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Abstract

Background: The microvasculature of solid tumours is characterized by
profound structural and functional abnormality, which mediates several
deleterious aspects of tumour behavior. As such, the development of therapeutic
strategies to mitigate vascular dysfunction within tumours is an important goal.
The Vascular Endothelial Protein Tyrosine Phosphatase (VE-PTP) attenuates the
activity of the endothelial cell (EC) Tie-2 receptor tyrosine kinase, a key mediator
of vessel maturation. In this study, | aimed to determine the effects of
pharmacological VE-PTP inhibition on EC Tie-2 receptor activation and the
resultant impact on breast cancer angiogenesis, progression, metastasis and

treatment.

Methods: AKB-9778 is a first-in-class VE-PTP inhibitor. | examined its effects on
ECs in vitro and on embryonic angiogenesis in vivo using zebrafish assays. The
impact of AKB-9778 therapy on the solid tumour vasculature was studied using
orthotopic models of primary murine mammary carcinoma as well as both
spontaneous and experimental models of metastasis. Finally, | used endothelial
nitric oxide synthase (eNOS) deficient mice to establish the causal role of eNOS

in mediating the effects of VE-PTP inhibition.

Results: AKB-9778 induced ligand-independent Tie-2 activation in ECs and
impaired embryonic zebrafish angiogenesis. In mouse models of breast cancer,
AKB-9778 (i) delayed the early phase of tumour growth by enforcing vascular

maturity; (ii) slowed progression of micrometastases by preventing extravasation

14



of tumour cells into distant organs (prolonging survival); and (iii) stabilized
established primary tumour vessels, enhancing tumour blood perfusion and
radiation response. The effects of AKB-9778 on tumour vessels were mediated in

part by eNOS activation.

Conclusions: The results demonstrate that pharmacological VE-PTP inhibition
can normalize the structure and function of tumour vessels through Tie-2
activation. This vascular normalization delays tumour growth and metastasis, and

enhances response to concomitant cytotoxic treatments.
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1 Chapter One: Introduction

1.1 Introduction

The establishment of a mature, organized vascular network is fundamental for
tissue homeostasis. Therefore, creation of new blood vessels, angiogenesis,
plays a critical role in health and development. Angiogenesis is vital for
successful embryogenesis and organ growth, and is also an important
requirement for wound healing and tissue repair. In such situations,
angiogenesis is a tightly regulated process, as its onset and offset are carefully
controlled by a host of molecular and mechanical factors (Jain, 2003, Dvorak,
1986). This strict regulation results in a tissue-specific, structured, hierarchically
organized vascular tree that is optimally positioned to meet the needs of the

organ and of the body.

In contrast, many human diseases are associated with vascular dysfunction of
some sort. When Celsus described the four cardinal features of inflammation —
tumour, rubor, calor, dolor — in the First Century AD, he provided the first report
of the phenotype associated with the microvascular dilation and
hyperpermeability that is classical of several inflammatory diseases. In more
recent times, increased attention has been given to disorders characterized not
only by a dysregulation of vascular function, but also associated with
uncontrolled angiogenesis. In such conditions, new blood vessel development
occurs in a disorganized fashion (Jain, 2005, Mazzone et al., 2009, Morikawa et
al., 2002, Hashizume et al., 2000, Gazit et al., 1997, Nagy et al., 2009). Solid
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cancers are the prototypic example of a disease state associated with
pathological angiogenesis, which has become a vibrant area of research. Other
common and important diseases such as inflammatory disorders and
atherosclerosis (Jain et al., 2007, Sidky and Auerbach, 1975, Leibovich et al.,
1987, Orlandi et al., 1988, Bo et al., 1992), and more rare conditions such as
certain benign tumours and age-related macular degeneration (Carmeliet and
Jain, 2000) are other examples of diseases associated with an abnormal

vasculature.

The concept that growing tumours have a rich vascular network first arose well
over one hundred years ago, through observations by notable scientists such as
Virchow (Ferrara, 2002), and was strengthened by the seminal work of Ide (Ide et
al., 1939) and later Algire (Algire and Chalkley, 1945) who confirmed the
importance of an abundant blood supply to tumour growth. In 1968, the
hypothesis that tumours produce a diffusible factor that promotes angiogenesis
was put forward (Greenblatt and Shubik, 1968, Ehrmann and Knoth, 1968),
forming the foundation for Dr Judah Folkman’s seminal paper in 1971 in which he
suggested that the identification of key molecular players driving tumour
angiogenesis could result in effective strategies to inhibit it, and hence “starve” a
tumour to death (Folkman, 1971). Following this, Gullino demonstrated in 1976
that cells in pre-cancerous tissue acquire angiogenic capacity on their way to
becoming cancerous, and suggested anti-angiogenesis as a strategy to prevent
cancer (Gullino, 1978). Over the last four decades, these findings have spurred
a very significant research effort, which has culminated in the introduction of
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several anti-angiogenic medications into modern clinical practice. With this
success came also very important questions related to the mechanism of action

of antiangiogenic agents in patients.

Tumour angiogenesis is not simply the production of an increased number of
blood vessels to serve a growing mass. Although the main purpose of tumour
angiogenesis can be considered to maintain a cancer’s blood supply, the process
occurs in an unmitigated fashion and the resultant vessel network is highly
abnormal.  This stands in contradistinction to wound healing, in which
angiogenesis is tightly regulated (Dvorak, 1986, Chung et al., 2010). Indeed, this
relentless drive for angiogenesis led Dvorak to elegantly describe tumours as
“‘wounds that do not heal” (Dvorak, 1986). This profoundly aberrant vasculature
dramatically alters the tumour microenvironment, and influences heavily the ways
in which cancers grow and progress, escape the host's immune system,

metastasize, and respond to anticancer therapies.

In order to obtain nutrients for their growth and for dissemination to distant
organs, cancer cells engulf existing blood vessels (vascular co-option) or form
new blood vessels. The latter can take one of three forms: (i) new blood vessel
sprouting from existing vessels (angiogenesis); (ii) recruitment of bone marrow
derived endothelial progenitor cells to form new vessels (postnatal
vasculogenesis); and (iii) infussusception, when a capillary wall extends into the
lumen to split a single vessel into two (also known as splitting angiogenesis)
(Patan et al., 1996, Carmeliet and Jain, 2000, Baum et al., 2010). Two further

emerging mechanisms of vessel formation in tumours include vasculogenic
18



mimicry (the trans-differentiation of cancer cells) and mosaic vessel formation
(the incorporation of cancer cells into the vessel wall) (Folberg et al., 1993, Ricci-
Vitiani et al., 2010, Hammersen et al., 1985). All of these processes are driven
by a number of molecular players. Of these, a critical factor is the Vascular
Endothelial Growth Factor A (VEGF-A, also known as VEGF). VEGF was first
discovered by Dvorak and colleagues as a “Vascular Permeability Factor” (VPF)
in 1983 (Senger et al., 1983), and later by Ferrara and colleagues as the
angiogenic endothelial mitogen (named VEGF) in 1989 (Leung et al., 1989). At
the same time, it was reported that VPF and VEGF were the same molecule
(Keck et al., 1989), and that the VEGF Receptor 2 (VEGFR2) (Terman et al.,
1992) is the main endothelial cell mediator of VEGF’s pro-angiogenic activities
(Millauer et al., 1993). Since these landmark discoveries, a catalogue of other
molecular players has been established in the process of tumour angiogenesis.
The chronic imbalance of the pro- and anti-angiogenic signaling in tumours (ie.
an excess of pro-angiogenic signaling, a deficiency of anti-angiogenic signaling,

or both) leads to the development of the abnormal tumour vasculature.

1.2 The role of abnormal vasculature in tumour progression and

treatment-resistance

1.2.1 The abnormal structure of the tumour vasculature

Overexpression of VEGF and other pro-angiogenic factors leads to formation of a
new vasculature that is structurally abnormal at both macroscopic and

microscopic levels (Fukumura et al., 2010, Gazit et al., 1997, Jain, 2003, Nagy et
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al., 2002, Nagy et al., 2009). These abnormalities are exacerbated as a tumour
continues to grow (Gazit et al., 1997). Anatomically, tumour microvessels are
dilated, tortuous, and saccular with haphazard patterns of interconnection and
branching (Kim et al., 2010, Jain, 2005, Less et al., 1991, Less et al., 1997). Of
particular relevance to this thesis, this vessel phenotype has been observed in
preclinical models of breast cancer (Tong et al., 2004, Yuan et al., 1996). Unlike
the microvasculature of normal tissue, which has an organized and regular
branching pattern, tumour vasculature is characterized by pockets of increased
vessel density and others of reduced vessel density (Less et al., 1991, Less et
al., 1997, Baish et al., 2011, Baish and Jain, 2000). There is also increased
vascular shunting within tumours, caused by a loss of vascular diameter control,
an increase in vascular reactivity, and a higher tendency for vessel growth (Pries

et al., 2009, Pries et al., 2010).

At the cellular level, the endothelial cells (ECs) lining tumour vessels have an
irregular, disorganized morphology. Mature, stable ECs are connected by
adherens junctions including vascular endothelial-cadherin (VE-Cadherin)
(Dejana et al.,, 2009). VE-Cadherin is a transmembrane receptor, the
extracellular domain of which binds to other VE-Cadherin molecules on
neighboring ECs. The intracellular domain of VE-Cadherin attaches to the EC
cytoskeleton via the catenin family of proteins, acting as structural links but also
effectors for downstream molecular signaling (Dejana et al., 2009). Downstream
signaling from VEGF-VEGFR2 interactions promotes contraction of the

endothelial cell cytoskeleton and weakening of VE-Cadherin junctions, and
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hence a loosening of EC associations and EC migration (Dejana et al., 2009).
As a consequence, ECs within tumours are often poorly connected or
overlapping, with less VE-Cadherin and a branched phenotype with long
cytoplasmic projections (Hobbs et al., 1998, Hashizume et al., 2000). At times,
ECs might protrude into the capillary lumen, or conversely sprout into the
perivascular tumour tissue (Hashizume et al.,, 2000). There is also an
abundance of vesiculo-vacuolar organelles (VVOs) in tumour EC’s, which have
been associated with vascular permeability, however these do not explain the

large gaps in the walls of tumour vessels (Hobbs et al., 1998, Qu et al., 1995).

In addition, perivascular cells (PVCs) — both pericytes and vascular smooth
muscle cells — around tumour vessels demonstrate abnormal structural
characteristics. These connective tissue cells normally surround and support the
endothelium. Pericytes usually lie within the vessel basement membrane, and
interact closely with ECs to prevent vessel leakage. They are normally recruited
to stabilize vessels and hence envelop ECs in response to activation of a number
of molecular pathways: (i) platelet-derived growth factor B (PDGF-B), which is
secreted by ECs and facilitates pericyte recruitment to vessels through binding to
the platelet-derived growth factor receptor-p (PDGFRP) on pericytes; (ii)
angiopoietin-1 (Ang-1), a vascular stabilizing factor that facilitates pericyte-EC
connections;  (iii) sphingosine-1-phosphate-1  (S1P1) and endothelial
differentiation sphingolipid G-protein—coupled receptor 1 (EDG1); and (iv)

transforming growth factor-g (TGF-p) (Jain, 2003).

Dysregulation of these vessel maturation pathways in tumours often results in
21



vessels with an absent or loose attachment of PVCs (Abramsson et al., 2003,
Inai et al., 2004, Jain, 2003, Tong et al., 2004), including those of mammary
carcinomas (Morikawa et al., 2002). PVC detachment is an early step in the
process of tumour angiogenesis, and facilitates the movement of ECs into the
surrounding matrix to form new vessels. Moreover, these PVCs are often
abnormal in shape with bizarre cytoplasmic processes, irregularly scattered
around the endothelium (Morikawa et al., 2002). The mechanisms for PVC
detachment in tumours are multiple, but include a VEGF-mediated disruption of
PDGFR-$ activity (Greenberg et al., 2008), and overexpression of Ang-2, the
endogenous “antagonist” of Ang-1 (Augustin et al., 2009). Moreover, detached
PVCs become activated, releasing further VEGF and the basic fibroblast growth
factor (bFGF), setting up a vicious cycle of continuous angiogenesis (Raza et al.,
2010, Fukumura et al., 1998, Brown et al., 2003). Finally, the vascular basement
membrane in tumour tissue is also abnormal: unusually thick in some tumours
(eg. in the brain), or completely absent in others (Inai et al., 2004, Kamoun et al.,

2009, Tong et al., 2004, Winkler et al., 2004).

1.2.2 Functional consequences of an abnormal tumour vasculature

The structural abnormalities of the tumour vasculature have far-reaching
consequences for tumour pathophysiology, growth, metastasis, and response to
anti-cancer therapies. Just as the aberrations in cancer cells promote their
survival and resistance to treatments, the genetic and epigenetic abnormalities of
the tumour microvasculature result in pathophysiological traits that are

functionally advantageous for most cancers.
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Firstly, the heterogeneity in vessel distribution and haphazard anatomical
arrangement of the vasculature cause spatial and temporal heterogeneity in
blood flow (Jain, 1988, Jain, 2005), with areas of hypervascularity adjacent to
hypovascular ones (Baish et al., 2011, Tong et al., 2004). Furthermore, blood
flow in solid tumours, including mammary carcinomas, is often redundant in
closed or blind loops (Less et al.,, 1991, Less et al., 1997). Secondly, the
structural abnormalities described above lead to a marked increase in vessel
leakiness. Poorly connected ECs, loosely associated PVCs, and an increase in
VVOs all contribute to this hyperpermeable phenotype, and hence intravascular
fluids and plasma proteins can easily extravasate (Jain, 2005, Greenberg et al.,
2008, Hamzah et al., 2008, Morikawa et al., 2002). As a consequence, there is a
protein and fluid build-up in the tumour interstitium. This excess extravasation of
proteins increases the extravascular oncotic pressure (osmotic pressure of
plasma proteins), dragging further fluid into the interstitial space (Tong et al.,
2004, Stohrer et al., 2000). Furthermore, there is an absence of functional
intratumoural lymphatic vessels, resulting in the impaired clearance of
extracellular fluid and hence interstitial hypertension within tumours. This
elevated interstitial fluid pressure (IFP) has been documented within murine and
human tumours, including breast, colorectal, and cervical cancer as well as
melanoma and glioblastoma (Boucher et al., 1997, Boucher et al., 1990, Boucher
et al.,, 1991, Lee et al., 2000, Less et al., 1992, Leunig et al., 1992, Roh et al.,
1991, Willett et al., 2004, Willett et al., 2009). The raised intratumoural IFP

reduces the hydrostatic pressure gradient between the intravascular and

23



extravascular compartments such that the two essentially equilibrate. Although
this in itself is not sufficient to collapse tumour vessels, it does reduce
transvascular flow (as per Starling’s equation describing fluid movement across
the vascular wall (Starling, 1896)). On the other hand, the mechanical stress
from the solid mass of proliferating cancer cells and the matrix is able to collapse
tumour vessels, closing their lumen through compressive forces (Padera et al.,
2004). This combination of regional poor perfusion, raised IFP, and areas of
vascular collapse produces regional hypoxia and acidosis within tumours
(Helmlinger et al., 1997). Indeed, Vaupel and colleagues measured the partial
pressure of oxygen in tumours using electrodes, and demonstrated the presence
of hypoxia within several different human tumour types (Hockel et al., 1999,

Hockel and Vaupel, 2001).

The anomalous tumour vasculature and the ensuing hypoxia have several
consequences for tumours beyond promotion of angiogenesis. Firstly, because
cancer cells are more resistant to hypoxia than normal cells, they undergo
epigenetic changes in hypoxic conditions that promote their malignant phenotype
and the epithelial-to-mesenchymal transition (EMT). This may result in a greater
metastatic potential (Bottaro and Liotta, 2003, DeClerck and Elble, 2010, Hockel
et al., 1999, Semenza, 2010a, Semenza, 2010b). For example, hypoxia induces
HIF1a-mediated production of several growth factors in cancer cells (Harris,
2002), and the activation of oncogenes that promote invasive growth and
metastasis (Pennacchietti et al., 2003). In addition, hypoxia can upregulate
expression of VEGF-C in tumour cells, promoting lymphatic metastasis
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(Morfoisse et al., 2014). Indeed, increased hypoxia also correlates with
metastasis and reduced survival in patients (Hockel et al., 1999). Secondly,
hypoxia and low pH also compromise the cytotoxic functions of immune cells that
infiltrate a tumour, further enhancing the malignant phenotype (Ganss et al.,
2004). Thirdly, aberrations in the tumour vasculature have great implications for
tumour sensitivity to therapy. Hypoxia is a well-known mediator of cancer cell
resistance to conventional radiotherapy and cytotoxics (Wouters and Brown,
1997, Teicher, 1996). Moreover, the poor blood supply and raised intratumoural
IFP (leading to a reduction in transvascular flow) impair the delivery of
systemically administered therapies to tumours such as conventional cytotoxics
and monoclonal antibodies (Jain, 1989, Wildiers et al., 2003, Tong et al., 2004).
Drugs become concentrated in regions that already have sufficient blood supply,

and fail to enter inaccessible regions.

1.3 Vascular normalization — a therapeutic strategy in solid tumours

1.3.1 The Vascular Normalization hypothesis

Systemic anti-angiogenic therapy has been developed with the rationale that
inhibiting blood vessel formation would cause profound vascular regression,
essentially starving tumours to death or rendering them “dormant” (Folkman,
1971). Early preclinical studies provided support for this hypothesis. In various
xenograft models, anti-VEGF monoclonal antibodies hindered tumour

angiogenesis and delayed tumour growth (Kim et al., 1993, Warren et al., 1995).
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Despite these promising preclinical results, the effects of anti-VEGF
monotherapy in the treatment of human solid tumours have been generally
underwhelming, with only modest objective response rates and a lack of
meaningful survival benefits in phase 3 trials (Jain et al., 2006). In metastatic
colorectal cancer, for example, an objective response rate of 3.3% was observed
amongst chemotherapy-pretreated patients receiving monotherapy with
bevacizumab, a monoclonal antibody against human VEGF (Giantonio et al.,
2007). Similar results were observed in a breast cancer population (Cobleigh et
al., 2003). Such data suggest that anti-VEGF therapy alone is unable to
effectively induce sufficient vascular regression in the clinical setting to cause

significant tumour shrinkage.

In contrast, large randomized phase 3 clinical trials of bevacizumab therapy in
combination with systemic chemotherapy have demonstrated significant
improvements in progression-free and overall survival when compared with
systemic chemotherapy alone. Multiple clinical trials in the first- and second-line
treatment of metastatic colorectal cancer have all confirmed that the addition of
bevacizumab to standard first-line chemotherapy regimens significantly improves
patient outcomes (Hurwitz et al., 2004, Tebbutt et al., 2010, Saltz et al., 2008).
Trials of bevacizumab with chemotherapy as first-line treatment for metastatic
non-small cell lung cancer have yielded similar results (Sandler et al., 2006, Reck
et al., 2009). Additionally, initial studies in metastatic breast cancer suggested a
significant improvement in progression-free survival from the addition of
bevacizumab to standard cytotoxic chemotherapy (Miller et al., 2007). Although
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in the case of breast cancer this did not translate into an improvement in overall
survival (Miles et al, 2010, Brufsky et al, 2011, Robert et al., 2011), such data are
intriguing, and collectively imply that anti-VEGF antibody therapy augments the
efficacy of systemic chemotherapy but has limited action as a monotherapeutic.
Taken together, there appears to be a synergistic effect upon combining anti-

VEGF antibody therapy with chemotherapy.

These clinical results seem counter-intuitive. Anti-VEGF therapy is designed to
promote vascular regression and tumour starvation, and yet the efficacy of
chemotherapy depends on efficient tumour blood flow and hence drug delivery.
Thus, vascular regression should theoretically dampen, rather than enhance, the
effects of systemic chemotherapy. In addition, tumour hypoxia induced by the
antivascular effects anti-VEGF therapy should also increase the metastatic
proclivity of tumours and render them relatively chemoresistant (Pennacchietti et
al., 2003). The trial results refute these hypotheses, however, and are further
supported by the fact that no trial in patients with metastatic disease has
demonstrated a significant detriment in overall survival from the addition of
bevacizumab to systemic chemotherapy (Miles et al., 2011, Welch et al., 2010,

Padera et al., 2008).

The “vascular normalization” hypothesis is an attempt to resolve this paradox
(Jain, 2001, Jain, 2005). The hypothesis posits that rather than obliterating
vessels, the judicious use of anti-angiogenic therapy reverts the grossly
abnormal structure and function of the tumour vasculature towards a more

normal state. In turn, this normalizes the tumour microenvironment.
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1.3.2 Consequences of vascular normalization in tumours

The normalization hypothesis suggests that by correcting the abnormalities in
structure and function of tumour vessels (rather than destroying vessels
completely), we can rectify aberrations in the tumour microenvironment and
ultimately control tumour progression and improve response to other therapies
(Jain, 2001, Jain, 2005). This may occur via different physiological mechanisms.
Firstly, increased homogeneity of functional vascular density and a more orderly
arrangement of vessels could reduce heterogeneity in blood flow in different
regions within a tumour. Secondly, improved connections between adjacent
endothelial cells, an increased proportion of PVC-covered vessels, and a tighter
association between PVCs and ECs would reduce vascular permeability,
resulting in a drop in intratumoural IFP. While tumour vessels may never
become completely “normal” the effect of these changes is a more even
distribution of blood flow within a tumour, with a subsequent reduction in areas of
hypoxia and acidosis. In turn, one would expect amelioration of the hypoxia-
mediated increase in cancer cell metastatic potential, more uniform delivery of
systemically administered anti-cancer therapies within a tumour, and enhanced
radiosensitivity of tumours. This might serve to explain the seemingly
paradoxical clinical trial data demonstrating synergism between anti-VEGF

therapy and chemotherapy in the treatment of solid tumours.

1.3.3 Molecular mechanisms of vascular normalization

In normal tissues, the collaborative action of various proangiogenic factors (eg.
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VEGF, basic fibroblastic growth factor [bFGF], angiopoietin-2 [Ang-2]) is in
balance with the action of endogenous antiangiogenic and vascular stabilizing
factors (eg. Thrombospondin-1 [TSP-1], Ang-1) (Goel et al., 2011, Winkler et al.,
2004, Chae et al., 2010, Bocci et al., 2003, Watnick et al., 2003, Thurston et al.,
1999, Maisonpierre et al., 1997, Relf et al., 1997). In pathological angiogenesis,
an imbalance persists leading to the relentless development of aberrant vessels.
By attempting to redress this imbalance, it is possible to normalize tumour
vessels. One validated mechanism of vascular normalization is blockade of
VEGF signaling. Inhibition of VEGF — a factor that promotes the survival and
proliferation of ECs and increases vascular permeability — can transiently restore
the balance between pro- and antiangiogenic signaling, shifting it back towards

equilibrium.

Over time, a number of other key angiogenic molecules and genes have been
directly implicated in the development of an abnormal tumour vasculature and
the normalization process. In total, over three hundred original published
manuscripts describe evidence of the normalization process as a result of
inhibition of any of several different pro-angiogenic pathways, both preclinically
and in patients. A detailed description of these is beyond the scope of this

thesis, but they are summarized in Figure 1 and reviewed in Goel et al, 2011.
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Figure 1: Factors shown to promote or inhibit the vascular normalization phenotype in tumours. This schematic depicts a tumour cell
(green), endothelial cell (beige), pericytes (blue), and the extracellular matrix. Molecules that lead to characteristic vessel abnormalities
are in red, and those that promote the normalization phenotype are in blue. The principal angiogenic molecule responsible for vascular
abnormalities is VEGF-A. This is produced by tumour cells (in reponse to hypoxia via the PHD2/HIF pathway; or due upregulation by
oncogenic activation (Izumi et al., 2002, Schnell et al., 2008, Cerniglia et al., 2009, Qayum et al., 2009), sex hormones (Jain et al., 1998,
Hansen-Algenstaedt et al., 2000), inflammatory cytokines, etc.). VEGF-A may also be derived from tumour-infiltrating myeloid cells,
pericytes, or released from the extracellular matrix, and acts primarily via VEGFR2 on ECs. In addition, VEGF-A stimulation of VEGFR2
on pericytes inhibits PDGFB-PDGFRf mediated pericyte recruitment to ECs (Greenberg et al., 2008). In addition, PIGF may contribute to
tumour vessel abnormalities (possibly by changing the number or phenotype of macrophages), potentially acting through the VEGFR1 or
NRP1 (Mazzone et al., 2009). Other mediators of the abnormal vessel phenotype shown include Ang-2 (acting on the Tie-2 receptor —
(Maisonpierre et al., 1997)), Rgs5 (which inhibits PDGFR-mediated pericyte recruitment — (Hamzah et al., 2008, Gunaje et al., 2011)),
and tumour cell integrins (in the case of GBM). Factors that may restore tumour vessels toward a more normal phenotype include Ang-1
(derived primarily from perivascular cells and acting on Tie-2 — (Suri et al., 1996)), SEMA3A, PDGF-B, and other factors whose
mechanism of action is less clear (eNOS, PDGF-C, PDGF-D, IFN-B, TSP-1). Importantly, the differential effects of hypoxia in the tumour
cell and endothelial cell are to potentially “abnormalize” or normalize vessels, respectively. Ang, Angiopoietin; EGFR, epidermal growth
factor receptor; eNOS, endothelial nitric oxide synthase; FAK, focal adhesion kinase; GBM, glioblastoma multiforme; HER2, human
epidermal growth factor receptor 2; HIF, hypoxia inducible transcription factor; IFN, interferon; MMP, matrix metalloproteinase; NRP,
neuropilin; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; PHD, prolyl hydroxylase domain
protein; PI3K, phosphoinositide-3-kinase; PIGF, placental growth factor; Rgs5, regulator of G protein signaling 5; SEMA, semaphorin;
sFIt1, soluble VEGFR1; TSP, thrombospondin; VE-cadherin, vascular-endothelial cadherin; VEGF, vascular endothelial growth factor;
VEGFR, vascular endothelial growth factor receptor; a, B, and y refer to alpha-, beta-, and gamma-catenin, respectively. (Adapted from
Goel et al, 2011).
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1.4 Sustained normalization: an elusive goal

Ideally, vascular normalization within tumours would be a sustained process,
facilitating a constant improvement in perfusion and reduction in tumour hypoxia.
Indeed, various genetic studies have achieved this goal. For example, tumours
growing in mice haploinsufficient for PHD2, or in Rgs5 null mice, show evidence
of a sustained, normalized vessel phenotype characterized by improved
perfusion, reduced hypoxia, and the attendant improved efficacy of concomitantly

administered anti-cancer therapies (Hamzah et al., 2008, Mazzone et al., 2009).

Unfortunately, pharmacologically induced vascular normalization is transient, and
characterized by a narrow “time window”. This refers to the time period after
commencement of anti-angiogenic therapy during which vessels demonstrate
features of the normalization phenotype. Studies of murine and human tumours
have identified the onset of normalization, typically 1-2 days after
commencement of therapy, followed by an eventual “closure” of the
normalization window, at which point features of normalization are lost (Kamoun
et al., 2009, Winkler et al., 2004, Willett et al., 2004). This may relate either to
excessively high or prolonged dosing of antiangiogenic therapy (ie. tipping the
balance past equilibrium in favour of antiangiogenic molecules, leading to
vascular pruning/regression), or to the development of resistance by activation of
alternative proangiogenic pathways or modes of acquiring new vessels.
Importantly, it has been shown that cancer cells are more vulnerable to cytotoxic
therapies specifically whilst the window is open, and thus defining its timing in a

variety of situations is of critical importance (Winkler et al., 2004). Given the tight
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balance between excessive and insufficient angiogenesis within tumours,
attainment of a sustained, pharmacologically induced vascular normalization has
thus far proved an elusive goal. Indeed, the functional vascular phenotype seen
following treatment with anti-angiogenic therapies for cancer is likely to reflect the
balance between the degree of vascular regression and vascular normalization,

both of which are likely to occur concurrently within the same tumour.

1.5 The Angiopoietin-Tie2 system: a key mediator of vascular

abnormalities in tumours

After the VEGF-VEGFR system, the next best characterized molecular pathway
involved in regulation of angiogenesis and vessel maturation is the Angiopoietin-
Tie2 axis, which plays a key role in regulating both physiological and pathological

angiogenesis (Huang et al., 2010, Suri et al., 1996).

Ang-1 and Ang-2 bind to their cognate receptor tyrosine kinase Tie-2 on the EC
surface. Ang1 is synthesized by PVCs and serves as a Tie-2 agonist. Activated
Tie-2 binds to and activates a number of downstream effector molecules within
ECs, including endothelial nitric oxide synthase (eNOS), the PI3-Kinase catalytic
complex, growth factor receptor-bound protein 2 (GRB2), and A20-binding
inhibitor of nuclear factor-kB activation 2 (ABIN2) (Huang et al., 2010).
Ultimately, this promotes EC survival, inhibits EC apoptosis, and supports
endothelial quiescence. The resultant phenotype is one of vascular stability,
maturity, and integrity (Augustin et al., 2009). In keeping with this, Tie-2

activation by Ang-1 has been shown to reduce vascular permeability (Thurston et
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al., 1999, Thurston et al., 2000, Wong et al., 1997, Gamble et al., 2000), and also

increases vessel diameter and hence blood flow (Suri et al., 1998).

In contrast, Ang-2 is synthesized primarily by ECs, and normally antagonizes the
actions of Ang-1 (Maisonpierre et al., 1997). It is the ratio of Ang-1/Ang-2 that
determines their ultimate effects. In contrast to Ang-1, Ang-2 destabilizes
vessels, promotes PVC detachment from ECs, and drives (especially in concert
with VEGF) the process of pathologic angiogenesis. In reality, the effects of Ang-
2 are more complex and in certain circumstances it can also serve as a Tie-2

agonist (Daly et al., 2006).

Typically, Ang-1 is constitutively expressed within normal tissues, and plays a
key role in maintaining vessel integrity. Conversely, Ang-2 is primarily produced
at times when active angiogenesis or vessel remodeling is occurring (of note,
Ang-2 is also critical in the regulation of lymphatic vessel development {Zheng et
al, 2014)). In both solid tumour growth and metastasis, Ang-1 levels are
relatively constant but levels of Ang-2 are higher than those of normal tissue
(Holash et al., 1999, Koh et al., 2010). In various stages of tumour development,
this increased production of Ang-2 facilitates vessel destabilization and hence

encourages tumour growth.

In the earliest phases of primary tumour growth, tumour cells co-opt normal host
vessels, leading them to upregulate Ang-2 production. This in turn facilitates the
earliest steps that permit the onset of sprouting angiogenesis (Holash et al.,

1999), and the beginnings of an abnormal vasculature. Similarly, when tumour
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cells circulate and lodge within the vessels of distant organs, it is the production
of Ang-2 by these vessels that destabilizes them and permits tumour cell
extravasation and tumour cell colonization (Holash et al., 1999, Holopainen et al.,
2012, Avraham et al., 2014, Rodriguez et al., 2014). Finally, in established
primary tumours, levels of Ang-2 continue to rise as tumours enlarge, and in
concert with VEGF drive the abnormal, immature vessel phenotype (Koh et al.,
2010). Consistent with this, recent data also suggests that Ang-2 may serve as a
direct mediator of resistance to anti-VEGF therapy in mammary carcinomas
(Rigamonti et al., 2014), with Ang-2 levels rising in direct response to VEGF

blockade.

The Angiopoietin-Tie2 system has been studied using genetic approaches, and
evidence supports previously established notions that EC-derived Ang-2 is an
important “abnormalizing” factor. When Ang-2 knockout mice are implanted with
syngeneic carcinoma or melanoma, the resultant tumours show various features
similar to those reported with pharmacological anti-Ang2 therapy (Falcon et al.,
2009, Nasarre et al., 2009), including a reduction in vessel diameter, an increase

in tumour perfusion and a more mature PVC profile.

Furthermore, Ang-1 is required for the establishment of a stable, normalized
vasculature in the face of VEGF pathway blockade (Winkler et al., 2004), and an

excess of Ang-2 compromises this process (Chae et al., 2010).

Therefore, a reduced Ang-1:Ang-2 ratio, and the consequent decline in Tie-2

activity, is an important determinant of tumour vessel abnormalities.
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1.6 Targeting the Angiopoietin-Tie2 system in solid tumours

In recent years, a number of pharmacologic agents have been developed to
target the abnormal tumour vasculature caused by excessive Ang-2 activity
(Huang et al., 2010). Several preclinical studies using these agents have shed

further light on the role of the Ang-Tie2 axis in tumour vasculature.

A study using specific pharmacological blockade of Ang-1 and Ang-2 (Falcon et
al., 2009), highlighted the requirement of Ang-1 for vascular normalization and
the contribution of Ang-2 to vascular abnormalities. Nude mice bearing colon
cancer xenografts were treated with ML4-3 (a peptibody specifically neutralizing
Ang-1), Li-7 (a peptibody specifically neutralizing Ang-2), or their combination.
Treatment with ML4-3 alone did not affect tumour growth or vascular
morphology, and vessels remained immature and disorganized as evidenced by
faint, irregular deposition of VE-Cadherin. Neutralization of Ang-2 with Li-7
normalized vessels. In particular, vessels were narrower and more uniform in
morphology with less tortuosity. In addition, increased pericyte coverage was
observed and there was a tightening of association between pericytes and ECs,
which showed uniform linear deposition of VE-Cadherin. Finally, when tumours
were subjected to combined Ang-1 and Ang-2 blockade, vessel density reduced
but vessels remained disorganized with irregular VE-Cadherin staining. These
data are consistent with those seen after anti-VEGFR2 treatment of

glioblastomas (Chae et al., 2010, Winkler et al., 2004).
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Recently, a number of reports detailing the effects of other anti-Ang-2 strategies
(including anti-Ang-2 antibodies) in solid tumours and inflammatory diseases
have been reported (Brown et al., 2010, Tabruyn et al., 2010, Huang et al., 2011,
Zheng et al, 2014). Together, they show inhibition of tumour growth, reduction in
tumour vessel density, and remodeling of the vasculature suggesting that
targeting Ang-2 may prove a valuable method to exploit the benefits of vascular
normalization. Of relevance to this thesis, it is noteworthy that the ongoing I-
SPY2 clinical trial is studying the effects of an anti-angiopoeitin 1/2 “peptibody” -

AMG-386 — as neoadjuvant therapy for breast cancer (Barker et al., 2009).

In addition, a dual pharmacological inhibitor of VEGF and the angiopoietins
(named the “Double anti-angiogenic protein”, DAAP) has been developed and
studied preclinically (Koh et al., 2010). DAAP, a chimeric decoy receptor that
simultaneously binds VEGF and Ang1/2, was shown to inhibit the growth of
several murine tumours, and in the case of implanted ovarian carcinoma,
resulted in a normalization of vessels in the peritoneum — characterized by
reduced vessel diameter and a more organized vascular hierarchy. These
effects are likely mediated by suppression of the activities of VEGF and Ang-2,

given their propensity to promote tumour angiogenesis (Koh et al., 2010).

In general, agents targeting this axis are designed to shift the Ang1:Ang2 ratio in
favor of Ang1, hoping to diminish Ang-2-mediated angiogenesis and stabilize
vessels.  Intriguingly, a recent clinical study has provided preliminary data
suggesting that patients with higher levels of circulating Tie2 have an improved

outcome after neoadjuvant chemotherapy for breast cancer, further supporting
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the importance of the angipoeitin-Tie2 axis as a mediator of tumor behavior and

potentially patient prognosis (Makhoul et al., 2014).

1.7 The Vascular Endothelial Protein Tyrosine Phosphatase: an

important regulator of Tie2 activity

1.7.1 VE-PTP is essential for vascular development

In 1999, Fachinger et al provided the first report of a receptor tyrosine
phosphatase that is expressed exclusively in endothelial cells (Fachinger et al.,
1999). This phosphatase was named the Vascular-Endothelial Protein Tyrosine
Phosphatase (VE-PTP, human orthologue protein tyrosine phosphatase receptor

type B, PTPRB).

In subsequent years, work from the laboratory of Dietmar Vestweber has begun
to characterize the structure and function of VE-PTP (Nawroth et al., 2002,
Baumer et al., 2006, Broermann et al., 2011, Nottebaum et al., 2008, Winderlich
et al., 2009). VE-PTP is a membrane-spanning receptor tyrosine phosphatase,
and is so far the only known phosphatase expressed exclusively in the
endothelium (Kuppers et al., 2014). Structurally, VE-PTP comprises a cytosolic
phosphatase domain, a transmembrane domain, and an extracellular portion

comprised of 17 fibronectin-like domains (Nawroth et al., 2002).

The critical role of VE-PTP in endothelial function is clear, given that is essential
for successful embryogenesis. Two different VE-PTP deficient mouse models
both show embryonic lethality (Baumer et al., 2006, Dominguez et al., 2007). In

both models, vasculogenesis occurs normally (and VE-PTP is not expressed at
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this early stage), but there are severe defects observed due to failed
angiogenesis — namely failure of the yolk sac vasculature to form a organized
vascular tree, and development of large, saccular vessels (Dominguez et al.,
2007, Baumer et al., 2006). Further supporting a role for VE-PTP in vascular
development, Shen et al. recently showed that VE-PTP is upregulated in

endothelial cells in response to hypoxia (Shen et al., 2014).

1.7.2 VE-PTP is a negative regulator of Tie-2 activity

In recent years, some of the molecular interactions of VE-PTP have been
elucidated. Importantly, the initial report describing VE-PTP showed that it binds
directly to the Tie-2 receptor tyrosine kinase, but not VEGFR2 (Fachinger et al.,
1999). Further work has clarified the nature of this interaction: Tie-2 and VE-PTP
are associated through their cytoplasmic domains, and VE-PTP directly
dephosphorylates tyrosine residues on Tie-2 (Winderlich et al., 2009). Elegant
work by Winderlich at al has shown that inhibition of VE-PTP expression by
antibodies, siRNA, or gene disruption triggers Tie-2 tyrosine phosphorylation,
and that by dephosphorylating Tie-2, VE-PTP serves as an important regulator of
Tie-2 activity (Winderlich et al., 2009). Furthermore, Ang-1 stimulation of Tie-2
heightens the association of Tie-2 and VE-PTP. As such, Vestweber's team
have posited that VE-PTP serves as a negative feedback control mechanism to

limit the extent of Tie-2 activation by Ang-1 (Winderlich et al., 2009).

The primary vascular defect in the VE-PTP knockout mouse is that of enlarged,

saccular vessels that fail to form correct branch points (Baumer et al., 2006,
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Dominguez et al., 2007). Through culture of allantois explants from VE-PTP null
mice, it has been shown that this enlarged vessel phenotype occurs directly

through hyperactivation of Tie-2 (Winderlich et al., 2009).

1.7.3 Interactions between VE-PTP and VE-Cadherin

Beyond Tie-2, VE-PTP has also been found to physically interact with the central
EC junction adhesion molecule, VE-Cadherin. VE-PTP and VE-Cadherin can be

co-immunoprecipitated from EC lysates (Nawroth et al., 2002).

The interaction between VE-PTP and VE-Cadherin seems to play an important
role in regulating endothelial barrier integrity. Loss of VE-PTP in EC’s is
associated with loss of endothelial barrier function in vitro, and overexpression of
VE-PTP in ECs has the opposite effect (Nawroth et al., 2002). Furthermore,
endothelial exposure to VEGF, lipopolysaccharide (LPS), neutrophils, or
lymphocytes triggers dissociation of VE-PTP from VE-Cadherin, increased VE-
Cadherin phosphorylation, and an associated increase in endothelial layer

permeability (Nottebaum et al., 2008, Broermann et al., 2011).

The overexpression of VE-PTP in VE-Cadherin-transfected cells is associated
with decreased tyrosine phosphorylation of both VE-Cadherin and also
plakoglobin (gamma-catenin), another important component of the EC junctional
complex. At first glance, this would suggest that VE-PTP directly
dephosphorylates VE-Cadherin and plakoglobin, in a similar fashion to Tie-2.
However, overexpression of a catalytically inactive mutant form of VE-PTP has

the precise same effect as expressing wild-type VE-PTP (Nawroth et al., 2002),
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implying that it is in fact the interaction of the extracellular domains of VE-PTP
and VE-Cadherin, rather than the activity of the VE-PTP phosphatase, that
somehow regulates VE-Cadherin phosphorylation and EC barrier integrity. In
further support of this notion, Wessel et al recently reported that it is the
dissociation of VE-PTP and VE-Cadherin that precedes tyrosine phosphorylation

at its Tyr685 residue (Wessel et al., 2014)

To summarize, the currently available data suggests that VE-PTP negatively
regulates Tie-2 activity through its phosphatase activity, and heightens EC barrier

function through its extracellular interaction with VE-Cadherin.

1.7.4 VE-PTP in the tumour endothelium

Unlike the angiopoietins, the role of VE-PTP in the solid tumour endothelium has
been essentially unexplored. In one report, implantation of murine lung
carcinoma cells subcutaneously resulted in rapid overexpression of VE-PTP in
host endothelial cells (Dominguez et al., 2007). This observation leads one to
speculate that VE-PTP activity, possibly by deactivating Tie-2, might play a role
in the initial destabilization of tumour vessels. This remains to be proven,

however.

1.8 AKB-9778 — a first-in-class inhibitor of the VE-PTP catalytic

domain

AKB-9778 (Aerpio Therapeutics, Cincinnati OH) is a novel, first-in-class small
molecule inhibitor of the VE-PTP phosphatase domain. AKB-9778 was

developed through structural modifications of 1,2,3,4-tetrahydroisoquinolinyl
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sulfamic acids. These acids are phosphotyrosine mimetics, and act competitively
to prevent phosphatases from dephosphorylating their endogenous targets.
Coupling 1,2,3,4-tetrahydroisoquinolinyl sulfamic acids to a malonate template
yields selective and potent inhibitors of VE-PTP (Amarasinghe et al., 2006). The
phenylsulfamic acid moiety acts as a general phosphotyrosine mimetic
‘warhead”, and surrounding moieties were optimized as part of an extensive

structure-based drug design program (Shen et al., 2014).

In vitro enzyme kinetic studies show that AKB-9778 is a selective inhibitor of VE-
PTP, with over 7000-fold higher potency for VE-PTP that the generic intracellular
phosphatase PTP1B. Furthermore, it is over 5000-fold more selective for VE-
PTP than other phosphatases including HPTP-epsilon, CD45, Shp1, Shp2, MKP-
1, HCPTA, PTP-mu, PRL-3, VHR, PTEN, and alkaline phosphatase (Shen et al.,

2014).

As described earlier, the central bona fide function of the phosphatase domain of
VE-PTP appears to be dephosphorylation of Tie-2. Therefore, it is plausible that
by inhibiting VE-PTP, AKB-9778 might serve to enhance Tie-2 signaling within
ECs. Consistent with this hypothesis — and published after the experiments in
this thesis were completed — a report from Shen et al. has recently demonstrated
that through Tie-2 activation, AKB-9778 stabilizes retinal vessels in mice with
neovascular macular degeneration (Shen et al., 2014), reducing permeability and
inhibiting pathological vascularization. Indeed in this light, AKB-9778 has now

entered clinical trials for patients with diabetic macular oedema, and unpublished
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data demonstrate a significant reduction in retinal oedema in a proportion of

patients (Aerpio Therapeutics, 2014).

The neovasculature of the diabetic eye is often compared to the vasculature of
solid tumours, and the results above therefore provide further support for study of

AKB-9778 as a promoter of vascular stability within tumours.

1.9 The current study

The present study has two central aims.

The first is to characterize the effects of AKB-9778 as an inhibitor of the VE-PTP
catalytic domain. We speculated that by reducing Tie-2 dephosphorylation, AKB-

9778 might mediate an enhancement of Tie-2 signaling in EC’s.

The second, and most important, is to describe the effects of AKB-9778 therapy
on the solid tumour vasculature, tumour growth, and metastasis. We
hypothesized that as an activator of endothelial Tie-2 signaling, AKB-9778 might
promote the development of a more mature, stable, functionally normalized
vasculature within solid tumours — mitigating some of the adverse consequences
associated with vessel abnormalities. = We specifically explored this in three
settings: i) the earliest phases of tumour growth when Tie-2 deactivation
promotes the onset of sprouting angiogenesis; ii) the earliest stages of metastatic
colonization, with Tie-2 deactivation facilitates circulating tumour cells’
extravasation into distant organs; and iii) during the growth of established primary
tumours, where vascular immaturity promotes tumour hypoxia and impairs the

response to concomitantly administered cytotoxic therapies.
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2 Chapter Two: Materials and Methods

2.1 Invitro and molecular biology studies

2.1.1 Cell lines and cell culture

Human umbilical vein endothelial cells (HUVECs) were obtained from the Center
for Vascular Excellence at the Brigham and Women’s Hospital (Boston, MA).
HUVECs were received at passage zero, and all experiments were performed at
passage numbers less than or equal to four. HUVECs were cultured in 100mm
tissue culture dishes coated with 0.1% gelatin (ATCC, Manassas, VA) in
Endothelial Growth Medium (EGM, Lonza, Mapleton, IL) containing all

manufacturer-supplied supplements.

Human microvascular endothelial cells (HMVECs) were dermal microvascular
endothelial cells purchased from Lonza (CC-2811 line) and were cultured in EGM
with all manufacturer supplements on tissue culture dishes coated with 0.1%

gelatin.

The 4T1 murine mammary carcinoma line was purchased from ATCC and was
cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose, L-
glutamine, and sodium pyruvate (Cellgro, Manassas, VA), supplemented with
10% fetal bovine serum (FBS) (Sigma-Aldrich, St Louis, MO) and 1% MEM non-
essential amino acids (Invitrogen, Grand Island, NY). The EO0771 murine
mammary carcinoma cell line was originally established by Dr Sirotnak (Memorial

Sloan Kettering Cancer Center, New York) and were provided as a generous gift
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by Dr Mihich (Roswell Park Cancer Institute, Buffalo, NY). EO771 was cultured in
DMEM (ATCC) supplemented with 10% FBS and 1% HEPES buffer (Invitrogen).
The 4T1 and EO771 cell lines were subcultured upon reaching 70-80%

confluence at a ratio of 1:5.

The MMTV-PyVT tumour cell line was derived as follows: spontaneously arising
mammary tumours were resected from FVB/N-Tg(MMTV-PyVT) 634Mul/J mice
(Jackson Laboratories, Bar Harbor, ME). Tumours were cut