in a ratio of 1:3 regarding the growth area while MDA-MB-231 cells were
passaged twice a week in a ratio of 1:4 to 1:5 regarding the growth area.

For passaging the suspension cell line THP-1, cell number was determined using a
hemocytometer and the cell concentration was adjusted to 3 x 10° cells per ml. For this
purpose, the appropriate amount of cell suspension was centrifuged (300 g, 5 min, RT), the
pellet was resuspended in culture medium and the cells were transferred into a new cell culture

flask (25 or 75 cm?). THP-1 cells were passaged three times a week.

2.4 Freezing and thawing of cells

Before freezing, confluent adherent cells were detached and suspension cells were removed
as described above, harvested by centrifugation (300 g, 5 min, RT) and resuspended in pre-
chilled freezing medium (2 ml per confluent 75 cm? flask or per 6 x 10° suspension cells). Cells
were transferred into cryo vials and were frozen at -80 °C at least overnight before they were

transferred into liquid nitrogen for long term storage.

For thawing, cryo vials were rapidly warmed to 37 °C in a water bath and the thawed cells were
immediately transferred into culture medium (10 ml per cryo vial) to dilute the dimethyl sulfoxide
(DMSO) containing freezing medium. Cells were harvested by centrifugation (300 g, 5 min,
RT), the pellet was resuspended in culture medium and the cells were transferred into a 75 cm?

(adherent cells) or 25 cm? (suspension cells) cell culture flask.
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3. Cytotoxicity assays

To identify possible cytotoxic effects of PT, VIN, COL or PAC, the metabolic activity of cells
was analyzed by the CellTiter-Blue® cell viability assay, the release of lactate dehydrogenase
(LDH) was determined by the CytoTox 96® non-radioactive cytotoxicity assay and apoptosis

(sub-diploid DNA content) was measured as described by Nicoletti et al.?8°

3.1 Cell viability assay

The metabolic activity of HMECs was analyzed by the CellTiter-Blue® cell viability assay
(Promega GmbH, Mannheim, Germany). This assay is based on the principle that viable cells

are able to reduce the indicator dye resazurin into fluorescent resorufin.

The assay was performed according to the manufacturer’s instructions. HMECs were grown
to confluence in 96-well cell culture plates and treated with PT, VIN, COL or PAC as described.
CellTiter-Blue® reagent was added into the medium in a ratio of 1:10 for the last 4 hours of
treatment and the reduction of resazurin into resorufin was determined by fluorescence
measurements (ex: 579 nm, em: 584 nm) using an Infinite F200 pro microplate reader (Tecan

Trading AG, Mannedorf, Switzerland).

3.2 Cytotoxicity assay

The release of lactate dehydrogenase (LDH), a stable cytosolic enzyme that is released upon
cell lysis, was determined by the CytoTox 96® non-radioactive cytotoxicity assay (Promega
GmbH). This coupled enzymatic assay is based on the principle that LDH released in cell
culture supernatants catalyzes the conversion of lactate into pyruvate leading to the reduction
of oxidized nicotinamide adenine dinucleotide (NADY) into reduced NAD (NADH). The
production of NADH results in the conversion of iodonitrotetrazolium violet (INT) into a red
formazan product and NAD™. The generation of the red formazan product is proportional to the

amount of released LDH.

The assay was performed according to the manufacturer’s instructions. HMECs were grown
to confluence in 96-well cell culture plates and treated with PT, VIN, COL or PAC as described.
For positive control, lysis solution was added into the medium of untreated cells in a ratio of
1:10 for the last 45 min of treatment. Then, 50 pl of medium from each well were transferred

into a new 96-well cell culture plate, 50 pl of CytoTox 96® reagent was added to each sample
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and the plate was incubated at room temperature for 30 min. The enzymatic reaction was
stopped by adding 50 pl of stop solution and the absorbance of the red formazan product was
measured at 490 nm using a Varioskan® Flash microplate reader (Thermo Fisher Scientific,
Dreieich, Germany).

3.3 Cell apoptosis assay

The cell apoptosis assay described by Nicoletti et al. is based on the principle that cell
apoptosis is accompanied by deoxyribonucleic acid (DNA) fragmentation due to chromatin
cleavage at the linker regions between nucleosomes by endonucleases. The red-fluorescent
dye propidium iodide (PI), which intercalates between DNA bases, is used for the detection of
DNA fragments by flow cytometric analysis.?%

HMECs were grown to confluence in 24-well cell culture plates and treated with PT, VIN, COL
or PAC as described. Cell culture supernatants were collected and the remaining cells were
washed twice with PBS. PBS wash fractions were added to the respective cell culture
supernatants and the cells were incubated with a Trypsin/EDTA solution at 37 °C for a
maximum of 3 min. As soon as all cells were detached, stopping medium was added to stop
the enzymatic reaction. Detached cells were added to the cell culture supernatants including
wash fractions and harvested by centrifugation (300 g, 10 min, 4 °C). Supernatants were
removed, the cell pellets were resuspended in ice-cold PBS and the suspension was
centrifuged (300 g, 10 min, 4 °C). The remaining cell pellets were permeabilized and stained
using hypotonic fluorochrome solution (HFS) containing Pl (HFS-PI solution) and incubated
overnight at 4 °C protected from light. Pl-staining was determined by flow cytometric analysis

using a FACSVerse™ (BD Biosciences, Heidelberg, Germany).

4. Quantitative real-time polymerase chain reaction
(QRT-PCR)

Quantitative real-time polymerase chain reaction (QRT-PCR) based on the 2"**°T method was
used to quantify the messenger ribonucleic acid (mMRNA) expression level of genes in PT-
treated HUVECs. The initial step was, therefore, to transcribe isolated mRNA into
complementary DNA (cDNA) via reverse transcriptase followed by qRT-PCR performed with

the StepOnePlus System™ (Applied Biosystems GmbH, Darmstadt, Germany).
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gRT-PCR is based on the principle that a fluorescent dye, SYBR-Green in this study,
intercalates into double-stranded DNA (dsDNA) leading to an approximately 100-fold higher
fluorescence signal. Thus, the measured fluorescence intensity correlates with the
amplification of dsDNA. Since the initial amount of cDNA carrying the gene of interest
correlates with the amount of its corresponding mRNA, calculation of the initial cDNA
concentration on the basis of the measured fluorescence signal can be directly transferred to
the initial MRNA expression of the gene. The 22T method is used for relative quantification
of the gRT-PCR and enables to analyze the normalized mRNA expression of the target gene

in relation to an untreated control.?®®

All gRT-PCR experiments were kindly performed by Tanja Stehning. To prevent possible
contaminations or RNA digestion by RNases, the workplace and equipment was cleaned with
RNase AWAY® and filter tips were used during all work steps.

4.1 Sample preparation

HUVECs were grown to confluence in 6-well plates and treated with PT and TNFa as
described. Then, cells were washed once with PBS, lysed with 350 pl of Buffer RLT (RNeasy
Mini Kit, Qiagen GmbH, Hilden, Germany) containing 2-mercaptoethanol (1:100) and stored
at -80 °C until used for RNA isolation.

4.2 RNA isolation and cDNA synthesis

Total RNA was isolated with an RNeasy Mini Kit (Qiagen GmbH) including on-column DNase
digestion with an RNase-Free DNase Set (Qiagen GmbH) according to the manufacturer’s
protocol. Therefore, cell lysates (see 11.4.1) were mixed with 70 % ethanol (1:1) and the mixture
was transferred to an RNeasy spin column. After centrifugation (17,000 g, 15 s) the flow-
through was discarded and the spin column membrane was washed by adding 700 pl of Buffer
RW1 followed by centrifugation (17,000 g, 15 s). The flow-through was discarded and the spin
column membrane was incubated with 80 pl of DNase | mix for 15 min at room temperature
for DNA digestion. Then, 350 pul of Buffer RW1 were added followed by centrifugation (17,000
g, 15 s). The flow-through was discarded and the spin column membrane was washed by
adding 500 pl of Buffer RPE followed by centrifugation (17,000 g, 15 s). The previous step was
repeated except that the time for centrifugation was increased to 2 min. The spin column
membrane was dried by centrifugation (17,000 g, 1 min) and RNA was eluted by adding 30 pl

of RNase-free water to the membrane followed by centrifugation (17,000 g, 1 min). The
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absorbance of the isolated RNA was measured at 260 nm using a P 330 nanophotometer

(Implen GmbH, Munich, Germany) to determine the RNA concentration.

Isolated RNA was reversely transcribed into cDNA using SuperScript™ Il Reverse
Transcriptase (Thermo Fisher Scientific GmbH). Therefore, 1 pug of RNA was adjusted with
RNase-free water to a total volume of 7 pl. 1 pl of Random Primer N6 (100 pmol) and 4 pl of
deoxynucleoside triphosphates (ANTPs, 2 mM) were added. Secondary RNA structures were
destroyed by incubation of the mixture at 70 °C for 10 min followed by cooling on ice for 2 min.
Subsequently, 4 pl of 5x first-strand buffer, 2 pl of 100 mM DTT, 1 pl of RNAsin® and 1 pl of
SuperScript™ |l Reverse Transcriptase were added to the mixture followed by incubation at
room temperature for 10 min. After incubation at 42 °C for 1 hour, 100 pl of RNase-free water
was added to the mixture and the enzymatic reaction was stopped by incubation at 70 °C for
10 min. Synthesized cDNA was stored at -20 °C until used for qRT-PCR.

4.3 (RT-PCR performance

gRT-PCR based on the 22T method was performed via the StepOnePlus™ System (Applied
Biosystems GmbH) using the Power SYBR Green PCR Master Mix (Life Technologies GmbH,
Darmstadt, Germany). Therefore, forward and reverse primers for the gene of interest listed in
table 15 were diluted in RNase-free water in a ratio of 1:25 (corresponding to 4 pmol) and 1.25
ul of each diluted primer were added to 2.5 ng of synthesized cDNA adjusted with RNase-free
water to a total volume of 2.5 ul. Then, 5 ul of Power SYBR Green PCR Master Mix was added
to the mixture and the gRT-PCR reaction plate was covered with a plate sealer for optical
assays. After centrifugation (300 g, 1 min), gRT-PCR was performed using the StepOnePlus™
System and the following thermocycler program (Table 19). In all gRT-PCR experiments, the
threshold cycle for the gene of interest was normalized to that of the housekeeping gene
Gapdh.

Table 19: Program for qRT-PCR

Reaction step Temperature Period AU OET @
cycles

Activation of DNA polymerase 95 °C 10 min 1
Denaturation 95 °C 15s 40
Annealing/elongation 60 °C 60 s

95 °C 15s
Melt curve stage 60 °C 60 s 1

95 °C 15s

Hold 4°C 0 1
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5. Western blot analysis

Immunoblotting (western blot) was first devised by Towbin et al. in 1979 and is used for the
identification of specific proteins out of a mixture of proteins extracted from cell lysates.?*!
Western blot analysis is based on the transfer of proteins separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) onto a carrier membrane followed by

detection of the protein of interest using specific antibodies.

5.1 Sample preparation

HUVECs were grown to confluence in 6-well plates and treated with PT and TNFa as
described. Then, cells were washed once with PBS, lysed with lysis buffer (Table 7) and stored

for at least 1 hour at -80 °C to promote cell destruction.

5.2 Protein quantification and sample adjustment

The total amount of protein in cell lysates was determined using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific GmbH). The bicinchoninic acid assay (BCA) is based on
the principle that peptide bonds are able to reduce Cu?* to Cu* ions in an alkaline environment
by forming light blue complexes (biuret reaction). BCA is used in this assay to build purple-
colored complexes with the Cu* ions reduced in the first reaction leading to a strong increase
in assay sensitivity. The complex quantity is determined by absorbance measurements at

562 nm and is proportional to the total protein amount.?%

The assay was performed according to the manufacturer’s instructions. Cell lysates were
thawed on ice, collected with a cell scraper and incubated in an ultrasonic bath for 5 min. After
centrifugation (17,000 g, 4 °C, 10 min), the supernatant was transferred into a new tube. For
protein quantification the lysate was diluted with distilled water in a ratio of 1:10. Protein
concentration was determined by linear regression using protein standards obtained using
dilutions (0, 50, 100, 150, 200, 300, 400 and 500 pg/ml) of a 2 mg/ml bovine serum albumin
(BSA) stock solution. Finally, 10 ul of cell lysate or standard were mixed with 190 ul of BCA
working reagent and the mixture was incubated at 37 °C for 30 min before the absorbance was
measured at 562 nm using an Infinite F200 pro microplate reader (Tecan Trading AG). Cell

lysates were then mixed with 5x sample buffer and adjusted with 1x sample buffer to the
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sample with the lowest concentration. Afterwards, samples were heated at 95 °C and stored
at -20 °C until their usage for SDS-PAGE.

5.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is general a
technique for the separation of proteins according to their electrophoretic mobility due to their
molecular weight. In this study, discontinuous SDS-PAGE was performed using a vertical gel
electrophoresis system (Mini-PROTEAN® Tetra System, Bio-Rad Laboratories GmbH, Munich,
Germany) as described by Laemmli in 1970.2%® Thereby, the acrylamid (Rotiphorese® Gel 30,
Carl Roth GmbH, Karlsruhe, Germany) concentration of the separation gel was adapted to the
molecular weight of the proteins to be separated (15 % in the case of C-X-C motif chemokine
12 (CXCL12), 10 % in the case of other studied proteins). To determine the molecular weight
of the separated proteins, a pre-stained protein marker (peqGOLD Protein Marker 1V, 10—
170 kDa, VWR International GmbH, Darmstadt, Germany) was used. Gel electrophoresis was
performed at 80 V for 20 min and at 120 V for approximately 90 min as soon as the proteins

accumulated in the stacking gel.

5.4 Immunoblotting

Proteins separated by SDS-PAGE were transferred onto a polyvinylidene difluoride (PVDF)
membrane (Immun-Blot® PVDF, Bio-Rad Laboratories GmbH) in a vertical blotting system
(Criterion™ Blotter, Bio-Rad Laboratories GmbH) by wet-tank electroblotting.?®* The transfer
membrane was activated by incubation in methanol for approximately 1 min and equilibrated

in tank buffer. Immunoblotting was performed at 100 V and 4 °C for 60 min.

5.5 Protein detection

In this study the immunological detection of proteins transferred onto membranes is based on
the principle that the horseradish peroxidase (HRP) catalyzes the oxidation of luminol in the
presence of hydrogen peroxide (H20O.) leading to a chemiluminescent signal. This signal can
then be detected using radiographic films (Super RX-N, FUJIFILM Europe GmbH, Dusseldorf,
Germany) developed in this study with an Agfa CP 1000 X-ray film processor (AGFA, Cologne,

Germany).
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After immunoblotting the membrane was incubated with a blocking buffer consisting of either
5 % non-fat milk powder (Blotto-T) or 5 % BSA (BSA-T) in Tris-buffered saline with Tween® 20
(TBS-T) for at least 1 hour at room temperature or overnight at 4 °C in order to block unspecific
binding sites. Immunological detection of the protein of interest was then initiated by incubating
the membrane with the respective primary antibody solution (Table 9) at 4 °C overnight. The
membrane was washed three times for 10 min with TBS-T to remove unbound antibodies and
was incubated with the respective HRP-conjugated secondary antibody solution (Table 10) for
2 hours at room temperature. Afterwards, the membrane was washed as described previously
and the detection of HRP was initiated by incubating the membrane with enhanced
chemiluminescence (ECL) solution for 2 min at room temperature protected from light. The

target protein was finally detected as described above.

In all western blot experiments, B-actin was used as a loading control to ensure homogenous
application of the samples. Therefore, the membrane was washed after detection of the protein
of interest as described above followed by incubation with $-actin-peroxidase antibody solution
(Table 9) for 1 hour at room temperature. The membrane was washed as described above and
B-actin was detected. The intensity of protein bands was determined using the ImageJ gel
analyzer tool (version 1.48v, National Institutes of Health, USA) followed by normalization of

the target protein to B-actin.

5.6 Stripping of membranes

Since the proteins pERK1/2 and -actin have a similar molecular weight of about 42 kDa, the
membrane was stripped to avoid a possible crossover of remaining chemiluminescent signal
from pERK1/2 antibodies before B-actin was detected. Therefore, the membrane was
incubated with stripping buffer containing 2-mercaptoethanol at 50 °C for 30 min to remove all
bound antibodies. Afterwards, the membrane was washed and blocked with the respective

blocking buffer as described above before the detection of B-actin was performed.

6. Flow cytometric analysis

Flow cytometry is a widely used technique with various applications ranging from pure basic
research up to extensive clinical research and diagnostics.?**2% |n this study, flow cytometry
was used to analyze cell apoptosis (see 11.3.3) and the surface expression of endothelial cell

adhesion molecules. Flow cytometric analysis is based on the principle that cells are
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transported via liquid flow enabling measurements of single cells. Therefore, flow cytometric
systems are equipped with different lasers to examine diverse characteristics of the analyzed
cell that is stained with fluorescence-labeled antibodies of interest. In this study, all

measurements were performed using a FACSVerse™ (BD Biosciences).

To investigate the surface expression of endothelial cell adhesion molecules, HUVECs or
HMECs were grown to confluence in 12-well cell culture plates and treated with PT, VIN, COL,
PAC and TNFa as described. Cells were washed twice with PBS and were gently detached
with 200 pl of HyClone™ HyQTase cell detachment reagent (GE Healthcare Life Sciences,
Freiburg, Germany).

In the case of intercellular adhesion molecule 1 (ICAM-1), detached cells were mixed for
fixation with 200 pl of 4 % formaldehyde (Polysciences Europe GmbH, Hirschberg an der
BergstraRe, Germany) in PBS and incubated at room temperature for 10 min. The cell
suspension was diluted with 1 ml of PBS and centrifuged at 300 g for 15 min. The supernatant
was discarded and the cell pellet was resuspended in 100 pl of ICAM-1 antibody solution
(Table 13). After incubation for 45 min protected from light, the mixture was diluted with 1 ml
of PBS followed by centrifugation (300 g, 15 min). The supernatant was removed except of
approximately 200 pl and the remaining solution was diluted by adding 100 pl of PBS. The
pellet was resuspended by vortexing and 10,000 cells were analyzed via flow cytometry by

measuring the median shift in fluorescence intensity.

In the case of other examined cell adhesion proteins, detached cells were mixed with 800 pl
of ice-cold stopping medium to stop the enzymatic reaction. After centrifugation (300 g, 5 min,
4 °C), the supernatant was removed except of approximately 200 pl and the remaining solution
was diluted by adding 1 ml of ice-cold PBS followed by centrifugation (300 g, 5 min, 4 °C). The
supernatant was removed except of approximately 200 ul and the remaining solution was
diluted by adding 1 ml of ice-cold PBS containing 0.2 % BSA (PBSA). After centrifugation
(300 g, 5 min, 4 °C), the supernatant was completely discarded and the cell pellet was
resuspended in 100 pl of the respective antibody solution (Table 13). After incubation on ice
for 45 min protected from light, the mixture was diluted with 1 ml of ice-cold PBSA followed by
centrifugation (300 g, 5 min, 4 °C). The supernatant was completely discarded and the pellet
was resuspended in 1 ml of ice-cold PBSA followed by centrifugation (300 g, 5 min, 4 °C). The
last step was repeated and the pellet was then resuspended in 300 pl of ice-cold PBSA. 10,000

cells were analyzed via flow cytometry by measuring the median shift in fluorescence intensity.
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7. Enzyme-linked immunosorbent assay (ELISA)

The release of CXCL12 into cell culture supernatants of HUVECs was analyzed by enzyme-
linked immunosorbent assay (ELISA). In this study, the secretion of CXCL12 was examined
using the CXCL12/SDF-1 DuoSet ELISA kit (R&D Systems GmbH, Wiesbaden-Nordenstadt,
Germany). DuoSet ELISAs are based on the principle that a protein secreted in cell culture
supernatants is linked to microplates using a capture antibody specific for the target protein
followed by detection using a biotinylated detection antibody against the target protein. HRP-
linked streptavidin, which binds with high affinity to biotin, is used to bind to the detection
antibody. The build ELISA sandwich is finally detected by adding tetramethylbenzidine (TMB)
substrate solution leading to the development of a blue color due to the oxidation of TMB
catalyzed by HRP.2*® The enzymatic reaction is stopped by adding a 2 N sulfuric acid (H.SO4)
turning the blue color to yellow. Blue or yellow color development is proportional to the amount
of target protein and is detected by absorbance measurements.

HUVECs were grown to confluence in 6-well plates and treated with PT as described. Cell
supernatants were collected, cleared by centrifugation (17,000 g, 10 min, 4 °C) and stored at
-80 °C until used for ELISA performance. CXCL12/SDF-1 DuoSet ELISA (R&D Systems
GmbH) was performed according to the manufacturer’s instructions. Therefore, 96-well
microplates suitable for ELISA were coated with capture antibody (2 pg/ml, 100 ul per well) in
PBS overnight and washed three times with wash buffer (300 pl per well) before unspecific
binding sites were blocked by incubating with reagent diluent (RD) for at least 1 hour at room
temperature. Standards were obtained by stepwise diluting (1:1) a recombinant mouse stromal
derived factor 1 (SDF-1) stock solution. The collected supernatants were diluted in RD in a
ratio of 1:10. The microplate was washed as describe above before standards and the diluted
supernatants were added (100 pl per well). After incubation at room temperature for 2 hours,
the plate was washed as described above followed by incubation with detection antibody
(0.4 pg/ml, 100 pl per well) in RD containing 2 % of heat inactivated normal goat serum (NGS)
for 2 hours at room temperature. After washing as described above, the plate was incubated
with streptavidin-HRP solution (100 pl per well) for 20 min at room temperature protected from
light. Then, the plate was washed as described above, incubated with substrate solution
(200 pl per well) for 20 min at room temperature and the enzymatic reaction was immediately
stopped by adding 2 N H,SO4 (50 pl per well). CXCL12 secretion was determined by
absorbance measurements at 450 nm with wavelength correction at 540 nm using an Infinite

F200 pro microplate reader (Tecan Trading AG).

The measured levels of CXCL12 secretion were further normalized to the number of cells that

were present in the respective wells when cell culture supernatants were collected. Therefore,
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the cells were washed once with PBS and fixed by incubating with a methanol/ethanol solution
(2:1) for 10 min at room temperature. Then, the cells were stained with crystal violet solution
for 10 min at room temperature and unbound crystal violet was removed by washing with
distiled water. The plate was dried overnight before crystal violet was reconstituted by
incubation with 800 ul of sodium citrate solution for 30 min at room temperature. 60 pl of the
stained solution was transferred into a 96-well cell culture plate and absorbance was measured
at 540 nm using an Infinite F200 pro microplate reader (Tecan Trading AG). The amount of

crystal violet after reconstitution is proportional to the initial number of cells.

8. Immunocytochemistry

HUVECs were grown to confluence on 8-well p-slides and treated with PT as described. The
cells were washed three times with PBS+ before they were fixed with 300 pl of Roti-Histofix 4
% for 10 min at room temperature. If immunocytochemistry was used to analyze the precise
localization of cells in cell adhesion assays, cell adhesion assays were performed as described
(see 11.10.2) and the co-cultured cells were fixed. After fixation, cells were washed three times
with 300 pl of PBS. If vascular endothelial cadherin (VE-cadherin) was analyzed with
immunocytochemistry, cells were permeabilized by incubating with 300 pl of Triton X-100 (0.2
%) in PBS for 2 min at room temperature. Afterwards, cells were washed as described above.
In all immunocytochemistry experiments, unspecific binding sites were blocked by incubating
with 300 pl of PBSA for at least 20 min at room temperature followed by incubation with 230
pl of the respective (mixed) primary antibody solution (Table 11) for 2 hours at room
temperature. Unbound antibodies were removed by washing the cells three times with PBS for
5 min each. Immunocytochemical detection of bound primary antibodies was enabled by
incubating the cells with 230 pl of the respective fluorescence-labeled secondary antibody
solution (Table 12) for 1 hour at room temperature protected from light. If collagen was
analyzed via immunocytochemistry, HOECHST 33342 was added to the secondary antibody
solution in a ratio of 1:10,000. The cells were washed three times with PBS for 10 min each
and were finally embedded in FluorSave™ Reagent covered by coverslips. Immunocyto-
chemical stainings were detected using the fluorescence microscope LSM 510 (Carl Zeiss AG,

Jena, Germany).
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9. Reporter gene assay

The reporter gene assay is a widely used and very sensitive method for studying cellular events
associated with signal transduction and gene expression.3% In this study, a Dual-Luciferase®
reporter assay (Promega GmbH) was used to investigate the influence of microtubule-targeting
agents (MTAs) on the NFkB promoter activity. Therefore, Escherichia coli (E. coli) were
transformed by reporter plasmids followed by reproduction and preparation before they were
used for the transfection of HMECs with subsequent performance of the reporter gene assay.

9.1 Transformation of E. coli with plasmid DNA

The transformation of competent E. coli cells (DH5a) by plasmid DNA (see 11.1.7) was kindly
performed by Jennifer Reis. Therefore, 1 ul of plasmid DNA was mixed with 200 ul of DH5a
cells and incubated on ice for 30 min. After heat-shock at 42 °C for 2 min, the mixture was
incubated on ice for 2 min before 1 ml of bacterial growth medium (YT medium) was added.
The suspension was incubated for 30 min at 37 °C while shaking followed by streaking on YT
agar plates containing ampicillin for selection. The transformed bacteria were grown on the
plates overnight at 37 °C before a single colony was picked with a pipette tip for inoculation of
a bacterial culture (250 ml).

9.2 Reproduction and preparation of plasmid DNA

The reproduction and preparation of plasmid DNA (see 11.1.7) was kindly performed by Jennifer
Reis. Therefore, transformed bacteria were cultured overnight at 37 °C while shaking in 250 ml
of YT medium containing ampicillin for selection. Afterwards, plasmid DNA was prepared using
the PureYield™ Plasmid Maxiprep System (Promega GmbH) according to the manufacturer’s
protocol. Therefore, bacterial cells were lysed enabling the isolation and purification of plasmid
DNA. The concentration of the eluted plasmid DNA was determined by absorbance

measurements at 260 nm using a P 330 nanophotometer (Implen GmbH).

Although plasmid DNA preparation using the PureYield™ Plasmid Maxiprep System includes
a washing step for endotoxin removal, potentially remaining endotoxins were removed using
the MiraCLEAN® Endotoxin Removal Kit (Mirus Bio LLC, Madison, WI, USA). Endotoxin
removal was kindly performed by Mareike Lang according to the manufacturer’s instructions.

Therefore, plasmid DNA was incubated with EndoGO Reagent on ice for 5 min followed by
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incubation at 50 °C for 30 min. Then the mixture was incubated on ice for 5 min and
subsequently centrifuged (14,000 g, 1 min, RT). DNA was precipitated by adding 99.8 % ice-
cold ethanol to the DNA-containing supernatant followed by incubation at room temperature
for 30 min while inverting. DNA was harvested by centrifugation (17,000 g, 20 min, 4 °C),
washed with 70 % ethanol and centrifuged (17,000 g, 20 min, 4 °C). The DNA-containing pellet
was allowed to air dry and resuspended in DNase/RNase-free water. The next day, DNA
concentration was determined by absorbance measurements at 260 nm using a P 330

nanophotometer (Implen GmbH).

9.3 Plasmid transfection and sample preparation

For reporter gene assays, HMEC-1 cells were transfected with purified reporter plasmids (see
I.L1.7 and 11.9.2) using the HUVEC Nucleofector® Kit (Lonza Cologne GmbH, Cologne,
Germany) that is based on electroporation, a widely used technique with various applications.
In this study, electroporation was used for the transfection of cells since it leads to the formation
of pores in the cell membrane due to an electric shock, thus enabling the cellular uptake of
DNA .20t

Transfection of cells was performed according to the manufacturer’s instructions. Therefore,
HMECs were detached as described earlier (see 11.2.3) and the number of cells was
determined using a hemocytometer. 1 x 10° cells were harvested by centrifugation (300 g,
5 min) followed by resuspension in 100 pl of Nucleofector® Solution. Then, 3.5 ug of the purified
reporter plasmid pGL4.32[luc2P/NF-kB-RE/Hygro] and 1.4 pg of the purified reporter plasmid
pGL4.74[hRIuc/TK] (see 11.1.7 and 11.9.2) were added to the suspension and the mixture was
immediately transferred into a Nucleofector® Cuvette for subsequent electroporation. Cells
were co-transfected with both reporter plasmids using the Nucleofector® Program A-034 for
HUVECSs (Nucleofector 2b, Lonza Cologne GmbH). Immediately after electroporation, 350 pl
of ECGM were added to the suspension and the cells were seeded onto 48-well cell culture
plates (1.25 x 10° cells per well) prefilled with ECGM (500 pl per well). The medium was
changed after 4-5 hours to remove all of the remaining Nucleofector® Solution. Approximately
24 hours post transfection the co-transfected cells were treated with PT, VIN, COL, PAC and
TNFa as described. The cells were finally washed once with PBS, lysed with 65 pl of passive
lysis buffer (PLB, Promega GmbH) and stored at -80 °C until used for Dual-Luciferase® reporter

assay.
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9.4 Dual-Luciferase® reporter assay

Dual-Luciferase® reporter assays are based on the principle that two individual reporter
enzymes are simultaneously expressed and measured within a single sample. Thereby, the
gene coding for one of these reporter enzymes is coupled to a regulated promoter to study the
promoter-regulated gene expression, while the gene coding for the other reporter enzyme is
coupled to an unregulated promoter as an internal control. In this study, NFkB promoter activity
was analyzed using the pGL4 series of Photinus (Photinus pyralis) and Renilla (Renilla
reniformis) luciferase vectors (see 11.1.7). Photinus luciferase catalyzes the oxidation of beetle
luciferin into oxyluciferin that requires adenosine triphosphate (ATP), magnesium ions and
oxygen leading to a bioluminescent signal (550-570 nm). Renilla luciferase catalyzes the
oxidation of coelenterazine into coelenteramide that merely requires oxygen leading to a
bioluminescent signal (480 nm) as well. Then, the activity of Photinus and Renilla luciferases
is determined in Dual-Luciferase® reporter assays by luminescence measurements. The

measured bioluminescent signal is proportional to the expression of the respective luciferase.

The assay was performed according to the manufacturer’s instructions. Therefore, cell lysates
were thawed for 15 min at room temperature with gentle shaking and were cleared by
centrifugation (17,000 g, 1 min) before they were transferred into a 96-well microplate suitable
for luminescence measurements (10 ul per well). Luciferase substrate solution LARII and Stop
& Glo® Reagent were freshly prepared and separately transferred into two independent
injectors of an Infinite F200 pro microplate reader (Tecan Trading-AG). After priming both
injectors, 50 pl of LARII were injected and the activity of Photinus luciferase was analyzed by
luminescence measurements. Then, Photinus luciferase activity was quenched and Renilla
luciferase reaction was initiated by injecting 50 pl of Stop & Glo® Reagent followed by
luminescence measurements to detect the activity of Renilla luciferase. All measurements
were performed using a delay of 2 s and a read time of 10 s. The signal of Photinus luciferase
was finally normalized to that of Renilla luciferase. Since the measured bioluminescent signals
were proportional to the expression of the used luciferases, the normalized signal was

proportional to the NFkB promoter activity.

10. Cell adhesion assay

In this study, the influence of MTAs on the adhesion of tumor cells (MDA-MB-231 cells) or

leukocytes (THP-1 cells) to endothelial cells was determined by cell adhesion assays.
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Furthermore, the adhesion of tumor cells to extracellular matrix proteins in the absence of

endothelial cells was investigated.

10.1 Adhesion of tumor cells to extracellular matrix proteins

Cell adhesion assays with MDA-MB-231 cells and different extracellular matrix proteins were
performed in order to figure out onto which component the cells preferentially attach.
Therefore, MDA-MB-231 cells were grown to confluence in cell culture dishes (@ 10 cm) and
were washed once with PBS. Then the cells were stained by incubating with 5 ml of
CellTracker™ Green solution (5 uM, in serum-free DMEM) at 37 °C for 30 min. Afterwards, the
cells were washed twice with PBS and detached by incubating with 2 ml of a Trypsin/EDTA
solution at 37 °C for a maximum of 3 min. The enzymatic reaction was stopped by adding
10 ml of DMEM and the detached cells were harvested by centrifugation (300 g, 5 min). Cells
were resuspended in 5 ml of DMEM and the number of cells was determined using a
hemocytometer. If the assay was performed to determine the concentration of anti-B1-integrin
antibody (Table 14) required to block the adhesion of MDA-MB-231 cells to collagen, anti-31-
integrin antibody was added to the suspension (1, 5 or 10 pg/ml per 1 x 10° cells) and the
mixture was incubated for 30 min at 37 °C in a water bath. Afterwards, the cells were
centrifuged (300 g, 5 min) and unbound antibody was removed by washing the pellet with 5 ml
of DMEM followed by centrifugation (300 g, 5 min). Cells were resuspended in 5 ml of DMEM
and the number of cells was determined. In all experiments the cell concentration was adjusted
with DMEM to 2 x 10° cells per ml for assay performance. Thereafter, 500 pl of the cell
suspension was transferred into wells of a 24-well plate that were left uncoated or pre-coated
with PBS, fibronectin (5 pg/ml) or collagen (10 pg/ml) for 2 hours. MDA-MB-231 cells were
allowed to adhere for 10 min before non-adherent cells were removed by washing three times
with 500 pl of PBS+. Cell adhesion was quantified by microscopic analysis using the inverted
microscope Leica DM IL LED (Leica Microsystems) and by fluorescence measurements (ex:

485 nm; em: 535 nm) using an Infinite F200 pro microplate reader (Tecan Trading-AG).

10.2 Adhesion of tumor cells to endothelial cells

To analyze the influence of MTAs on the adhesion of tumor cells to endothelial cells, adhesion
assays were performed, in which MDA-MB-231 cells were allowed to adhere to HUVECs
treated with MTAs. Therefore, HUVECs were grown to confluence in 24-well cell culture plates
or, if cell adhesion assays were performed to focus on the precise location of the tumor cells,
in 8-well p-slides (ibidi GmbH). HUVECs were treated with PT, VIN, COL, PAC and TNFa as
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described. If cell adhesion assays were performed in order to investigate the role of ICAM-1 or
VCAM-1 in the experimental set-up, respective antibodies (Table 14) were added to PT-treated
HUVECs as indicated. Furthermore, MDA-MB-231 cells were grown to confluence in cell
culture dishes (10 cm), stained with CellTracker™ Green and detached as described above.
After centrifugation (300 g, 5 min), MDA-MB-231 cells were resuspended in 5 ml of DMEM and
were left untreated or treated with anti-B1-integrin antibody (1 ug/ml per 1 x 108 cells, Table
14) for 30 min in a water bath. For the latter, unbound antibody was removed, and the cells
were washed with 10 ml of DMEM, harvested by centrifugation and resuspended as described
above. The number of cells was determined using a hemocytometer and the cell concentration
was adjusted with DMEM to 2 x 10° cells per ml. Thereafter, the culture medium was removed
from HUVECs and the stained MDA-MB-231 cells were added to the endothelial monolayer
(24-well plate: 500 pl of cell suspension per well; 8-well p-slide: 250 pl of cell suspension per
well). MDA-MB-231 cells were allowed to adhere for 10 min before non-adherent cells were
removed by washing three times with 500 pl (24-well plates) or 250 ul (8-well p-slides) of PBS+.
The adhesion was either directly quantified by fluorescence measurements (ex: 485 nm; em:
535 nm) using an Infinite F200 pro microplate reader (Tecan Trading-AG) or the cells were
lysed with 100 pl of RIPA buffer and 60 ul of the lysates were transferred into 96-well
microplates suitable for fluorescence measurements before quantification. If cell adhesion
assays were performed in order to analyze the precise location of the tumor cells, cells were
fixed after assay performance instead of fluorescence measurements and HUVEC boundaries
were visualized by immunocytochemical staining of VE-cadherin (see I1.8).

10.3 Adhesion of leukocytes to endothelial cells

To analyze the influence of MTAs on the adhesion of leukocytes to endothelial cells, cell
adhesion assays were performed, in which THP-1 cells were allowed to adhere to HMECs
treated with MTAs. Therefore, HMECs were grown to confluence in 24-well cell culture plates
and treated with PT, VIN, COL, PAC and TNFa as described. Furthermore, THP-1 cells were
grown in cell culture flasks (75 cm?) and the number of cells was determined using a
hemocytometer. The required amount of cells was harvested by centrifugation (300 g, 5 min)
and the cells were stained by incubating with the appropriate volume (1 ml per 1 x 10° cells) of
CellTracker™ Green solution (5 uM, in serum-free RPMI) for 30 min at 37 °C in a water bath.
While staining, the cell suspension was inverted every 10 min. Afterwards, cells were
centrifuged (300 g, 5 min) and the pellet was washed with 10 ml of serum-free RPMI followed
by centrifugation (300 g, 5 min). The cells were resuspended in 5 ml of RPMI, the number of
cells was determined and the cell concentration was adjusted with RPMI to 2 x 10° cells per

ml. Thereafter, the culture medium was removed from HMECs and the stained THP-1 cells
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were added to the HMEC monolayer (500 pl of cell suspension per well). The cells were
allowed to adhere for 5 min before non-adherent cells were removed by washing three times
with 500 pl of PBS+. The adhesion was directly quantified by fluorescence measurements (ex:
485 nm; em: 535 nm) using an Infinite F200 pro microplate reader (Tecan Trading-AG).

The measured adhesion levels were further normalized to the number of HMECs that were
present after treatment with the compounds before the adhesion assay was performed.
Therefore, MTA-treated HMECs were washed once with RPMI followed by two washing steps
with PBS+ before the cells were fixed by incubating with a methanol/ethanol solution (2:1) for
10 min at room temperature. Then the cells were stained with crystal violet solution for 10 min
at room temperature and unbound crystal violet was removed by washing with distilled water.
The plate was dried overnight before crystal violet was reconstituted by incubation with 200 pl
of 20 % acetic acid for 30 min at room temperature. 60 ul of the stained solution was transferred
into a 96-well cell culture plate and absorbance was measured at 590 nm. The amount of
crystal violet after reconstitution is proportional to the number of cells. The fixation and staining
of HMECs with crystal violet required for the normalization of adhesion assays was kindly

performed by Mareike Lang.

11. Endothelial transmigration assay

To analyze the influence of PT on the transmigration of tumor cells through an endothelial
monolayer, transmigration assays were performed, in which MDA-MB-231 cells were allowed
to transmigrate through an HUVEC monolayer treated with PT. Therefore, 1 x 10° HUVECs
were seeded in a volume of 100 pul ECGM into the upper compartment of a Transwell® Insert
(polycarbonate membrane, diameter 6.5 mm, pore size 8 um; Corning, New York, USA) coated
with collagen. 48 hours after seeding, HUVECs were treated with PT as described.
Furthermore, MDA-MB-231 cells were grown to confluence in cell culture dishes (10 cm),
stained with CellTracker™ Green and detached as described above (see 11.10.1). After
centrifugation (300 g, 5 min), MDA-MB-231 cells were resuspended in 5 ml of M199 containing
0.1 % BSA and were left untreated or treated with anti-B1-integrin antibody (1 pg/ml per 1 x
10° cells, Table 14) for 30 min in a water bath. For the latter, unbound antibody was removed,
and the cells were washed with 10 ml of M199 containing 0.1 % BSA, harvested by
centrifugation (300 g, 5 min) and resuspended as described above. The number of cells was
determined and the cell concentration was adjusted with M199 containing 0.1 % BSA to 2 x
10° cells per ml. Thereafter, the culture medium was removed from HUVECs and the stained

MDA-MB-231 cells were added to the HUVEC monolayer on the upper compartment (100 pl
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of cell suspension per insert). In the lower compartment, 600 pl of serum-free M199 was used
for negative control, while 600 pl of M199 containing 20 % fetal calf serum (FCS) was used as
a chemoattractant for the tumor cells and thus for positive control. MDA-MB-231 cells were
allowed to transmigrate through the endothelial monolayer for 24 hours. Afterwards, non-
transmigrated tumor cells on the upper compartment were carefully removed with a cotton
swab and the transmigrated cells were lysed by transferring the Transwell® Insert into 200 pl
of RIPA buffer. 60 pl of the lysates were transferred into 96-well microplates suitable for
fluorescence measurements and the transmigration of MDA-MB-231 cells was quantified by
fluorescence measurements (ex: 485 nm; em: 535 nm) using an Infinite F200 pro microplate

reader (Tecan Trading-AG).

12. Intravital microscopy

Intravital microscopy (IVM) is a powerful technique used to visualize biological processes in
animals. Through the wide range of applications, IVM was utilized until today in several in vivo
studies, which have addressed biological key questions in the proper physiological context in
fields such as microbiology, tumor biology, immunology and recently in stem cell research.3%?
In this study, IVM was used to analyze the influence of PT on leukocyte-endothelial cell

interactions.

12.1 Animals

Experiments were carried out using male C57BL/6 mice (20-25 g in weight, 6-10 weeks in
age). The mice were purchased from Charles River (Sulzfeld, Germany), were held under
standard laboratory conditions and were allowed free access to animal chow and tap water.
All experiments were performed according to German legislation regarding the protection of
animals (number of the animal experiment request: Az. 55.2-1-54-2532-115-12).

12.2 Intravital microscopy procedure

Intravital microscopy was kindly performed by Matthias Fabritius from the group of PD Dr.
Christoph Andreas Reichel (Department of Otorhinolaryngology, Head and Neck Surgery,
Walter Brendel Centre of Experimental Medicine, clinical center at the University of Munich,

Germany). In this study, the influence of PT on leukocyte rolling and adhesion onto the



MATERIALS AND METHODS 59

endothelium as well as leukocyte transmigration through the endothelium was analyzed in the
mouse cremaster muscle under inflammatory conditions as recently described (Reichel et al.,
2008).303

In brief, PT (1 mg/kg) reconstituted in DMSO was administered to male C57BL/6 mice by intra-
arterial (i. a.) injections. 30 min after PT application, inflammatory conditions in the mouse
cremaster muscle were established by intrascrotal injection of TNFa (25 pg/kg). 4 hours after
TNFa administration, leukocyte rolling and firm adherence onto the endothelium and
transmigration through the endothelium was determined by intravital microscopy of

postcapillary venules of the mouse cremaster muscle.

13. Statistical analysis

Unless otherwise stated, all experiments were performed at least three times. The actual
numbers of independently performed experiments (n) are stated in the respective figure
legends. Different lot numbers/donors (in the case of experiments performed in HUVECS) or
different passages (in the case of experiments performed in HMECSs) were used for each
experiment. Bar graph data are expressed as means + standard error of the mean (SEM). The
GraphPad Prism software version 5.04 (GraphPad Software, San Diego, CA, USA) was used
for the performance of statistical analyses. For the evaluation of non-grouped experiments,
unpaired t-test or one-way ANOVA followed by Tukey’s post-hoc test were used, while two-
way ANOVA followed by the Bonferroni post-hoc test was used for the evaluation of grouped

experiments. P < 0.05 was considered as statistically significant.
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1. The influence of PT on tumor-endothelial cell inter-
actions

1.1 The effect of PT on tumor cell adhesion and transmigration in
vitro

The adhesion of tumor cells onto and their subsequent transmigration through the endothelium
represent two essential steps in cancer cell dissemination.**#? Therefore, cell adhesion assays
and transendothelial migration assays were performed to analyze the effect of pretubulysin
(PT) on endothelial cells in both processes.

1.1.1 PTincreases the adhesion of tumor cells onto an endothelial monolayer

To analyze the influence of PT on the adhesion of tumor cells onto an endothelial monolayer,
cell adhesion assays (see 11.10.2) were performed in which human umbilical vein endothelial
cells (HUVECSs) were treated with increasing concentrations of PT (1, 3, 10, 30, 100, 300 nM)
for 6 or 24 hours before fluorescence-labeled MDA-MB-231 tumor cells were allowed to adhere
for 10 minutes. Since tumor necrosis factor alpha (TNFa) is known to activate endothelial cells,
this cytokine was used as positive control in the cell adhesion assays.343% The treatment of
HUVECs with PT for 6 (Figure 12A) or 24 (Figure 12B) hours resulted in a concentration-
dependent increase of tumor cell adhesion onto the endothelial monolayer. Both assays were
kindly performed by Tanja Stehning.

A B
81 41
— * — * *
g%G' * cg3' *
% O 25
go4. * S 0 24
88 s
X 27 x 1
0- 0-
-1 3 10 30100 - PT[nM] - 1 3 10 30100 - PT[nM]
- - - - - - 4+ TNF - - - - - - + TNF

Figure 12: PT increases the adhesion of MDA-MB-231 tumor cells onto a HUVEC monolayer. Confluent
HUVECs were treated with PT (1, 3, 10, 30, 100, 300 nM) or TNFa (10 ng/ml) for 6 hours (A) or 24 hours (B).
Fluorescence-labeled MDA-MB-231 tumor cells were allowed to adhere for 10 minutes and non-adherent cells were
removed by washing. The amount of adherent tumor cells was quantified by fluorescence measurements using a
microplate reader (Tecan Trading AG). Data are expressed as mean + SEM. A: n=3, B: n=5. *p < 0.05 versus
negative control.
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1.1.2 PT reduces the transmigration of tumor cells through an endothelial monolayer

To investigate the influence of PT on the transmigration of tumor cells through an endothelial
monolayer, endothelial transmigration assays (see I1.11) were performed. Therefore, HUVECs
were grown to confluence in the upper compartment of Transwell® inserts and treated with
increasing concentrations of PT (10, 30, 100 nM) for 24 hours before fluorescence-labeled
MDA-MB-231 tumor cells were allowed to transmigrate through the endothelial monolayer for
24 hours. Fetal calf serum (FCS) in the lower compartment was used as a chemoattractant for
the tumor cells and thus served as a positive control. Interestingly, although the adhesion of
tumor cells onto an endothelial monolayer was enhanced upon PT treatment, the
transendothelial migration of tumor cells was strongly decreased in a concentration-dependent

manner when endothelial cells were treated with PT (Figure 13).
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Figure 13: PTreduces the transmigration of MDA-MB-231 tumor cells through a HUVEC monolayer. HUVECs
were grown to confluence in the upper compartment of Transwell® inserts (polycarbonate membrane, diameter
6.5 mm, pore size 8 um) and treated with PT (10, 30, 100 nM) for 24 hours. Fluorescence-labeled MDA-MB-231
tumor cells were added into the upper compartment and were allowed to transmigrate for 24 hours. FCS (20 %) in
the lower compartment was used as a positive control. The amount of transmigrated tumor cells on the lower part
of the porous filter membrane was quantified by fluorescence measurements using a microplate reader (Tecan
Trading AG). Data are expressed as mean + SEM. n=4. *p < 0.05 versus negative control, #p < 0.05 versus FCS
control.

1.2 The influence of PT on cell adhesion molecules typically
relevant for tumor-endothelial cell interactions

We hypothesized that the enhanced adhesion of tumor cells onto an endothelial monolayer
might be caused by an increased expression of endothelial cell adhesion molecules (CAMS).
Endothelial CAMs that have been reported to be involved in tumor-endothelial cell interactions
are the intercellular adhesion molecule 1 (ICAM-1), the vascular cell adhesion molecule 1
(VCAM-1), E-selectin, galectin-3 and neural cadherin (N-cadherin).*” Hence, the effect of PT

on the mRNA expression, the protein expression and the cell surface expression of these cell
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adhesion molecules was investigated. Furthermore, cell adhesion assays were performed in
which the role of potentially relevant cell adhesion molecules was clarified. The gRT-PCR
experiments were kindly performed by Tanja Stehning.

1.2.1 The PT-induced expression of ICAM-1 is not linked to the PT-triggered tumor cell
adhesion

gRT-PCR experiments, western blot analysis and flow cytometry were performed to analyze
the impact of PT on the expression of ICAM-1 in HUVECs on the mRNA level, on the protein
level and on the cell surface protein level, respectively. Therefore, HUVECs were treated with
increasing concentrations of PT (QRT-PCR and western blot: 10, 30, 100 nM; flow cytometry:
30, 100 nM) for 12 (QRT-PCR) or 24 (western blot and flow cytometry) hours before the cells
were analyzed (see 1.4, 11.5, 11.6). TNFa is widely known to induce the expression of cell
adhesion molecules in endothelial cells and served, therefore, as positive control. The
treatment of HUVECs with PT resulted in a significant increase of ICAM-1 mRNA expression
(Figure 14A), total protein expression (Figure 14B) and cell surface protein expression (Figure
14C).

To prove whether the effect of PT on the expression of ICAM-1 plays a role in the PT-evoked
tumor cell adhesion, an ICAM-1 neutralizing/blocking antibody was used after PT treatment
and before fluorescence-labeled MDA-MB-231 tumor cells were allowed to adhere for 10
minutes (see 11.10.2). Despite the upregulation of ICAM-1 expression due to PT treatment, this
cell adhesion molecule did not participate in the PT-triggered adhesion of tumor cells to an
endothelial monolayer (Figure 14D).
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Figure 14: The enhanced expression of ICAM-1 is not responsible for the PT-evoked tumor cell adhesion.
(A-C) HUVECs were grown to confluence and treated with PT (10, 30, 100 nM (A/B); 30, 100 nM (C)) or TNFa
(10 ng/ml) for 12 (A) or 24 (B/C) hours. The mRNA expression of ICAM-1 (A) was analyzed by gRT-PCR experi-
ments, the protein expression of ICAM-1 (B) was determined by western blot analysis and the cell surface expres-
sion of ICAM-1 (C) was analyzed by flow cytometry using a FACSVerse™ (BD Biosciences). (D) HUVECs were
grown to confluence and treated with 30 nM PT for 24 hours. An ICAM-1 neutralizing antibody (1, 5, 10 pg/ml) was
added for the last 30 minutes of PT treatment. Fluorescence-labeled MDA-MB-231 tumor cells were allowed to
adhere for 10 minutes and non-adherent cells were removed by washing. The amount of adherent tumor cells was
quantified by fluorescence measurements using a microplate reader (Tecan Trading AG). Data are expressed as
mean = SEM. A-C: n=3, D: n=5. *p < 0.05 versus negative control, n.s. (not significant) < 0.05 versus PT alone.
TNFa was used as a positive control and was not included into the statistical analyses.

1.2.2 The PT-induced expression of VCAM-1 is not linked to the PT-evoked tumor cell
adhesion

As with ICAM-1 the effect of PT on the expression of VCAM-1 in HUVECs was investigated on
the mRNA level by qRT-PCR experiments, on the protein level via western blot analysis and
on the cell surface protein level by flow cytometry. Therefore, HUVECs were treated with
increasing concentrations of PT (QRT-PCR and western blot: 10, 30, 100 nM; flow cytometry:
30, 100 nM) for 12 (QRT-PCR) or 24 (western blot and flow cytometry) hours before the assays
were performed (see 1.4, 11.5, I1.6). TNFa served as a positive control to induce the expression
of VCAM-1. The treatment of HUVECs with PT resulted in a significant increase of VCAM-1
MRNA expression (Figure 15A), total protein expression (Figure 15B) and cell surface protein
expression (Figure 15C).

To prove whether the influence of PT on the expression of VCAM-1 plays a role in the PT-



RESULTS 65

triggered tumor cell adhesion, a VCAM-1 neutralizing/blocking antibody was used after PT
treatment and before fluorescence-labeled MDA-MB-231 tumor cells were allowed to adhere
for 10 minutes (see 11.10.2). Despite the upregulation of VCAM-1 expression due to PT
treatment, this cell adhesion molecule did not participate in the PT-evoked adhesion of tumor
cells to an endothelial monolayer (Figure 15D).
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Figure 15: The enhanced expression of VCAM-1is not responsible for the PT-triggered tumor cell adhesion.
(A-C) HUVECSs were grown to confluence and treated with PT (10, 30, 100 nM (A/B); 30, 100 nM (C)) or TNFa (10
ng/ml) for 12 (A) or 24 (B/C) hours. The mRNA expression of VCAM-1 (A) was analyzed by gRT-PCR experiments,
the protein expression of VCAM-1 (B) was determined by western blot analysis and the cell surface expression of
VCAM-1 (C) was analyzed by flow cytometry using a FACSVerse™ (BD Biosciences). (D) HUVECs were grown to
confluence and treated with 30 nM PT for 24 hours. A VCAM-1 neutralizing antibody (1, 5, 10 pg/ml) was added for
the last 30 minutes of PT treatment. Fluorescence-labeled MDA-MB-231 tumor cells were allowed to adhere for 10
minutes and non-adherent cells were removed by washing. The amount of adherent tumor cells was quantified by
fluorescence measurements using a microplate reader (Tecan Trading AG). Data are expressed as mean + SEM
(n=3). *p < 0.05 versus negative control, n.s. (not significant) < 0.05 versus PT alone. TNFa was used as a positive
control and was not included into the statistical analyses.

1.2.3 The PT-induced expression of N-cadherin is not linked to the PT-triggered tumor
cell adhesion

As with ICAM-1 and VCAM-1, gRT-PCR experiments, western blot analysis and flow cytometry
were performed to analyze the influence of PT on the expression of N-cadherin in HUVECs on

the mRNA level, on the protein level and on the cell surface protein level, respectively.
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Therefore, HUVECSs were treated with increasing concentrations of PT (qRT-PCR and western
blot: 10, 30, 100 nM; flow cytometry: 30, 100 nM) for 12 (QRT-PCR) or 24 (western blot and
flow cytometry) hours before the assays were performed (see 11.4, 1.5, 11.6), whereby western
blot analysis was kindly performed by Tanja Stehning. The treatment of HUVECs with PT
resulted in a concentration-dependent increase of N-cadherin mRNA expression (Figure 16A),
total protein expression (Figure 16B) and cell surface protein expression (Figure 16C).

To prove whether the effect of PT on the expression of N-cadherin plays a role in the PT-
evoked tumor cell adhesion, an N-cadherin neutralizing/blocking antibody was used after PT
treatment and before fluorescence-labeled MDA-MB-231 tumor cells were allowed to adhere
for 10 minutes (see 11.10.2). Despite the upregulation of N-cadherin expression due to PT
treatment, this cell adhesion molecule did not participate in the PT-triggered adhesion of tumor

cells to an endothelial monolayer (Figure 16D).
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Figure 16: The enhanced expression of N-cadherin is not responsible for the PT-evoked tumor cell adhe-
sion. (A-C) HUVECs were grown to confluence and treated with PT (10, 30, 100 nM) for 12 (A) or 24 (B/C) hours.
The mRNA expression of N-cadherin (A) was analyzed by qRT-PCR experiments, the protein expression of N-
cadherin (B) was determined by western blot analysis and the cell surface expression of N-cadherin (C) was
analyzed by flow cytometry using a FACSVerse™ (BD Biosciences). (D) HUVECs were grown to confluence and
treated with 30 nM PT for 24 hours. An N-cadherin neutralizing antibody (1, 5, 10 pg/ml) was added for the last 30
minutes of PT treatment. Fluorescence-labeled MDA-MB-231 tumor cells were allowed to adhere for 10 minutes
and non-adherent cells were removed by washing. The amount of adherent tumor cells was quantified by
fluorescence measurements using a microplate reader (Tecan Trading AG). Data are expressed as mean + SEM
(n=3). *p = 0.05 versus control (A-C) or negative control (D), n.s. (not significant) < 0.05 versus PT alone.
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1.2.4 E-selectin and galectin-3 do not participate in the PT-evoked tumor cell adhesion

The impact of PT on the expression of E-selectin and galectin-3 in HUVECs was analyzed at
the mRNA level by gRT-PCR experiments and in the case of E-selectin at the cell surface
protein level by flow cytometry. Therefore, HUVECs were treated with increasing
concentrations of PT (qRT-PCR: 10, 30, 100 nM; flow cytometry: 30, 100 nM) for 12 (qRT-
PCR) or 4 (flow cytometry) hours before the assays were performed (see Il.4, 11.6). As with cell
adhesion assays, TNFa served as a positive control when the influence of PT on E-selectin
expression was investigated. The treatment of HUVECs with PT resulted in a significant
increase of E-selectin mMRNA expression (Figure 17A), whereas galectin-3 mRNA expression
remained unaffected (Figure 17C). However, the cell surface expression of E-selectin was not
influenced when HUVECs were treated with PT (Figure 17B). These findings indicate that
neither E-selectin nor galectin-3 play a role in the PT-evoked adhesion of tumor cells to an

endothelial monolayer.
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Figure 17: PT does not influence the surface expression of E-selectin and the mRNA expression of galectin-
3. (A-C) HUVECs were grown to confluence and treated with PT (10, 30, 100 nM (A/C); 30, 100 nM (B)) or TNFa
(10 ng/ml, A/B) for 12 (A/C) or 4 (B) hours. The mRNA expression of E-selectin/galectin-3 (A/C) was analyzed by
gRT-PCR experiments and the cell surface expression of E-selectin (B) was analyzed by flow cytometry using a
FACSVerse™ (BD Biosciences). Data are expressed as mean + SEM (n=3). *p < 0.05 versus negative control (A/B)
or control (C). TNFa was used as a positive control and was not included into the statistical analyses.
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1.3 The effect of PT on the chemokine system CXCL12/CXCR4

Since the chemokine system C-X-C motif chemokine 12/C-X-C chemokine receptor 4
(CXCL12/CXCRA4) is substantially involved in the regulation of cancer cell dissemination, the
influence of PT on the mMRNA expression and the protein expression of CXCL12 as well as its
secretion into cell culture supernatants was investigated. Furthermore, cell adhesion assays
were performed in which the role of CXCL12 was clarified. Here, gRT-PCR experiments were

kindly performed by Tanja Stehning.

1.3.1 The PT-induced expression of CXCL12 is not linked to the PT-triggered tumor
cell adhesion

gRT-PCR experiments and western blot analysis were performed to analyze the influence of
PT on the expression of CXCL12 in HUVECs on the mRNA level and on the protein level,
respectively. Moreover, the effect of PT on the endothelial secretion of CXCL12 into cell culture
supernatants was determined by ELISA. Therefore, HUVECs were treated with increasing
concentrations of PT (QRT-PCR: 10, 30, 100 nM; western blot and ELISA: 30, 100 nM) for 12
(gRT-PCR) or 24 (western blot and ELISA) hours before the assays were performed (see 1.4,
1.5, 11.7). The treatment of HUVECs with PT resulted in a strong concentration-dependent
increase of N-cadherin mRNA expression (Figure 18A), whereas its protein expression (Figure
18B) and its secretion in cell culture supernatants (Figure 18C) were only slightly induced when
HUVECs were treated with PT.

Nonetheless, CXCL12 secreted from HUVECs might directly act on tumor cells. Therefore, cell
adhesion assays (see 11.10.2) were performed, in which the cell culture medium was removed
and replaced by fresh medium or not after PT treatment before fluorescence-labeled MDA-
MB-231 tumor cells were allowed to adhere for 10 minutes. Despite the slight upregulation of
CXCL12 secretion due to PT treatment, no differences were observed between the two
conditions in the cell adhesion assay (Figure 18D). Thus, the secretion of CXCL12 and
cytokine secretion in general is not responsible for the PT-triggered adhesion of tumor cells to
an endothelial monolayer.

To exclude a potential autocrine action of CXCL12 on HUVECSs, additional cell adhesion
assays (see 11.10.2) were performed, in which the endothelial CXCL12 receptor CXCR4 was
inhibited after PT treatment with plerixafor (AMD3100) before fluorescence-labeled MDA-MB-
231 tumor cells were allowed to adhere for 10 minutes. However, the inhibition of CXCR4 did
not affect the PT-evoked tumor cell adhesion (Figure 18E). Since the blocking of CXCR4 with
AMD3100 was reported to inhibit the phosphorylation of extracellular signal-regulated kinases
1/2 (ERK1/2), the functionality of AMD3100 was confirmed by western blot analysis (see 11.5)
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in advance.®*” Therefore, HUVECs were treated with two concentrations of AMD3100 (0.5, 5
pg/ml) for 30 minutes and CXCL12 (500 ng/ml) was added for the last 5 minutes of AMD3100
treatment. The CXCL12-induced phosphorylation of ERK1/2 was completely abolished when
HUVECs were treated with AMD3100 (Figure 18F). Taken together these data indicate that
the chemokine system CXCL12/CXCR4 does not participate in the PT-triggered adhesion of
tumor cells to an endothelial monolayer.
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Figure 18: The enhanced expression of CXCL12 is not responsible for the PT-triggered tumor cell adhesion.
(A-C) HUVECSs were grown to confluence and treated with PT (10, 30, 100 nM (A); 30, 100 nM (B/C)) for 12 (A) or
24 (B/C) hours. The mRNA expression of CXCL12 (A) was analyzed by gRT-PCR experiments, the protein
expression of CXCL12 (B) was determined by western blot analysis and the secretion of CXCL12 into cell culture
supernatants (C) was analyzed by ELISA. (D/E) HUVECs were grown to confluence and treated with 30 nM PT for
24 hours. (D) The cell culture medium was removed and replaced by fresh medium (indicated as “with medium
change”) or not (indicated as “w/o medium change”) before fluorescence-labeled MDA-MB-231 tumor cells were
added. (E) AMD3100 (0.5, 5 pg/ml) was added for the last 30 minutes of PT treatment before fluorescence-labeled
MDA-MB-231 tumor cells were added. (D/E) Tumor cells were allowed to adhere for 10 minutes and non-adherent
cells were removed by washing. The amount of adherent tumor cells was quantified by fluorescence measurements
using a microplate reader (Tecan Trading AG). (F) HUVECs were grown to confluence and treated with AMD3100
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(0.5, 5 pg/ml) for 30 minutes. CXCL12 (500 ng/ml) was added for the last 5 minutes of AMD3100 treatment and the
protein expression of phosphorylated ERK1/2 (pERK1/2) and ERK1/2 was determined by western blot analysis.
Data are expressed as mean + SEM. A-C/F: n=3, D: n=5, E: n=4. *p < 0.05 versus control (A-E) or negative control
(F), n.s. (not significant) < 0.05 versus “with medium change” (D) or PT alone (E), #p < 0.05 versus CXCL12 control

(F).

1.4 The mechanism underlying the effects of PT on tumor-
endothelial cell interactions

1.4.1 The PT-triggered tumor cell adhesion is mediated by the exposure of the
extracellular matrix component collagen

PT was recently characterized as a vascular disrupting compound leading to the formation of
gaps within the endothelial monolayer.?®® This characteristic was confirmed by phase-contrast
images in which the dashed lines indicate the interendothelial gaps (Figure 19A, dashed lines
indicate the gaps). Moreover, since the effects of PT on tumor cell adhesion onto endothelial
cells were neither mediated via its influence on the cell adhesion molecules ICAM-1, VCAM-
1, N-cadherin, E-selectin and galectin-3 nor via its influence on the chemokine system
CXCL12/CXCR4, we hypothesized that there might be an indirect interaction between MDA-
MB-231 tumor cells and endothelial cells. Thus, cell adhesion assays (see 11.10.2) were
performed, in which the precise location of MDA-MB-231 tumor cells on the endothelial
monolayer was investigated. Therefore, fluorescence-labeled MDA-MB-231 tumor cells were
added to PT-treated HUVECs and the endothelial cell boundaries were visualized by
immunofluorescence staining (see 11.8) of vascular endothelial cadherin (VE-cadherin). As
presumed, tumor cells mainly adhered within the PT-induced gaps of the endothelial
monolayer (Figures 19B and Figure 19C, dashed lines indicate the gaps) confirming the
hypothesis of an indirect interaction between tumor and endothelial cells.

These findings led to the assumption that the PT-evoked tumor cell adhesion onto an
endothelial monolayer might be caused by the interaction between tumor cells and
extracellular matrix components that are exposed within the PT-induced interendothelial gaps.
Therefore, cell adhesion assays (see 11.10.1) were performed in which fluorescence-labeled
MDA-MB-231 tumor cells were allowed to adhere on PBS-, fibronectin- or collagen-coated
plastic in order to figure out on which extracellular matrix protein the cells preferentially attach.
While the tumor cells show only a weak adherence to fibronectin, they strongly attached to
collagen (Figure 19D). To prove whether collagen was present within the PT-triggered gaps of
the endothelial monolayer, a HUVEC monolayer treated with PT was stained for collagen (see
11.8). Here, endothelial cell boundaries were visualized by the staining of platelet endothelial
cell adhesion molecule 1 (PECAM-1). Since collagen was present within the endothelial gaps

due to PT treatment (Figure 19E, dashed line indicates the gap), we conclude that the PT-



RESULTS 71

evoked adhesion of tumor cells onto an endothelial monolayer is based on the exposure of the
extracellular matrix component collagen.
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Figure 19: The PT-evoked tumor cell adhesion is based on the exposure of the extracellular matrix protein
collagen within endothelial gaps. (A-C) HUVECs were grown to confluence and treated with 30 nM PT for 6
hours. (A) Culture medium was removed and the cells were washed with medium before phase-contrast images
were captured using an inverted microscope (Leica DM IL LED, Leica Microsystems). (B/C) Fluorescence-labeled
MDA-MB-231 tumor cells (green) were allowed to adhere for 10 minutes and non-adherent cells were removed by
washing. After fixation and permeabilization, VE-cadherin (red) was visualized by immunocytochemistry. The
localization of MDA-MB-231 tumor cells was analyzed by fluorescence microscopy using a fluorescence
microscope (LSM 510, Carl Zeiss AG) (B). The mean number of tumor cells per high-power field (HPF) that adhered
either within endothelial gaps (indicated as “between ECs”) or onto HUVECs (indicated as “on ECs”) was
determined by microscopic analyses and cell counting. (D) Fluorescence-labeled MDA-MB-231 tumor cells were
allowed to adhere onto uncoated, PBS-, fibronectin- (5 pg/ml) or collagen- (10 ug/ml) coated plastic for 10 minutes
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and non-adherent cells were removed by washing. The amount of adherent tumor cells was quantified by
fluorescence measurements using a microplate reader (Tecan Trading AG). (E) HUVECs were grown to confluence
and treated with 30 nM PT for 6 hours. After fixation collagen (green) and PECAM-1 (red) were visualized by
immunocytochemistry and fluorescence microscopy using a fluorescence microscope LSM 510 (Carl Zeiss AG).
HOECHST was used for the staining of nuclei (blue). (C/D) Data are expressed as mean + SEM. C: n=4, D: n=3.
*p < 0.05 versus control, #p < 0.05 versus “30 nM PT between ECs”. Microscopic images: Scale bar represents
100 pum. Dashed lines indicate interendothelial gaps. One representative image out of at least 3 independently
performed experiments is shown. A: n=3, B/E: n=4.

1.4.2 Interactions of B1-integrins on tumor cells with extracellular collagen mediate the
effects of PT on tumor cell adhesion and transmigration

The interactions between tumor cells and extracellular matrix components are mediated via
B1-integrins on tumor cells.®>% To analyze the functional role of B1-integrins in the action of
PT, cell adhesion assays (see 11.10.2) and endothelial transmigration assays (see 11.11) were
performed, in which B1-integrins on fluorescence-labeled MDA-MB-231 tumor cells were
blocked by a neutralizing antibody before they were added to an HUVEC monolayer treated
with 30 nM PT. Both the PT-induced tumor cell adhesion onto an endothelial monolayer (Figure
20A) as well as the PT-evoked decrease in transendothelial migration of tumor cells (Figure
20B) were completely abolished upon the blocking of B1-integrins on MDA-MB-231 tumor cells.
The functionality of the B1-integrin neutralizing antibody was confirmed by cell adhesion
assays (see 11.10.1), in which fluorescence-labeled MDA-MB-231 tumor cells were treated with
increasing concentrations of the antibody (1, 5, 10 ug/ml). After 30 minutes the cells were
allowed to adhere on collagen-coated plastic for 10 minutes. The adhesion of tumor cells onto
collagen was completely abolished when the cells were treated with 1 ug/ml of the B1-integrin
neutralizing antibody (Figure 20C). Taken together, these data indicate that the action of PT
might be based on the trapping of tumor cells within endothelial gaps that is mediated via the

interaction between collagen and (31-integrins on tumor cells.
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Figure 20: The effects of PT on tumor-endothelial cell interactions are based on the interaction between f31-
integrins on tumor cells and collagen within interendothelial gaps. (A) HUVECs were grown to confluence and
treated with 30 nM PT for 6 hours. Fluorescence-labeled MDA-MB-231 tumor cells were treated with a B1-integrin
neutralizing antibody (1 pg/ml) for 30 minutes before they were added to the PT-treated HUVECSs. The tumor cells
were allowed to adhere for 10 minutes. Non-adherent cells were removed by washing and the amount of adherent
tumor cells was quantified by fluorescence measurements using a microplate reader (Tecan Trading AG). (B)
HUVECs were grown to confluence in the upper compartment of Transwell® inserts (polycarbonate membrane,
diameter 6.5 mm, pore size 8 pm) and treated with 30 nM PT for 24 hours. Fluorescence-labeled MDA-MB-231
tumor cells were treated with a 1-integrin neutralizing antibody (1 pg/ml) for 30 minutes before they were added
to the PT-treated HUVECSs. The tumor cells were allowed to transmigrate for 24 hours. FCS (20 %) in the lower
compartment was used as a positive control. The amount of transmigrated tumor cells on the lower part of the
porous filter membrane was quantified by fluorescence measurements using a microplate reader (Tecan Trading
AG). (C) Fluorescence-labeled MDA-MB-231 tumor cells were treated with a B1-integrin neutralizing antibody (1, 5,
10 pg/ml) for 30 minutes before they were added to plastic coated with collagen (10 pg/ml). The tumor cells were
allowed to adhere for 10 minutes. Non-adherent cells were removed by washing and the amount of adherent tumor
cells was quantified by fluorescence measurements using a microplate reader (Tecan Trading AG). (A-C) Data are
expressed as mean + SEM. A/C: n=3, B: n=5. *p < 0.05 versus control (A/C) or FCS alone (B), #p < 0.05 versus PT
alone (A) or PT + FCS (B).

1.4.3 The reported effects of PT on tumor-endothelial cell interactions depend on its
microtubule-destabilizing activity

To prove whether the reported effects of PT depend on its destabilizing action on the
microtubule network, the influence of PT on endothelial cells in cell adhesion assays (see
11.10.2) with tumor cells was compared to that of other MTASs. In this context, the functional role
of B1-integrins in the action of the investigated MTAs was determined. Therefore, HUVECs
were treated with the microtubule-destabilizing compounds PT (100 nM), (VIN, 100 nM) and
colchicine (COL, 100 nM) or the microtubule-stabilizing agent paclitaxel (PAC, 100 nM).
Phase-contrast images of the treated endothelial monolayers were obtained and 1-integrins

on fluorescence-labeled MDA-MB-231 tumor cells were blocked by a neutralizing antibody
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before they were allowed to adhere for 10 minutes. As with PT, the microtubule-destabilizing
compounds VIN and COL led to the formation of interendothelial gaps, whereas the
microtubule-stabilizing agent did not affect endothelial integrity (Figure 21A, dashed lines
indicate the gaps). Similar results were obtained in cell adhesion assays: while the microtubule-
destabilizing compounds PT, VIN and COL induced the adhesion of tumor cells onto an
endothelial monolayer, tumor cell adhesion was not substantially affected by the microtubule-
stabilizing agent paclitaxel (Figure 21B). Furthermore, tumor cell adhesion induced by the
treatment of HUVECs with PT, VIN or COL was completely abolished when 31-integrins were
blocked on tumor cells (Figure 21B). Hence, we conclude that the reported effects of PT on

tumor-endothelial cell interactions depend on its microtubule-destabilizing activity.
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Figure 21: The effects of PT on tumor-endothelial cell interactions depend on its microtubule-destabilizing
activity. HUVECs were grown to confluence and treated with 100 nM PT, VIN, COL or PAC for 6 hours. (A) Culture
medium was removed and the cells were washed with medium before phase-contrast images were captured using
an inverted microscope (Leica DM IL LED, Leica Microsystems). (B) Fluorescence-labeled MDA-MB-231 tumor
cells were treated with a B1-integrin neutralizing antibody (1 pug/ml) for 30 minutes before they were added to treated
HUVECSs. The tumor cells were allowed to adhere for 10 minutes. Non-adherent cells were removed by washing
and the amount of adherent tumor cells was quantified by fluorescence measurements using a microplate reader
(Tecan Trading AG). (B) Data are expressed as mean = SEM (n=3). *p < 0.05 versus control, #p < 0.05 versus “w/o
anti-B1-integrin Ab”. Microscopic images: Scale bar represents 100 um. Dashed lines indicate interendothelial gaps.
One representative image out of at least 3 independently performed experiments is shown.
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2. The influence of PT and other MTAs on leukocyte-
endothelial cell interactions

2.1 The effect of PT on leukocyte-endothelial cell interactions in
Vivo

Three essential steps in the recruitment of leukocytes to the site of inflammation are leukocyte
rolling and adhesion onto as well as leukocyte transmigration through the endothelium. These
processes were already described in the nineteenth century.® Today, intravital microscopy —
evolved through the huge advances in optical microscopy techniques over the last decades —

allows to visualize these cell interactions in living animals.3%2

2.1.1 PT reduces the adhesion and transmigration of leukocytes onto/through the
TNFa-activated endothelium

In this study, the influence of PT on leukocyte-endothelial cell interactions under inflammatory
conditions was investigated by intravital microscopy (see 11.12) that was kindly performed by
Matthias Fabritius from the group of PD Dr. Christoph Andreas Reichel (Department of
Otorhinolaryngology, Head and Neck Surgery, Walter Brendel Centre of Experimental
Medicine, Klinikum der Universitat Miinchen, Munich, Germany) as recently described.3%® PT
(1 mg/kg) was administered to male C57BL/6 mice by intra-arterial injection. Inflammatory
conditions in the mouse cremaster muscle were established by intrascrotal injection of TNFa
(25 pg/kg) 30 min after PT application. 4 hours after TNFa administration, leukocyte rolling and
firm adherence onto and leukocyte transmigration through the endothelium was determined by
intravital microscopy of postcapillary venules of the mouse cremaster muscle. While the rolling
of leukocytes (Figure 22A) onto the endothelium was not reduced by PT, firm adhesion of
leukocytes (Figure 22B) onto and their transmigration (Figure 22C) through the TNFa-activated
endothelium were significantly decreased by the compound. Taken together these data clearly
suggest that PT among its anti-tumoral and anti-metastatic activity also affects crucial steps in

the process of acute inflammation.
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Figure 22: PT reduces the firm adhesion of leukocytes onto and the transmigration of leukocytes through
the TNFa-activated endothelium in vivo. PT (1 mg/kg) was administered intraarterially to male C57BL/6 mice. 30
minutes after PT application, TNFa (25 pg/kg) was administered by intrascrotal application. Leukocyte rolling (A),
firm adhesion (B) and transmigration (C) onto/through the endothelium was analyzed by intravital microscopy
4 hours after TNFa induction. Data are expressed as mean + SEM (n=4). *p < 0.05 versus TNFa control.

2.2 The influence of PT and other MTAs on the viability of
endothelial cells

To gain insights into the mechanism underling the anti-inflammatory potential of PT observed
in vivo, the influence of PT on leukocyte-endothelial cell interactions was investigated in vitro
by cell adhesion assays. Moreover, the influence of other MTAs (VIN, COL, PAC) on leukocyte-
endothelial cell interactions was determined in this context, since their impact on the vascular
endothelium during the process of acute inflammation is rarely investigated. Moreover, the few
existing studies report contradictory results regarding the action of MTAs within the context of
inflammation.247:259308:311 |n 3 first approach, the influence of PT, VIN, COL and PAC on the
viability of human microvascular endothelial cells (HMECs) was determined analyzing the

metabolic activity, the release of lactate dehydrogenase (LDH) and the apoptotic cell rate.

2.2.1 The metabolic activity of HMECs is not substantially affected by PT and other
MTAs

The effect of PT, VIN, COL and PAC on the metabolic activity of HMECs was investigated
using a CellTiter-Blue® Cell Viability Assay (Promega GmbH). Therefore, HMECs were treated
with increasing concentrations of PT, VIN, COL and PAC (10, 30, 100, 300, 1000 nM) for 24
hours before the assay was performed (see 11.3.1). While the endothelial metabolic activity was
slightly reduced upon the treatment with the microtubule-stabilizing compounds PT (Figure
23A), VIN (Figure 23B) and COL (Figure 23C), the microtubule-stabilizing agent paclitaxel
(Figure 23D) did not affect endothelial cell viability.
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Figure 23: PT, VIN and COL slightly reduce the endothelial metabolic activity. HMECs were grown to
confluence and treated with PT (A), VIN (B), COL (C) and PAC (D) (10, 30, 100, 300, 1000 nM) for 24 hours.
CellTiter-Blue® reagent was added for the last 4 hours of treatment and metabolic activity was quantified by
fluorescence measurements using a microplate reader (Tecan Trading AG). Data are expressed as mean + SEM.
A/C/D: n=3, B: n=6. *p < 0.05 versus control.

2.2.2 LDHrelease of HMECs is not induced by PT and other MTAs

LDH is a stable cytosolic enzyme that is released upon cell lysis. A CytoTox 96® non-
radioactive cytotoxicity assay (Promega GmbH) was therefore used to investigate the influence
of PT, VIN, COL and PAC on the LDH release of HMECs.

HMECs were treated with increasing concentrations of PT, VIN, COL and PAC (10, 30, 100,
300, 1000 nM) for 24 hours before the assay was performed (see 11.3.2). None of the
compounds exhibited any effects on the release of LDH into cell culture supernatants (Figure
24).
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Figure 24: PT, VIN, COL and PAC did not affect the endothelial LDH release into cell culture supernatants.
HMECs were grown to confluence and treated with PT (A), VIN (B), COL (C) and PAC (D) (10, 30, 100, 300,
1000 nM) for 24 hours. For positive control, lysis solution (LS) was added into the medium of untreated cells in a
ratio of 1:10 for the last 45 min of compound treatment. CytoTox 96® reagent was mixed with the cell culture medium
and the enzymatic reaction was stopped after 30 minutes using stop solution. The absorbance of the red formazan
product was quantified by absorbance measurements using a microplate reader (Tecan Trading AG). Data are
expressed as mean = SEM (n=3). *p < 0.05 versus negative control.

2.2.3 The apoptotic cell rate of HMECs is only slightly enhanced by PT and other MTAs

Cell apoptosis is accompanied by deoxyribonucleic acid (DNA) fragmentation due to chromatin
cleavage. The effect of PT, VIN, COL and PAC on the apoptotic cell rate of HMECs was
investigated as already described by flow cytometry using the DNA-intercalating fluorescent
dye P1.28® Therefore, HMECs were treated with increasing concentrations of PT, VIN, COL and
PAC (10, 30, 100, 300, 1000 nM) for 24 hours before the cell apoptosis assay was performed
(see 11.3.3). While the apoptotic cell rate was slightly increased upon the treatment with PT
(Figure 25A), VIN (Figure 25B) and PAC (Figure 25D), the treatment with COL (Figure 25C)
did not affect apoptosis in endothelial cells. Together with the results received from
investigating the metabolic activity and the release of LDH in cell culture supernatants, these
data indicate that none of the compounds used at concentrations up to 1000 nM causes severe

cytotoxic effects in HMECSs.
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Figure 25: PT, VIN and PAC slightly enhance the endothelial apoptotic cell rate. HMECs were grown to
confluence and treated with PT (A), VIN (B), COL (C) and PAC (D) (10, 30, 100, 300, 1000 nM) for 24 hours. For
positive control, HMECs were treated with staurosporine (Stauro, 1ug/ml) for 24 hours. Live adherent cells and
apoptotic cells in the cell culture medium were permeabilized and stained using hypotonic fluorochrome solution
(HFS) containing Pl (HFS-PI solution). Pl-staining was quantified by fluorescence measurements using a microplate
reader (Tecan Trading AG). Data are expressed as mean + SEM (n=4). *p < 0.05 versus negative control.

2.3 The effect of PT and other MTAs on leukocyte adhesion onto
TNFa-activated endothelial cells in vitro

2.3.1 PT, VIN and COL decrease the adhesion of leukocytes onto TNFa-activated
endothelial cells

Cell adhesion assays (see 11.10.3) were performed, in which HMECs were pre-incubated with
increasing concentrations of PT, VIN, COL or PAC (30, 100, 300, 1000 nM) for 30 minutes
before TNFa (10 ng/ml) was added for 24 hours, to analyze the impact of PT, VIN, COL and
PAC on the adhesion of leukocytes onto TNFa-activated endothelial cells in vitro.
Fluorescence-labeled THP-1 cells were allowed to adhere for 5 minutes onto the treated
endothelial cells. Since we could show that the treatment of HUVECs with PT, VIN and COL
led to the formation of gaps within the endothelial monolayer (see 111.1.4.3, Figure 21A) the
amount of adherent THP-1 cells was normalized to the amount of HMECs after treatment with
the compounds determined by crystal violet staining, which was kindly performed by Mareike
Lang (see 11.10.3). Thereby, we could exclude that effects of the compounds on leukocyte
adhesion onto the activated HMEC monolayer were due to the reduced number of interacting
endothelial cells caused by the vascular disruptive activity of the agents. While the treatment
of HMECs with the microtubule-destabilizing compounds PT (Figure 26A), VIN (Figure 26B)
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and COL (Figure 26C) resulted in a clear concentration-dependent decrease of leukocyte
adhesion onto the endothelial monolayer, the microtubule-stabilizing compound PAC (Figure
26D) did not affect this process. These findings indicate that the influence of PT, VIN and COL
on the adhesion of leukocytes onto activated endothelial cells depend on their microtubule-
destabilizing activity.
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Figure 26: PT, VIN and COL decrease the adhesion of THP-1 cells onto a TNFa-activated HMEC monolayer.
Confluent HMECs were pre-treated with PT (A), VIN (B), COL (C) and PAC (D) (30, 100, 300, 1000 nM) for 30
minutes before TNFa (10 ng/ml) was added for 24 hours. Fluorescence-labeled THP-1 cells were allowed to adhere
for 5 minutes and non-adherent cells were removed by washing. The amount of adherent THP-1 cells was quantified
by fluorescence measurements using a microplate reader (Tecan Trading AG) and normalized to the amount of
HMECs after treatment (determined by crystal violet staining). Data are expressed as mean + SEM (n=4). *p < 0.05
versus negative control, #p < 0.05 versus TNFa control.

2.4 Theinfluence of PT and other MTAs on cell adhesion molecules
typically relevant for leukocyte-endothelial cell interactions

As the firm adhesion of leukocytes onto the endothelium during the process of acute
inflammation is mediated by CAMs, we analyzed the effects of PT, VIN, COL and PAC on the

TNFao-induced expression of ICAM-1 and VCAM-1 on the surface of endothelial cells.®*°!
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2.4.1 The TNFa-induced surface expression of ICAM-1 and VCAM-1 is reduced by
MTAs

To analyze the effect of PT, VIN, COL and PAC on the TNFa-induced cell surface expression
of ICAM-1 and VCAM-1, HMECs were pre-incubated with increasing concentrations of PT,
VIN, COL or PAC (30, 100, 300 nM in the case of ICAM-1 and 10, 30, 100, 300 nM in the case
of VCAM-1) for 30 minutes before TNFa (10 ng/ml) was added for 24 hours. The protein
expression of ICAM-1 and VCAM-1 on the endothelial cell surface was determined by flow
cytometric analysis (see I1.6). While the treatment of HMECs with the microtubule-destabilizing
compounds PT (Figure 27A), VIN (Figure 27B) and COL (Figure 27C) resulted in a clear
concentration-dependent decrease of the TNFa-induced ICAM-1 cell surface protein
expression, the microtubule-stabilizing compound PAC (Figure 27D) did not affect this
process. Moreover, the treatment of PT showed the strongest effects in the reduction of TNFa-
induced endothelial cell surface expression of ICAM-1 compared to the treatment with VIN and
COL (Figure 27). Thus, we assumed that the influence of PT, VIN and COL on the TNFa-
induced endothelial cell surface expression of ICAM-1 might be involved in their action on
leukocyte-endothelial cell interactions. While the treatment of HMECs with the microtubule-
destabilizing compounds PT (Figure 28A), VIN (Figure 28B) and COL (Figure 28C) resulted in
a strong concentration-dependent decrease of the TNFa-induced VCAM-1 cell surface protein
expression, the microtubule-stabilizing compound PAC (Figure 28D) affected this process to a
lesser extent. Furthermore, the treatment of PT and VIN showed the strongest effects in the
reduction of TNFa-induced endothelial cell surface protein expression of VCAM-1 compared
to the treatment with COL and PAC (Figure 28). These data indicate that the reduction of the
TNFa-induced endothelial cell surface expression of VCAM-1 evoked by PT, VIN and COL

might be involved in their action on leukocyte-endothelial cell interactions.
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Figure 27: PT, VIN and COL decrease the TNFa-induced cell surface expression of ICAM-1 in HMECs.
Confluent HMECs were pre-treated with PT (A), VIN (B), COL (C) and PAC (D) (30, 100, 300 nM) for 30 minutes
before TNFa (10 ng/ml) was added for 24 hours. The cell surface expression of ICAM-1 was quantified by flow
cytometry using a FACSVerse™ (BD Biosciences). Data are expressed as mean + SEM (n=3). *p < 0.05 versus
negative control, #p < 0.05 versus TNFa control.
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Figure 28: PT and other MTAs decrease the TNFa-induced cell surface expression of VCAM-1 in HMECs.
Confluent HMECs were pre-treated with PT (A), VIN (B), COL (C) and PAC (D) (30, 100, 300, 1000 nM) for
30 minutes before TNFa (10 ng/ml) was added for 24 hours. The cell surface expression of VCAM-1 was quantified
by flow cytometry using a FACSVerse™ (BD Biosciences). Data are expressed as mean + SEM (n=4). *p < 0.05
versus negative control, #p < 0.05 versus TNFa control.
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2.5 The effect of PT and other MTAs on the NFkB pathway

The pro-inflammatory transcription factor NFkB crucially regulates the TNFa-induced expres-
sion of ICAM-1, VCAM-1 and other endothelial cell adhesion molecules involved in the process
of acute inflammation.'8318 Therefore, the role of the NFkB signaling pathway in the action of

PT, VIN, COL and PAC on leukocyte-endothelial cell interactions was examined.

2.5.1 PT, VIN and COL decrease the TNFa-induced NFkB promotor activity

The influence of the PT, VIN, COL and PAC on the TNFa-induced endothelial NFKB promotor
activity was investigated using a Dual-Luciferase® reporter assay (Promega GmbH, see 11.9)
to analyze the impact of the compounds on the NFkB signaling pathway. Therefore, transfected
HMECs were pre-incubated with increasing concentrations of PT, VIN, COL or PAC (30, 100,
300 nM) for 30 minutes before TNFa (10 ng/ml) was added for 6 hours. The effect of PT and
other MTAs on the TNFa-induced NFkB promotor activity was quantified by luminescence
measurements. While the treatment of HMECs with the microtubule-destabilizing compounds
PT (Figure 29A), VIN (Figure 29B) and COL (Figure 29C) resulted in a slight decrease of the
TNFa-induced NFkB promotor activity, this process was slightly enhanced by the microtubule-
stabilizing compound PAC (Figure 29D). Moreover, in accordance with effects on TNFa-
induced endothelial cell surface expression of ICAM-1 and VCAM-1, the treatment of PT
showed the strongest effects in the reduction of TNFa-induced NFkB promotor activity
compared to the treatment with the other MTAs (Figure 29). Taken together, these findings
suggest that the reduction in the TNFa-induced expression of ICAM-1 and VCAM-1 on the
endothelial surface caused by the treatment with the microtubule-destabilizing compounds PT,
VIN and COL is at least in part mediated via their influence on the TNFa-induced NFkB

promotor activity.
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Figure 29: PT, VIN and COL decrease the TNFa-induced NFkB promotor activity in HMECs. HMECs were co-
transfected with 3.5 pg of pGL4.32[luc2P/NF-kB-RE/Hygro] vector and 1.4 ug of pGL4.74[hRluc/TK] vector using a
HUVEC Nucleofector® Kit (Lonza Cologne GmbH). 24 hours post transfection, HMECs were pre-treated with PT
(A), VIN (B), COL (C) and PAC (D) (30, 100, 300 nM) for 30 minutes before TNFa (10 ng/ml) was added for 6 hours.
The cells were lysed using passive lysis buffer (PLB). Photinus luciferase activity and Renilla luciferase activity were
determined by luminescence measurements using a microplate reader (Tecan Trading AG). The signal of Photinus
luciferase was normalized to that of Renilla luciferase. Data are expressed as mean + SEM (n=4). *p < 0.05 versus
negative control, #p < 0.05 versus TNFa control.
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1 The role of MTAS in the treatment of cancer

MTAs, compounds that bind to the B-tubulin subunit of microtubules causing either
microtubule-stabilization or -destabilization, are the most frequently used chemotherapeutic
drugs until today.3312313 Besides their well-known direct effects on tumor cells, such as
induction of mitosis-dependent and -independent cell death, the influence of MTAs on
endothelial cells is well studied regarding their anti-angiogenic and vascular-disruptive effects
on the tumor microvasculature.3!%5-3® However, the impact of MTAs on endothelial cells of the
non-tumor vasculature has been largely neglected, although these cells play an essential role
in the metastatic dissemination of tumor cells — one of the hallmarks of cancer that is
responsible for 90 % of cancer-related mortality.4%:5253

PT, a biosynthetic precursor of the myxobacterial tubulysins, was recently identified as a novel
MTA showing profound anti-tumor activities demonstrated by its direct effect on tumor cells,
its anti-metastatic effect as well as its influence on the tumor microvasculature observed in
vivo.275279-283 Dye to the gap in research regarding the influence of MTAs on endothelial cells
of the non-tumor vasculature, one aim of the present study was, therefore, to analyze the
impact of PT on the interaction of non-tumor endothelial cells and breast cancer cells in vitro,
since we hypothesized that PT influences the metastatic process — at least in part — via a direct
action on the healthy endothelium.

1.1 PT interferes with tumor-endothelial cell interactions

Endothelial cells of the non-tumor vasculature play a crucial role in metastasis formation of
hematogenically disseminating tumor cells, since they are involved in the regulation of tumor
cell adhesion onto and their transmigration through the endothelium during the process of
cancer cell intra- and extravasation.**** Since we hypothesized that the anti-metastatic effect
of PT could be mediated via a direct action on the healthy endothelium influencing the
previously described tumor-endothelial cell interactions, in the present study we analyzed the
impact of PT on endothelial cells in cell adhesion and transendothelial migration assays with
MDA-MB-231 breast cancer cells. This study revealed that the treatment of endothelial cells
with PT strongly increased the adhesion of MDA breast cancer cells onto the endothelial
monolayer. Surprisingly, although the adhesion of MDA cells onto endothelial cells was
induced by the treatment with PT, the transendothelial migration of MDA cells through an

endothelial monolayer was markedly reduced by the compound.
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1.2 Elucidation of the mechanism responsible for the effect of PT
on tumor-endothelial cell interactions

1.2.1 The impact of PT on endothelial cell adhesion molecules and the chemokine
system CXCL12/CXCR4

Various studies have focused on the interaction between tumor cells and endothelial cells of
the non-tumor vasculature, investigating the regulatory mechanisms underlying tumor cell
intra- and extravasation.'3”314317 Although the mechanisms by which tumor cells adhere to
endothelial cells are not yet fully understood, it is very likely that they mimic mechanisms
described for leukocyte-endothelial cell interactions.” Since several studies indicate that the
CAMs E-selectin, N-cadherin, ICAM-1, VCAM-1 and galectin-3 expressed on endothelial cells
are involved in either the rolling or firm adhesion of tumor cells onto the endothelium, we
assumed that the PT-evoked tumor cell adhesion onto endothelial cells might be caused by an
increased expression of these adhesion molecules.*”871.82 While the treatment of endothelial
cells with PT increased the mRNA expression, the protein expression as well as the cell
surface protein expression of ICAM-1, VCAM-1 and N-cadherin, the protein expression of E-
selectin was not affected on the endothelial cell surface and that of galectin-3 was not even
influenced on the mRNA level.

Although the investigated endothelial CAMs have been reported to play a role in tumor-
endothelial cell interactions, the impact of MTAs on the expression of the aforementioned
proteins is rarely investigated. Nonetheless, in contrast to the PT-triggered increase in the
endothelial surface protein expression of ICAM-1 presented in this work, the study of Cronstein
et al. revealed that the treatment of endothelial cells with the microtubule-destabilizing agent
colchicine did not affect the cell surface protein expression of ICAM-1.24" The nuclear factor-
kB (NFkB) is an important, ubiquitously expressed transcription factor involved in the regulation
of the gene expression of CAMs, pro-inflammatory cytokines and chemokines.8318 While the
influence of MTAs on the regulation of endothelial CAMs has been largely neglected, several
studies have focused on their impact on the NFkB signaling cascade in various cancer cell
types. In line with the PT-induced expression of endothelial ICAM-1 and VCAM-1, numerous
studies have shown that the treatment of different cancer cells with microtubule-destabilizing
drugs such as vincristine, vinblastine, colchicine and nocodazole caused a rapid and efficient
activation of NFkB.318-322

However, despite the impact of PT on the expression of ICAM-1, VCAM-1 and N-cadherin, cell
adhesion assays in which these proteins were blocked by neutralizing antibodies revealed that
this effect is not linked to the PT-triggered tumor cell adhesion onto an endothelial monolayer.
Besides CAMs, several chemokine systems have also been suggested to play a crucial role in
the determination of the metastatic pattern of various malignant neoplasias. Especially the

chemokine receptor CXCR4 is highly expressed in different types of tumors such as breast
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and prostate cancer, whereas its respective ligand, CXCL12 (also known as SDF-1qa), is
prominently expressed in organs that are preferential destinations for tumor metastasis.82:154:306
For instance, Fernandis et al. demonstrated that CXCL12 induced the chemotactic migration
of MDA-MB-231 breast cancer cells and their adhesion onto the extracellular matrix
components fibronectin and collagen V.3 Moreover, it was also reported that CXCL12
promotes the transmigration of MDA-MB-231 cells through endothelial cells in vitro and that
MDA-MB-231 breast cancer metastasis was blocked in vivo by silencing of CXCR4 expressed
on the tumor cells. 159324

Thus, we hypothesized that the chemokine system CXCL12/CXCR4 might be involved in the
PT-evoked tumor cell adhesion onto endothelial cells. Interestingly, while the mRNA
expression of CXCL12 was strongly increased in PT-treated endothelial cells, the protein
expression as well as the secretion of CXCL12 from endothelial cells was only marginally
enhanced. One possible explanation for this might be that CXCL12 mRNA is not successfully
transported to the ribosomes for protein synthesis, since it cannot be excluded that PT also
affects microtubule-mediated transport processes caused by its impact on microtubule
dynamics. This study furthermore revealed that the secretion of CXCL12, and cytokine
secretion in general, is not obligatory for the PT-triggered tumor cell adhesion observed in vitro.
In addition, it was reported by Song et al. that the treatment of endothelial cells with CXCL12
induced the adhesion of MDA-MB-231 breast cancer cells in a microfluidic vasculature model.
Moreover, this effect was completely abrogated when the CXCR4 inhibitor AMD3100 was
added to the endothelial cells, indicating that the enhanced tumor cell adhesion was due to
CXCL12 signaling through CXCR4 on the vascular endothelium.3?* We therefore hypothesized
that CXCL12 expressed by PT-treated endothelial cells might rather directly act on endothelial
cells in an autocrine manner instead of an action on tumor cells. However, a potential autocrine
effect of CXCL12 on endothelial cells was also excluded in this study. Nonetheless, the effect
of PT on the endothelial secretion of CXCL12 could play a role in the anti-metastatic action of
PT in vivo.

In summary, the present study revealed that the effects of PT on tumor-endothelial cell
interactions in vitro are based neither on its influence on the cell adhesion molecules ICAM-1,
VCAM-1 and N-cadherin nor on the chemokine system CXCL12/CXCR4.

1.2.2 Therole of extracellular collagen and B1-integrins in the influence of PT and other
MTAs on tumor-endothelial cell interactions

Besides the adhesion of tumor cells onto the endothelial monolayer, it was reported that tumor
cells can also directly attach to ECM components of the underlying basal lamina.®® Since PT

was recently characterized as a vascular-disruptive compound causing the formation of
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transient gaps within the endothelial monolayer, we hypothesized that the PT-evoked tumor
cell adhesion might be rather mediated via an interaction of tumor cells with ECM components
instead of a direct interaction with endothelial cells.?®® Indeed, we could demonstrate that MDA-
MB-231 breast cancer cells predominantly adhere to the ECM within the PT-triggered
interendothelial gaps. Moreover, we could clearly show in this study that MDA-MB-231 breast
cancer cells strongly stuck to the ECM protein collagen, which was present within the PT-

induced endothelial gaps.

The B1-integrin subfamily represents a major class of integrins that mediate cell interactions
with ECM proteins such as collagen and is critically involved in the adhesion of tumor cells to
the basal lamina underlying the endothelium.®>% For instance, it was demonstrated that the
adhesion of MDA-MB-231 breast cancer cells to collagen is mediated via a231- and a331-
integrins expressed on the tumor cells.®”-32632° Thus, we examined the impact of B1-integrins
in cell adhesion and transendothelial migration assays with MDA-MB-231 cells and PT-treated
endothelial cells using a B1-integrin neutralizing antibody. In accordance with the previously
described findings, both the PT-evoked increase in tumor cell adhesion within endothelial gaps
as well as their reduced transmigration through the endothelial monolayer were completely

abolished when B1-integrins were blocked on MDA-MB-231 cells.

Furthermore, to prove whether the reported effects of PT depend on its microtubule-
destabilizing activity, the influence of PT on the adhesion of tumor cells onto endothelial cells
was compared to that of other MTAs: the microtubule-destabilizing agents vincristine (VIN) and
colchicine (COL) and the microtubule-stabilizing agent paclitaxel (PAC). As with PT, we could
demonstrate that the treatment of endothelial cells with VIN and COL caused the formation of
transient interendothelial gaps as well as an increase in breast cancer cell adhesion mediated
by the exposure of extracellular collagen to tumoral B1-integrins. In stark contrast, PAC did not
induce the formation of endothelial gaps and, consequently, did only slightly enhance the 1-
integrin-mediated adhesion of tumor cells onto an endothelial monolayer. Hence, these results
indicate that the observed effects of PT depend on its destabilizing action on the microtubule

network.

Taken together, this study verified that the microtubule-destabilizing agent PT triggers the
formation of interendothelial gaps leading to the exposure of the extracellular matrix protein
collagen. Consequently, tumor cells are attached to the exposed collagen via B1-integrins,
causing the inhibition of their transendothelial migration. Moreover, the effects of VIN and COL
on tumor-endothelial cell interactions are consistent with that of PT, suggesting that these

effects depend on their microtubule-destabilizing activity.
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2 MTAS in the treatment of inflammation — old and new

Although the main function of MTAs is associated with their use as chemotherapeutic drugs,
some MTAs such as COL are also commonly used for the treatment of inflammatory diseases.
COL represents the lead compound regarding MTAs as anti-inflammatory drugs, since it is
used for the therapy of gout and familial Mediterranean fever and at least recommended for
the therapy of rheumatic and cardiovascular diseases.??%24 While several studies have
focused on its effect on cellular functions of leukocytes such as the chemotactic recruitment of
neutrophils as well as neutrophil rolling on the vascular surface and their transendothelial
migration, little is known about its direct influence on the endothelium.246-24° |n addition, studies
of the last two decades recommended PAC for the therapy of non-cancer diseases such as
inflammation, but the molecular mechanism underlying its anti-inflammatory action is not yet
fully understood.?*255 Moreover, research so far did not address Vinca alkaloids as possible
anti-inflammatory agents, most likely because of their strong inflammation-associated side
effects. Due to these aspects, the second aim of the current study was to analyze the impact
of PT on leukocyte-endothelial cell interactions in vivo and to investigate the influence of PT,
VIN, COL and PAC on leukocyte-endothelial cell interactions in vitro, since we hypothesized
an anti-inflammatory effect of all of these compounds that is mediated — at least in part —

through their direct action on the endothelium.

2.1 PT and other MTAs interfere with leukocyte-endothelial cell
interactions

Three essential steps in the recruitment of leukocytes to the site of inflammation are leukocyte
rolling on, adhesion onto as well as their transmigration through the endothelium, processes
that were already described in the nineteenth century.®® The visualization of these cell
interactions in live animals is possible today by the use of intravital microscopy.®®? In the
present study, the influence of PT on leukocyte-endothelial cell interactions under inflammatory
conditions was investigated by intravital microscopy of postcapillary venules of the mouse
cremaster muscle. While the rolling of leukocytes on the activated vascular surface was not
affected by the compound, we could demonstrate that PT strongly decreased both the firm

adhesion of leukocytes onto and their transmigration through the activated endothelium.

As with the influence of PT on tumor-endothelial cell interactions, we hypothesized that the
anti-inflammatory effect of PT observed in vivo could be mediated via a direct action of the
compound on the vascular endothelium. Moreover, the impact of frequently used MTAs on the

vascular endothelium regarding leukocyte-endothelial cell interactions is rarely investigated
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whereby the few existing studies revealed contradictory results,247:259:308-311.330 \We therefore
investigate the influence of PT, VIN, COL and PAC on endothelial cells in in vitro cell adhesion
assays using the monocyte-like cell line THP-1. In accordance to the results derived by
intravital microscopy, treatment of activated endothelial cells with PT strongly reduced the
adhesion of THP-1 cells. Similar effects were observed when activated endothelial cells were
treated with VIN or COL whereas PAC did not affect the adhesion of THP-1 cells onto the
endothelial monolayer. These findings are in line with some studies that focused on the anti-
inflammatory potential of colchicine. For instance, it was demonstrated that the treatment of
activated endothelial cells with colchicine attenuated the adhesion of neutrophils in vitro.?47-310
Moreover, in accordance with the decreased transendothelial migration of leukocytes due to
PT treatment observed in vivo, it was demonstrated that the treatment of activated endothelial
cells with the microtubule-destabilizing drugs demecolcine and nocodazole reduced the
transendothelial migration of monocytes or lymphocytes in vitro.331332 |n contrast, the study of
Kielbassa et al. revealed that the treatment of endothelial cells with the microtubule-
destabilizing drug colchicine enhanced the transendothelial migration of monocytes in vitro.?%°
However, these findings are in line with some studies reporting that microtubule-stabilization
due to the treatment with PAC is associated with enhanced endothelial integrity and a decrease
in the transendothelial migration of leukocytes.?57-259

In summary, the current study revealed that the treatment of endothelial cells PT substantially
reduced the adhesion of leukocytes in the process of acute inflammation in vitro as well as in
vivo. Consistent to PT, the adhesion of leukocytes onto an activated endothelial monolayer
was decreased by the microtubule-destabilizing agents VIN and COL. In contrast to
microtubule-destabilizing drugs, leukocyte-endothelial cell interactions were not affected by
the microtubule-stabilizing compound PAC. Consequently, this clearly suggests that the effects
of PT, VIN and COL depend on their destabilizing action on the microtubule network.

2.2 Elucidation of the mechanism responsible for the effect of PT
and other MTAs on leukocyte-endothelial cell interactions

The rolling of leukocytes on the vascular surface in the process of acute inflammation is
crucially regulated by endothelial E-selectin.®>%” However, since it was verified by intravital
microscopy that PT had no effect on the rolling of leukocytes on the activated endothelium, we
assumed that the endothelial expression of E-selectin is not impaired in the presence of PT.
In addition, the few studies that focused on the influence of colchicine on the surface
expression of E-selectin on activated endothelial cells revealed conflicting results. For

instance, the Perico et al. found that colchicine reduced the cell surface protein expression of
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E-selectin on activated endothelial cells.2%® In contrast, Cronstein et al. demonstrated that
colchicine did not affect the cell surface protein expression of E-selectin on activated
endothelial cells but its distribution on the endothelial surface was altered in the presence of

colchicine.?¥

Since ICAM-1 and VCAM-1 expressed on endothelial cells crucially regulate the firm adhesion
of leukocytes onto the vascular surface, we hypothesized that the reduced leukocyte adhesion
onto the activated endothelium due to PT, VIN or COL treatment might be caused by a
decrease in the TNFa-induced expression of these adhesion molecules.*”**°1 Thus, we
analyzed the effect of PT, VIN, COL and PAC on the cell surface expression of ICAM-1 and
VCAM-1 on activated endothelial cells. The treatment of endothelial cells with the microtubule-
destabilizing agents PT, VIN and COL markedly decreased the TNFa-induced cell surface
protein expression of ICAM-1 and VCAM-1, whereas the microtubule-stabilizing drug PAC did
only slightly affect the cell surface protein expression of VCAM-1 and had no influence on the
cell surface protein expression of ICAM-1. These findings are in line with the results presented
by Perico et al., Asahina et al. and Cuschieri et al. demonstrating that the treatment of
endothelial cells with colchicine reduced the IL-1B-, TNFa- or LPS-induced cell surface protein
expression of ICAM-1.308-310 Moreover, it was also reported that the TNFa-induced cell surface

protein expression of VCAM-1 was decreased in colchicine-treated endothelial cells.3%°

The TNFa-induced expression of ICAM-1 and VCAM-1 is typically mediated through activation
of the nuclear factor-kB (NFkB) signaling cascade.’®84 Thus, we hypothesized that the
decrease in the TNFa-induced surface protein expression of ICAM-1 and VCAM-1 caused by
treatment with the microtubule-destabilizing drugs PT, VIN and COL was due to a reduction of
NFkB activation. This was proven by investigations into the influence of the used MTAs on the
NFkB promotor activity of activated endothelial cells. In accordance with the compound-
depended effects observed regarding the surface protein expression of ICAM-1 and VCAM-1,
the present study revealed that the microtubule-destabilizing agents PT, VIN and COL were
able to reduce the TNFa-induced NFkB promotor activity in endothelial cells, whereas
treatment with the microtubule-stabilizing agent PAC did not affect this process. Although
several studies showed that microtubule-destabilizing drugs cause a rapid and efficient
activation of NFkB in various cancer cell types, little is known about the influence of MTAs on
the NFkB signaling cascade in endothelial cells.3'8-322 Nonetheless, in contrast to the current
study, Cuschieri et al. could show that the LPS-induced activation of NFkB was not affected
by colchicine in endothelial cells.?!® Moreover, it was reported that the TNFa- and IL-1-
mediated activation of NFkB correlates with endothelial integrity, since it was able to induce
the reorganization of the actin as well as the tubulin cytoskeleton leading to the formation of

interendothelial gaps.?73% In line with these findings, paclitaxel was demonstrated to attenuate
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TNFa- and thrombin-induced permeability of the endothelium by enhancing endothelial
integrity and paracellular gap junction formation.?7-?%¢ |n addition, it was reported that the
paclitaxel-triggered enhancement of endothelial integrity is associated with a decreased
transendothelial migration of leukocytes.?*® Hence, it is therefore surprising that the NFkB
promotor activity was decreased by the treatment of TNFa-activated endothelial cells with the
microtubule-destabilizing drugs PT, VIN and COL in this study, since they also interfere with

the endothelial integrity leading to the formation of interendothelial gaps.

Taken together, this study verified that the impact of the microtubule-destabilizing agents PT,
VIN and COL on leukocyte-endothelial cell interactions are based on their influence on the cell
surface protein expression of ICAM-1 and VCAM-1 in activated endothelial cells. These effects
are — at least in part — associated with an impact on the activation of the transcription factor
NFkB. In contrast to PT, VIN and COL, the microtubule-stabilizing drug paclitaxel did not affect
leukocyte-endothelial cell interactions, although the TNFa-induced cell surface protein
expression of VCAM-1 was slightly reduced by the compound, however, through an NFkB-

independent mechanism.

3 Conclusion and future perspectives

3.1 Conclusion

The current study revealed that the microtubule-destabilizing agent PT triggers the formation
of interendothelial gaps leading to the exposure of the extracellular matrix protein collagen. As
a consequence, tumor cells are attached to the exposed collagen via B1-integrins, causing the
inhibition of their transendothelial migration. These results provide — at least in part — an in vitro
explanation for the anti-metastatic potential of PT observed in vivo and clearly highlights
endothelial cells of the non-tumor vasculature as a promising target for the treatment of
hematogenically disseminating tumors. Moreover, since the effects of VIN and COL regarding
tumor-endothelial cell interactions are consistent with that of PT, this study indicates that both
compounds might act as anti-metastatic agents affecting the non-tumor vasculature,

furthermore highlighting the yet unknown but possible anticancer action of COL.

Moreover, in the present study we could demonstrate that the microtubule-destabilizing drugs
PT, VIN and COL reduce the adhesion of leukocytes onto a TNFa-activated endothelial
monolayer, whereas the microtubule-stabilizing agent PAC does not affect this process. While
PT, VIN and COL induce the expression of ICAM-1 and VCAM-1 in quiescent endothelial cells,

they strongly decrease the cell surface protein expression of these CAMs in TNFa-activated
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endothelial cells. This effect is — at least in part — associated with a reduction in the TNFa-
induced activation of NFKB caused by the microtubule-destabilizing compounds. Nonetheless,
in contrast to the strong effects on the cell surface protein expression of ICAM-1 and VCAM-
1, the influence of PT, VIN and COL on the NFkB promotor activity was rather low.
Consequently, this suggests that these microtubule-destabilizing drugs might also affect other
signaling pathways such as that of activator protein 1 (AP-1), mitogen-activated protein (MAP)
kinases (MAPKs) and signal transducer and activators of transcription (STATS) that are
involved in the regulation of endothelial activation.®3+33” Moreover, it is very likely that the effect
of PT, VIN and COL on microtubule dynamics might interfere with the microtubule-mediated
transport of CAMs to the vascular surface and thus decreasing their TNFa-induced cell surface
expression. Finally, this study gives first insights about the anti-inflammatory potential of the
microtubule-destabilizing agents PT, VIN and COL regarding their influence on endothelial

cells.

3.2 Future perspectives

In this work, the influence of the novel MTA PT on endothelial cells of the non-tumor
vasculature was analyzed regarding tumor-endothelial cell interactions in order to gain insights
into the mechanisms underlying the anti-metastatic action of the compound observed in vivo.
However, it would be interesting to investigate whether PT and other MTAs interfere with
interactions between tumor cells and the healthy endothelium when tumor cells instead of
endothelial cells were treated with the compounds. If such an interference could be observed,
future research should examine, whether there is an additive effect regarding the influence of
PT and other MTAs on tumor-endothelial cell interactions when both tumor cells and
endothelial cells are treated with the drugs.

As the present study gives only first insights into the mechanisms underlying the anti-
inflammatory potential of the microtubule-destabilizing agents PT, VIN and COL, several
further experiments are needed to fully characterize the influence of these compounds on

inflammatory processes of the vascular endothelium.

The first point that should be addressed in this context is to investigate the role of VIN, COL
and PAC on leukocyte-endothelial cell interactions in vivo (rolling, adhesion, transmigration)
by intravital microscopy, in order to figure out whether similar results can be observed for VIN
and COL compared to PT. In addition, while it was demonstrated by intravital microscopy that
the transendothelial migration of leukocytes was reduced by PT under inflammatory conditions

in vivo, the effect of PT on this crucial step in the inflammatory cascade was so far not
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investigated in vitro. Thus, the impact of PT, VIN, COL and PAC on the transendothelial
migration of leukocytes through an activated endothelial monolayer should be investigated in
vitro using a classical boyden chamber assay. Furthermore, the anti-inflammatory potential of
PT, VIN and COL should be also demonstrated in other in vivo assays such as a peritonitis or

enteritis model.

In addition, further experiments are needed to elucidate the mechanism underlying the anti-
inflammatory effect of PT, VIN and COL. In this context, it would be of advantage to investigate
the influence of PT, VIN, COL and PAC on the total protein expression and the gene
expression of ICAM-1 and VCAM-1 in order to prove whether the decrease in the TNFa-
induced cell surface protein expression is caused by a reduction in gene transcription and
protein translation or whether it should be assumed that the intracellular transport of these
molecules is affected by the influence of MTAs on the microtubule network. Moreover, since
PT reduced the transendothelial migration of leukocytes through an activated endothelial
monolayer, future experiments should also focus on the impact of PT, VIN, COL and PAC on
cell adhesion molecules such as PECAM-1, CD99 and JAMs involved in this step of the
inflammatory cascade. Since the TNFa-induced activation of NFkB was reduced, albeit only
slightly, by all of these compounds, their influence on members of the signaling cascade
upstream of the NFkB promotor activity such as IKK activation, IkBa degradation and p65
nuclear translocation should be analyzed. As mentioned previously, the differences in intensity
of the effects of PT, VIN and COL on the cell surface protein expression of ICAM-1 and VCAM-
1 compared to that of their impact on NFkB activation suggests that other signaling pathways
such as AP-1, MAPKs or STATs could be affected by the compounds. Therefore, further

reporter assays are needed to address this point.

Furthermore, it would be of great interest to examine whether PT, VIN, COL or PAC interfere
with leukocyte-endothelial cell interactions when leukocytes instead of endothelial cells were
treated with the compounds, since PT was presented to both endothelial cells and leukocytes
during intravital microscopy. Indeed, first data of our group showed that the adhesion of primary
monocytes onto an activated endothelial monolayer was reduced when monocytes and not
endothelial cells were treated with PT. In addition, it would be interesting to investigate whether
this effect is caused by alterations of cell adhesion molecules such as LFA-1 and VLA-4
expressed on monocytes due to PT treatment. Here again, first data revealed that PT actually

decreased the cell surface protein expression of LFA-1 and VLA-1 in primary monocytes.

Since chemokines and pro-inflammatory cytokines such as TNFa, IL-13, IL-6, IL-8, CXCL12,
CX3CL1 or MCP-1 secreted by either endothelial cells or leukocytes are crucially involved in
regulating the inflammatory response, the influence of PT, VIN, COL and PAC on the protein

expression and on the secretion level of these molecules should be examined in further
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experiments. Consequently, the impact of PT, VIN, COL and PAC on the underlying signaling
pathways including COX-1, AP-1, SP-1, MAPKs, STATs, DUSP-1 and eNOS should also be

investigated in future experiments.
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Pretubulysin (PT), a biosynthetic precursor of the myxobacterial compound tubulysin D, was
recently identified as a novel microtubule-targeting agent (MTA) causing microtubule
destabilization. MTAs are the most frequently used chemotherapeutic drugs. They are well
studied regarding their direct cytotoxic effects against various tumors as well as for their anti-
angiogenic and vascular-disrupting action addressing endothelial cells of the tumor
vasculature. However, the impact of MTAs on endothelial cells of the non-tumor vasculature
has been largely neglected, although tumor cell interactions with the healthy endothelium play
a crucial role in the process of cancer metastasis. Besides their use as potent anti-cancer
drugs, some MTAs such as colchicine are traditionally used or recommended for the therapy
of inflammatory diseases. Here, too, the role of endothelial cells has been largely neglected,

although the endothelium is crucially involved in regulating the process of inflammation.

In the present study, the impact of PT on tumor-endothelial cell interactions was therefore
analyzed in vitro to gain insights into the mechanism underlying its anti-metastatic effect that
was recently confirmed in vivo. In the second part of this work, the influence of PT and other
MTASs, namely the microtubule-destabilizing compounds vincristine (VIN) and colchicine (COL)
and the microtubule-stabilizing drug paclitaxel (PAC), on leukocyte-endothelial cell interactions
was investigated in vitro and in vivo (only PT). It is important to mention that in all in vitro
experiments solely endothelial cells and not tumor cells or leukocytes were treated with the

MTAs to strictly focus on the role of the endothelium in the action of these compounds.

The impact of PT on tumor-endothelial cell interactions was analyzed in vitro by cell adhesion
and transendothelial migration assays as well as immunocytochemistry using the breast
cancer cell line MDA-MB-231 and primary human umbilical vein endothelial cells (HUVECS).
The treatment of HUVECs with PT increased the adhesion of MDA cells onto the endothelial
monolayer, whereas their transendothelial migration was reduced by the compound.
Thereafter, the influence of PT on the endothelial cell adhesion molecules (CAMs) E-selectin,
N-cadherin, ICAM-1, VCAM-1 and galectin-3 and on the CXCL12/CXCR4 chemokine system
was examined, since they might be involved in the PT-triggered tumor cell adhesion.
Interestingly, although PT induced the upregulation of ICAM-1, VCAM-1, N-cadherin and
CXCL12, cell adhesion assays using neutralizing antibodies or the CXCL12 inhibitor AMD3100
revealed that all these molecules were dispensable for the PT-evoked tumor cell adhesion. As
PT induces the formation of interendothelial gaps and MDA cells might adhere onto
components of the underlying extracellular matrix (ECM), the precise location of MDA cells
attached to the PT-treated endothelial monolayer was investigated. Instead of a direct
interaction between tumor and endothelial cells, this work showed that MDA cells preferred to
adhere to the ECM component collagen that was exposed within PT-triggered endothelial

gaps. Both the PT-evoked increase in tumor cell adhesion onto and the decrease in trans-



SUMMARY 99

endothelial migration were completely abolished when B1-integrins were blocked on MDA
cells. Similar results were obtained when endothelial cells were treated with VIN and COL but
not PAC, indicating that the observed effects of PT depend on its microtubule-destabilizing
activity.

The impact of PT, VIN, COL and PAC on leukocyte-endothelial cell interactions was analyzed
in vivo (only PT) by intravital microscopy of the mouse cremaster muscle and in vitro by cell
adhesion assays using the monocyte-like cell line THP-1 and TNFa-activated human dermal
microvascular endothelial cells (HMEC-1). While PT did not affect the rolling of leukocytes on
the endothelium, their firm adhesion onto and transmigration through the activated
endothelium was reduced by PT in vivo. In accordance, the treatment of HMEC-1 with PT, VIN
and COL decreased the TNFa-induced adhesion of THP-1 cells onto the endothelial
monolayer, whereas PAC had no influence on this process. Thereafter, the influence of PT,
VIN, COL and PAC on endothelial ICAM-1 and VCAM-1 was examined, since these molecules
are substantially involved in the firm adhesion of leukocytes onto the endothelium. The cell
surface protein expression of ICAM-1 and VCAM-1 was reduced by PT, VIN and COL in
activated endothelial cells, whereas PAC did only slightly affect the TNFa-induced upregulation
of VCAM-1. As the pro-inflammatory transcription factor NFkB plays a crucial role in the TNFa-
induced expression of these CAMs, the impact of the MTAs on the NFkB promotor activity was
investigated. While PT, VIN and COL decreased the activation of NFkB in activated endothelial
cells, PAC did not affect this process. However, in contrast to the strong effects regarding the
cell surface protein expression of ICAM-1 and VCAM-1, the effects of PT, VIN and COL on the
NFkB activity was rather low. Thus, the used MTAs might also affect other relevant signaling
pathways and/or the intracellular transport of CAMs might be influenced by the impact of the
MTAs on the microtubule network.

Taken together, the current study provides — at least in part — an explanation for the anti-
metastatic potential of PT and gives first insights into the use of PT and VIN as anti-
inflammatory drugs. Moreover, this work highlights the endothelium as an attractive target for

the development of new anti-cancer and anti-inflammatory drugs.
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Das vaskulare Endothel besteht aus einer einzigen, diinnen Schicht von Endothelzellen, die
sich als innerste Wandschicht von Blutgefaf3en tber den gesamten Blutkreislauf vom Herzen
bis zu den kleinsten Kapillaren erstrecken. Neben seiner Funktion als selektive Barriere, spielt
das vaskulare Endothel eine zentrale Rolle in der Modulation des Gefal3tonus und damit des
Blutflusses, der Regulation der GefalRbildung, der Koordination von Thrombozyten- und
Leukozyten-Interaktionen und damit der Regulation von Gerinnungs- und Entziindungs-
reaktionen. Eine akute Entziindung ist im Allgemeinen ein nutzliches, streng reguliertes
Ereignis, das fur die Beseitigung von Infektionen oder Verletzungen und somit die Wieder-
herstellung der Homoéostase sorgt. Eine Entzindungsreaktion schlie3t jedoch auch das
rechtzeitige Einleiten einer Entziindungsaufldsung und einer Reparaturphase ein, um das
Ausbilden einer chronisch-pathologischen Reaktion zu verhindern, die durch eine standige
Extravasation von Leukozyten gekennzeichnet ist, was wiederum zu Gewebeschaden und
sogar Krebs filhren kann. Wie gesunde Zellen und Gewebe, missen auch Tumoren Uber
BlutgefaRe mit Nahrstoffen und Sauerstoff versorgt werden und geben Uber diese
Stoffwechselprodukte und Kohlendioxid ab. Ein funktionierendes Tumor-GefaRsystem ist
jedoch nicht nur fur das Uberleben und Wachstums eines Tumors, sondern auch fir die
Metastasierung unerlasslich, sodass es einen vielversprechenden therapeutischen Angriffsort
darstellt.

Mikrotubuli sind hochdynamische, polarisierte, réhrenférmige Strukturen aus meist 13
parallelen Protofilamenten, die durch Polymerisation von a/f-Tubulin-Heterodimeren gebildet
werden. Sie spielen bei einer Vielzahl von zellularen Prozessen, wie beispielsweise der
Ausbildung und Erhaltung der Zellform, dem intrazellul&ren Transport, der Signaltransduktion,
der Mitose und der Zellpolarisation und -migration eine wesentliche Rolle. Das dynamische
Verhalten von Mikrotubuli wird durch ihre Fahigkeit definiert, Zyklen von schnellem Wachstum
(Polymerisation) und Schrumpfung (Depolymerisation) zu durchlaufen.

Die Beteiligung von Mikrotubuli an Zellteilung und Mitose macht sie zu einem wichtigen
Angriffspunkt flr antitumorale Wirkstoffe. Tatsachlich sind Tubulin-Antagonisten (MTA,
microtubule-targeting agent) die am haufigsten verwendeten Chemotherapeutika. MTAs
werden nach ihrer Wirkung auf Mikrotubuli in zwei Hauptgruppen eingeteilt. Mikrotubuli-
destabilisierende Wirkstoffe, mit den pflanzlichen Vinca-Alkaloiden (aus Catharanthus roseus)
als Hauptvertreter, destabilisieren Mikrotubuli entweder durch eine Polymerisationsinhibierung
oder durch die Depolymerisation bereits bestehender Mikrotubuli. Sie werden derzeit gegen
hamatologische und lymphatische Krebserkrankungen und verschiedene solide Tumore, wie
beispielsweise Brustkrebs, eingesetzt. Mikrotubuli-stabilisierende Substanzen, mit den
pflanzlichen Taxanen (aus der Rinde von Taxus brevifolia) sowie den bakteriellen Epothilonen

(aus dem Myxobakterium Sorangium cellulosum) als Hauptvertreter, stabilisieren Mikrotubuli
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entweder durch Polymerisationsinitiierung oder durch Hyperstabilisierung bereits bestehender
Mikrotubuli. Sie werden gegen solide Tumore, wie Brust-, Eierstock- und Lungenkrebs,
eingesetzt. DarUber hinaus hat der pflanzliche, Mikrotubuli-destabilisierende Wirkstoff
Colchicin (aus Colchicum autumnale) bisher keinen signifikanten Nutzen in der
Krebsbehandlung gezeigt, wird aber haufig zur Therapie von Gicht und familiarem
Mittelmeerfieber sowie anderen entzindlichen Erkrankungen eingesetzt. Aufgrund der
wesentlichen Nachteile der derzeit verwendeten MTASs, insbesondere aufgrund ihrer
Nebenwirkungen und der Entwicklung von Resistenzen, ist die Suche nach neuen MTA-

Klassen nach wie vor sehr wichtig.

Pratubulysin (PT), eine biosynthetische Vorstufe des von Myxobakterien produzierten Tubu-
lysins D, wurde kirzlich als neuer Tubulin-Antagonist identifiziert, der eine Destabilisierung der
Mikrotubuli bewirkt. Wie viele andere MTAs, wurde PT hinsichtlich seines direkten zytotoxi-
schen Effekts auf Tumorzellen sowie seiner antiangiogenen und gefalizerstérenden Wirkung
auf Endothelzellen des Tumorgefalisystems bereits gut untersucht. Der Einfluss von PT und
anderen MTAs auf Endothelzellen des nicht-tumoralen GefaRsystems wurde jedoch
weitgehend vernachlassigt, obwohl Tumorzell-Interaktionen mit dem gesunden Endothel eine
entscheidende Rolle im Prozess der Krebsmetastasierung spielen. Fir PT konnte in diesem
Zusammenhang allerdings schon gezeigt werden, dass es die Bildung von Metastasen in vivo
stark reduziert. Wie bereits erwéhnt, werden manche MTAs, wie zum Beispiel Colchicin, zur
Therapie bestimmter entziindungsassoziierter Krankheiten eingesetzt. Jedoch wurde auch
hier die Rolle des Endothels weitgehend vernachlassigt, obwohl es entscheidend an der

Regulierung des Entziindungsprozesses beteiligt ist.

In der vorliegenden Studie wurde daher der Einfluss von PT auf Tumor-Endothelzell-
Interaktionen in vitro analysiert, um Einblicke in den Mechanismus zu gewinnen, der der vor
kurzem in vivo bestatigten, antimetastatischen Wirkung von PT zugrunde liegt. Im zweiten Teil
dieser Arbeit wurde der Einfluss von PT und anderen MTAs, namlich den Mikrotubuli-
destabilisierenden Wirkstoffen Vincristin (VIN) und Colchicin (COL) und dem Mikrotubuli-
stabilisierenden Wirkstoff Paclitaxel (PAC), auf Leukozyten-Endothelzell-Interaktionen in vitro
und in vivo (nur PT) untersucht. Es ist wichtig zu erwahnen, dass in allen in vitro Experimenten
ausschlie3lich Endothelzellen und nicht Tumorzellen oder Leukozyten mit den verwendeten
MTAs behandelt wurden, um strikt auf die Rolle des Endothels bei der Wirkung dieser

Substanzen zu fokussieren.

Der Einfluss von PT auf Tumor-Endothelzell-Interaktionen wurde in vitro mittels Zelladhasions-
und transendothelialen Migrations-Assays sowie Immunzytochemie und Mikroskopie
analysiert. Hierbei wurde mit der Brustkrebs-Zelllinie MDA-MB-231 und primaren humanen

Endothelzellen aus der Nabelschnurvene (HUVECs, human umbilical vein endothelial cells)
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gearbeitet. Die Behandlung von HUVECs mit PT erhéhte die Adhasion von MDA-Zellen an die
Endothelzellschicht, wohingegen ihre transendotheliale Migration durch diesen Wirkstoff

reduziert wurde.

Obwohl die Mechanismen, mit denen Tumorzellen an Endothelzellen haften, noch nicht
vollsténdig verstanden sind, ist es sehr wahrscheinlich, dass sie die fur Leukozyten-
Endothelzell-Interaktionen beschriebenen Mechanismen nutzen. Mehrere Studien konnten
zeigen, dass die auf Endothelzellen exprimierten Zelladhdsionsmolekiile (CAMs, cell adhesion
molecules) E-Selektin, N-Cadherin, ICAM-1, VCAM-1 und Galectin-3 entweder am Rollen von
Tumorzellen auf oder deren festen Adh&sion am Endothel beteiligt sind. Daher wurde der
Einfluss von PT auf die Genexpression (mMRNA), die Gesamtproteinmenge und die
Proteinexpression auf der Zelloberflache dieser endothelialen CAMs mittels gRT-PCR,
Western Blot und Durchflusszytometrie untersucht. Obwohl PT die Hochregulierung von
ICAM-1, VCAM-1 und N-Cadherin induzierte, zeigten Zelladhasions-Assays, bei denen
neutralisierende Antikdrper verwendet wurden, interessanterweise, dass diese Molekile fur
die durch PT ausgeltste Tumorzelladhasion verzichtbar waren. Neben CAMs spielen diverse
Chemokinsysteme bei der Bestimmung des metastatischen Musters verschiedener maligner
Neoplasien eine entscheidende Rolle. Insbesondere der Chemokinrezeptor CXCR4 ist in
zahlreichen Tumorarten wie Brust- und Prostatakrebs stark exprimiert, wahrend sein
entsprechender Ligand CXCL12 (auch bekannt als SDF-1a) besonders von den Organen
sezerniert wird, die als bevorzugte Zielorte fur die Bildung von Metastasen bekannt sind. Daher
wurde der Einfluss von PT auf die Genexpression, die Gesamtproteinmenge und die
Sezernierung von endothelialem CXCL12 mittels gqRT-PCR, Western Blot und ELISA
analysiert. Interessanterweise war die mRNA-Expression von CXCL12 in PT-behandelten
Endothelzellen stark erhoht, wahrend die Gesamtproteinmenge sowie die Sekretion von
CXCL12 aus dem Endothel nur marginal gesteigert wurde. Es ergab sich au3erdem, dass die
Sekretion von CXCL12 und die Sekretion von Zytokinen im Allgemeinen fur die PT-induzierte
Tumorzelladh&sion in vitro nicht relevant sind. Eine mogliche autokrine Wirkung von CXCL12
auf Endothelzellen wurde mithilfe des CXCR4-Inhibitors AMD3100 ebenfalls ausgeschlossen.

Da PT die Bildung von transienten Licken in der Endothelzellschicht induziert und Tumor-
zellen an Komponenten der darunter liegenden extrazellularen Matrix (ECM, extracellular
matrix) haften kdnnen, wurde die genaue Position der MDA-Zellen, die an der Endothelzell-
schicht adhérierten, mittels Immunzytochemie und Mikroskopie untersucht. Statt einer direkten
Interaktion zwischen Tumor- und Endothelzellen zeigte diese Studie, dass MDA-Zellen
bevorzugt an der ECM-Komponente Kollagen, die in den durch PT hervorgerufenen
endothelialen Licken freigelegt wurde, hafteten. B1-Integrine stellen eine wichtige Klasse

innerhalb der Familie der Integrine dar, die Zellinteraktionen mit ECM-Komponenten, wie
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beispielsweise Kollagen, vermitteln. Es wurde gezeigt, dass die Adhasion von MDA-MB-231
Brustkrebszellen an Kollagen tber a231- und a3B1-Integrine auf den Tumorzellen vermittelt
wird. In dieser Arbeit wurde mithilfe eines neutralisierenden Antikérpers untersucht, ob der
Einfluss von PT auf die Zelladh&asion an und die transendotheliale Migration von MDA-Zellen
durch eine Endothelzellschicht von B1-Integrinen auf der Oberflache von MDA-Zellen
abhangig ist. Wurden B1-Integrine auf den MDA-Zellen blockiert, wurde sowohl der durch PT
induzierte Anstieg der Tumorzelladhasion als auch die Abnahme der Tumorzelltransmigration
vollstandig aufgehoben. Vergleichbare Ergebnisse wurden erzielt, wenn Endothelzellen mit
VIN oder COL, die ebenfalls die Bildung von transienten Licken in der Endothelzellschicht
induzieren, behandelt wurden. Die Behandlung von Endothelzellen mit PAC, das keine endo-
thelialen Lucken hervorruft, erhéhte die Tumorzelladhasion nur geringfugig. Dies deutet darauf
hin, dass die beobachteten Effekte von PT von seiner destabilisierenden Wirkung auf das

Mikrotubuli-Netzwerk abhangig waren.

Drei wesentliche Schritte bei der Rekrutierung von Leukozyten an den Ort der Entziindung,
die bereits im 19. Jahrhundert beschrieben wurden, sind das Rollen von Leukozyten auf, die
feste Adhasion von Leukozyten an sowie deren transendotheliale Migration durch das
Endothel. Daher wurde zunéachst der Einfluss von PT auf diese drei Schritte der Leukozyten-
Endothelzell-Interaktionen in vivo mittels Intravitalmikroskopie des Maus-Kremastermuskels
untersucht. Wahrend PT das Rollen der Leukozyten auf dem Endothel nicht beeinflusste,
wurden ihre feste Adhésion an und ihre transendotheliale Migration durch das aktivierte
Endothel durch PT reduziert. AnschlieRend wurde der Einfluss von PT, VIN, COL und PAC auf
Leukozyten-Endothelzell-Interaktionen in vitro mittels Zelladh&sions-Assays analysiert.
Hierbei wurde mit der Monozyten-&hnlichen Zelllinie THP-1 und TNFa-aktivierten humanen
mikrovaskularen Endothelzellen (HMEC-1, human dermal microvascular endothelial cells)
gearbeitet. Entsprechend des entziindungshemmenden Effekts von PT in vivo, verringerte die
Behandlung von HMECs mit PT, VIN und COL die TNFa-induzierte Adh&sion von THP-1 an
die Endothelzellschicht, wohingegen PAC keinen Einfluss auf diesen Prozess hatte.

Das Rollen von Leukozyten auf dem Endothel wird bei akuten Entziindungen im Wesentlichen
durch die Interaktion von Selektinen mit ihren Liganden reguliert. Da jedoch mittels
Intravitalmikroskopie nachgewiesen wurde, dass PT keinen Einfluss auf das Rollen von
Leukozyten auf dem aktivierten Endothel hat, nahmen wir an, dass die endotheliale Expression
von Selektinen oder Selektinliganden in Gegenwart von PT nicht beeintrachtigt wird. Die feste
Adhéasion von Leukozyten an das Endothel wird vor allem durch die endotheliale Expression
der CAMs ICAM-1 und VCAM-1 beeinflusst. Daher wurde der Einfluss von PT, VIN, COL und
PAC auf die Proteinexpression dieser CAMs auf der Zelloberfliche von aktivierten

Endothelzellen mittels Durchflusszytometrie untersucht. Wahrend die Proteinexpression von
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ICAM-1 und VCAM-1 an der Zelloberflache TNFa-aktivierter HMECs durch PT, VIN und COL
reduziert wurde, wurde die TNFa-induzierte Hochregulierung von VCAM-1 nur geringfligig
durch PAC beeinflusst. Die TNFa-induzierte Expression von ICAM-1 und VCAM-1 wird
typischerweise durch die Aktivierung der NFkB-Signalkaskade vermittelt. Es war daher
naheliegend, dass der Rickgang der TNFa-induzierten Oberflachenproteinexpression von
ICAM-1 und VCAM-1 durch die Behandlung mit PT, VIN und COL auf eine Reduktion der
NFkB-Aktivierung zuriickzufihren ist. Daher wurde der Einfluss der verwendeten MTAs auf
die Promotoraktivitat von NFKB mittels Reportergen-Assays untersucht. Wahrend PT, VIN und
COL die Aktivierung von NFkB in Endothelzellen verminderten, hatte PAC hierauf keinen

Einfluss.

Zusammengefasst ergab die vorliegende Studie, dass PT die Bildung von Licken innerhalb
der Endothelzellschicht auslost, die zur Exposition der ECM-Komponenten Kollagen fuhren.
Folglich kénnen Tumorzellen Uber B1-Integrine an das freiliegende Kollagen haften, wodurch
ihre Transmigration durch das Endothel gehemmt wird. Diese Ergebnisse liefern — zumindest
teilweise — eine Erklarung fur das in vivo beobachtete antimetastatische Potenzial von PT.
Daruber hinaus wird durch die Ergebnisse klar, dass Endothelzellen des nicht-tumoralen, also
gesunden Gefal3systems ein vielversprechendes Angriffsziel fiir die Behandlung von hamato-
gen streuenden Tumoren darstellen. Ferner zeigt diese Arbeit, dass die Auswirkungen von
VIN und COL auf Tumor-Endothelzell-Interaktionen mit denen von PT Ubereinstimmen,
wohingegen PAC diese Interaktionen kaum beeinflusste. Das deutet darauf hin, dass die
antimetastatische Wirkung von PT, VIN und COL auf das gesunde Endothel von ihrem
Mikrotubuli-destabilisierenden Effekt abhangig ist und weist au3erdem auf eine bisher
unbekannte antimetastatische Eigenschaft von COL hin. Dariiber hinaus konnten wir in der
vorliegenden Studie zeigen, dass PT, VIN und COL die Adhé&sion von Leukozyten an das
TNFa-aktivierte Endothel in vitro und in vivo (nur PT) reduzieren, wahrend PAC diesen
Prozess nicht beeinflusst. Diese Effekte werden sehr wahrscheinlich durch eine verminderte
Oberflachenproteinexpression von ICAM-1 und VCAM-1 auf dem aktivierten Endothel
hervorgerufen, die — zumindest teilweise — auf eine reduzierte Aktivierung des NFkB-
Signalwegs zurtickzufiihren ist. Im Gegensatz zu den starken Effekten bezliglich der
Expression von ICAM-1 und VCAM-1, waren die Effekte von PT, VIN und COL auf die Aktivitat
von NFkB namlich eher gering. Das deutet darauf hin, dass die verwendeten MTAs
madglicherweise auch andere relevante Sighalwege beeinflussen und/oder der intrazellulare
Transport von CAMs durch den Einfluss der MTAs auf das Mikrotubuli-Netzwerk beeinflusst
werden konnte. Somit bringt diese Arbeit erste Erkenntnisse Uber den Einsatz von PT und VIN
als entziindungshemmende Substanzen und hebt den bisher wenig untersuchten Effekt von
COL auf das Endothel hervor.
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The enhanced expression of ICAM-1 is not responsible for the

PT-evoked tumor cell adhesion

The enhanced expression of VCAM-1 is not responsible for the

PT-triggered tumor cell adhesion

PT does not influence the surface expression of E-selectin and

the mRNA expression of galectin-3

The enhanced expression of CXCL12 is not responsible for the

PT-triggered tumor cell adhesion

The PT-evoked tumor cell adhesion is based on the exposure of
the extracellular matrix protein collagen within endothelial gaps

The effects of PT on tumor-endothelial cell interactions are based
on the interaction between [1-integrins on tumor cells and

collagen within interendothelial gaps

The effects of PT on tumor-endothelial cell interactions depend

on its microtubule-destabilizing activity



APPENDIX 128

2 Publications

2.1 Articles

Schwenk R, Stehning T, Bischoff I, Ullrich A, Kazmaier U, First R. The pretubulysin-induced
exposure of collagen is caused by endothelial cell retraction that results in an increased
adhesion and decreased transmigration of tumor cells. Oncotarget 2017; 8:77622-77633.

2.2 Poster presentations

Schwenk R, Stehning T, Bischoff I, Ullrich A, Kazmaier U, First R. The anti-metastatic
properties of the tubulin-binding agent pretubulysin could be based on the trapping of tumor
cells to the endothelium. 82" Annual Meeting of the German Society for Experimental and
Clinical Pharmacology and Toxicology (DGPT), 18" Annual Meeting of the Clinical
Pharmacology (VKIiPha) in cooperation with the AGAH, February 29 - March 3, 2016, Berlin,
Germany.

Schwenk R, Stehning T, Bischoff I, Ullrich A, Kazmaier U, First R. The anti-metastatic
properties of the tubulin-binding agent pretubulysin could be based on the trapping of tumor
cells to the endothelium. DphG-Annual Meeting 2016, October 5-7, 2016, Munich, German



