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INTRODUCTION

Blood vessels in our body supply the tissues with oxygen and nutrients. The
inner surface of blood vessels is lined with endothelium, a special type of
epithelium. In contrast to many other epithelial tissues, where constant
regeneration is taking place, endothelial cells in an adult organism reside mostly
in quiescence and formation of new blood vessels is initiated via sprouting from
the pre-existing ones (angiogenesis) only on few occasions, such as wound
healing or tissue regeneration. Sprouting angiogenesis is a tightly regulated
pathophysiological process and its misregulation is involved in ischaemic
diseases, inflammation, and tumour growth. In 1971 Judah Folkman, the pioneer
of anti-angiogenesis therapy, proposed the idea that tumour growth depends on
angiogenesis, and thus, reducing tumour blood supply would be benefical for
anti-tumour therapy (Folkman, 1971). Since 2004, a number of anti-
angiogenesis drugs have been brought to market for use in cancer treatment.
However, about dozen years of clinical use has also revealed that these drugs
display only limited long-term benefit due to the intrinsic or acquired resistance
mechanisms of tumours to anti-angiogenesis therapy. To overcome the
difficulties in anti-angiogenesis therapy, a clearer insight into the mechanisms
and factors regulating angiogenesis is needed.

CD44 is a highly glycosylated cell surface adhesion receptor that mediates its
functions by binding to its principal ligand hyaluronan (HA) or other
extracellular matrix (ECM) ligands. Although the functions of CD44 are
foremost related to leukocyte homing and tumour metastasis, some studies
describe CD44 also as an angiogenesis regulator. CD44 has been shown to be
required for tumour vascularization (Cao et al., 2006), as well as for blood vessel
invasion in response to HA oligomers (Lennon et al., 2014). Furthermore,
studies by Pall et al. (2004) demonstrated that the recombinant soluble CD44
HA-binding domain (CD44-HABD) is able to inhibit angiogenesis and tumour
xenograft growth independently of its HA binding function. To utilize CD44 in
anti-angiogenic therapy, a better understanding of the role of CD44 in blood
vessel formation would be beneficial.

The aim of this thesis was to elucidate the contribution of CD44 to endothelial
cell proliferation and angiogenesis. To examine the role of CD44 in endothelial
growth, three different approaches were used. The functions of CD44 in
angiogenesis and endothelial proliferation were studied by the use of Cd44”
mice, administration of the soluble non-HA-binding analogue of CD44 (CD44-
3MUT), and CD44 silencing in human endothelial cells. As the in vivo use of
CD44-3MUT was limited due to its rapid removal from circulation, we
attempted to improve its pharmacokinetic properties as well.



ABBREVIATIONS

aa — amino acid

ADAM - a disintegrin and metalloproteinase
ALK - activin receptor-like kinase

ANG - angiopoietin

BMDC — bone marrow derived cells

BMP — bone morphogenetic protein
CD44-3MUT - non-HA binding CD44-HABD
| 3RHARTESY795)

CD44s — standard (hematopoietic) CD44 isoform
CD44v — variant CD44 isoforms

CDK1 - cyclin dependent kinase 1

CSC — cancer stem cells

CXCL - C-X-C motif chemokine ligand
CXCR — C-X-C motif chemokine receptor
DIVAA — directed in vivo angiogenesis assay
DLLA4 — Delta-like ligand 4

EC — endothelial cells

ECIS - electrical cell-substrate impedance sensing
ECM - extracellular matrix

ELISA — enzyme-linked immunosorbent assay
EMT - epithelial-to-mesenchymal transition
ERM - ezrin, radixin and moesin

FA — focal adhesion

FAK — focal adhesion kinase

Fc — Fragment crystallisable

FGF — fibroblast growth factor

FGFR - FGF receptor

GDF-2 — growth differentiation factor-2

GF — growth factor

GPCR - G protein coupled receptor

GST — glutathione S-transferase

HA — hyaluronan

HABD — HA binding domain

HGF — hepatocyte growth factor

HIF — hypoxia inducible factor

HMW — high molecular weight

HUVEC — human umbilical vein ECs

ICAM-1 — intercellular cell adhesion molecule-1
ICD — intracellular domain

IF — intermediate filament

Ig — immunoglobulin

LMW — low molecular weight

(CD44-HABD21-



LPS — lipopolysaccharide

LRP6 — low-density lipoprotein receptor-related protein 6
MDR1 — multidrug protein-1

MLEC — mouse lung ECs

MMP — matrix metalloprotease

NF2 — neurofibromin 2 (merlin)

NRARP — NOTCH-regulated ankyrin repeat protein
NRP1 — Neuropilin-1

PAI-1 — plasminogen activator inhibior-1

PDGF - platelet-derived growth factor

PDGFR — PDGF receptor

PECAM-1 — platelet/endothelial cell adhesion molecule-1
PEG — polyethylene glycol

PHD - prolyl-hydroxylase domain proteins

PI3K — phosphoinositide 3-kinase

PKC — protein kinase C

PLGF - placental growth factor

RHAMM - a receptor for hyaluronan-mediated motility
ROS - reactive oxygen species

RTK - receptor tyrosine kinase

S1P — platelet derived sphingosine 1 phosphate

sCD44 — soluble CD44

SDF1 — stromal derived factor 1

SIRT1 — NAD+-dependent sirtuin-1

sVEGFR - soluble vascular endothelial growth factor receptor
TAM — tumour associated macrophages

TGF — transforming growth factor

TGFBR — TGF-f receptor

TIMP — tissue inhibitor of metalloprotease

TNF — tumour necrosis factor

VASP — vasodilator stimulating phosphoprotein
VCAM-1 — vascular cell adhesion molecule-1

VEGFR — vascular endothelial growth factor receptor
VEGF — vascular endothelial growth factor

vSMC — vascular smooth muscle cells

YAPI1 - Yes-associated protein 1
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LITERATURE REVIEW
1 Angiogenesis

Blood circulation is essential to organisms for delivering oxygen and nutrients,
removing metabolic waste products and providing gateways for immune
surveillance (Potente et al., 2011). Blood vessels consist of an inner surface,
lined with endothelial cells (ECs), a stabilising basement membrane underneath
them, and an outer layer of mural cells that sheathe the vessels. The blood vessel
network is formed mainly by vasculogenesis or angiogenesis (Risau, 1997). In a
developing embryo blood vessels are formed de novo via vasculogenesis, where
mesoderm-derived endothelial precursor cells differentiate into ECs and
assemble a primitive vascular network (Swift and Weinstein, 2009). The
subsequent angiogenesis is the formation of a functional blood vessel network
by vessels sprouting from the pre-existing ones (Carmeliet and Jain, 2011).
During embryogenesis, active angiogenesis occurs to guarantee normal
organogenesis. In adults, ECs reside mostly in quiescence, and only a few
physiological processes, like wound healing, tissue repair and growth of
endometrium, induce angiogenesis. Proper blood supply is crucial for tissue
homeostasis and the body’s functioning, therefore, angiogenesis is tightly
regulated and its misregulation may lead to several diseases (Goel et al., 2011).
Insufficient angiogenesis can lead to several ischaemic diseases, such as
myocardial infarction and neurodegenerative disorders, whereas excessive
angiogenesis promotes tumour growth, inflammation and eye diseases
(Carmeliet, 2003; Folkman, 2007).

Sprouting angiogenesis is a multistep process that relies on different behaviours
and phenotypes of ECs (Figure 1A). The “tip/stalk cell concept includes the
activated endothelium with migratory tip cells that lead the vessel sprout and
proliferative stalk cells trailing the tip cells (De Smet et al., 2009; Gerhardt et al.,
2003). In quiescent vessels, ECs with more cobblestone morphology are called
phalanx cells (Mazzone et al., 2009). Hypoxic, inflammatory or tumour cells can
trigger the angiogenic switch from the quiescent to activated phenotype by
releasing proangiogenic growth factors (GFs). Upon activation, pericytes detach
from vessel walls, and EC cell—cell junctions are loosened, resulting in increased
vessel permeability; then the basement membrane is degraded by activated
proteases. All these processes together allow ECs to migrate towards angiogenic
signals to initiate sprouting (Carmeliet and Jain, 2011). According to the
“tip/stalk® cell concept, only few of the activated ECs are selected as tip cells
(De Smet et al., 2009; Gerhardt et al., 2003). Tip cells extend filopodia and lead
the newly established sprouts. Trailing stalk cells, in contrast, do not migrate,
but instead proliferate to support sprout elongation and also to establish the
vascular lumen. The tip and stalk cell phenotypes are dynamic, and neighbouring
cells constantly compete for the tip cell position (Jakobsson et al., 2010). EC
sprouting continues until tip cells from neighbouring sprouts meet and
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anastomose, allowing vessel perfusion (Carmeliet and Jain, 2011). To become
mature and functional, ECs restore their quiescent phalanx phenotype, recruit
mural cells to cover and stabilise nascent vessels, and deposit a new basement
membrane (Herbert and Stainier, 2011).

1.1 Overview of the regulation of sprouting angiogenesis

The VEGF pathway. The vascular endothelial growth factor (VEGF) signalling
pathway, consisting of five largely non-redundant ligands and three receptors, is
denoted as the predominant promoter of new blood vessel formation (Ferrara et
al., 2003). In general, VEGFRI1 is expressed in monocytes and macrophages,
VEGFR?2 in vascular ECs, and VEGFR3 in lymphatic ECs (Koch and Claesson-
Welsh, 2012). VEGF-A, the most potent inducer of angiogenesis, drives
angiogenesis mainly by binding to VEGFR2 (Ferrara et al., 2003). VEGF-A
signalling in endothelial tip cells is enhanced by Neuropilin-1 (NRP1), an
important co-receptor for VEGFR2. VEGF-A is also a ligand for VEGFR1 and
its soluble isoform (sVEGFR1), which both bind VEGF with ten times higher
affinity than VEGFR2. However, VEGFR1 is not directly required for signalling
in ECs, but instead it serves as a decoy receptor for VEGF, and spatially controls
VEGFR2 signalling and angiogenic sprouting (Kappas et al., 2008). VEGFR1-
specific ligands, VEGF-B and placental growth factor (PLGF), are dispensable
for normal vascular development, but they have functions in pathological
angiogenesis (Fischer et al., 2008). VEGF-C/VEGFR3 signalling is important in
embryogenesis (Dumont et al., 1998), lymphangiogenesis (Karkkainen et al.,
2004) and in tumour angiogenesis (Tammela et al., 2008).

The NOTCH pathway. In vascular morphogenesis, the NOTCH pathway plays a
crucial role in EC fate determination, being involved in the specification of
angioblasts, arteriovenous identity and tip/stalk cell specification (Phng and
Gerhardt, 2009). Although several members of the NOTCH pathway are
expressed in vasculature, the specification of ECs into tip and stalk cells is
mainly regulated by NOTCH1 and its ligand, Delta-like 4 (DLL4) (Hellstrom et
al., 2007). NOTCH activity is also required for vessel stabilization and
maintenance (Phng and Gerhardt, 2009). Overall, NOTCH signalling has been
thought to serve as a negative regulator of VEGF-induced angiogenic sprouting
(Blanco and Gerhardt, 2013).

The HGF/MET pathway. The hepatocyte growth factor (HGF) acts through its
sole receptor MET (Naldini et al., 1991). The expression patterns of HGF and
MET indicate that HGF is mainly a mesenchyme-derived factor that acts on
MET-expressing epithelial cells (Zarnegar, 1995). However, MET is also
expressed on ECs (Ding et al., 2003). Both HGF and MET are also upregulated
in several tumours, whereas in many tumours, HGF activates MET in an
autocrine loop (Ferracini et al., 1995). The HGF/MET pathway can promote
angiogenesis directly, via inducing migration and motility of ECs (Bussolino et
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al., 1992; Sengupta et al., 2003), indirectly, by regulating the expression of other
GFs and angiogenic mediators (Nakamura et al., 2011; Zhang et al., 2003), or in
synergy with the VEGF pathway, by activating common downstream signalling
pathways (Sulpice et al., 2009).

The ANG/TIE pathway is an endothelial-specific binary signalling system that
allows the blood vessels to switch between vascular quiescence and stimulation
of angiogenic sprouting (Eklund and Saharinen, 2013). The main axis of this
pathway is ANG1 and ANG?2 signalling via TIE2. ANG2 is stored in the
Weibel-Palade bodies of ECs (Fiedler et al., 2004) and is upregulated in the tip
cells during hypoxia and tumourigenesis (del Toro et al., 2010). ANGI1 is
expressed by perivascular cells (Suri et al., 1996), and TIE2 is located on the
surface of ECs (Dumont et al., 1992). Mural cell-derived ANGI1 activates TIE2
on ECs and enhances vessel integrity (Jeansson et al., 2011; Suri et al., 1996).
ANG?2 is released from angiogenic tip cells by angiogenic stimuli. It promotes
EC sprouting and tumour angiogenesis by counteracting ANG1/TIE2 signalling
(Maisonpierre et al.,, 1997) and by recruiting tumour-associated macrophages
(TAMs) (De Palma et al., 2005).

The PDGF pathway. The platelet derived growth factor (PDGF) family is
structurally related to VEGF, but differently from VEGFs, PDGFs are the major
mitogens for mesenchymal cells (Andrae et al., 2008). PDGF-BB and PDGFR-f
are the main components of the PDGF pathway involved in neovascularization.
Endothelial-derived PDGF-BB promotes EC-mural cell interactions via
recruiting PDGFR-B-expressing mural cells and thereby increases vascular
integrity (Bjarnegérd et al., 2004; Hellstrom et al., 1999). PDGF-B is also an
important player in tumour angiogenesis, as blocking of its signalling pathways
causes pericyte detachment from tumour vessels, reduces tumour growth due to
immature vessels and renders vessels more sensitive to anti-VEGF therapy
(Bergers et al., 2003). On the other hand, lack of PDGF-B signalling can
promote metastasis due to abnormal and leaky vessels in tumours (Xian et al.,
20006).

The FGF pathway. The fibroblast growth factor (FGF) signalling occurs in many
different cell types (Murakami and Simons, 2008). Acidic FGF (aFGF, FGF-1)
and basic FGF (bFGF, FGF-2), the first angiogenic GFs discovered (Folkman et
al., 1988; Thomas et al., 1984), regulate different phases of angiogenesis via the
activation of FGFR1 or FGFR2. It is suggested that these FGFs do not exhibit a
direct effect on ECs, but instead promote angiogenesis in vivo by acting as
upstream organizers and coordinators of other GF systems and different
angiogenic pathways (Murakami and Simons, 2008; Presta et al., 2005). Studies
with FgfirI”" and Vegfr2” embryoid bodies show that the FGF pathway controls
neovascularization upstream of the VEGF pathway (Magnusson et al., 2004).
FGF also upregulates HGF (Onimaru et al., 2002) and PDGFR (Nissen et al.,
2007), among others.
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The TGF-f pathway. The most important transforming growth factor beta (TGF-
B) ligands involved in angiogenesis are TGF-f1 and BMP9, which mediate their
effects on ECs via type I activin receptor-like kinase (ALK) receptors, ALK1
and ALKS (David et al., 2007; Goumans et al., 2003). While ALKS5 is expressed
in different cell types, ALK1 expression is mainly restricted to the endothelium
(Roelen et al., 1997; Seki et al., 2006). TGF-p and BMP-9 signalling is highly
context-dependent. TGF-B1 signalling through ALKS or ALK1 causes opposing
effects on EC proliferation (Goumans et al., 2003). TGF-B1/ALKS signalling is
also required for vessel maturation, as it promotes vascular smooth muscle cell
(vSMC) differentiation and EC—vSMC interactions (Carvalho et al., 2007).
BMP?9 signalling via ALK1 leads to inhibition of EC proliferation and promotes
EC quiescence (Scharpfenecker et al., 2007; Upton et al., 2009). However, in
synergy with TGF-B, BMP9 has been shown to promote angiogenesis (Cunha et
al., 2010).

1.2 Initiation of angiogenesis and tip/stalk cell specification

Angiogenesis is induced mainly due to deficiency of oxygen and nutrients. In
normoxia, oxygen-sensing enzymes, the prolyl hydroxylase domain proteins
(PHD1-3), regulate hypoxia-inducible transcription factors (HIFs) by
hydroxylation; after which HIFs are constantly targeted for proteosomal
degradation (Majmundar et al., 2010). In hypoxia, PHD proteins cannot
hydroxylate HIF proteins, thus HIFs become stabilised and are able to induce
angiogenesis by upregulating the transcription of proangiogenic proteins (Fraisl
et al., 2009). Still, oncogenes and GFs can activate HIFs even in the absence of
oxygen scarcity. HIF-1a also stimulates angiogenesis indirectly by upregulating
the chemoattractant SDF-o, which in turn recruits the pro-angiogenic bone
marrow-derived cells (BMDCs) (Du et al.,, 2008). Nutrient deprivation can
stimulate angiogenesis independently of HIFs via metabolic regulators (Arany et
al., 2008). To enable sprouting, the ECM is proteolytically degraded by matrix
metalloproteases (MMPs). In addition to remodelling the ECM and basement
membrane, the activity of MMPs liberates matrix-bound proangiogenic GFs to
further support sprouting (Deryugina and Quigley, 2010). To counter-balance
proangiogenic signalling, proteolytic degradation of matrix components
generates endogenous anti-angiogenic protein fragments (Nyberg et al., 2005).
ANG?2 mediates EC liberation by promoting pericyte detachment from the vessel
surface (Augustin et al., 2009) .

Although VEGF activates all targeted ECs through VEGFR2, the negative
feedback loop between the NOTCH and VEGF pathways defines which of those
ECs are selected as migratory tip cells (Hellstrom et al., 2007; Phng and
Gerhardt, 2009). Activation of VEGFR2 upregulates DLL4 in tip cells, which in
turn induces the NOTCH pathway in the neighbouring ECs. NOTCH activation
inhibits tip cell behaviour by downregulating the receptors promoting tip cell
function - VEGFR2, VEGFR3 and NRP1(Fantin et al., 2013; Tammela et al.,
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2008), while upregulating VEGFR1, which functions as a VEGF trap (Jakobsson
et al., 2010; Krueger et al., 2011). Although all VEGF-activated ECs upregulate
DLLA4, stochastic differences in local VEGF or in transcription produce an
imbalance in the expression of DLL4, and the quickest ECs to respond with the
highest DLL4 levels have the advantage to acquire the tip cell phenotype
(Blanco and Gerhardt, 2013). Thus, all VEGF-activated ECs that are not directly
inhibited by neighbours expressing high levels of DLL4 are by default selected
as tip cells and initiate a new sprout. Another NOTCH ligand, JAGGEDI, is
predominantly expressed in stalk cells and antagonises NOTCH activation
through DLLA4, thereby enhancing differential NOTCH activation in tip and stalk
cells and providing robustness in tip/stalk cell selection (Benedito et al., 2009).
Computational modelling suggests that such negative feedback loop between the
VEGF and NOTCH pathways is sufficient for patterning of tip and stalk cells
(Bentley et al., 2008). Additionally, the BMP/SMAD pathway adds some
robustness into this model. It is proposed that the interplay between
DLL4/NOTCH and BMP/SMAD signalling in ECs leads to nonsynchronous
oscillatory fluctuations of NOTCH and BMP targets, which results in rapid and
robust tip/stalk cell selection and at the same time, maintains a dynamic pool of
permissive, but non-sprouting ECs (Beets et al., 2013; Moya et al., 2012).

1.3 Tubule elongation

Tip cells start guiding the sprout towards the VEGF gradient (Gerhardt et al.,
2003). VEGFRI1 and its soluble variant (sVEGFR1) are predominantly
expressed in stalk cells and function as VEGF traps in physiological
angiogenesis. SVEGFR1 creates a VEGF gradient by depleting the VEGF
adjacent to stalk cells, leaving higher VEGF levels ahead of the tip cells and
thereby facilitating the migration of the sprout perpendicular to the mother
vessel (Chappell et al., 2009). Dynamic shuffling of tip and stalk cells is based
on their relative VEGFR1 and VEGFR2 expression levels. The constant
competition for the tip cell position ensures that the most competent cells lead
the sprout, and such collaborative behaviour of ECs enhances the capability of
the migrating sprout to sense the direction of the VEGF gradient (Jakobsson et
al., 2010). In parallel with the VEGF gradient, tip cells also use axonal guidance
molecules for sprout guidance and are therefore, in a sense, reminiscent of
axonal growth cones (Adams and Eichmann, 2010). There are several guidance
receptors expressed in sprouting ECs, including ephrins and their EPH receptors;
neuropilins and PlexinD1, which bind semaphorins, either alone or in complex
with each other; ROBO4, which binds SLIT ligands; and UNCS5B, which binds
netrins (Adams and Eichmann, 2010; Carmeliet and Tessier-Lavigne, 2005).

While tip cells are migratory, stalk cells are more proliferative and are
responsible for sprout elongation (Gerhardt et al., 2003). It is suggested that
proliferating stalk cells do not push the sprout, but instead tip cells pull the
sprout forward by interacting with the surrounding ECM (Geudens and
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Gerhardt, 2011). However, the proliferation of stalk cells is required for the
sustained growth of the sprout (Gerhardt et al., 2003; Phng et al., 2009). Tip
cells have a high VEGF gradient, which, in combination with the high affinity
receptor complex (VEGFR2 and NRP1), leads to tip cell migration. Stalk cells,
on the other hand, express less VEGFR2, which, combined with the absence of
NRP1 and lower local VEGF concentrations leads to EC proliferation (Gerhardt
et al., 2003; Takahashi et al., 2001). Additionally, FGF and VEGF crosstalk is
crucial for neovascularization and vessel integrity, as basal FGF stimulation
maintains the VEGFR2 expression level and its ability to respond to VEGF
stimulation by upregulating VEGFR2 (Murakami et al., 2011). Although
NOTCH activation is important for tip/stalk cell specification, subsequent fine-
tuning of the NOTCH activity in stalk cells is needed in order to allow vessel
growth. Stalk cell proliferation is ensured by the negative feedback regulation of
NOTCH signalling. NOTCH signalling in stalk cells upregulates the NOTCH-
regulated ankyrin repeat protein (NRARP), which in turn limits NOTCH
signalling and stimulates WNT signalling (Phng et al., 2009). NRARP-promoted
WNT signalling induces EC proliferation and supports cell junctions and vessel
stability. NOTCH activity is also regulated by an acetylation/deacetylation
mechanism. Acetylation of NOTCH protects it from proteosomal degradation
and enhances its signalling, whereas deacetylation by NAD'-dependent
SIRTUIN1 opposes NOTCH stabilisation and leads to decreased signalling
(Guarani et al., 2011).

1.4 Vascular lumen formation and anastomosis

Stalk cells are also responsible for vascular lumen formation. Different
mechanisms have been proposed for this process. First, the cell hollowing model
proposes that the lumen of intersegmental vessels in zebrafish form by the fusion
of intracellular vacuoles in ECs (Kamei et al., 2006). This model was extended
with the cord hollowing model, which suggests that the intercellular space of
intersomitic vessels is formed by exocytosis of vacuoles instead (Blum et al.,
2008; Wang et al., 2010). In the lumenal repulsion model, which has been
proposed for the formation of larger axial vessels, VE-cadherin localises
negatively charged CD34-sialomucins to the EC-EC contacts, which then
triggers the initial separation of apical cell surfaces due to electrostatic repulsion
and relocalisation of VE-cadherin junctions to the lateral cell contacts. A recent
computational modelling study suggests that vacuolation and the cell—cell
repulsion mechanism are synergistic and rather work in parallel than in different
vessel types (Boas and Merks, 2014). A different lumenisation mechanism, EC
budding, has been proposed for larger capillaries in zebrafish brain vasculature,
where, in constantly perfused vessels, stalk cells seem to maintain their
apicobasal polarity and the lumen of the new sprout remains continuous with the
mother vessel (Ellertsdottir et al., 2010). Besides these, also unicellular tube
formation by membrane invagination (Herwig et al., 2011) and lumen
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ensheatment in common cardinal veins of zebrafish have been proposed (Helker
etal., 2013).

VEGFR2 activity in stalk cells during EC lumen formation is regulated by
phosphatase VE-PTP, which forms TiE2-dependent trimeric complex with
VEGFR2 and VE-cadherin (Hayashi et al., 2013). VE-PTP dephosphorylates
VEGFR?2 at the cell junctions, and its absence, when tested in gene-targeted Ve-
ptp”” embryoid bodies, results in defective lumen formation in vessel sprouts.

Anastomosis occurs when tip cells of adjacent sprouts establish contact with
each other via their filopodia (Carmeliet and Jain, 2011; Herbert and Stainier,
2011). VE-cadherin-mediated initial spot-like junctional contacts of filopodia
later expand into ring-like structures as tip cells slide along each other and
establish tight EC-EC junctions (Blum et al., 2008; Herwig et al., 2011). The
fusion of tip cells causes the ECs to form a continuous endothelium and lumen,
accompanied by the loss of angiogenic properties of tip cells due to filopodia
disappearance, and allowing perfusion (Herbert and Stainier, 2011; Herwig et
al., 2011). It has been suggested that macrophages may act as bridges between
two tip cells to facilitate the fusion of adjacent tubules. A study by Fantin et al.
(2010) indicated that macrophages interact with ECs during all phases of vessel
anastomosis, whereas, in some cases, macrophages bridged the adjacent tip cells
in order to align them to facilitate fusion, in other cases, macrophages migrated
to vessel junction sites and surrounded the fusing tubules. Rymo et al. (2011), on
the other hand, suggested that, rather than making direct contact, macrophages
and ECs communicate with each other in two ways: vessels attract macrophages
through the secretion of attractive cues, and macrophages, in turn, promote
sprouting by secreting soluble pro-angiogenic factors. It should be noted,
however, that macrophages are not an absolute requirement for anastomosis, as
vessel fusion occurs also in their absence, although, in that case, a reduced
number of sprout fusion events were observed (Fantin et al., 2010; Rymo et al.,
2011).

1.5 Vessel maturation

The recruitment of mural cells and deposition of the ECM are required for the
stabilisation and maturation of nascent vessels (Jain, 2003; Potente et al., 2011).
The deposition of the basement membrane is mediated by the upregulation of
protease inhibitors — tissue inhibitors of metalloproteases (TIMPs) and the
plasminogen activator inhibitor-1 (PAI-1) (Carmeliet and Jain, 2011). The
recruitment of pericytes is mainly controlled by the PDGF-B pathway: ECs
release PDGF-B, which stimulates PDGFR-B-expressing pericytes to migrate
and establish direct cell-cell contacts with ECs (Gaengel et al., 2009; Jain,
2003). In addition, mural cell-released ANG1 signalling via its receptor, TIE2,
has been suggested to promote EC survival, quiescence and pericyte attachment
(Suri et al., 1996). However, despite being critical for regulating the number and
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diameter of developing vessels, ANG1 is not required for pericyte recruitment
(Jeansson et al., 2011). The vessel maturation process can be reversed by ANG2,
which antagonises the ANG1/TIE2 signalling and causes mural cell detachment
and vessel destabilisation (Maisonpierre et al., 1997). Activation of different
TGF-B family members can lead to both the stimulation as well as resolution of
angiogenesis (Pardali et al., 2010). For instance, low concentrations of BMP9
have been shown to stimulate EC proliferation, whereas high concentrations
inhibit this (Scharpfenecker et al., 2007; Suzuki et al., 2010). Likewise, the same
concentration-dependent effects on EC proliferation and migration apply to
TGF-B (Goumans et al., 2002). TGF- signalling is also important in mural cell
recruitment, as it induces differentiation, proliferation and migration of vSMCs
(Carvalho et al., 2007; Seki et al., 2006). The NOTCH pathway is involved in
vessel maturation through endothelial JAGGED]1, which promotes recruitment
and differentiation of vSMCs via activating NOTCH3 in mural cells (Domenga
et al., 2004; High et al., 2008).

Quiescent ECs form barriers to regulate the exchange of solutes and fluids
between blood and tissues (Potente et al., 2011). While tight junctions are
responsible for maintaining barriers, adherens junctions mediate cell—cell
adhesion (Dejana et al., 2009). VE-cadherin forms a complex with VEGFR2 at
cell—cell junctions and prevents VEGF signalling by recruiting phosphatase
DEP1/CD148, which dephosphorylates VEGFR2 and inhibits its internalization
(Lampugnani et al., 2006). At the same time, VE-cadherin clustering promotes
the formation of the TGF-B receptor complex, thereby enhancing TGF-f
signalling and leading to decreased EC migration and proliferation (Rudini et al.,
2008). ANGI/TIE2 signalling promotes vascular integrity by inducing
accumulation of adhesion proteins at EC-EC junctions (Eklund and Saharinen,
2013; Gavard et al., 2008). Adherens junctions between ECs and pericytes are
strengthened by EC- and platelet-derived sphingosine-1-phosphate (S1P), which
by binding to its receptor, SIPRI1, promotes N-cadherin trafficking to EC—
pericyte contact sites (Paik et al., 2004). It has been proposed that upon vessel
perfusion, blood flow delivers S1P to the areas of active angiogenesis, and
subsequent SIP/S1PR1 signalling restricts angiogenic responsiveness of ECs via
inhibiting VEGFR2 signalling and stabilisation of junctional VE-cadherin
(Gaengel et al., 2012).

1.6 Vascular quiescence

Active cellular signalling is required for maintaining vascular integrity and
homeostasis (Murakami, 2012). Autocrine signalling of VEGF is required for
EC survival and vascular homeostasis. It has been demonstrated that endothelial-
specific deletion of VEGF leads to progressive endothelial degeneration,
whereas paracrine VEGF is not able to compensate for the loss of endothelial
VEGF (Lee et al., 2007). Furthermore, cell-autonomous activation of the VEGF
pathway is dispensable for angiogenesis, but crucial for the maintenance of
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blood vessels, as the intracrine action of VEGF protects ECs from stress-induced
apoptosis in non-pathological conditions (Lee et al., 2007). In addition, basal
levels of FGF signalling were shown to be critical for vessel integrity, as
disrupting FGF signalling in the quiescent endothelium caused increased vessel
leakiness and disintegration of vasculature (Murakami et al., 2008). The absence
of FGF signalling leads to the VE-cadherin—p120-catenin complex dissociation
and subsequent disassembly of adherens and tight junctions, and results in EC
loss and increased vessel permeability (Murakami et al., 2008). ANG1/TIE2
signalling either promotes vascular quiescence or stimulates vessel sprouting,
depending on whether it occurs in the presence or absence of cell—cell contacts.
In the presence of cell—cell contacts, ANG1 induces quiescence by activating the
PI3K-AKT pathway via TIE2 transdimer formation, whereas in isolated ECs,
ANG] stimulation leads to ERK1/2-mediated cell migration and proliferation
(Fukuhara et al., 2008; Saharinen et al., 2008). Furthermore, ANGI1/TIE2
signalling augments basal NOTCH activity by upregulating endothelial DLL4,
which in turn stimulates the deposition of the basement membrane (Zhang et al.,
2011). The NOTCH pathway contributes to the vascular stabilisation process by
inhibiting vessel sprouting, upregulating NRARP and also by stimulating the
deposition of the ECM (Hellstrom et al., 2007; Lobov et al., 2007; Phng et al.,
2009; Suchting et al., 2007; Zhang et al., 2011). In addition to being important
for vessel maturation, the NOTCH pathway seems to be required for further
maintenance of vascular quiescence, as endothelial specific inactivation of RBPJ
(a main downstream regulator of the NOTCH pathway) as well as the blockade
of DLL4 in adult mice lead to reinitiation of abnormal vascular growth (Dou et
al., 2008; Yan et al., 2010). Cooperation between NOTCH and ALK results in
the inhibition of retinal angiogenesis: combined disruption of NOTCH and
ALK functions during postnatal development in mice leads to exacerbated
retinal hypervascularization, while ALKI/BMP9 signalling counteracts
hypersprouting induced by NOTCH inhibition (Larrivée et al., 2012). BMP9 has
been described as a circulating quiescence factor, which is present in serum at
concentrations of 2-12 ng/mL (David et al., 2008). The role of BMP9 in vascular
quiescence has also been supported by studies showing that BMP9 hinders
VEGF- and FGF-2-stimulated EC migration and proliferation (David et al.,
2007; Scharpfenecker et al., 2007).
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Figure 1. Overview of sprouting angiogenesis. (A) Different stages of sprouting
angiogenesis (adapted from Herbert and Stainier, 2011). The most important mediators of
each step are shown. Angiogenesis is initiated by hypoxia or inflammatory or tumor
cells, which release proangiogenic GFs. Initiation process involves pericyte detachment,
basement membrane (BM) degradation and selection of a tip cell, which leads and
guides the new sprout. Stalk cells do not migrate, but proliferate and contribute to sprout
elongation and vascular lumen formation. When tip cells of adjacent sprouts meet, 2
sprouts fuse (anastomosis) and allow initiation of blood flow. Also macrophages and
myeloid cells are involved in anastomosis process. Recruitment of mural cells and
deposition of new BM ensure the maturation of new vessels and restore the vascular
quiescence. (B) Current anti-angiogenesis therapeutics used in clinic
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1.7 Challenges in anti-angiogenesis treatment

While physiological angiogenesis is tightly regulated and results in a structured
and hierarchically organised vascular network, in tumours, the highly
unbalanced overexpression of proangiogenic GFs leads to the development of
structurally abnormal vasculature with heterogeneous, leaky, tortuous and
chaotically branching vessels (Jain, 2005). The aberrant vascular patterning in
pathological angiogenesis is thought to be caused by high VEGF concentrations,
leading to synchronous oscillations of the NOTCH pathway, which in turn cause
the ECs to oscillate synchronously between tip and stalk cell phenotypes, instead
of alternating them (Bentley et al., 2008). Hyperpermeability of vessels increases
the interstitial fluid pressure, which, in combination with proliferating tumour
mass, leads to heterogeneous tumour perfusion, hypoxia, acidosis and also
compromised cytotoxic functions of infiltrating immune cells (Jain, 2005).
Continuous hypoxia forces constant overproduction of proangiogenic GFs,
which further exacerbates non-productive angiogenesis in a self-reinforcing
manner and leads to disease progression by promoting the selection of more
aggressive hypoxia-independent tumour cell clones and facilitating their escape
through leaky vessels. Furthermore, uneven distribution of oxygen and
chemotherapeutics due to irregular perfusion leads to limited efficacy of
radiation therapy and resistance to conventional cancer therapeutics (Goel et al.,
2011). There are at least 6 distinct types of vessels in tumours (Nagy et al.,
2010). The “early* vessels — unstable, leaky and pericyte-poor mother vessels
and their more stable daughter vessels (glomeruloid microvascular
proliferations, vascular malformations and capillaries) — develop via
angiogenesis. The “late” vessels — feeder arteries and draining veins — form via
arteriovenogenesis from pre-existing vessels. Because “early” vessels are
dependent on exogenous VEGF, and “late* vessels, due to their downregulated
VEGFR2, are not, only VEGF-dependent “early* vessels are susceptible to anti-
VEGF therapy (Sitohy et al., 2011).

The concept of anti-angiogenesis therapy is based on the rationale that tumour
growth is angiogenesis-dependent, and thus inhibition of blood vessel formation
should result in vascular regression and render tumours dormant (Folkman,
1971). Given that VEGF is the key activator of angiogenesis, the present anti-
angiogenic strategies (Figure 1B) have mainly focused on blocking the VEGF
pathway. The first FDA-approved angiogenesis inhibitor was the humanized
anti-VEGF monoclonal antibody, bevacizumab (Avastin; Genentech) (Presta et
al., 1997), that is used for the treatment of several cancers, including metastatic
colorectal cancer and metastatic renal cell carcinoma (Escudier et al., 2007;
Hurwitz et al., 2004). Other therapeutics targeting VEGF include pegaptanib
(Macugen; Eyetech) and ranibizumab (Lucentis; Genentech), used for the
treatment of wet age-related macular degeneration, and aflibercept (Zaltrap;
Regeneron, Sanofi-Aventis) for the treatment of refractory colorectal cancer.
Multi-target receptor tyrosine kinase (RTK) inhibitors, which, among others,
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include sunitinib (Sutent; Pfizer), sorafenib (Nexavar; Bayer), pazopanib
(Votrient; GSK) and cabozantinib (Cometriq; Exelixis), act via blocking
different receptors of angiogenic GFs. mTOR inhibitors, temsirolimus (Torisel;
Wyeth) and everolimus (Afinitor; Novartis), target EC survival and proliferation
via blocking the formation of the mTOR complex.

However, the majority of clinical trials concerning VEGF-targeted therapies fail
due to limited long-term benefit caused by several intrinsic or acquired
resistance mechanisms (Bergers and Hanahan, 2008; Welti et al., 2013). The
refractoriness to anti-VEGF therapy may be caused by lost VEGF dependency
(Sitohy et al., 2011) and a tight pericyte coat in mature “late” vessels, which
makes them less sensitive to drugs (Bergers et al., 2003), or by producing
alternative pro-angiogenic GFs (e.g.,, FGF-2, PLGF, HGF and SDFI) in
response to hypoxia (Casanovas et al., 2005; Kopetz et al., 2010). Besides, the
use of VEGF-independent modes of vascularization in tumours may diminish
the efficiency of the VEGF blockade (Carmeliet and Jain, 2011). For example,
vessel co-option, hijacking of the pre-existing vasculature by tumour cells, has
been reported to occur in well-vascularized tissues, such as brain (di Tomaso et
al., 2011), and via vasculogenic mimicry highly aggressive tumour cells can
generate vascular channels themselves (Maniotis et al., 1999). Tumour ECs that
originate from differentiated CD133+ cancer stem-like cells are more resistant to
the VEGF blockade (Wang et al., 2010). Furthermore, stromal cells contribute
significantly to the anti-angiogenic resistance (Bergers and Hanahan, 2008).
Anti-VEGF refractoriness is conferred in cancer-associated fibroblasts by
releasing BMDC-mobilizing chemoattractants, such as PDGF-C and SDFI
(Crawford et al., 2009; Orimo et al., 2005), and in tumour-infiltrating
CD11b+Grl+ myeloid cells via the release of angiogenic factors, such as Bv8
(Shojaei et al., 2009). Finally, anti-angiogenesis therapy itself might cause
enhanced tumour invasiveness and metastasis, foremost due to the aggravated
hypoxic and inflammatory milieu (Ebos et al., 2009; Paez-Ribes et al., 2009).

To enhance the efficacy of anti-angiogenesis therapy, several strategies have
been proposed. First, there is an urgent need for predictive biomarkers, because
to date, only few biomarker candidates (e.g., levels of circulating angiogenic
GFs and hypertension) are available, whereas none have yet been validated for
clinical use (Jain et al., 2009). Secondly, combination therapy that targets both
the angiogenesis as well as resistance pathways could be beneficial, as
exemplified by the successful treatment of pancreatic neuroendocrine tumours
with concurrent inhibition of MET and VEGF pathways (Sennino et al., 2012).
Another alternative anti-angiogenic approach, “sustained vessel normalization®,
suggests that instead of destroying tumour blood vessels, anti-angiogenesis
therapeutics should promote vessel maturation and stability (Goel et al., 2011).
In addition, the emergence of evasive resistance can be blocked in proangiogenic
TAMs by targeting the ANG2/TIE2 pathway (Mazzieri et al., 2011).
Consistently, restoring the structure and function of tumour blood vessels has
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been shown to reduce the interstitial pressure and hypoxia, and improve tumour
responsiveness to chemotherapy (Koh et al.,, 2010; Mazzone et al., 2009).
Finally, to facilitate the translation of new drug candidates into effective clinical
therapies, more adequate and clinically relevant tumour models should be used
in preclinical research (Ebos and Kerbel, 2011).

1.8 Plasma half-life extension strategies of therapeutic proteins

The in vivo potency of new therapeutic agents is also often limited due to their
short plasma residence time, immunogenicity and susceptibility to protease
degradation (Pasut and Veronese, 2012). Several strategies have been developed
to overcome these limitations and improve the pharmacokinetic properties of
therapeutics.

PEGylation, the chemical coupling of polyethylene glycol (PEG) (Abuchowski
et al., 1977), is one of the most widely used and successful approaches for
extending the half-life of biopharmaceuticals (Pasut and Veronese, 2012). By
increasing the hydrodynamic radius and masking the surface of the therapeutic
substance, PEGylation reduces the renal excretion rate, proteolytic degradation
and immunogenicity, which all together result in improved in vivo plasma half-
life. In addition to differently sized and structured PEG chains, a variety of non-
selective and site-directed coupling methods have been established for
PEGylation (Pasut and Veronese, 2012). Successful examples of selective site-
specific PEGylation are N-terminally PEGylated PEG-G-CSF (Pegfilgrastim;
Neulasta) (Kinstler et al., 2002) and C-terminally thiol-PEGylated PEG-anti-
TNF Fab’ (Certolizumab pegol; Cimzia) (Melmed et al., 2008). Furthermore,
selective conjugation of branched 40 kDa PEG to the anti-VEGF aptamer
resulted in clinical approval of pegaptanib (Macugen; Eyetech) for wet age-
related macular degeneration (Ng et al., 2006). The major limitation that often
seems to co-occur with PEGylation is decreased or abrogated protein bioactivity
(Kontermann, 2011; Pasut and Veronese, 2012). For example, in the case of
clinically approved PEG-interferon-oa2a (Pegasys), random PEGylation of
interferon-o2a with 40 kDa branched resulted in almost total loss of its in vitro
activity (Bailon et al., 2001). Nevertheless, greatly prolonged in vivo residence
time counterbalanced the reduced bioactivity of the PEG-interferon conjugate
(Bailon et al., 2001).

Fe-fusion protein technology is another widely used approach for extending
plasma half-life of protein based therapeutics. The aim of genetic linking of the
constant fragment crystallisable (Fc) region of the human immunoglobulin (Ig)
to therapeutic proteins is to provide the proteins with some of the beneficial
antibody-like structural properties and thereby improve their pharmacological
efficiency (Huang, 2009; Schmidt, 2009). The improved therapeutic effect is
achieved mainly through utilizing the homodimeric nature of these fusion
proteins. The dimeric nature considerably increases the molecular weight and

23



thereby prolongs in vivo plasma residence time. Furthermore, the bivalency of
these dimeric drugs increases the ligand-binding affinity, which in turn results in
enhanced therapeutic activity (Huang, 2009; Schmidt, 2009). The additional
benefits of this technology include improved solubility and stability of the
therapeutic proteins, and also a facilitated manufacturing process. Examples of
Fec-fusion therapeutic proteins include a TNF-a antagonist, etanercept (Enbrel,;
Amgen), for the treatment of different forms of arthritis (Ducharme and
Weinberg, 2008), and an angiogenesis inhibitor, aflibercept (Zaltrap; Regeneron,
Sanofi), that functions as a VEGF trap (Holash et al., 2002).

2 CD44

CD44 was first identified as a lymphocyte homing receptor (Gallatin et al.,
1983). Later, it was also found to function as the principal receptor for
hyaluronan (HA) (Aruffo et al., 1990). Although encoded by a single highly
conserved gene (on chromosome 11 in humans and chromosome 2 in mice), the
CD44 protein family represents a large and heterogeneous group of
transmembrane glycoproteins (Screaton et al., 1992). Due to extensive post-
translational modifications and alternative splicing, CD44 displays a great
number of different, structurally diverse isoforms, with molecular size varying
from 80 to 200 kDa. All CD44 isoforms are comprised of constant exons 1-5 in
their N-terminal extracellular part, and exons 16-17 in the membrane proximal
region, whereas up to 10 variant exons, exons 6-15 (v1-v10) can be inserted
between them by alternative splicing (Screaton et al., 1992). The transmembrane
domain is encoded by a constant exon 18 and the cytoplasmic domain either by a
short variant exon 19 or, more commonly, by exon 20. The smallest, standard
(hematopoietic) CD44 isoform (CD44s) lacks all variant exons and is
ubiquitously expressed on the surface of most vertebrate cells (Naor et al.,
1997). Variant CD44 isoforms (CD44v) are expressed mainly during
development and T cell activation and maturation, otherwise CD44v expression
is restricted only to a few epithelial cell types and a variety of advanced stage
carcinomas (Naor et al., 2002).

2.1 The structure of CD44

CD44 consists of the N-terminal extracellular domain (ectodomain), the
transmembrane domain and the C-terminal cytoplasmic domain (Figure 2A).
The ectodomain of CD44 regulates cell adhesion by associating with a variety of
ECM components. Although HA has been denoted as the main ligand for CD44,
it also provides a docking site for other ECM components, such as fibronectin,
collagen, laminin and osteopontin (reviewed in Orian-Rousseau and Sleeman,
2014). The ectodomain of CD44 is composed of the N-terminal globular HA-
binding domain (HABD) and the juxtamembrane stem region (Naor et al.,
1997). CD44 HABD contains the evolutionary conserved Link module (aa 32-
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120), shown to be critical for HA binding (Kohda et al., 1996), and a lobular
extension flanking the Link module (Banerji et al., 1998). While two interchain
disulphide bridges in the Link module stabilize the structure of the globular HA-
binding domain (Kohda et al., 1996), an additional disulphide bridge in the
flanking lobe is required for proper folding (Banerji et al., 2007; Teriete et al.,
2004). Thus, the complete CD44-HABD is defined by residues 21-169
according to human CD44 (Figure 2B) (Banerji et al., 2007; Teriete et al., 2004).
Four key residues (Arg41, Tyrd2, Arg78 and Tyr78) in CD44-HABD have been
identified as critical for HA binding (Bajorath et al., 1998).

The HA-binding ability of CD44 is strictly regulated. It has been proposed that
CD44 occurs in 3 activation states on the cell surface: inactive, non-HA-binding
CD44; active, constitutively HA-binding CD44; and inducible CD44, in which
HA binding can be induced by external stimuli (Lesley et al., 1995). These states
have been shown to correlate with the CD44 N-glycosylation pattern, where the
inactive CD44 appears to be the most, and the constitutively active CD44 the
least glycosylated (English et al., 1998; Lesley et al., 1995). Although CD44-
HABD contains five N-glycosylation sites, only two (Asn25 and Asnl25) have
been shown to affect HA binding (English et al., 1998). The O-glycosylation
sites are mostly located in the variable exons and stem region (Naor et al., 1997;
Naor et al., 2002). Abundant O-glycosylation in the membrane proximal region
gives the CD44 stem region a stalk-like structure (Ponta et al., 2003). The stem
region contains also several putative proteolytic cleavage sites (Okamoto et al.,
1999) and binding sites for GAGs, such as heparan sulphate on exon v3, which
enable CD44 to interact with heparin binding GFs (Bennett et al., 1995).
Inclusion of variant exons has been shown to promote clustering of CD44 and
thereby enhance HA binding (Sleeman et al., 1996).

In addition to providing a binding site for HA, CD44 also mediates its
metabolism in tissues. CD44 is one of the main receptors responsible for local
HA uptake and turnover (Culty et al., 1992; reviewed in Knudson et al., 2002).
Furthermore, lack of CD44 has been shown to cause HA accumulation in tissues
and lead to different pathological conditions, thus indicating the physiological
importance of CD44-mediated HA internalization (Kaya et al., 1997; Nedvetzki
et al., 2004; Teder et al., 2002). This feature, HA uptake by CD44, has recently
become the focus of cancer treatment. A growing body of research demonstrates
that CD44-mediated HA endocytosis could be exploited for targeted delivery of
siRNAs or chemotherapeutics (reviewed in Jordan et al., 2015).

The transmembrane domain of CD44 contains 23 hydrophobic amino acids (aa)
and one cysteine residue. It is involved in CD44 oligomerisation and its
association with the glycolipid-enriched microdomains (Liu and Sy, 1997;
Neame et al., 1995). The cytoplasmic tail of CD44 (72 aa) binds to many
intracellular cytoskeleton-linking proteins, which are important for CD44-
mediated signal transduction and cytoskeleton reorganization. The contacts
between CD44 and actin-based cytoskeleton, which are mediated by ankyrin and
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ERM proteins (ezrin, radixin and moesin), are involved in HA-dependent cell
motility and adhesion (Legg et al., 2002; Lokeshwar et al., 1994; Tsukita et al.,
1994). Alternatively, the interaction of CD44 with the tumour suppressor NF2
mediate inhibition of cell growth and cell migration (Bai et al., 2007; Morrison
et al.,, 2001). It has been demonstrated that the affinity of CD44 for its
cytoplasmic interaction partners is regulated by phosphorylation. Upon PKC
activation, Ser325 dephosphorylation and Ser291 phosphorylation in the
cytoplasmic tail of CD44 enhance binding of ERM proteins to CD44, resulting
in directional cell motility (Legg et al., 2002). On the other hand, NF2 has been
found to associate with CD44 only when hypophosphorylated (Morrison et al.,
2001).
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Figure 2. The structure and functions of CD44. (A) The schematic presentation of
CD44 structure. CD44 is composed of 3 regions: the N-terminal extracellular
ectodomain, the transmembrane domain and the C-terminal cytoplasmic domain. The
ectodomain contains the evolutionarily conserved globular HA binding domain (HABD)
in its N-terminus and the non-conserved stem region in its membrane proximal part. Up
to 10 alternatively spliced exons can be inserted into the stem region. The membrane
proximal part contains several proteolytic cleavage sites. The proteolytic cleavage of the
CD44 ectodomain from cell surface results in release of soluble CD44 into circulation.
(B) The structure of human CD44-HABD. The protein models are based on the crystal
structure of CD44-HABD (PDB code: 1UUH) (Teriete et al., 2004). The complete
human CD44-HABD required for HA binding is defined by residues 21-169 (upper
panel). Two tyrosine-arginine clusters, R41-Y42 (yellow) and R78-Y79 (pale yellow)
are critical for HA binding. The flanking structural lobe (green) stabilizes protein
conformation. In CD44-HABD (middle panel) and CD44-3MUT (lower panel) the
flanking region is removed and these proteins contain residues 21-132 (Pill et al., 2004).
In CD44-3MUT the HA binding ability is abolished by substitutions of R41A, R78S and
Y79S. (C) The functions of CD44

2.2 The physiological functions of CD44

CD44 protein family is described as the multidomain signalling platform that
serves as the regulator of cell-cell and cell-ECM adhesion. By integrating the
cues from the ECM with signals of GFs and cytokines, CD44 controls cell
proliferation, migration, differentiation and survival (Orian-Rousseau and
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Sleeman, 2014). CD44 has been implicated in several physiological and
pathological processes, such as HA metabolism, lymphocyte homing, leukocyte
activation, inflammation and metastasis (Figure 2C). Therefore, it is surprising
that, under normal physiological conditions, Cd44-null mice develop and
reproduce normally (Protin et al., 1999; Schmits et al., 1997). Still, some mild
aberrations were found in the immune system and haematopoiesis of Cd44”
mice, showing CD44 as an important physiological receptor for immune and
hematopoietic cell trafficking (Protin et al., 1999; Schmits et al., 1997). CD44
has been implicated in the homing of hematopoietic progenitor cells into their
respective niche, as well as lymphocyte and leukocyte rolling on endothelium
and their transendothelial migration during extravasation into inflammatory
sites. For example, CD44 and HA were found to be crucial for SDF1-dependent
transendothelial migration, as well as recruitment of hematopoietic progenitor
cells into the bone marrow niche (Avigdor et al., 2004). Besides, CD44
deficiency caused altered distribution of myeloid progenitors between bone
marrow and spleen due to defective egress of progenitors from bone marrow
(Schmits et al., 1997). In regard to lymphocyte homing, CD44s has been shown
to mediate T cell progenitor homing into thymus, whereas CD44v6 induces
apoptosis resistance and expansion of thymocytes (Rajasagi et al., 2009). In line
with this, Cd44-null mice display hindered lymphocyte trafficking into thymus,
although the development of lymphoid organs was demonstrated to be normal
(Protin et al., 1999). CD44 supports lymphocyte rolling on ECs by binding to
different endothelial ligands. Under physiological flow conditions, CD44 has
been found to mediate lymphocyte rolling and adhesion to ECs by binding to
endothelial HA (DeGrendele et al., 1996). Efficient adhesion and rolling on HA
is ensured by conformational transition of CD44-HABD between low and high
HA-binding affinity states upon HA binding (Ogino et al., 2010). In addition to
HA, T cells and neutrophils utilize CD44 binding to E-selectin for efficient
trafficking into inflammatory sites (Katayama et al., 2005; Nacher et al., 2011).
Furthermore, the association of the CD44 intracellular domain (ICD) with 041
integrin in lymphocytes is required for firm adhesion and subsequent
transendothelial migration (Nandi et al., 2004).

In contrast to mild changes in response to the total loss of CD44, conditional
keratinocyte-specific ablation of CD44 in mice skin results in severely altered
physiological responses, including delayed hair regrowth and impaired wound
healing that result from reduced keratinocyte proliferation and impaired HA
metabolism (Kaya et al., 1997).

2.3 The role of CD44 in inflammation
Pathologically challenged Cd44” mice display more pronounced defects than
their counterparts under normal physiological conditions, indicating that CD44

plays an important role in different inflammatory conditions. Genetic ablation of
CD44 in ApoE" mice leads to significantly decreased atherosclerotic lesion
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formation due to impaired macrophage recruitment and vSMC dedifferentiation
(Cuff et al., 2001). Interestingly, CD44 was required for maximal upregulation
of the adhesion protein VCAM-1 on vSMCs in atherosclerotic lesions, whereas
on ECs, the levels of VCAM-1, ICAM-1 and PECAM-1 in wild-type mice were
comparable to those in Cd44” mice (Cuff et al., 2001). On ECs, as well as
macrophages and T cells, CD44 supports leukocyte rolling and transendothelial
migration (Zhao et al., 2008). Decreased neutrophil infiltration was observed in
the Cd44 mouse model of renal ischemia-reperfusion injury, indicating the
inflammation-promoting function for CD44 in this model (Rouschop et al.,
2005). The protective role of CD44 was discovered in bleomycin induced
pneumonia, in which case CD44 was shown to be needed for the resolution of
lung inflammation, as the ablation of CD44 resulted in the accumulation of
apoptotic neutrophils and HA fragments (Teder et al., 2002). Cd44-null hTNF-a
transgenic mice suffered from more pronounced inflammatory bone loss due to
their enhanced sensitivity towards TNF-o, which was caused by increased
activation of p38 mitogen-activated protein kinase (Hayer et al., 2005).
Furthermore, exaggerated granuloma formation was observed in Cd44”" mice in
response to pathogen infection (Schmits et al., 1997). Together, these studies
indicate a context specific role for CD44 in inflammation, being involved in both
promoting as well as limiting excess inflammatory reactions.

Collectively, studies with Cd44” mice suggest that the loss of CD44 may be
compensated by another protein during early embryogenesis. Indeed, it was
found that RHAMM can replace functions of CD44 during embryogenesis.
Nedvetzki et al. (2004) demonstrated that RHAMM substituted CD44 in a
mouse model of collagen-induced arthritis, where it bound to HA, enhanced
migration, and upregulated proinflammatory genes instead of CD44.
Interestingly, the compensation of CD44 ablation by RHAMM did not occur due
to its increased expression, but rather due to HA accumulation caused by CD44-
deficiency, allowing enhanced RHAMM signalling and leading to aggravated
inflammatory response (Nedvetzki et al., 2004). Furthermore, another CD44
compensatory protein, ICAM-1, was shown to take over the MET co-receptor
function of CD44 in the liver of Cd44” mice (Olaku et al., 2011).

2.4 The functions of CD44 in cancer

The role of CD44 in malignant transformation is very complex. In many cancers,
CD44 isoforms are overexpressed and correlate with tumour progression and
metastasis, whereas in others, CD44 plays a protective role and acts as a tumour
suppressor. For example, CD44 was implicated in primary tumour formation in
the Apc™™* mouse model of colon cancer, where genetic ablation of CD44
suppressed the incidence of intestinal adenoma formation, while the introduction
of variant CD44 promoted this (Zeilstra et al., 2008; Zeilstra et al., 2014).
Interestingly, CD44-deficiency did not affect the incidence of primary tumour
formation in the p53"™ mouse model of osteosarcoma, but instead, reduced
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metastases were observed in these mice, suggesting that CD44 is involved in
metastasis rather than in tumour initiation (Weber et al., 2002). The supportive
role of CD44 in the metastatic cascade was further demonstrated by studies,
where overexpression of CD44v in non-metastatic rat pancreatic carcinoma
(Giinthert et al., 1991) or CD44s in mouse fibrosarcoma cells (Kogerman et al.,
1997) was sufficient for establishing metastatic behaviour. Furthermore,
transplantation of CD44v-expressing breast cancer cells in mice leads to
successful formation of lung metastases (Yae et al., 2012). In contrast, the loss
of CD44 in a spontaneously metastasizing MMTV-PyVmT mouse model of
breast cancer resulted in enhanced lung metastasis (Lopez et al., 2005),
indicating a protective role for CD44 against metastasis. In support of this,
reduced metastases in lungs were observed in case of CD44s overexpression in
rat prostate cancer cells (Gao et al., 1997). The anti-tumourigenic role of CD44
was also demonstrated by a study, where SV40-transformed fibroblasts derived
from CD44-deficient mice formed large subcutaneous tumours, whereas
reintroduction of CD44s in these fibroblasts resulted in the formation of only
very small tumours (Schmits et al., 1997). These data suggest that the roles of
CD44 in tumourigenesis appear to vary in different stages and types of cancer.

Despite its ambiguous role in malignancy, CD44 has emerged as a widely used
biomarker for the isolation of cancer stem cells (CSCs). CD44 has been used to
identify and isolate CSCs from breast (Al-Hajj et al., 2003), colorectal (Dalerba
et al., 2007), prostate (Collins et al., 2005), pancreatic (Li et al., 2007) and
ovarian (Zhang et al., 2008) cancer, among others. Several clinical studies have
also tried to correlate the CD44 expression level with cancer prognosis, but the
results have been controversial. For example, both favourable and unfavourable
correlation, as well as no significant correlation between CD44v6 expression and
overall survival have been demonstrated in breast cancer (Bankfalvi et al., 1999;
Friedrichs et al., 1995; Kaufmann et al., 1995). Similarly, many studies indicate
CD44s as a negative prognostic marker for overall survival in renal cell
carcinoma (Lim et al., 2008; Mikami et al., 2015), whereas others claim that
CD44 does not have individual prognostic significance (Tawfik et al., 2007).
However, a recent meta-analysis by Li et al. (2015) still suggests that high CD44
expression correlates with the overall survival rate in renal cell carcinoma
patients.

To acquire stem cell properties cancer cells frequently undergo epithelial-to-
mesenchymal transition (EMT). CD44 contributes to EMT by forming a
complex with HA and moesin upon TNF-a stimulation, which is required for
actin remodelling and activation of TGF-f signalling and results in the induction
of EMT and cells acquiring mesenchymal phenotype (Takahashi et al., 2010).
More importantly, CD44 isoform switching from a variant CD44v to the
standard CD44s isoform has been demonstrated to be critical for cancer cells to
complete EMT and promote breast and pancreatic cancer metastasis (Preca et al.,
2015; Xu et al., 2014). By contrast, a study by Yae et al. (2012) demonstrated
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that the opposite CD44 isoform switching, from CD44s to CD44v, is required
for lung colonization of metastatic breast cancer cells. CD44 is also implicated
in chemo- and apoptosis resistance. In this regard, CD44 has been shown to
induce multidrug protein-1 (MDR1) (Bourguignon et al., 2009), attenuate the
tumour-suppressive HIPPO pathway (Xu et al., 2010) and protect cells from
reactive oxygen species (ROS)-induced stress signalling via upregulation of
reduced glutathione, acting thereby as a ROS scavenger (Ishimoto et al., 2011).
Consistently, p53 has been shown to inhibit CD44 expression, thus allowing
cells to respond to p53-dependent apoptotic and stress signals (Godar et al.,
2008).

Altogether, CD44 can be considered as a multifaceted molecule that takes part in
different aspects of cancer progression and can promote as well as inhibit
tumourigenesis.

2.5 The functions of CD44 in angiogenesis

CD44 plays a role in EC physiology. By using blocking antibodies, it has been
shown that CD44 is required for promoting EC proliferation, HA-induced EC
migration, EC adhesion to HA, and also in vitro endothelial tubule formation
(Savani et al., 2001; Trochon et al., 1996). CD44 can mediate EC functions via
different signalling pathways depending on its ligands and the origin of ECs. For
example, in human microvascular cells, repression of CD44 expression disrupted
the formation of a regular tubule network via upregulation of CXCL9/CXCR3
and CXCL12/CXCR4 signalling (Olofsson et al., 2014). In human umbilical
vein cells (HUVECs) high molecular weight (HMW) HA enhanced angiogenic
sprouting and cell motility via CXCL12/CXCR4 signalling (Fuchs et al., 2013).
Furthermore, CD44 mediates low molecular weight (LMW) HA-induced
endothelial tubule formation in HUVECs via activation of SRC, FAK and
ERK1/2 (Wang et al., 2011), and in bovine aortic ECs via activation of PKCa, y-
adducin and CDK1 (Matou-Nasri et al., 2009). EC proliferation was also
enhanced by CD44-stimulated cyclooxygenase induction and accompanying
VEGF upregulation (Murphy et al., 2005). Tsuneki and Madri (2014) proposed
that CD44 mediates several of its endothelial functions by modulating the
expression of cell junctional molecules. In regard to EC proliferation, they
demonstrated that disruption of CD44 in microvascular ECs leads to reduced
CD31 and VE-cadherin expression, increased survivin expression and YAP
nuclear translocation, and results in enhanced cell growth and reduced apoptosis
(Tsuneki and Madri, 2014).

Although CD44 is involved in different aspects of EC functions, only few
studies describe the functions of CD44 in in vivo angiogenesis. Endothelial
specific silencing of CD44 in vivo resulted in reduced blood vessel invasion into
Matrigel plugs in response to HA oligomer stimulation (Lennon et al., 2014). In
response to arterial injury, Cd44” mice displayed increased neointima formation
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and vSMC proliferation (Kothapalli et al., 2007). CD44 was also suggested to be
involved in tumour angiogenesis, as its expression was specifically upregulated
in the tumour vasculature and in cultured ECs stimulated by FGF-2 (Griffioen et
al., 1997). The role of CD44 in tumour angiogenesis was further supported by
findings that neovascularization of melanoma cells containing Matrigel plugs, as
well as tumour and wound-induced angiogenesis, were reduced in Cd44” mice
(Cao et al., 2006). Blood vessels in Matrigel plugs from Cd44” mice displayed
abrogated cellular ruffling, irregular surface and thin endothelium. The intact
leukocyte recruitment during tumour and wound angiogenesis and the inability
of wild-type bone marrow to restore the normal angiogenic response in Cd44 "
mice suggested that primarily endothelial CD44 was involved in in vivo
angiogenesis. The proliferation, survival and migration of ECs derived from
either Cd44-null or wild-type mice were comparable. However, the ability to
form tubular networks in vivo was severely impaired in ECs from Cd44-null
mice (Cao et al., 2006). These data suggest that endothelial CD44 plays a role in
the assembly, organization and integrity of newly forming blood vessels (Cao et
al., 2006).

CD44 has been shown to play a protective role in vascular barrier integrity.
Cd44" mice display significantly enhanced microvascular permeability
following vasoactive histamine or lipopolysaccharide (LPS) challenge (Flynn et
al., 2013). The loss of CD44 caused also decreased EC barrier strength,
accompanied by altered expression and localization of cell adhesion proteins,
VE-cadherin, PECAM-1 and B-catenin, and increased the expression of MMPs,
which all together resulted in abnormal EC morphology. These data suggest that
CD44 plays a role in restoring vascular integrity after vasoactive challenge, as
well as in maintaining the vascular barrier function in the quiescent state. The
regulation of the EC barrier function by CD44 was suggested to occur through a
PECAM-1-dependent mechanism, as reconstitution of PECAM-1 expression in
CD44-deficient ECs restored the EC barrier strength to the normal level (Flynn
etal., 2013).

However, CD44 can regulate the EC barrier function differentially, depending
on its ligands and isoforms. While HMW-HA and HGF enhance the endothelial
barrier integrity and protect against induced vascular leakiness in a murine
model of LPS-induced lung vascular permeability (Singleton et al., 2007),
LMW-HA, on the contrary induces EC barrier disruption in pulmonary
microvascular EC monolayers (Singleton et al., 2006). It was shown that HMW-
HA strengthens the EC barrier via binding to CD44s in caveolin-1-enriched
plasma membrane microdomains (CEMs). This, in turn, leads to the
transactivation of the barrier-promoting SIP1 receptor and results in RACI1
activation, cortical actin formation and enhanced EC-EC contacts. In contrast,
LMW-HA binding to CD44v10 isoform transactivates the barrier-disrupting
SIP3 receptor, which leads to RhoA activation and stress fibre formation and
results in decreased vascular integrity (Singleton et al., 2006). Interestingly, both
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CD44v10 as well as CD44s isoforms were shown to contribute to HGF-mediated
EC barrier integrity by functioning as MET co-receptors (Singleton et al., 2007).
HGF induces MET binding to CD44v10, which subsequently leads to MET
translocation to CEMSs, where it temporally associates with CD44s. The
recruitment of MET to CEMs and binding to CD44 is required for RACI1
activation and cortical actin formation (Singleton et al., 2007).

2.6 CD44 as a co-receptor

CD44 can function as a signalling hub by binding GFs and regulating the
activity and signalling of a variety of cell surface receptors. First, it was noted
that the heparin sulphate-modified CD44v3 isoform is able to bind several
heparin-binding GFs, such as FGF-2, VEGF, HGF and HB-EGF (Bennett et al.,
1995). However, later studies demonstrated that HS modification is not an
absolute requirement for binding GFs to CD44. Various CD44 isoforms have
been shown to modulate signalling of different cell surface receptors, including
several RTKs, GPCRs and members of the TGF-f receptor family (Orian-
Rousseau and Sleeman, 2014).

MET. CD44 functions as an important co-receptor for MET. The physiological
relevance of this function of CD44 was revealed by a study showing the
haploinsufficiency of MET in the Cd44” background (Matzke et al., 2007).
HGF binding to CD44v10 promotes HGF/MET signalling and regulates the
vascular barrier function of ECs (Singleton et al., 2007). CD44v6 isoform,
however, is required and sufficient for the full activation of HGF-induced MET
signalling in several primary and cancer cell lines (Olaku et al., 2011).
Introduction of the v6 isoform into tumour cells lacking CD44v6 induced MET
activation and downstream signalling, whereas inhibition of the
HGF/MET/CD44v6 complex formation with vo6-specific antibodies blocked
MET activation (Orian-Rousseau et al., 2002). Both extra- and intracellular parts
of CD44 were shown to be needed for its co-receptor function. While the CD44
ectodomain presents HGF to MET and is needed for its activation, CD44-1CD
link to cytoskeleton is required for promoting downstream signalling (Orian-
Rousseau et al., 2002) and MET internalization (Hasenauer et al., 2013). In
addition, CD44v6 mediates MET activation in ECs (Tremmel et al., 2009).

VEGFR2 and other RTKs. Interestingly, in ECs CD44v6 has been shown to
function also as a VEGFR2 co-receptor, whereas, in a similar manner to MET,
the CD44 ectodomain is required for binding to VEGFR2, and CD44-I1CD
promotes downstream signalling of activated VEGFR2 (Tremmel et al., 2009).
Differently from MET, which requires HGF to associate with CD44v6,
VEGFR2 forms a constitutive complex with CD44v6. The function of CD44v6
as a MET and VEGFR2 co-receptor has been suggested to be important in
several in vitro and in vivo angiogenic processes, as the CD44v6-blocking
peptide was able to impair VEGF- and HGF-induced EC migration, sprouting
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and tubule formation, as well as in vivo tumour angiogenesis in pancreatic
carcinoma (Tremmel et al., 2009).

In regard to other RTKs, CD44 can associate with and regulate the activity of
several members of the ErbB family (Meran et al., 2011; Sherman et al., 2000;
Yu et al.,, 2002) and form a complex with FGFR in chondrosarcoma cells
(Wakahara et al., 2005). In addition, CD44 associates with PDGFR in foreskin
fibroblasts, where it negatively regulates fibroblast migration by mediating HA-
dependent recruitment of tyrosine phosphatases thereby reducing PDGFRf
activity (Li et al., 2000).

TGF-f receptor family. CD44 forms a ternary complex with PDGFRp and
TGFBRI in dermal fibroblasts and by affecting the stability of the receptors,
negatively modulates their signalling (Porsch et al., 2014). In accordance with
this, HA engagement of CD44 attenuates TGF-f signalling in renal proximal
tubular cells by promoting redistribution of TGFB-RI into CEMs and thus
increasing receptor turnover (Ito et al., 2004). In contrast, CD44 has been
suggested to stabilize TGFBRI at the plasma membrane of T cells (Flynn et al.,
2013). CD44 interaction with TGFBRII is required for TGF-B-dependent EMT.
TNF-a-induced HA-CD44-moesin complex interacts with TGFBII in clathrin-
coated pits and leads to downstream SMAD2/3 phosphorylation and EMT in
retinal pigment epithelial cells (Takahashi et al., 2010). Furthermore, galectin9-
stimulated CD44/BMPRII complex formation is required for SMADI1/5/8
activation in the osteoblast differentiation process (Tanikawa et al., 2010). In
chondrocytes, CD44 provides a binding site for SMADI in its cytoplasmic
domain, and thus mediates BMP7-induced signalling via facilitating SMADI1
phosphorylation and nuclear translocation (Peterson et al., 2004).

GPCRs, WNT and MMPs. CD44 is also involved in the activation of GPCRs,
regulating WNT signalling and acting as a signalling platform for MMPs. The
crosstalk between CD44 and a chemokine receptor, CXCR4, was demonstrated
by a study, where CD44-blocking antibodies as well as soluble CD44 were able
to impair SDF1-dependent CD34+ stem/progenitor cell homing to bone marrow
(Avigdor et al., 2004). Furthermore, the SDF1-induced CD44 complex with
CXCR4 in ECs was shown to be crucial for angiogenesis (Fuchs et al., 2013).
CD44 acts as a positive regulator of WNT signalling by modulating LRP6
membrane localization and its signalling (Schmitt et al., 2015). CD44 provides a
docking site for several MMPs. It binds to MMP-7 (Yu et al., 2002), associates
with MT1-MMP at the leading edge of migrating cells to promote tumour cell
migration (Mori et al., 2002), and facilitates tumour invasion and angiogenesis
by docking MMP-9 to the cell membrane (Yu and Stamenkovic, 2000).
Nevertheless, the MMP-9-CD44 axis is not essential for blood vessel invasion
into the collagen matrix (Chun et al., 2004).
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2.7 Soluble CD44

Besides the membrane-anchored form, soluble CD44 has been found to circulate
in the serum and lymph of different species (Nagano and Saya, 2004). Soluble
CD44 is mainly generated by releasing the ectodomain from the cell membrane
via proteolytic cleavage (Okamoto et al., 1999). Shedding of soluble CD44 is
regulated by several signalling pathways, including the activation of PKC, the
activity of oncogenic RAC and RAS, and extracellular Ca*" influx (Okamoto et
al., 1999). Although only a small fraction of membrane CD44 is subjected to
shedding (Hartmann et al., 2015), the proteolytic cleavage can be triggered by
multiple external stimuli, such as serum, HGF, PDGF, TGF- or fragments of
HA and chondroitin sulphate E (Cichy and Puré, 2004; Hartmann et al., 2015;
Sugahara et al., 2008). The main proteases responsible for CD44 shedding are
the members of MMPs, such as MT1-MMP, ADAMI0 and ADAMI17
(Anderegg et al., 2009; Kajita et al., 2001; Nagano and Saya, 2004). A recent
study revealed that CD44 shedding is regulated by an inside-out signalling
mechanism, where CD44 dimerization is the prerequisite for transmitting the
cleavage-inducing signal from CD44-ICD to the ectodomain (Hartmann et al.,
2015). It was shown that CD44 is associated with ADAMI10 at the cell surface
prior to stimulation, and that a considerable amount of CD44 exists at the cell
membrane as dimers, which are stabilized by putative ectodomain interactions
and cysteine bridges in their transmembrane/intracellular domains. However,
effective cleavage of CD44 occurs only when cells are stimulated, because
stimulation triggers specific modifications in CD44-ICD, which in turn induce
conformational change in the CD44 ectodomain, enabling MMPs to access the
CD44 cleavage site (Hartmann et al., 2015).

The ectodomain shedding is followed by intramembranous cleavage of CD44 by
y-secretase, whereupon the released CD44-ICD translocates to the nucleus and
upregulates the transcription of its target genes, including CD44 itself among
others (Okamoto et al., 2002). More interestingly, a study by Miletti-Gonzalez et
al. (2012) revealed, that by binding to a novel CD44-ICD-specific promoter
response element (CCTGCG), CD44-1CD can regulate transcription of multiple
genes involved in cell survival, metabolism, inflammation and also tumour cell
invasion. Consistently, increased serum levels of soluble CD44 seem to correlate
with inflammatory diseases and tumour progression. For example, aberrant
levels of soluble CD44 indicated tumour burden and metastasis in gastric and
colon carcinoma (Guo et al., 1994), differentiate malignant cervical carcinoma
from premalignant cases (Dasari et al., 2014) and could be associated with
lymph node metastasis in breast cancer patients (Mayer et al., 2008). CD44
shedding is also associated with immune cell activity. While immunodeficient
mice displayed reduced levels of soluble CD44, autoimmune diseases and
tumours led to significantly increased expression of soluble CD44 (Katoh et al.,
1994). Cleavage of CD44 regulates cell-ECM interactions during cell migration
and is thus thought to be critical for enhanced cellular motility. For example,
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shedding of CD44 facilitated cell detachment from the ECM and promoted
CD44-mediated migration of lung and pancreatic cancer cells (Kajita et al.,
2001; Okamoto et al., 1999).

Soluble CD44 may act as a dominant negative regulator of the functions of
membrane-bound CD44. By serving as a decoy receptor, soluble CD44 can
prevent ligand binding, as was shown in metastatic mammary carcinoma and
melanoma cells, where overexpression of soluble CD44 blocked HA binding to
cell surface and resulted in the inhibition of tumour growth (Ahrens et al., 2001;
Yu et al., 1997). Furthermore, soluble CD44 and its non-HA-binding mutant
inhibit cell growth in logarithmically growing schwannoma cells, whereas in
confluent, non-dividing cells these effects are reversed (Morrison et al., 2001).
In line with this, it has been demonstrated that recombinant soluble CD44-
HABD and its modified non-HA-binding form inhibit EC proliferation, in ovo
angiogenesis, and tumour growth (Pall et al., 2004).

3 Vimentin and its functions in ECs

Vimentin, a 57 kDa intermediate filament (IF) protein, is broadly expressed
during development and also in several mesenchyme-derived cells of the adult
organism, such as fibroblasts and ECs (Evans, 1998). Vimentin is responsible
for the mechanical stability of the cell. It provides cells with the cytoskeletal
structural framework and maintains cytoplasm integrity via linking the cell
nucleus to the plasma membrane (Goldman et al., 1996). The vimentin monomer
consists of non-helical N-terminal and C-terminal tail domains and the central a-
helical rod domain between them (Figure 3) (Fuchs and Weber, 1994). Vimentin
IF assembly starts with lateral association of a-helical coiled-coil vimentin
dimers into more stable tetrameric subunits, which gradually elongate into unit-
length-filaments and give rise to mature IFs (Strelkov et al., 2003). Vimentin IFs
are highly dynamic and motile structures that constantly change their
configuration and shape, which is regulated by phosphorylation (Yoon et al.,
1998). Vimentin phosphorylation has generally been shown to increase IF
disassembly and release soluble vimentin subunits, whereas dephosporylation
favours vimentin IF stabilization (Eriksson et al., 2004).

Although vimentin is the only IF protein expressed in a variety of mesenchymal
cell types and its protein sequence is highly conserved in different species, Vim™
mice develop and reproduce normally (Colucci-Guyon et al., 1994). However,
Vim-null mice display several phenotypic changes under certain stress and
pathological conditions. Vim™ mice display impaired wound healing due to
delayed granulation tissue formation and decreased fibroblast mobility, whereas
reduced fibroblast migration results from aberrant organisation of actin
cytoskeleton and focal adhesion (FA) proteins (Eckes et al., 2000). Furthermore,
vimentin depletion has an effect on vascular functions. Lack of vimentin resulted
in abnormal lymphocyte extravasation due to impaired endothelial integrity
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(Nieminen et al., 2006), reduced corneal and hypoxia-induced retinal
neovascularization (Bargagna-Mohan et al., 2007; Lundkvist et al., 2004), and
also reduced flow-induced vasodilation of arteries (Henrion et al., 1997; Terzi et
al., 1997). These altered phenotypes imply that vimentin may have important
functions in cell adhesion and migration (Ivaska et al., 2007). Depletion of
vimentin in ECs resulted in decreased invasion of ECs into the collagen matrix,
indicating its involvement in angiogenic sprouting (Kwak et al., 2012). It has
been shown that a soluble pool of vimentin, generated by proangiogenic GF-
induced calpain cleavage, facilitates MT1-MMP membrane translocation and
ECM degradation, and results in successful endothelial tubulogenesis.
Furthermore, vimentin regulates FA architecture and cell motility. In rat heart
vessels and ECs, vimentin acts as a mechanosensitive scaffold for vasodilator
stimulating phosphoprotein (VASP), which is essential for VASP localization to
FAs and its phosphorylation (Lund et al., 2010). Additionally, vimentin is
upregulated in activated ECs, where it modulates EC-ECM adhesion and
endothelial invasion by regulating focal adhesion kinase (FAK) expression and
activation (Dave et al., 2013).
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Figure 3. Vimentin IFs. (A) The schematic presentation of vimentin structure. Vimentin
consists of N-terminal head, C-terminal tail and central rod domains. The rod domain
contains alpha-helical coiled-coil subdomains (ellipses), connected with the linker
regions (L1, L12 and L2). (B) An immunofluorescence image of anti-vimentin V9
antibody-stained HUVECs (T. Péll, unpublished, with permission of T. Pall)

Vimentin IFs regulate cell-matrix adhesions by associating with integrins, the
core components of FAs. In most cases, vimentin is anchored to integrins via the
cytoskeletal linker protein, plectin (Bhattacharya et al., 2009; Burgstaller et al.,
2010). Disruption of the connection of vimentin or plectin with Bl integrin at
FAs in fibroblasts results in reduced FA turnover and impaired directional
migration (Gregor et al., 2014). Consistently, vimentin expression has been
shown to correlate with enhanced FA dynamics (Mendez et al., 2010). Robust
FAs and impaired motility were caused by attenuated FAK activity, which led
the cells to try to compensate for the reduced tension by RhoA overactivation
and upregulation of the activated (stretched) integrins (Gregor et al., 2014).
Vimentin [Fs associate also with collagen-binding 021 integrin in ECs, whereas
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this interaction has been suggested to occur independently of plectin presence,
and to be lost in confluent cells (Kreis et al., 2005). It has been demonstrated
that vimentin mediates membrane traffic of B1 integrin (Ivaska et al., 2005) and
EC adhesion molecules, ICAM-1 and VCAM-1, important mediators of
lymphocyte homing, transmigration and vascular integrity (Nieminen et al.,
2006). In addition, vimentin participates in endosomal trafficking by functioning
as a reservoir for a synaptosome-associated tSNARE protein SNAP23 (Faigle et
al., 2000), and by binding an adaptor protein complex, AP-3, which regulates
sorting of late endosome/lysosome membrane proteins (Styers et al., 2004).

Besides its main subcellular location in the cytoplasm, vimentin can also be
found at the cell surface. Cell-surface vimentin has been implicated in several
functions, such as bacterial killing and ROS production on activated
macrophages (Mor-Vaknin et al., 2003), activating latent TGF-f on the EC
surface (Nishida et al., 2009), rolling of circulating vascular cells across
endothelium (Xu et al., 2004) and providing attachment sites for pathogens
(Koudelka et al., 2009; Zou et al., 2008). More importantly, vimentin has been
identified as a specific marker for tumour vasculature, whereas targeting of
endothelial vimentin in in vivo mouse colorectal carcinoma tumour model
resulted in effective inhibition of tumour growth and decreased microvessel
density (van Beijnum et al., 2006). Furthermore, it has been suggested that cell
surface vimentin could also serve as a common marker for metastatic cancers
(Steinmetz et al., 2011).
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MATERIALS AND METHODS

The following methods were used in this thesis:

DNA cloning (Publications I, II, Manuscript and Patent)

Cell culture and DNA transfection (Publications I, II, Manuscript and
Patent)

siRNA transfection (Manuscript)

Quantitative RT-PCR (Manuscript)

GST-pulldown and co-immunoprecipitation (Publication II and Patent)
ELISA (Publications I, Il and Manuscript)

Western blot analysis (Publications I, II, Manuscript and Patent)
Immunofluorescence microscopy (Publications I, IT and Manuscript)
Endocytosis assay (Publications I and II)

Electric cell-substrate impedance assay (Publication I and Manuscript)
Apoptosis and cell viability assays (Manuscript)

In vivo angiogenesis assay (Manuscript)

Recombinant protein in vivo half-life studies (Publication I and
Manuscript)

Recombinant protein expression and purification (Publications I, II,
Manuscript and Patent)

PEGylation, Fc-fusion technology (Publication I and Manuscript)
MALDI-TOF MS (Publications I and II)

Statistical data analysis (Publications I, II, Manuscript and Patent)
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AIMS OF THE STUDY

The role of CD44 in lymphocyte homing and cancer progression has been
extensively studied. At the same time, only scarce data demonstrate the
involvement of CD44 in neovascularization and endothelial proliferation, and its
many aspects are still unclear. The study by Pill et al. (2004) suggested that the
recombinant soluble HA-binding domain of CD44 (CD44-HABD) and its non-
HA-binding mutant CD44-3MUT could function as angiogenesis inhibitors.
Nevertheless, CD44-3MUT displayed very short in vivo residence time, limiting
its in vivo use. Together, these data provide the rationale for the present thesis.

The aims of this thesis were as follows:
1. Further elucidate the role of CD44 in angiogenesis and EC growth.

2. Improve the pharmacokinetic properties of CD44-3MUT by the use of two
different half-life extension approaches (PEGylation and Fc-fusion).
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RESULTS AND DISCUSSION

The majority of the anti-angiogenic drugs in tumour therapy have been focused
on targeting the VEGF signalling pathways. However, due to intrinsic and
acquired resistance mechanisms, these therapeutics exhibit limited long-term
benefits. Thus, there is a need for new anti-angiogenesis therapies that could be
used in combination with anti-VEGF or as a second-line therapy. Moreover, to
develop more effective therapies and new drugs, a better understanding of
factors and mechanisms affecting EC proliferation and blood vessel formation is
needed.

1 Circulation half-life of CD44-3MUT and its modified versions

We have shown that bacterially expressed recombinant unmodified CD44-
3MUT is able to inhibit EC growth in vitro (Pall et al., 2004). However, our
initial in vivo studies in mice showed that with only 0.04 h half-life this
unmodified version of CD44-3MUT exhibits very short circulation residence
time (Publication I). Such a short half-life can limit its in vivo efficacy.
Consequently, we decided to improve the pharmacokinetic properties of CD44-
3MUT. To this end, we used two different approaches: PEGylation and Fc-
fusion technology. PEGylation is a well-known and FDA-approved strategy for
extending the half-life of recombinant therapeutic proteins. Addition of the
human IgG Fc region to a therapeutic protein in combination with the
mammalian expression system, on the other hand, provides proteins with some
beneficial antibody-like structural properties, facilitates their production process
and maintains native post-translational modifications of proteins.

1.1 PEGylation of CD44-3MUT (Publication I)

Having already established a large-scale purification protocol for bacterially
expressed CD44-3MUT (Publication I), we first decided to PEGylate CD44-
3MUT in order to improve its pharmacokinetic properties. We chose to
PEGylate our protein with a 20 kDa methoxy-PEG-propionaldehyde, resulting in
CD44-3MUT PEG-conjugate with the expected molecular weight of 31.6 kDa.
20 kDa aldehyde-functionalized PEG, which has been shown to preferentially
couple to the N-terminal a-amino group at pH 5-8 (Kinstler et al., 2002), was
chosen for several reasons. First, in order to reduce the possibility that PEG
would mask the CD44-3MUT surface and thereby interfere with its functional
activity (Pasut and Veronese, 2012), we chose a PEG chain that would site-
specifically react with the N-terminus of CD44-3MUT. Second, for minimizing
the possibility of PEG-CD44-3MUT accumulating in the liver and causing the
macromolecular syndrome, which is common for high molecular weight
polymers, we used a PEG chain that was as small as possible. While 20 kDa
PEG is relatively small, it would still most probably keep the PEG-CD44-3MUT
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in the circulation and avoid rapid urinary excretion, as its molecular weight
clearly exceeds the threshold of glomerular filtration, which has been
demonstrated to be 30 kDa (Veronese and Pasut, 2005).

PEG-specific Bal, staining showed that PEGylation of CD44-3MUT resulted in
the formation of predominantly mono-PEGylated form of CD44-3MUT.
However, we were unable to purify the mono-PEG-CD44-3MUT to
homogeneity and the presence of minor amounts of unmodified and di-
PEGylated CD44-3MUT were still observed after all purification steps.
Densitometric analysis showed that PEG-CD44-3MUT batches contained
roughly 2/3 of mono-PEGylated, 1/10 of di-PEGylated and 1/4 of unmodified
CD44-3MUT.

As we used methoxy-PEG-propionaldehyde for PEGylation, which should
preferentially have attached to the N-terminus of CD44-3MUT in our reaction
conditions, we analysed the PEG-attachment site using the MALDI-TOF MS
fingerprinting of Glu-C protease-digestion peptides. The depletion of N-terminal
peptides from the mass spectrum compared to non-PEGylated CD44-3MUT
indicated that PEG indeed coupled to the N-terminal o-amino group of
PEGylated CD44-3MUT. No other peptides were missing or reduced in the mass
spectrum, as could be expected because of the presence of the di-PEGylated
form of CD44-3MUT in the analysed preparation. It is possible that the PEG
dimer, instead of the PEG monomer, couples to the N-terminus of CD44-3MUT
and this represents the di-PEGylated form of CD44-3MUT in the PEG-modified
CD44-3MUT preparations. This suggestion was supported by the observation
that besides the PEG monomer also the PEG dimer formed during PEGylation.
Thus, it is most probable that instead of two PEG chains binding to different
sites of CD44-3MUT, it is rather one PEG dimer that reacts with the N-terminus
of CD44-3MUT.

PEGylated proteins commonly suffer from the complete or partial loss of their
bioactivity due to the large hydrodynamic volume of PEG, which may limit the
access to receptor/ligand binding sites (Kontermann, 2011; Pasut and Veronese,
2012). To exclude this possibility, we compared the in vitro activities of
unmodified and PEGylated CD44-3MUT. The results of the cell proliferation
assay confirmed the preserved bioactivity of PEGylated CD44-3MUT.

1.2 Half-life of PEGylated CD44-3MUT (Publication I)

To determine the half-life of CD44-3MUT proteins we injected rats
intravenously with untagged or PEGylated CD44-3MUT. After blood sampling,
the half-life and other pharmacokinetic properties were calculated from the
results of the ELISA assay. The calculated pharmacokinetic parameters
(summarised in Table 1) showed that while untagged CD44-3MUT was
eliminated from rat blood very rapidly, PEGylation of CD44-3MUT extended its
blood residence time about 70-fold. In line with this, PEG-CD44-3MUT
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displayed considerably enhanced systemic exposure (AUC) and diminished
clearance (CL) when compared to its unmodified version. Both proteins
displayed similar volume-of-distribution values (from 2% to 4% of total body
weight), indicating that unmodified as well as PEGylated CD44-3MUT are
confined to plasma water. In contrast, the initial pharmacokinetic studies in mice
determined the volume of distribution for CD44-3MUT as 23% of total body
weight, suggesting the distribution to extracellular water. Such discrepancy may
have been caused by the different doses of injected proteins used in rats and
mice (1 mg vs 50 ug, respectively). It is plausible that the severalfold higher
doses used in rats may have saturated the extracellular water compartment and
therefore resulted in different volume-of-distribution values. When tissue protein
binding is saturable, the dose of administrated drug and the volume of
distribution may be negatively correlated.

In conclusion, PEGylation improved the pharmacokinetic properties of CD44-
3MUT while retaining its cell proliferation inhibitory activity. Nevertheless, the
production process of PEG-CD44-3MUT was still quite complicated and
resulted in a mixture of unmodified, di- and mono-PEGylated species of CD44-
3MUT.

Table 1: Pharmacokinetic parameters of CD44-3MUT and its derivatives in rats,
calculated from the ELISA data performed after intravenous administration of proteins.

Protein Co, ug/ml AUC, CL (ml/h) V4 Ti2, h (95%
(95% CI)  pg-h/ml (%TBW)' CI)

CDd4- 315 13.6 79.0 18 0.027
SMUT (293- 337) (0.023-0.032)
PEG-CD44- 142 803 12 3.9 .84
SMUT (130-155) (0.69-2.98)
CD44- 66 19.0 158 18 0.28
SMUT-Fe (53-87) (0.13-0.40)

!, volume of distribution (Vq) is expressed as % of total body weight (% TBW)

1.3 Plasma half-life of CD44-3MUT-Fc (Manuscript)

In order to simplify the manufacturing process of CD44-3MUT and produce a
protein that is more akin to native CD44, we next sought to express the protein
in a mammalian expression system. In addition, to improve pharmacokinetics,
we decided to add human IgG Fc fragment to the C-terminus of CD44-3MUT.
Producing CD44-3MUT-Fc in the mammalian expression system has several
advantages (Figure 4). First, when compared to bacterially purified CD44-
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3MUT, the mammalian expression of CD44-3MUT-Fc yields a roughly 8-fold
increased amount of protein (unpublished data). Secondly, the production
process of CD44-3MUT-Fc contains only two different stages instead of four as
in the bacterial production of CD44-3MUT. Thirdly, the purity of CD44-3MUT-
Fc is considerably higher, as it contains significantly less endotoxins than the
bacterially expressed CD44-3MUT. Lastly, the production in a mammalian
expression system provides CD44-3MUT-Fc with  post-translational
modifications similar to those of native CD44.

The pharmacokinetic parameters of CD44-3MUT-Fc in rats were calculated
after intravenous administration of proteins and are shown in Table 1. The
results show that the blood residence time of CD44-3MUT-Fc was increased
more than 10-fold compared to untagged CD44-3MUT. However, it still
remained nearly 7-fold shorter than the blood residency of PEGylated CD44-
3MUT. Still, CD44-3MUT-Fc exhibited greater biodistribution when compared
to untagged or PEGylated CD44-3MUT. The value of the volume of distribution
— 18% of total body weight — indicates that CD44-3MUT-Fc is most probably
distributed to extracellular water.

Due to considerably easier production, native structural properties and better
biodistribution we decided to use the Fc-modified version of CD44-3MUT in
our further functional studies.

CD44-3MUT PEG-CD44-3MUT CD44-3MUT-Fc

“: ‘J’}
schematic presentation ‘ ' )
-

MW 11.5 kDa 31.6 kDa 60 kDa (monomeric)
purification steps 4 6 2
yield 9-16 mg/L < 9-16 mg/L 75-92 mg/L
endotoxins 22-93 EU/mg NA <10 EU/mg
posttransiational unglycosylated unglycosylated glycosylated

modifications

protein form monomer monomer dimer

Figure 4. Comparison of CD44-3MUT and its derivatives. CD44-3MUT (red
globular domain) is produced in bacterial expression system. PEG-CD44-3MUT, a 20
kDa linear PEG (pale blue linear string) is added to the N-terminus of purified CD44-
3MUT. CD44-3MUT-Fc, CD44-3MUT is provided with the human IgG-Fc region
(green ellipses), genetically fused to its C-terminus. CD44-3MUT-Fc is produced in a
mammalian expression system as a dimer
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2 CD44 functions as an inhibitor of angiogenesis (Manuscript)
2.1 CD44-3MUT-Fc inhibits in vivo neovascularization

Previously it has been shown in our laboratory that bacterially expressed non-
HA-binding CD44 (CD44-3MUT) reduces the angiogenic response in the chick
chorioallantoic membrane and inhibits tumour xenograft growth in mice (Péll et
al., 2004).

We asked whether the observed anti-angiogenic effects of bacterially expressed
CD44-3MUT could be reproduced in a different model. For this, we performed
in vivo angiogenesis assays in nude mice and used CD44-3MUT produced in a
mammalian expression system as a therapeutic agent. To this end, we used a
commercially available Matrigel plug assay (DIVAA), where angiogenesis was
measured by blood vessel invasion into the tumour ECM-filled silicone tubes
(angioreactors) (Guedez et al., 2003). In DIVAA, the angiogenic response is
stimulated by FGF-2 and VEGF premixed into the matrix of angioreactors.

We treated nude mice carrying subcutaneously implanted angioreactors with
human IgG1 Fc region-modified CD44-3MUT (CD44-3MUT-Fc). The results of
the DIVAA showed that the intraperitoneal treatments with CD44-3MUT-Fc
resulted in significantly reduced blood vessel ingrowth into angioreactors when
compared to PBS- or rhIgG-Fc- treated control groups (Figure 5A). As PBS- and
rhlgG-Fc-treated control groups displayed similar angiogenic response, it could
be concluded that the anti-angiogenic effect of CD44-3MUT-Fc¢ was not caused
by the IgG Fc, but the CD44-3MUT portion of the protein.

The efficacy of CD44 non-HA-binding mutant in our studies demonstrates that
the anti-angiogenic property of this molecule is independent of its HA-binding
function. This suggests that a different mechanism than directly blocking HA
binding to cells is responsible for the observed effects. Besides, the allosteric
inhibitory effect of CD44-3MUT on CD44-HA interaction could be excluded, as
Péll et al. (2004) had shown that CD44-3MUT had no effect on HMW HA-
induced EC migration in vitro. Nevertheless, HA oligomers can induce
angiogenesis and such angiogenesis can be blocked by EC-specific CD44
silencing (Lennon et al., 2014).

Together, by showing that systemic administration of mammalian CD44-3MUT-
Fc is able to efficiently inhibit angiogenesis in a preclinical mouse model, this
study validates Pall et al. (2004) results, which demonstrated anti-angiogenic
activity of bacterially purified CD44-3MUT in an in ovo model. Furthermore,
these results exclude the possibility that the anti-angiogenic effect of CD44-
3MUT is solely the property of the bacterially expressed recombinant protein.
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2.2 Cd44-null mice display enhanced angiogenic response

CD44 has been shown to be involved in tumour angiogenesis as an angiogenesis
supporting molecule (Cao et al., 2006; Lennon et al., 2014), and thus, in this
context, recombinant soluble CD44-3MUT appears to function as an antagonist
to endogenous CD44.

To independently assess the pro-angiogenic role of CD44, we studied
angiogenesis in Cd44”~ mice. We used the same in vivo angiogenesis assay as
described in the Section 2.1 of this thesis to measure the angiogenesis induction
in response to VEGF/FGF-2 stimulation. We found that the angiogenic response
was significantly higher in Cd44-null mice than in wild-type mice (Figure 5A).
It is important to note that our initial experiments were performed in Cd44”
mice of mixed genetic backgrounds. Nevertheless, as shown by others, different
genetic factors, besides CD44, may influence the angiogenic response in
different inbred mouse strains (Rohan et al., 2000). Therefore, to reduce the
possibility that confounding genetic factors cause the observed differences in
angiogenesis induction, we used Cd44-null mice from homogenous inbred
backgrounds for the next series of experiments. To this end, Cd44” mice were
backcrossed six generations into the C57BL/6 background. The angiogenesis
assay with the Cd44” mice of the C57BL/6 background corroborated our
primary results, and showed that CD44” mice displayed significantly increased
angiogenesis compared to their Cd44"* or Cd44"" littermates. Statistical analysis
revealed that the induction of angiogenic response was associated with the Cd44
genotype in VEGF/FGF2- stimulated mice, but not in GF-unstimulated mice.

These results demonstrate that the absence of CD44 leads to elevated angiogenic
response in mice, suggesting that CD44 functions as an angiogenesis inhibitory
molecule. In the light of these findings, CD44-3MUT-Fc seems to mimic
endogenous CD44 rather than antagonise its function. According to this model,
systemic delivery of CD44-3MUT-Fc increased the dose of CD44 and enhanced
the anti-angiogenic balance.

The differences between our study and previous studies showing CD44 as an
angiogenesis promoting molecule may lie in the use of different models and
different inducers of angiogenesis. Reduced blood vessel invasion into Matrigel
plugs in Cd44”~ mice was observed in response to CD44-positive B16 melanoma
cells (Cao et al., 2006), as well as in response to HA oligomers in mice with
silenced endothelial CD44 expression (Lennon et al., 2014). In case of both of
these models, CD44 was to some extent still present in the system and thus could
function as a super inhibitor. This could also explain why wild-type bone
marrow reconstitution in Cd44” mice did not restore the angiogenesis to normal
levels (Cao et al., 2006). In contrast, we used a completely CD44-free system —
Cd44-null mice and angiogenesis induction by VEGF and FGF-2.
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Additionally, the duration of experiment to allow blood vessels to grow after
induction can affect the results. It has been reported that CD44”~ ECs exhibit a
lower growth rate in the early phase of proliferation, but increased secondary
proliferation in dense cultures compared to wild-type ECs (Tsuneki and Madri,
2014). Therefore, while in Cao et al. (2006) study the blood vessels were
allowed to invade the Matrigel plugs for 5 days, in our experiments, the ECs that
had invaded the angioreactors were quantitated after 14 days. Still, Cd44”" mice
displayed inhibited tumour growth and vessel density in the melanoma and
ovarian carcinoma xenograft models, where tumours were grown for two to nine
weeks (Cao et al., 2006).

Given that soluble CD44-3MUT-Fc blocks in vivo angiogenesis and EC
proliferation (see Sect. 2.1 and 3.1) and thereby mimics endogenous CD44, it is
also possible that in Cao et al. (2006) study, CD44-deficient ECs were inhibited
in trans by tumour cell expressed CD44. This hypothesis is also supported by
our finding that the level of angiogenesis in Cd44-heterozygotes was similar to
wild-type mice. This suggested that CD44 is not haploinsufficient and even
reduced levels of CD44 are sufficient for the regulation of angiogenesis.

CD44 plays context specific roles in malignant transformation and metastasis, as
well as in inflammatory reactions. The role of CD44 in tumourigenesis seems to
be isoform-dependent, but it also depends on the stage and origin of the cancer
(Gao et al., 1997; Kito et al., 2001; Kogerman et al., 1997; Lopez et al., 2005;
Zeilstra et al., 2014). Regarding the context specific nature of CD44 in
inflammatory reactions, blocking its functions by CD44-specific antibodies
resulted in anti-inflammatory effects in experimental arthritis (Hutds et al.,
2008), whereas aggravated inflammatory response was observed in Cd44-
deficient mice (Nedvetzki et al., 2004). It has been demonstrated, that the loss of
CD44 could be compensated by other molecules in early embryogenesis, but not
at the later stages of development (Nedvetzki et al., 2004; Olaku et al., 2011).
This suggests that the seemingly contradictory phenotypes in inflammatory
responses of CD44-deficient mice versus CD44 targeting in wild-type mice
could partly be explained by the molecular redundancy of CD44.

To conclude, our results together with Cao et al. (2006) and Lennon et al. (2014)
studies fit into the context of and adds to the current paradigm about the context
specific behaviour of CD44 in different pathophysiological processes. More
specifically, we showed that CD44 can function as an endogeneous inhibitor of
angiogenesis.
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Figure 5. CD44 is a negative regulator of angiogenesis. (A) Blood vessel invasion into
the subcutaneous (SC) angioreactors is enhanced in Cd44” mice and suppressed in
CD44-3MUT-Fc¢ (BMUT-Fc)-treated mice when compared to wild-type mice (Cd44™).
(B) The reduction of CD44 level by siRNA transfection augments and the increase of
CD44 dose by CD44-3MUT-Fc treatment inhibits endothelial cell (EC) growth. The
effect of CD44 is independent of EC growth promoting effect of pro-angiogenic growth
factors (GF; VEGF/bFGF/HGF). GFR, growth factor receptor (VEGFR2, FGFR1, MET)

3 CD44 as a negative regulator of EC proliferation
3.1 CD44-3MUT restrains EC growth (Publication I, Manuscript)

Bacterially purified CD44-3MUT inhibits angiogenesis by inhibiting EC
proliferation (Pall et al., 2004). Thus, we asked, whether the anti-angiogenic
effect of CD44-3MUT-Fc might be similarly caused by its effects on ECs. To
answer this question, we used a cell proliferation assay, which is based on real-
time measurement of adherent cells using electrical cell-substrate impedance
sensing (ECIS). Monitoring the growth of asynchronously growing mouse lung
ECs (MLEC) treated with bacterially purified CD44-3MUT confirmed that
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CD44-3MUT inhibits EC growth, as CD44-3MUT treatment resulted in reduced
cell density, measured by the electrical resistance of the MLEC layer
(Publication I). In the second series of experiments, we wanted to model the
initial stages of angiogenesis induction by releasing the quiescent ECs from cell
cycle block by angiogenic GF stimulation. Growth-arrested HUVECs were
released from quiescence by stimulation with VEGF. As expected, the real-time
monitoring of cell growth by ECIS revealed that VEGF stimulation resulted in
HUVEC proliferation. At the same time, treatment of HUVECs with CD44-
3MUT-Fc dose-dependently blocked VEGF-induced HUVEC proliferation
(Manuscript; Figure 5B). The inhibitory effect of CD44-3MUT-Fc on EC
growth was confirmed in cell viability assays, where we tested CD44-3MUT-Fc
potency to inhibit cell proliferation stimulated by VEGF, FGF-2 or HGF. The
results demonstrated that, while FGF-2 and VEGF proved to be strong inducers
of cell proliferation, HGF induction, in contrast, showed only weak induction of
proliferation. We found that the effect of CD44-3MUT-Fc on HUVEC growth
was inversely related to the GF potency to induce cell growth. While CD44-
3MUT-Fc caused relatively small inhibition of cell growth in HUVECs
stimulated with strong inducers like VEGF and FGF-2, we observed much
stronger inhibition of cell proliferation in HGF-stimulated cells. The same trend
was also observed when the effect of CD44-3MUT-Fc was tested in HUVECs
stimulated with the vascular quiescence factor GDF-2 (BMP-9). GDF-2 showed
a strong anti-mitotic effect on HUVEC growth, and CD44-3MUT-Fc¢ treatment
further augmented this effect.

Further, we wanted to see, whether apoptosis is involved in the reduction of cell
numbers in response to CD44-3MUT-Fc treatment. We found that the basal
levels of apoptosis were expectedly in inverse correlation with the EC growth-
inducing potency of the cytokine. The number of apoptotic cells was the lowest
in FGF-2- and VEGF-stimulated cultures and the highest in GDF-2-stimulated
cultures. Moreover, the effect of CD44-3MUT-Fc on apoptosis was found to be
in correlation with its effects on cell proliferation. While VEGF- and FGF-2-
induced ECs displayed a modest increase in apoptotic cell numbers in response
to CD44-3MUT-Fc treatment, the increase was more noticeable in HGF-induced
cells and GDF-2-induced ECs. Our results suggest that cells under stress are
more sensitive to CD44-3MUT-Fc treatment, and therefore more prone to
undergo apoptosis.

Together, our results indicate that CD44-3MUT affects angiogenesis primarily
by inhibiting EC proliferation.

3.2 Knockdown of CD44 enhances EC proliferation and viability
(Manuscript)

CD44 is a coreceptor for receptor tyrosine kinases MET, VEGFR2, EGFR and
ErbB2 (Meran et al., 2011; Tremmel et al., 2009; Yu et al., 2002). Accordingly,
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its coreceptor function is involved in epithelial cell signaling, cancer, and
angiogenesis. However, it is not clear, whether and how CD44 expression
affects EC proliferation. Lung ECs derived from Cd44" mice displayed
impaired in vitro ability of tube formation, but the proliferation and migration of
those ECs remained unaltered (Cao et al., 2006). Another study showed a
reduced initial proliferation rate of Cd44” mice-derived brain ECs compared to
wild type-cells, whereas secondary proliferation in dense Cd44”~ EC cultures
was increased (Tsuneki and Madri, 2014). This suggests that CD44 expression
associates with reduced proliferation under certain conditions. We interrogated
CD44 in ECs first by increasing CD44 dose by adding CD44-3MUT-Fc to the
culture and, alternatively, by silencing its expression by siRNA transfection. We
saw that treating ECs with soluble recombinant CD44-3MUT-Fc resulted in the
inhibition of EC proliferation (see Sect. 3.1), which is in agreement with the
findings of Tsuneki and Madri (2014) study.

Given that the Cd44 gene deficiency resulted in augmented angiogenic response
in our experiments and CD44-3MUT inhibited EC proliferation, we decided to
study whether the knockdown of CD44 expression results in increased EC
proliferation. We used CD44-siRNA transfected HUVECs in cell proliferation
assays. CD44-silenced HUVECs were initially growth-arrested by serum
starvation, and thereafter released from quiescence by stimulation with serum or
different concentrations of VEGF, FGF-2, or GDF-2. The real-time tracking of
cell culture impedance revealed that silencing of CD44 expression by transient
siRNA transfection increased proliferation in ECs stimulated either by serum,
VEGF, or FGF-2. At the end of the experiment, the increased cell numbers of
siCD44-transfected ECs were confirmed by assessment of viable cells and also
by modelling of the barrier formation. Consistent with the higher cell density,
CD44-silenced ECs formed more robust barrier. Although the ECIS
measurements showed that CD44 silencing could not rescue GDF-2-induced
ECs, the cell viability assay showed more viable cells also in this group.
Together, these results suggest that CD44 silencing results in augmented cell
proliferation in response to different GFs (Figure 5B), further suggesting that
CD44 is not involved with any specific GF pathway.

Consistently with our results, Cd44” mice displayed increased neointima
formation and vSMC proliferation in response to arterial injury (Kothapalli et
al., 2007). This suggests that CD44 expression regulates proliferation also in
other cell types than ECs. In this case, HMW-HA binding to CD44 was shown
to induce the growth suppression of vSMCs and other mesenchymal cell types
(Kothapalli et al., 2007). As the previous studies demonstrated that CD44 is
upregulated in tumour blood vessels as well as in FGF-2- and VEGF-stimulated
ECs (Griffioen et al., 1997), it is plausible that CD44 controls EC proliferation
via negative feedback signalling. Interestingly, we found that CD44-3MUT
binding to ECs was increased in response to VEGF stimulation (Publication II).
Taking into account that CD44 dimerizes partly via its ectodomain interactions
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(Hartmann et al., 2015), and HMW-HA has been shown to increase CD44
clustering (Yang et al., 2012), it could be speculated that CD44-3MUT might
enhance the EC growth-suppressive properties of endogenous CD44 by inducing
CD44 clustering similarly to HMW-HA.

In summary, as silencing of CD44 in ECs resulted in elevated proliferation, in
vitro data support the results of the in vivo angiogenesis assay, and indicate that
enhanced angiogenic response in Cd44”~ mice might result from increased
growth rates and survival of CD44-deficient ECs.

3.3 The molecular mechanism behind CD44 effects (Manuscript)

We tested one of the possible molecular mechanisms behind the CD44-mediated
control of cell proliferation on ECs. Our initial hypothesis was based on the fact
that CD44 is extensively endocytosed and it is a co-receptor for several
angiogenic GF receptors, such as MET (Orian-Rousseau et al., 2002) and
VEGFR2 (Tremmel et al., 2009). We proposed that endocytosis of CD44 would
decrease the level of GF receptors on the EC surface and thereby render ECs
unresponsive to GF stimulation. To test this hypothesis, we used serum-starved
HUVEC:s, treated them with CD44-3MUT-Fc, and then induced these cells with
different CD44-related angiogenic GFs. However, we found no changes in
activation or the level of GF receptors in response to CD44-3MUT-Fc. In
addition, CD44-silenced HUVECs displayed no changes in basal VEGFR2 or
FGFR1 levels. These results again indicate that CD44-3MUT-Fc does not target
the signalling of these specific GF receptors directly, but rather causes EC
growth inhibition downstream of GF receptor activation.

Another possible mechanism of CD44-mediated growth inhibition might be
related to the employment of CD44 in TGF- signalling (Bourguignon et al.,
2002; Peterson et al., 2004; Tanikawa et al., 2010). Our own results showed
increased cell cycle block and apoptosis in response to CD44-3MUT-Fc
treatment in GDF-2 induced HUVECs (see Sect. 3.1). This led us to the
hypothesis that CD44 may exert its anti-angiogenic functions by enhancing
GDF-2 signalling. Therefore, we tested whether GDF-2-mediated SMAD1/5
activation is affected by silencing of CD44 expression. As expected, we found
that HUVEC stimulation with GDF-2 led to phosphorylation and nuclear
localisation of SMADI1/5, and resulted in the activation of BMP-responsive
element reporter and transcription of selected SMAD1/5 target genes. However,
silencing of CD44 expression or CD44-3MUT-Fc treatment showed no effect on
those GDF-2-mediated responses in HUVECs. In line with this, no changes in
the expression levels of SMAD1/5 target genes in the lungs of CD44-3MUT-Fc-
treated mice were observed. These results show that GDF-2 mediated SMAD1/5
signalling is not affected by CD44 or CD44-3MUT-Fc.

A study by Morrison et al. (2001) shows that CD44 is required for recruiting the
tumour suppressor NF2 to the plasma membrane to mediate contact inhibition.
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Based on this, it is possible that silencing of CD44 abolishes NF2 function and
leads to defective contact inhibition and enhanced proliferation. However,
embryonic fibroblasts derived from Cd44” mice displayed functional contact
inhibition, yet faster growth rates compared to their wild-type counterparts
(Lallemand et al., 2003). Moreover, we observed steadily increased growth rates,
barrier formation, and unchanged cell adhesion in CD44-silenced ECs after they
were released from quiescence by GF stimulation (see Sect. 3.2). Thus, it seems
that mechanisms other than impaired contact inhibition are responsible for
enhanced cell proliferation.

Taken together, our results suggest that the exertion of the effects of CD44 is
independent of specific angiogenic GF signalling.

4 Vimentin is involved in the EC growth-inhibiting function of CD44
(Publications I-II, Manuscript, Patent, unpublished data)

We identified a CD44-binding protein on the EC surface. Suprisingly, we found
that CD44-3MUT binds to the intermediate filament protein vimentin
(Publication II and Patent). Vimentin is abundantly expressed in ECs and is also
exposed to the cell surface. The pull-down assays with vimentin deletion
mutants showed that vimentin N-terminal head domain was responsible for
CD44-3MUT binding (Publication II and Patent). In order to locate the CD44
binding site in vimentin more precisely, we used synthetic peptides covering the
vimentin N-terminal domain and CD44-3MUT in the MicroScale Thermoforesis
binding assay (performed by NanoTemper Technologies). The analysis showed
that CD44-3MUT binds to vimentin peptides that contain amino acids 14-37 (Kd
461 + 45.8 nM), 38-60 (Kd 8.5 £ 0.3 uM) and 50-72 (Kd 9.4 = 0.9 uM), but
does not bind to peptides containing amino acids 2-25, 62-85 and 75-97
(unpublished results). These data suggest that amino acids 26-62 in the vimentin
head domain are sufficient for CD44 binding. The Surface Plasmon Resonance
analysis revealed that there were two CD44-3MUT binding sites in vimentin
(Publication II). The Kd values for high-affinity and low-affinity binding sites
were 74 nM and 15 pM, respectively. The results of the MicroScale
Thermoforesis assay support the two-site ligand model of CD44-3MUT and
suggest that aa residues 26-37 in the vimentin N-terminus mediate high-affinity
binding and aa 38-62 mediate low-affinity binding.

Endogenous CD44 HABD contains five N-linked glycosylation sites (English et
al., 1998). CD44-3MUT, on the other hand, is a bacterially purified recombinant
protein without any post-translational modifications. Thus, we asked whether
EC-endogenous CD44 and vimentin could also interact. By using co-
immunoprecipitation with an anti-CD44 antibody, we demonstrated that full-
length endogenous CD44 is able to form a complex with minor amounts of
vimentin. However, the anti-vimentin antibody was not able to co-precipitate
full-length CD44. This discrepancy may result from very high vimentin
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expression in HUVECs, of which only a small population interacts with CD44.
Vimentin is present in cells in different forms, most abundantly as long IFs, but
also as short squiggles and particles (Prahlad et al., 1998). Filaments are
concentrated around the nucleus, in the trailing edge and in the cell tail.
Squiggles are located at the ends of filaments and non-filamentous particles are
located in lamellipodia. It is plausible that CD44 interacts with the minor, non-
filamentous vimentin fraction. Thus, the co-precipitated CD44 may just remain
below the detection limit. Nevertheless, we confirmed the full-length CD44 and
vimentin association by co-immunoprecipitation of over-expressed proteins.
Together, these results show that vimentin can also form a complex with post-
translationally modified CD44, indicating, therefore, that this interaction may
have physiologically relevant functions in ECs.

The possible physiological importance of CD44—vimentin interaction is also
supported by the studies where CD44 and vimentin were both found to form a
complex with a (Na+ K+)/H+ exchanger at the membrane of breast cancer cells
(Kagami et al., 2008). CD44 and vimentin colocalize during E.coli-induced
neutrophil transmigration across brain microvascular ECs (Che et al., 2011), and
direct MT1-MMP to the front of migrating cells to allow the ECM degradation
(Kwak et al., 2012; Mori et al., 2002). CD44 and vimentin are also well-known
EMT markers in cancer cells, whereas both proteins mutually regulate each
other’s expression in breast and colon cancer cells (Brown et al., 2011; Lehtinen
et al., 2013). More importantly, CD44 and vimentin are upregulated on the
activated tumour endothelium (Griffioen et al., 1997; van Beijnum et al., 2006),
and disruption of the functions of either CD44 or vimentin results in
compromised vascular integrity (Flynn et al., 2013; Nieminen et al., 2006).

In order to study the CD44—vimentin interaction, we first carried out the CD44-
3MUT internalization assay. CD44 and vimentin were shown to associate with
the vesicles of the clathrin-independent endocytic pathway (Howes et al., 2010).
Our results demonstrated that CD44-3MUT was rapidly internalized by MLECs
isolated from wild-type mice (Publication I and II), but not by MLECs derived
from vimentin-deficient mice (Publication II). To test whether the EC growth-
inhibiting function of CD44-3MUT might be dependent on vimentin, we used
MLEC:s isolated from vimentin-deficient mice. The results showed that CD44-
3MUT treatment inhibited the growth of wild-type MLECs, whereas this effect
was not observed in vimentin-deficient MLECs. These data indicate that CD44-
3MUT inhibits EC proliferation via a vimentin-dependent mechanism
(Publication I). The ECIS cell growth assay showed that silencing of CD44
enhanced EC survival (see Sect 3.2). In case of CD44—vimentin signalling, we
expected a similar effect in vimentin-silenced ECs. Indeed, the initial growth
rate and barrier formation of vimentin-silenced ECs was increased after seeding
and before serum starvation, and was comparable to CD44-silenced HUVECs
(Manuscript). Nevertheless, after release from quiescence the impedance
measured at high frequencies (e.g. 64000 Hz), which indicates the cell density
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on the measuring electrode, was similar to controls. The similar-to-controls cell
density of vimentin-silenced cells was confirmed by the quantitation of viable
cells at the end of the experiment (Manuscript). Thus, it is possible that in
vimentin-silenced ECs, the re-entry into the cell cycle after serum deprivation is
not as efficient as in CD44-silenced cells. Low frequency impedance
measurements of vimentin-silenced ECs (<1000 Hz; reporting mostly cell-cell
and cell-matrix adhesions) suggested increased cell adhesion in these cells
(Manuscript). Consistently, vimentin expression was shown to correlate with
enhanced FA dynamics (Gregor et al., 2014; Mendez et al., 2010). Furthermore,
vimentin-deficient fibroblasts display aberrant actin stress fibres lacking
geodome structures (Eckes et al., 1998), along with more robust FAs and
impaired motility (Eckes et al., 1998; Gregor et al., 2014). It was suggested that
the enlarged FAs and FA reduced turnover in cells with disrupted vimentin IFs
are caused by diminished cytoskeletal tension. Decreased cytoskeletal tension, in
turn, leads to impaired integrin-mediated mechanotransduction. The absence of
vimentin IFs at FAs resulted in attenuated FAK and ERK1/2 activity and RhoA
overactivation. Via a compensatory positive feedback loop these alterations
consequently result in the upregulation of activated, high-affinity, but
functionally inefficient integrins (Gregor et al., 2014). Interestingly, the
disruption of actin cytoskeleton was shown to restrict re-entry into the G1-phase
from quiescence (GO0), but not progression to the Gl-phase from mitosis in
cycling cells (Margadant et al., 2013). This observation may provide a plausible
explanation for the differences in vimentin-silenced EC growth kinetics before
and after cell cycle arrest.

In summary, our results indicate that vimentin might be involved in the EC
growth-restraining properties of CD44. It remains to be elucidated, what the
molecular mechanism behind this is, and whether vimentin is also required for
CD44-mediated anti-angiogenic signalling in vivo.
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CONCLUSIONS

1.

The pharmacokinetic properties of CD44-3MUT were improved by
using two different approaches:

e PEGylation increased the circulation half-life of CD44-3MUT.

e Attachment of the human IgG Fc fragment to the C-terminus of
CD44-3MUT resulted in increased half-life and improved
biodistribution of the protein conjugate

CD44 is an endogenous inhibitor of angiogenesis.
e (Cd44" mice display enhanced angiogenesis.

e Systemic administration of CD44-3MUT-Fc¢ inhibits
angiogenesis in mice.

CD44 controls EC proliferation.
e (CD44-silenced ECs display increased proliferation and survival.
e (CD44-3MUT-Fc inhibits EC growth and viability.

e The EC growth inhibitory effects of CD44 are independent of
specific pro-angiogenic GF signalling pathways.

Vimentin binds to CD44 via its N-terminal amino acids 26 to 62 and is
involved in the growth inhibitory effect of CD44 in ECs.
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Abstract

Background and Objectives The aim of this study was to
increase the serum half-life of recombinant CD44 hyalu-
ronan (HA) binding domain by PEGylation. We have
previously found that recombinant soluble CD44 HA
binding domain (CD44HABD) and its non-HA-binding
triple mutant CD44HABDRHMAY78SYTSS (CD44-3MUT)
inhibits angiogenesis and subcutaneous tumor growth.
However, this ~ 12 kDa recombinant protein displays a
high serum clearance rate.

Methods Here, we report the purification of monomeric
CD44-3MUT from urea solubilized inclusion bodies using
weak anion exchange chromatography and gel filtration. To
increase the serum residence time of CD44-3MUT we
PEGylated the resulting protein using 20 kDa methoxy-
PEG-propionaldehyde.

Results PEGylation of CD44-3MUT prolonged its in vivo
serum half-life about 70-fold from 0.03 to 1.8 hours. Along
with extended plasma residence time, PEGylation also
increased the systemic exposure. By cell impedance assay
we confirmed that PEGylated CD44-3MUT maintained its
in vitro function. The results from the impedance assay
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additionally demonstrate that the CD44-3MUT effect on
endothelial cells is mediated by vimentin.

Conclusions In summary, we have developed a purifica-
tion protocol for large-scale production of CD44-3MUT
and generated a PEGylated form of CD44-3MUT. HA
binding domain of CD44(CD44HABD) and its modified
non-HA binding form (CD44-3MUT) inhibit angiogenesis
and tumor growth in vivo without disturbing HA-binding
functions. CD44-3MUT has been PEGylated for use as a
new type of anti-angiogenic human drug. PEGylation of

CD44-3MUT improved pharmacokinetic properties but
retains its functional activity.

Abbreviations

AUC Area under curve

Co Initial plasma protein concentration

CD44HABD CD44 hyaluronan binding domain

CD44-3MUT Non-hyaluronan binding mutant of
CD44HABD-
CD44HABDR4IAR78SY79S

CL Total body clearance

Ccv Column volumes

FT Flow through fraction

GF Gel filtration chromatography

GST-CD44-3MUT CD44-3MUT GST-fusion protein

HA Hyaluronan

1B Inclusion bodies

ID Initial dose of injected protein

1IEC Ion exchange chromatography

MLEC Mouse lung endothelial cells

MS Mass-spectrometric analysis

PEG Polyethylene glycol

T Plasma half-life

%TBW Percent of total body weight

Va Volume of distribution
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1 Introduction

CD44 is an integral membrane glycoprotein, which
functions as a hyaluronan (HA) receptor. Membrane
CD44 mediates adhesion to HA and has physiological
functions in lymphocyte homing and in cell-cell adhe-
sions. Additionally, CD44 is present as a soluble circu-
lating form in lymph and serum [1-5]. The soluble CD44
level is elevated in patients with several tumor types, and
is mainly generated by ectodomain shedding by matrix
metalloproteases [4, 6]. Overexpression of secreted CD44
extracellular domain in tumor cells inhibits proliferation
and subcutaneous tumor growth [7]. We have previously
found that recombinant CD44 HA binding domain
(CD44HABD) functions as an angiogenesis inhibitor [8].
These effects were independent of HA binding, since the
non-HA binding mutant of CD44HABD - CD44HAB-
DRAARTESYTS (CD44-3MUT) displayed similar effects.
Successful large-scale purification of bacterially expressed
recombinant CD44HABD has been reported by two
groups [9, 10]. Both groups used the same purification
method developed by Banerji et al. [9], where essentially
all expressed protein resulted in inclusion bodies (IBs)
and the bottleneck of CD44HABD purification was the
refolding step.

PEGylation, a covalent conjugation of protein with
polyethylene glycol (PEG), is commonly used to improve
in vivo potency of protein-based therapeutics [11, 12].
Protein PEGylation increases its hydrodynamic radius
resulting in reduced renal excretion rate and increased
plasma half-life. Additionally, PEGylation masks protein

surface, and reduces protease degradation and
immunogenicity.
Recombinant  bacterially expressed CD44-3MUT

exhibits very short plasma half-life in vivo. Thus, the goal
for this study was to improve the pharmacokinetic prop-
erties of recombinant CD44-3MUT.

2 Materials and Methods
2.1 Cell Culture, Antibodies and Reagents

Mouse lung endothelial cells (MLEC) were isolated and
grown as previously described [13]. Anti-CD44-3MUT
mouse mAb 1A2.H4 was produced by LabAS (Tartu, Es-
tonia). Anti-CD44-3MUT rabbit pAb A148 was produced
by Inbio AS (Tallinn, Estonia) [13]. Anti-PEG rabbit mAb
PEG-B-47 (#2061-1) was from Epitomics (Burlingame,
CA, USA). Anti-beta-catenin mouse mAb (E-5) (#sc-7963)
was from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). All enzymes used for cloning were from Fermentas
(Vilnius, Lithuania).
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2.2 Protein Expression and Purification

Recombinant CD44-3MUT GST-fusion protein (GST-
CD44-3MUT) was prepared as described [8]. A codon
optimized CD44-3MUT gene was assembled from syn-
thetic oligonucleotides and/or polymerase chain reaction
(PCR) products, and was cloned into pGA14 vector. The
codon optimization and gene synthesis was performed by
GeneArt Gene Synthesis service (Life Technologies,
Carlsbad, CA, USA). CD44-3MUT was further PCR
amplified from pGAIl4 vector and the resulting PCR
fragment was cloned into the Ndel/HindIII site of pET11c
vector (Novagen, Darmstadt, Germany).

The detailed protocol for CD44-3MUT expression and
purification is described in the Supplementary Methods
(Online Resource 1). Briefly, CD44-3MUT was expressed
in BL21-CodonPlus(DE3)-RP strain in autoinduction
media [14] at 37° C for 20 hours. CD44-3MUT was puri-
fied from IBs by ion exchange chromatography (IEC) and
subsequential gel filtration (GF). Refolding was performed
by stepwise dialysis from 8 M urea solution into phosphate
buffered saline (PBS). Purified proteins were sterile fil-
trated using 0.22 pum low protein-binding filter (Millipore),
concentrated using 10 kDa MW cut-off centrifugal filter
devices (Millipore), lyophilized, and stored at 4 °C.

2.3 Analysis of Protein Purity

The purity and monomer content of PEGylated and non-
PEGylated proteins were analyzed by GF, and by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) in Tris-Tricine buffer system under reducing or
nonreducing conditions. The purity and content of protein
preparations was assessed by densitometric analysis of
Coomassie brilliant blue stained SDS-PAGE gel. For
densitometric analysis, ImageJ software (http://imagej.nih.
gov/ij/) was used. For PEG detection, the gel was incubated
with 5 % Bal, solution in H,O. After 10 minutes incuba-
tion, approximately 10 % of volume 0.1 M iodine solution
in 50 % ethanol was added for color development. Matrix-
assisted laser desorption/ionization—time of flight
(MALDI-TOF) mass-spectrometric analysis (MS) was
performed using Autoflex II TOF/TOF instrument and
flexControl 3.0 software (Bruker Daltonics). 2,5-dihy-
droxybenzoic acid was used as MALDI matrix. Before
spotting, samples were desalted using micro-ZipTip pipette
tips with C18 resin (Millipore). For peptide mass finger-
printing proteins were digested with trypsin (sequencing
grade porcine trypsin; Promega) or Glu-C endopeptidase
(sequencing grade; Roche). Protein concentration was
determined by bicinchoninic acid (BCA) assay (Thermo
Scientific). Endotoxin level of purified proteins was mea-
sured using Endosafe-PTS (Charles River, L’Arbresle,
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France). Endotoxin values of different protein batches were
22-93 EU/mg.

2.4 PEGylation of CD44-3MUT

Purified CD44-3MUT was conjugated with 20 kDa meth-
oxy-PEG-propionaldehyde (Jenkem Technology USA,
Allen, TX, USA) in the presence of 200-fold molar excess
of NaBH;CN as reducing agent. The reaction was per-
formed in PBS pH 7.4 for 24 hours. After 6 and 22 hours
the reaction mixture was supplemented with an additional
dose of reducer in 100- and 50-fold molar excess, respec-
tively. The reaction mixture was dialyzed against 10 mM
phosphate buffer by three consecutive steps and loaded to a
strong anion exchange column Mono Q 4.6/100 PE (GE
Healthcare) equilibrated with 10 mM phosphate buffer pH
7.4. After washing the column with five column volumes
(CV) of 10 mM phosphate buffer, PEGylated CD44-3MUT
was eluted by a linear gradient of 0—1 M NaCl in 10 mM
phosphate buffer. Fractions containing the mono-PEGy-
lated protein were pooled and dialyzed against PBS.

2.5 Pharmacokinetic Studies

The female Fisher 344/NHsd rats (body weight 170-178 g)
were used for this study (Harlan Laboratories). The rats
were injected intravenously with 1 mg of PEG-CD44-
3MUT, 1 mg of CD44-3MUT, or 0.75 mg of GST-CD44-
3MUT in 1 ml of PBS into the tail vein proximal site.
Blood samples were collected from the cannula installed
into the jugular vein. The plasma levels of test proteins
were quantified by sandwich ELISA using 1A2.H4 anti-
body for GST-CD44-3MUT and CD44-3MUT capture, and
PEG-B-47 antibody for PEG-CD44-3MUT capture. A148
and 1A2.H4 antibodies were used as detection antibodies,
respectively. Vectastain® ABC kit (Vector Laboratories,
Burlingame, CA, USA) and tetramethylbenzidine substrate
were used for color development and absorbance was
measured using ELISA plate reader (Tecan, Méannedort,
Swizerland). Plasma concentrations of tested proteins were
interpolated from the standard curves generated by using
serums with known concentrations of proteins.

2.6 Internalization of PEGylated CD44-3MUT,
Immunofluorescence Microscopy and Impedance
Assay

Internalization assay and immunofluorescence microscopy
were performed as previously described [13]. For the inter-
nalization assay, MLEC were seeded into 0.1 % gelatin-
coated, 8-well microscopy slides at density 20,000 cells/
well. Cell-bound CD44-3MUT was detected using 1A2.H4
mADb and anti-mouse-Alexa 488 conjugated secondary Ab

(Molecular Probes). Hoechst staining was used to identify
nuclei and anti-beta-catenin staining was used to identify cell
borders and cytoplasm. For automated image analysis,
confocal image stacks were converted to maximum intensity
projections using Fiji package (http://pacific.mpi-cbg.de/
wiki/index.php/Fiji). CellProfiler 2.0 (r10415) [15] was used
for image segmentation and quantitation. The measurement
of cell layer resistance was performed using the ECIS Z-theta
instrument, ECIS software and 96W10E + arrays (Applied
Biophysics, Troy, NY, USA). The arrays were cysteine
pretreated according to manufacturers instructions and
coated with 1 pg/mL fibronectin in PBS. Cells were seeded
at 10,000 cells/well, treatments were started 24 hours later.

2.7 Statistical Data Analysis

Data represent mean + SE. Statistical analysis and non-
linear fitting of data was performed using GraphPad Prism
5 software (GraphPad Software, San Diego, CA, USA),
and R (version 2.15.1) [16]. Plasma half-life (71,), initial
plasma protein concentration (Cy) and the area under curve
(AUC, pg-h/ml) were estimated by using non-linear
regression. AUC was also expressed as %ID-h/mL (ID,
initial dose of injected protein) and calculated as (AUC/ID)
x100 %. Other parameters were calculated as follows:
total body clearance (CL) = dose/AUC, volume of distri-
bution (V4) = dose/Cy. V4 was expressed as percent of total
body weight (%TBW).

3 Results
3.1 CD44-3MUT Expressed in Inclusion Bodies

CD44-3MUT contains residues 27-132 according to human
CD44 (Fig. l1a) and carries aa substitutions R41A, R78S
and Y79S, which abolish CD44 HA binding property [8,
17]. We cloned CD44-3MUT into pETllc vector and
expressed it in BL21-CodonPlus(DE3)-RP strain in au-
toinduction media. See Supplementary Table 1 (Online
Resource 1) for a summary of the CD44-3MUT purifica-
tion protocol. Typical yield of wet weight bacterial mass
was 9-12 g/L culture. SDS-PAGE analysis showed that
CD44-3MUT was expressed with an apparent molecular
mass of ~12 kDa (Fig. 1b). CD44-3MUT was mostly
expressed into insoluble protein fraction (Fig. 1b). There-
fore, we purified CD44-3MUT from IBs. After dissolving
isolated IBs in 8 M urea-buffer and removal of insoluble
material, soluble IB lysate contained a considerable
amount of CD44-3MUT (Fig. 1b). The yield of CD44-
3MUT in soluble IB lysate was approximately 25 mg/g of
wet bacterial mass, as calculated from densitometry ana-
lysis of Coomassie stained SDS-PAGE gel.
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Fig. 1 Expression of CD44-3MUT and isolation of inclusion bodies
(IBs). a Sequence alignment of human CD44 (hCD44) and CD44-
3MUT protein. The mutated residues in CD44-3MUT (R41A, R78S,
and Y79S) are indicated by asterisks. The secondary structure
elements are based on the Teriete et al. [19] study. Right arrows
B-sheets, helices a-helices and 3,o-helix. Disulphide bonds between
cysteine residues are indicated by up and down arrows. Note the
absence of initial methionine residue in the CD44-3MUT sequence,
which, according to MS analysis, is excised by aminopeptidase (see
Supplementary Table 2 in Online Resource 1). b (left panel) SDS-
PAGE analysis of CD44-3MUT expression. CD44-3MUT was
expressed in autoinduction media for 20 h at 37 °C. CD44-3MUT
(indicated by arrow) expression was estimated by analyzing samples
from preculture and final culture (total lysate). b (right panel) SDS-
PAGE analysis of IB purification course. CD44-3MUT expressing
cells were lysed and soluble fraction was separated from IBs by
centrifugation. After washing (IB washes), IBs were solubilized in
8 M urea containing buffer and centrifuged to separate insoluble IB
fraction. CD44-3MUT containing soluble IB lysate was used for
further CD44-3MUT purification

3.2 CD44-3MUT Purification by Ion Exchange
and Subsequent Size-Exclusion Chromatography

We used weak anion exchange chromatography for the first
CD44-3MUT purification step. The soluble IB fraction was
applied onto a DEAE FF column and the proteins were
eluted by stepwise and linear gradient of NaCl (Fig. 2a). In
order to prevent protein carbamylation of urea-dissolved
IBs, buffer B was supplemented with ethylenediamine (see
Supplementary methods, Online Resource 1). Ethylenedi-
amine addition resulted in a shift of CD44-3MUT into flow
through fraction (FT), as shown by SDS-PAGE analysis of
eluted IEC fractions (Fig. 2b). Most of the CD44-3MUT
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protein was eluted in FT and peak 1 and peak 2 contained
only a small amount of CD44-3MUT. In FT, CD44-3MUT
appeared to be in its monomeric state, peak 1 and 2 con-
tained mostly covalently aggregated or oligomeric CD44-
3MUT as assessed by SDS-PAGE analysis under nonre-
ducing conditions (Fig. 2b). For further purification, we
pooled CD44-3MUT containing FT and termed it as IEC
pool. To separate monomeric CD44-3MUT from oligo-
meric forms and other remaining E. coli contaminants we
further purified CD44-3MUT containing IEC pool by GF
on HiLoad 26/60 Superdex 200 column (Fig. 2c). Peak 3
contained a considerable amount of pure monomeric
CD44-3MUT as found by SDS-PAGE under reducing and
nonreducing conditions (Fig. 2d; data not shown for peak 1
and 2). We pooled fractions containing purified monomeric
CD44-3MUT and used this pool in refolding steps.

3.3 Refolding and MALDI-TOF MS Characterization
of Monomeric CD44-3MUT

We used seven dialysis steps for renaturing of CD44-
3MUT from 8 M urea solution into PBS. The final yield of
purified CD44-3MUT was 1-1.3 mg/g of wet bacterial
mass. Analysis of refolded protein by SDS-PAGE showed
that apparently all CD44-3MUT was in monomeric form
(Fig. 2e). The monomeric form of CD44-3MUT was fur-
ther confirmed by GF analysis (Fig. 2f).

SDS-PAGE analysis under nonreducing conditions
showed that CD44-3MUT always migrated as two close
bands, both close to the molecular size of monomeric
CD44-3MUT (Fig. 2b, d, e). MALDI-TOF MS finger-
printing showed that these bands contained CD44-3MUT.
Further, MALDI-TOF MS low resolution peptide finger-
printing of tryptic peptides suggested that these bands
represent forms with different numbers of intramolecular
disulphide bridges, whereas, under nonreducing conditions,
the fastest migrating band corresponds to species with three
disulphide bridges (data not shown). Cys-118 (see Fig. 1a),
containing a disulphide bridge, was still present in the
reduced sample. Densitometric quantization of three
preparations shows that the upper band represents about
30 &+ 4.7 % and lower band 70 + 4.7 % material (Fig. 2e,
nonreducing conditions). Therefore, we assumed that these
bands represent conformational variants of CD44-3MUT.
We were not able to separate these putative forms, either
by IEC or GF.

Calculated average mass of CD44-3MUT is
11,497.8 Da, assuming that the N-terminal methionine of
the protein is excised. MALDI-TOF MS analysis of CD44-
3MUT showed that the average molecular mass of the
protein was 11,500.4 Da (mass difference +2.6 Da; rela-
tive error 226 ppm; Fig. 2g). To confirm the identity of
purified protein, we performed MALDI-TOF MS



PEGylation and Half-Life of Recombinant CD44 397
&
&amut
a (o] e kDa ¥ -D
mAU L FT L, 130 —
1000{ | ! 72 W
— 1 1 55 oy
I ' mAu g ==
Q s -
g . g 250 3=
8 600 ' : 2 200 17 -
8 : n H S 150 -
5 4001 [i ! 3 10 =
§ ! ! § 100
2009 1, ; " g 50
' ' 3 f mAu
. |IEC pool” | < 9 =
50 100 150 200 250 300 350 400 ml 150 200 250 300 ml 270
Volume Volume 8 60
« 50
8 40
< 30
820
b d ) 2 10
<
kD! P2 s P3
a DIT kDa & P71 10 12 14 16 18 20 22 24m
188 130 == Retention volume
72
g 11500.4
55 6000+
43 —~
33 | 3.
26 -t < 4000
2>
17 | ‘@
- - 2000
10 %~ [ECpool 104, GF pool =
0
10000 11000 12000 13000
m/z

Fig. 2 Purification of CD44-3MUT. a Ion exchange chromatogram
of urea dissolved inclusion bodies (IBs). Soluble IB lysate was loaded
onto HiPrep 16/10 diethylaminoethanol (DEAE) FF 20 ml column
and bound proteins were eluted by stepwise and linear gradient of
NaCl. Eluates from flow through fraction (FT) and from first and
second peak (P1 and P2, respectively) were collected throughout ion
exchange chromatography (IEC) and analyzed on sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). b Eluates
containing monomeric CD44-3MUT (shown by arrow) were pooled
(IEC pool). ¢ Gel filtration (GF) chromatogram of IEC purified CD44-

fingerprinting of Glu-C or trypsin digested CD44-3MUT.
Fingerprinting results showed that Glu-C and trypsinolysis
peptide spectra together covered 100 % of the CDA44-
3MUT sequence (see Supplementary Table 2 in Online
Resource 1). Glu-C digestion of CD44-3MUT also con-
firmed the excision of N-terminal methionine.

3.4 Preparation of PEGylated CD44-3MUT

In order to improve pharmacokinetic properties of CD44-
3MUT we decided to conjugate it with 20 kDa methoxy-
PEG-propionaldehyde (see Sect. 2). Our PEGylation
strategy involved the use of aldehyde functionalized PEG
derivatives that predominantly react with N-terminal
o-amino group at pH 5-8. We used SDS-PAGE staining
with Coomassie brilliant blue or PEG-specific Bal, to

3MUT. IEC pool containing CD44-3MUT (load) was applied onto
HiLoad 26/60 Superdex 200 preparation grade column. Proteins
eluted in 3 peaks (P1, P2, and P3). Fractions from P3 were analyzed
on SDS-PAGE (d) and those containing monomeric CD44-3MUT
were pooled (GF pool) for refolding. e SDS-PAGE analysis of
refolded CD44-3MUT (3MUT). SDS-PAGE analysis was performed
under reducing (+DTT) and nonreducing (—DTT) conditions. f GF
analysis of purified CD44-3MUT (250 pg, Superdex 200 10/300 GL
preparation grade column). g MALDI-TOF mass spectrum of purified
CD44-3MUT

analyze the PEGylation reaction mixture. Expected
molecular weight of monoPEG-CD44-3MUT is 31.6 kDa.
However, we found that PEG and its conjugates moved
about 18 kDa higher than expected on SDS-PAGE, as
20 kDa PEG migrated at ~38 kDa and PEG-CD44-3MUT
at ~50 kDa on gel (Fig. 3a). This could be due to poor
binding of SDS. MALDI-TOF MS analysis of PEG-CD44-
3MUT showed that PEGylation reaction had produced
~33 and ~54 kDa products (Supplementary Fig. la in
Online Resource 1). 33 kDa species corresponds to the
calculated mass of mono-PEGylated and 54 kDa corre-
sponds to di-PEGylated CD44-3MUT. Taken together, MS
data confirms quite confidently that the ~50 kDa band on
SDS-PAGE gel represents the mono-PEGylated form of
CD44-3MUT. PEG attachment could significantly alter the
mobility of conjugate in the gel matrix and therefore it is
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difficult to use protein markers to identify the molecular
mass of PEGylated conjugates.

Although SDS-PAGE showed that, preferentially,
mono-PEGylated CD44-3MUT was formed during the
reaction (Fig. 3a), we also detected bands with larger
molecular weights on gel, and ~54 kDa peak was also
present in MS analysis, which indicates that, to some
extent, di- and oligo-PEGylated products also formed
during the reaction. Thus, we used IEC with a strong anion
exchange column to isolate mono-PEGylated CD44-3MUT
from the reaction mixture. We found that although mono-
PEGylated CD44-3MUT was sufficiently separated from
oligo-PEGylated products by IEC, we were unable to
purify monoPEG-CD44-3MUT to homogeneity, as minor
amounts of unmodified and di-PEGylated CD44-3MUT
coeluted with the mono-PEGylated product in the same
fraction (Fig. 3b). Immunoblotting and MS analysis also
confirmed that a minor quantity of unmodified and di-
PEGylated CD44-3MUT was present in IEC-purified PEG-
CD44-3MUT preparation (Fig. 3c, Supplementary Fig. la
in Online Resource 1). We evaluated the purity of PEG-
CD44-3MUT preparation by densitometric analysis of
Coomassie-stained SDS-PAGE gel. The analysis of three
different PEG-CD44-3MUT batches showed that our
preparations contain, on average, 66.7 £ 0.7 % of mono-
PEG-CD44-3MUT, 10.5 £ 3.0 % of diPEG-CD44-3MUT
and 22.8 £ 2.6 % of unmodified CD44-3MUT. To map the
PEG attachment site of PEG-CD44-3MUT, we performed
MALDI-TOF MS fingerprinting. Analysis of GluC diges-
ted PEG-CD44-3MUT showed that its N-terminal peptides
are depleted from mass spectrum compared with unmodi-
fied CD44-3MUT, which is consistent with N-terminal
PEGylation (Supplementary Fig. 1b in Online Resource 1).

-<PEG-3MUT

17 IR\

Coomassie/Baly

® » <3MUT
Coomassie

Fig. 3 PEGylation of CD44-3MUT. a Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of CD44-
3MUT (3MUT) PEGylation reaction. CD44-3MUT was conjugated
with 20 kDa methoxy-PEG-propionaldehyde. PEG, 3MUT and
PEGylation reaction mixture (mixture) were analyzed by SDS-PAGE.
b SDS-PAGE analysis of purified PEG-CD44-3MUT (PEG-3MUT).
PEG-3MUT was purified from reaction mixture by ion exchange
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3.5 In Vivo Plasma Half-Life of PEGylated CD44-
3MUT

Initial experiments using a mouse model to determine
CD44-3MUT pharmacokinetic properties showed very
short plasma half-life—0.038 hours (Supplementary
Table 3 and Supplementary Fig. 3 in Online Resource 1).
To test whether PEGylation improved the pharmacokinet-
ics of CD44-3MUT we injected female Fisher 344/NHsd
rats intravenously with unmodified or PEGylated CD44-
3MUT. We also included GST-CD44-3MUT [8] to the
study. GST-CD44-3MUT was purified from a soluble
fraction of E. coli lysate by affinity chromatography [8]
(Supplementary Fig. 2 in Online Resource 1). No signs of
systemic toxicity were observed during experiments.

To determine the plasma concentration of test proteins
following intravenous injection, we used a sandwich
ELISA assay. The obtained protein plasma concentration
time curves are shown in Fig. 4, and calculated pharma-
cokinetic properties are summarized in Table 1. Pharma-
cokinetic analysis showed that unmodified CD44-3MUT
and GST-CD44-3MUT were rapidly cleared from rat cir-
culation. In contrast, PEG coupling to CD44-3MUT
extended its plasma half-life about 70-fold. In accordance
with the increase in plasma residence time, PEGylation
also considerably increased the systemic exposure (as
measured by AUC) and respectively decreased the plasma
clearance of CD44-3MUT when compared with unmodi-
fied proteins. Tested proteins displayed volume of distri-
bution values from 2 to 6 % of TBW, which indicates that
all these proteins were confined to plasma water. However,
volume of distribution of unmodified CD44-3MUT in a
mouse model was 23 % of TBW (Supplementary Table 3
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chromatography (IEC) (Mono Q 4.6/100 PE column). SDS-PAGE
gels were co-stained with Coomassie brilliant blue R-250 and PEG
specific Bal, (a, b left panels) or Coomassie brilliant blue alone (a,
b right panels). ¢ Western blot analysis (WB) of 3MUT and PEG-
3MUT detected with anti-PEG (aPEG, left panel) or anti-CD44-
3MUT (a3MUT, right panel) antibodies. Unmodified and mono-
PEGylated CD44-3MUT are indicated by arrows
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Fig. 4 Plasma half-life of CD44-3MUT. Rats were injected
intravenously with PEG-CD44-3MUT (PEG-3MUT; N = 2), CD44-
3MUT (3MUT; N = 1) or GST-CD44-3MUT (GST-3MUT; N = 1).
Protein plasma levels were measured by ELISA assay. Data are
represented as mean £+ SE. As non-PEGylated proteins display very
short plasma half-life, these are also plotted on the graph with a
shorter time scale (inset)

in Online Resource 1), consistent with distribution to
extracellular water. Given the fact that we used several-
fold higher doses in rats than in mice (Cy in rats 70-300 vs
10 pg/ml in mice), this difference in Vy4-s could result from
saturation of the extracellular water compartment. Toge-
ther, these data show that PEGylation clearly improves the
pharmacokinetic properties of CD44-3MUT.

3.6 PEG-CD44-3MUT is Endocytosed and Suppresses
Cell-Cell Adhesions Comparably to Unmodified
CD44-3MUT

CD44HABD and CD44-3MUT bind to endothelial cells via
vimentin and become endocytosed [13]. Therefore, to
assess PEGylated CD44-3MUT in vitro activity, we
investigated its cellular uptake similarly to the method
described previously [13]. MLECs were incubated for
10 minutes with 0.11 pmol/L. CD44-3MUT or PEG-CD44-
3MUT, followed by a 20-minute chase after change of
media. Protein uptake was analyzed by immunofluores-
cence microscopy of anti-CD44-3MUT stained cells.
Results showed that both proteins were endocytosed

(Fig. 5a). Quantization of internalization results confirmed
that PEG-CD44-3MUT was endocytosed by MLEC com-
parably to unmodified CD44-3MUT (Fig. 5b). Immuno-
fluorescence microscopy analysis of endothelial cells
incubated for 18 hours with CD44-3MUT showed dose-
dependent inhibition of beta-catenin (Supplementary Fig. 4
in Online Resource 1). The effect was mediated by
vimentin, as vimentin-deficient MLECs did not respond to
the treatment. Decreased beta-catenin levels result in
release of intercellular contacts [18] and inhibition of cell
proliferation which can be monitored by measuring the cell
layer electrical impedance. Therefore, we used an imped-
ance-based assay to compare unmodified CD44-3MUT
with PEG-CD44-3MUT. We found that both CD44-3MUT
and PEG-CD44-3MUT treatments resulted in reduced
resistance of wild-type MLEC layer (Fig. 5c, left panel). In
agreement with our beta-catenin immunofluorescence
microscopy data, this effect was lost in vimentin-deficient
endothelial cells (Fig. 5c, right panel). Together, we con-
cluded that PEGylated CD44-3MUT has retained its
in vitro activity.

4 Discussion

All reports of successful attempts to purify CD44HABD
are based on the Banerji et al. [9] study, where they purified
CD44HABD from refolded urea solubilized IBs by GF and
sequential reverse phase chromatography [9]. Likewise,
our initial approach to purify human CD44HABD proteins,
which contain residues 27—132, was based on this protocol,
however we were unable to refold the protein under these
conditions (data not shown). In addition to a non-optimal
purification-refolding protocol, the ineffective refolding
could also result from lack of structurally important amino
acids. Banerji et al. [9] reported unsuccessful refolding of
the shorter version of CD44HABD, containing residues
20-120 (CD44HABD?**'2%). Lack of structurally impor-
tant amino acids could also explain deficient refolding of
the 27-132 variant. However, compared with the
CD44HABD?*'? version, the N-terminus of our construct

Table 1 Summary of pharmacokinetic data, obtained after intravenous administration of CD44-3MUT variants

Sample Co, ng/ml (95 % CI)  AUC, pg-h/ml (95 % CI) AUC CL (mlh) V4 (%TBW)* Ty, h (95 % CI) N
(%ID-h/ml)

PEG-CD44-3MUT 142 (130-155) 803 (554-1051) 823 1.2 39 1.84 (0.69-2.98) 2

CD44-3MUT 315 (293-337) 13.6 (NA) 13 79.0 1.8 0.027 (0.023-0.032) 1

GST-CD44-3MUT 74 (32-116) 122 (11.9-12.5) 1.6 61.6 5.96 0.08 (0.03-0.14) 1

* V4 is expressed as percentage of TBW
® Number of animals

AUC area under the curve, Cj initial plasma protein concentration, CL total body clearance, ID initial dose of injected protein, NA not available,

T, plasma half-life, TBW total body weight, V; volume of distribution
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Fig. 5 Comparison of CD44-3MUT and PEG-CD44-3MUT activity.
a Immunofluorescence images of anti-CD44-3MUT mAb 1A2-
stained mouse lung endothelial cells (MLEC), which were incubated
with CD44-3MUT or PEG-CD44-3MUT for 10 min at 37 °C
followed by 20-min chase in fresh media. Scale bars 20 pm.
b Quantification of cell-bound CD44-3MUT. Boxplot shows log-

lacks the PO-sheet in order to improve protein solubility.
We removed the PO-sheet, since according to a published
CD44HABD model the B0-sheet is solvent-exposed when
the C-terminal lobe next to the Link module is absent [19,
20]. But more importantly, unlike the 27-132 variant,
CD44HABD?*'?° Jacks a disulphide bridge between Cys-
28/Cys-129 which links the N- and C-terminal parts of
CD44HABD and is critical for proper folding and HA
binding. We have shown that the wild type
CD44HABD?'"132 GST-fusion protein has retained its HA
binding property [8], which confirms that these residues are
sufficient for proper folding and structural integrity of
CD44HABD.

In regard to purification and refolding conditions,
Ouellette et al. [21] have reported that high molecular
weight contaminants could decrease protein refolding
efficiency and overall yield. To this end, they used IEC
under denaturing conditions to remove contaminants
before the refolding step [21]. Indeed, addition of a dena-
turing IEC step to our protocol before GF and refolding
resulted in improved yield of the monomeric form of the
protein after refolding. Thereby, we were able to repro-
ducibly purify a large amount of monomeric CD44-3MUT.
It is arguable whether the IEC step is essential for CD44-
3MUT purification, as most of the CD44-3MUT protein is
collected from FT fraction. FT fraction contains, beside
CD44-3MUT, a considerable amount of other contami-
nating E. coli proteins, suggesting that the purity of CD44-
3MUT does not increase in the IEC step. However, omit-
ting the IEC step from the purification protocol resulted in
a poor protein yield, mainly because of aggregation of
CD44-3MUT. Thus, we suggest that although the IEC step
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transformed cell mean intensities. Filled circles represent outliers and
empty diamonds represent mean. ¢ Real-time measurement of electric
cell-substrate impedance of wild type or vimentin deficient MLEC
layers seeded to ECIS electrodes at confluence. Cells were treated
with CD44-3MUT or PEG-CD44-3MUT. Arrow indicates media
change and treatment replenishment. Error bars standard error

does not purify CD44-3MUT from bacterial contaminants,
it still eliminates some of the high molecular weight con-
taminants appearing in peak | and 2. These contaminants
are not separated by GF and, therefore, omitting IEC could
interfere with CD44-3MUT proper refolding.

CD44-3MUT consistently migrated in two bands on
SDS-PAGE. MS fingerprinting identified that both bands
contain only CD44-3MUT peptides. We suggest that these
distinct bands of CD44-3MUT represent forms with dif-
ferent numbers of disulphide bridges. Given that the spe-
cies with three disulphide bridges shows fastest migration
in SDS gel under nonreducing conditions, this is the pre-
dominant product of our purification protocol.

PEGylation is a common strategy to improve the plasma
residence time of protein-based therapeutics. A 20 kDa
PEG was chosen to modify our product as a result of
several considerations. PEGylation of proteins is often
accompanied by partial or total loss of biological activity.
To minimize such a possibility we used a PEG with a
relatively small molecular mass of 20 kDa. On the other
hand, the resulting conjugate has total Mw clearly over
30 kDa, which would most probably avoid rapid urinary
excretion. Urinary excretion is dependent on molecular
mass and a glomerular filtration threshold has been calcu-
lated to be 30 kDa [22]. We also wanted to minimize the
probability of accumulation of the PEGylated product in
the liver that is common to PEG conjugates and other
polymers with high molecular mass leading to macromo-
lecular syndrome.

We used methoxy-PEG-propionaldehyde for CD44-
3MUT N-terminal PEGylation to increase its serum half-
life. Although the formation of monomeric PEG-conjugate
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was apparent, we were unable to purify PEG-CD44-3MUT
to complete homogeneity. We have not been able to
completely separate mono-PEGylated CD44-3MUT from
unmodified and di-PEGylated forms, although currently
achieved purity is high. Therefore, the protocol could be
further improved in order to fully eliminate possibilities
that impurities could somehow compromise the pharma-
cokinetic properties and biological activity of PEG-CD44-
3MUT. Nevertheless, pharmacokinetic studies showed that
PEGylation significantly improved the pharmacokinetic
properties of CD44-3MUT—its plasma residence time was
prolonged about 70-fold when compared with unmodified
CD44-3MUT. Interestingly, comparison of rat and mouse
CD44-3MUT pharmacokinetic data brought out a dis-
crepancy between volume of distribution values. In rats we
used relatively higher doses and V4 corresponded to plasma
water volume (4 % TBW); while in mice, lower CD44-
3MUT doses yielded higher V4 values corresponding to
extracellular water volume (~20 % TBW). Such negative
correlation between dose and V4 has been observed in cases
when drug binding to tissues is saturable.

The most common drawback of PEGylation is loss of
protein bioactivity, since PEG, due to its high hydrody-
namic volume, may mask the receptor/ligand binding sites.
For example, Pegasys® has only retained 7 % in vitro
activity of unmodified interferon, but this is greatly com-
pensated by its improved in vivo residence time [23].
Functional assays demonstrated that PEG-CD44-3MUT
has retained its in vitro activity. Cellular mechanism of
antiangiogenic effect by CD44-3MUT is based on inhibi-
tion of endothelial cell proliferation. CD44-3MUT binds to
endothelial cells via direct interaction with cell-surface
exposed vimentin and undergoes endocytosis [13]. PEGy-
lated CD44-3MUT is endocytosed by endothelial cells
similarly to unmodified protein and causes a vimentin-
dependent inhibition of endothelial cell growth. We pro-
pose that CD44-3MUT endocytosis reduces the number of
growth factor receptors available in plasma membrane.
This renders endothelial cells unresponsive to growth fac-
tor stimulation and results in inhibition of proliferation and
angiogenesis.

5 Conclusions

HA binding domain of CD44 (CD44HABD) and its mod-
ified non-HA binding form (CD44-3MUT) are novel
angiogenesis inhibitors that modulate tumor growth
in vivo. In this article we demonstrate that PEGylation is a
feasible strategy to improve the pharmacokinetic properties
of CD44-3MUT. PEGylation of CD44-3MUT significantly
increases serum half-life of the protein conjugate but
retains its functional activity. We also presented a protocol

for large-scale production of PEG-CD44-3MUT. The
resulting molecule may be a candidate for the development
of new-generation angiogenesis modulating drugs.
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Supplementary methods

Expression of CD44-3MUT

For protein expression, CD44-3MUT-vector was transformed into E.coli BL21-CodonPlus(DE3)-
RP strain. For preculture, 3-4 colonies of transformants were inoculated into 20 ml of non-inducing
media, 10 g/L tryptone, 5 g/L yeast extract, ImM MgSOs, 3.3 g/L (NH4)2SO4, 6.8 g/L KH,PO4, 7.1
g/L Na,HPO4 and 5 g/L glycerol, containing 100 pg/ml ampicillin and 34 pg/ml chloramphenicol.
The preculture was grown at 37° C overnight at 200 rpm until OD600 reached ~10. For large scale
protein production, 0.5 ml of starter culture was added to 500 ml of ampicillin-supplemented
autoinduction media, 10 g/L tryptone, 5 g/L yeast extract, ImM MgSQOs, 3.3 g/L (NH4),SOs4, 6.8
/L KH,POy4, 7.1 g/ Na;HPO4, 5 g/L glycerol, 0.5 g/L glycose and 2 g/L a-lactose, in 2 L baffled
Erlenmeyer flask and grown at 37° C for 20 h at 220 rpm. After 20 h cells were harvested by
centrifugation for 10 min at 5000 rpm at 4° C. Cells were washed once with ice-cold PBS and
harvested again at 5000 rpm for 15 min at 4° C. Cell pellet was weighted, snap frozen in liquid
nitrogen and stored at -80° C until protein purification. Average wet bulk yield of bacteria was 9-12
g/L. For protein purification the overnight thawed cell pellet was resuspended in Buffer A, 50 mM
Tris-HCI, pH 8.0, 0.1% Triton X-100, 2 mM MgCl,, 150 mM NacCl, and 1 mM PMSF, by using a
Dounce hand homogenizer. The buffer volume was 5 ml/g cells. Cell suspension was supplemented
with 100 pg/ml lysozyme (Sigma) and 10 pg/ml DNase I (Sigma) and incubated with continuous
stirring for 2 h at 4° C. Cells were lysed using French press 3 times at 18000 psi. After lysis, one
volume of Buffer A was added to the lysate, and incubated for 2 h at 4° C on an end-over-end
shaker. Inclusion bodies (IB) were isolated by centrifugation of the lysate at 46000xg for 30 min at
4° C. For removal of contaminating bacterial debris, IBs were washed 5 times. During each wash,
IBs were fully homogenized in precooled wash buffers I-V by hand using Dounce homogenizer,
incubated one hour at 4° C with continuous stirring and pelleted at 46000xg for 30 min at 4° C.
Wash buffer I: 50 mM Tris-HCI pH 8.0, 2 M NaCl, 0.1% Triton X-100, 1 mM PMSF. Wash buffer

II: 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.1% Triton X-100, 1 M urea, 1 mM PMSF. Wash



buffer I1I, IV and V: 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 M urea, 1 mM PMSF. The volume
of IB wash and dissolving buffer was calculated as 12 ml per gram of starting cell mass. IBs were
dissolved in Buffer B, 50 mM Tris-HCI, pH 8.0, 8 M urea, 25 mM ethylenediamine, 1 mM PMSF,
overnight with continuous strirring at 4° C and insoluble debris was pelleted by centrifugation at
46000xg for 30 min at 4° C. Cleared lysate was sterilized by filtration 0.22 um and left for 24 h at

4° C on the end-over-end shaker to equilibrate.

Purification and refolding of CD44-3MUT

Ton exchange chromatography (IEC) was applied as first step of the purification protocol. Urea
dissolved IBs (up to 150 ml) were loaded onto a HiPrep 16/10 DEAE FF 20 ml column (GE
Healthcare) equilibrated with five column volumes (CV) of Start Buffer, 50 mM Tris-HCI pH 8.0, 8
M urea, 25 mM ethylenediamine, and connected to AKTA HPLC system (AKTA Explorer 10, GE
Healthcare) at flow rate 1.5 ml/min. The column was further washed with five CVs of Start Buffer
and bound proteins were eluted at flow rate 4 ml/min by stepwise and linear gradient of NaCl 40
mM, 80 mM and 80-500 mM NaCl respectively in Elution Buffer, 50 mM Tris-HCI pH 8.0, 8 M
urea, 1 M NaCl and 25 mM ethylenediamine. During IEC the flow through fractions were collected
and analyzed by SDS-PAGE. Fractions containing correct molecular weight protein were pooled for
subsequent purification. Further separation of monomeric protein from oligomeric forms and other
contaminating proteins was achieved by gel filtration (GF) on a HiLoad 26/60 Superdex 200
preparation grade column (GE Healthcare) using AKTA HPLC system. The column was
preequilibrated with three CVs of Start Buffer. 20-23 ml of IEC-purified protein solution was
loaded onto GF-column and eluted at flow rate 2.5-3 ml/min. Through the run, fractions were
collected and analysed by SDS-PAGE. Monomeric protein containing fractions were pooled and

diluted up to 0.1 mg/ml with GF buffer for subsequent refolding.

Refolding was performed by stepwise dialysis from 8 M urea solution into PBS. Each dialysis step
was performed twice, except last PBS step which was performed six times, for 1 h on a magnetic

stirrer at 4°C. The sequentially used dialysis solutions were I: 6 M urea, 50 mM Tris-HCI pH 8.0, 18



mM EN; II: 4 M urea, 50 mM Tris-HCI pH 8.0, 12 mM ethylenediamine; I1I: 2 M urea, 50 mM
Tris-HCI pH 8.0, 150 mM NaCl, 6 mM ethylenediamine; [V: 1 M urea, 50 mM Tris-HCI pH 8.0,
150 mM NaCl, 3 mM ethylenediamine; V: 0.5 M urea; 50 mM Tris-HCI pH 8.0, 150 mM NacCl, 1.5
mM ethylenediamine; VI: 50 mM Tris-HCI pH 8.0, 150 mM NaCl; VIII PBS pH 7.4. All dialysis
solutions were pre-cooled and pH was adjusted directly before use. Refolded protein solutions were
centrifuged at 15000xg for 20 min at 4° C, sterile filtrated using 0.22 pm low protein-binding filter
(Millipore) and concentrated using 10 kDa MW cut-off centrifugal filter devices (Millipore). The

purified protein solutions were frozen at -80° C, lyophilized and stored at 4° C.

CD44-3MUT blood circulation half-life in mice
BALB/c mice (Scanbur, Sweden) were injected with 50 pg CD44-3MUT into proximal site of tail

vein. Blood sampling was performed using distal site of lateral tail vein. The time points of blood
withdrawal were pre-serum, as soon as possible (0.5 min), every minute during first 10 minutes,
every second minute during next 10 minutes. Three mice per time point was used. Clotted blood
samples were centrifuged in a tabletop centrifuge for 10 min at 3200 rpm. Serums were collected
and stored at -20°C until assayed. A sandwich ELISA format was used to detect and quantify
CD44-3MUT titers in obtained samples. 1 A2.H4 monoclonal antibody (Labas, Tartu, Estonia) was
used as capture antibody and A 148 polyclonal antibody (Inbio LTD, Tallinn, Estonia) as detection
antibody (see Materials and methods). For colorimetric reaction, Vectastain® ABC kit (Vector
Laboratories, Burlingame, CA, USA) and tetramethylbenzidine substrate were used. Absorbance
was measured using ELISA plate reader (Tecan, Mannedorf, Swizerland). Sample CD44-3MUT
concentrations were derived by interpolation from a standard curve generated using mouse serums

peaked with known concentrations of CD44-3MUT.



Supplementary Tables

Supplementary Table 1. Summary of properties, expression and purification methods of CD44-3MUT

Expression Expression Expression  Purification

Protein aa MW Pl vector strain method method
E.coli BL21-

CD44-3MUT 106 11497.8 5.15 pETllc CodonPlus Batch, MAT* EE/{:IEC/GF/
(DE3)-RP

# MALI, autoinduction media; b, REF, refolding

Supplementary Table 2. MALDI-TOF MS peptides of Glu-C or trypsin digested CD44-3MUT

Enzyme/ Calculated Measured Difference Relative Peptide sequence Modifi

peptide mass mass error, cation®

residues ppm

Glu-C digestion

1-11 1322.631 1322.692 0.061 46 TCRFAGVFHVE 1xC

12-22  1225.617 1225.677 0.060 49 KNGAYSISRTE

23-41  2098.961 2099.024 0.063 30 AADLCKAFNSTLPTMAQME 1xC

42-49  864.483  864.528  0.045 52 KALSIGFE

50-57  900.377  900.402  0.025 28 TCSSGFIE 1xC

58-100 4825.277 NA GHVVIPRIHPNSICAANNTGVYIL 2xC
TYNTSQYDTYCFNASAPPE

Trypsin digestion

4-12 1033.547 1033.572 0.025 24 FAGVFHVEK

13-20  867.432 867.472  0.040 46 NGAYSISR

21-28  850.398  850.393  -0.005 -6 TEAADLCK

29-42  1568.745 1568.782 0.037 24 AFNSTLPTMAQMEK

43-64  2376.202 2376.238 0.036 15 ALSIGFETCSSGFIEGHVVIPR 1xC

65-106  4704.048° 4704.829 0.780 166 IHPNSICAANNTGVYILTYNTSQ 2xC
YDTYCFNASAPPEEDCTSV

65-106  4761.100° 4761.538 0.438 92 IHPNSICAANNTGVYILTYNTSQ 3xC
YDTYCFNASAPPEEDCTSV

p . . b
% cysteine carbamidomethylation; °, average mass.



Supplementary Table 3. CD44-3MUT pharmacokinetic parameters in BALB/c mice, initial dose
(ID) of 50 pug administered into tail vein, blood sampling via lateral tail vein.

Blood Co, pg/ml ti2, hours vd, AUC CL.L/h
withdrawal site  (95% CI)  (95% CI) %TBW pg-h/L d
o 112 0.038 (0.025, 0.82
Tail vein (9.5, 12.9) 0.05) 231 (0.73, 0.90) 61.0
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Supplementary Fig. 1 Characterization of PEG-CD44-3MUT. (a) MALDI-TOF MS analysis of whole 20

kDa PEG modified CD44-3MUT sample. Nonpegylated CD44-3MUT ions have m/z 11500, monopegylated

CD44-3MUT has m/z ~33000 and dipegylated CD44-3MUT has m/z ~54000. (b) Characterization of PEG-

CD44-3MUT pegylation site. MALDI-TOF MS analysis of Glu-C digested CD44-3MUT (3MUT) or PEG-

CD44-3MUT (PEG-3MUT). Amino acid numbering is according to CD44-3MUT sequence. Cysteine



residues are carbamidomethylated. Calculated masses of peptides are shown in Supplementary Table 2.

Peptides 1-22 (calculated mass 2529.2303) and 42-57 (calculated mass 1745.8414) contain one miscleavage.
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Supplementary Fig. 2 Characterization of GST-CD44-3MUT. (a) SDS-PAGE analysis of purified GST-
CD44-3MUT (GST-3MUT). 1, 2 or 5 pg of GST-MUT was loaded onto gel. Gel was stained with
Coomassie blue. (b and ¢) Western blot (WB) analysis of purified GST-3MUT and GST alone. Proteins were
stained with anti-CD44-3MUT 1A2.H4 (b) or anti-GST antibody (c). The locations of GST (~26 kDa) or

GST-3MUT (~40 kDa) are indicated by arrows. (d) MALDI-TOF mass spectrum of affinity purified whole

GST-3MUT.
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Supplementary Fig. 3 Blood circulation half-life of CD44-3MUT in mice. Animals were injected

with 50 pg CD44-3MUT into proximal site of tail vein. Blood sampling was performed using distal

site of lateral tail vein. Three mice per time point were used. Error bars represent SE.
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Supplementary Fig. 4 CD44-3MUT inhibits beta-catenin in MLEC. (a2) Immunofluorescence images of
anti-beta-catenin stained wild type MLEC treated 18 hours with CD44-3MUT or left untreated.
Scale bars, 20 um. (b) Dose-response effect of CD44-3MUT treatment to cellular beta-catenin in
wild type (squares) or vimentin knockout (circles) MLEC. Curve fitting using three-parameter
logistic equation showed that CD44-3MUT inhibited beta-catenin in wild type MLECs with

log1o(IC50) -6.8 mol/L (95% CI -6.86 to -6.76, R-squared = 0.19, d.f. = 5227). Solid line represents



dose-response curve fitted to wild type MLEC data. Vimentin deficient MLECs did not show dose

response to the treatment and curve could not be fitted.
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Abstract

CD44 is a cell surface glycoprotein that functions as hyaluronan receptor. Mouse and human serum contain substantial
amounts of soluble CD44, generated either by shedding or alternative splicing. During inflammation and in cancer patients
serum levels of soluble CD44 are significantly increased. Experimentally, soluble CD44 overexpression blocks cancer cell
adhesion to HA. We have previously found that recombinant CD44 hyaluronan binding domain (CD44HABD) and its non-
HA-binding mutant inhibited tumor xenograft growth, angiogenesis, and endothelial cell proliferation. These data
suggested an additional target other than HA for CD44HABD. By using non-HA-binding CD44HABD Arg41Ala, Arg78Ser, and
Tyr79Ser-triple mutant (CD443MUT) we have identified intermediate filament protein vimentin as a novel interaction
partner of CD44. We found that vimentin is expressed on the cell surface of human umbilical vein endothelial cells (HUVEC).
Endogenous CD44 and vimentin coprecipitate from HUVECs, and when overexpressed in vimentin-negative MCF-7 cells. By
using deletion mutants, we found that CD44HABD and CD443MUT bind vimentin N-terminal head domain. CD443MUT
binds vimentin in solution with a Kd in range of 12-37 nM, and immobilised vimentin with Kd of 74 nM. CD443MUT binds
to HUVEC and recombinant vimentin displaces CD443MUT from its binding sites. CD44HABD and CD443MUT were
internalized by wild-type endothelial cells, but not by lung endothelial cells isolated from vimentin knock-out mice.
Together, these data suggest that vimentin provides a specific binding site for soluble CD44 on endothelial cells.
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Introduction

CD44 transmembrane glycoprotein functions as hyaluronan (HA)
receptor. CD44 has functions in a lymphocyte homing, mediates cell
adhesion to HA and HA metabolism. CD44 is expressed on many
cell types including endothelial cells (EC) and has multiple
alternatively spliced isoforms. CD44 plays a significant role in tumor
malignancy. High levels of CD44 expression on tumor cells is
sufficient to establish metastatic behavior [1,2]. CD44 is involved in
pathological angiogenesis, as its expression is elevated in tumor
vasculature, and CD44 expression can be induced in cultured ECs
by angiogenic growth factors [3] Furthermore, CD44 knockout mice
show reduced vascularisation of tumor xenografts and Matrigel plugs
[4]. In addition to cell surface expression, CD44 is present in soluble
form in lymph and serum [5] or bound to extracellular matrix [6].
Soluble CD44 is generated either by alternative splicing [7] or, more
importantly, by ectodomain shedding by matrix metalloproteases

[8,9].The size of shed CD44 is highly heterogeneous because of

glycosylations and variant exons [5,9-11]. The serum concentration
of sCD44 in mice is known to range between 490 to 2100 ng/ml [5].
Studies of sCD44 in the sera of non-Hodgkin’s lymphoma and breast
cancer patients show that physiological sCD44 level in healthy
persons is in the range of 250 to 500 ng/ml [12-14]. The serum
concentration of sCD44 in healthy individuals is ~3 nM whereas it
was shown to be significantly elevated in patients with advanced

@ PLoS ONE | www.plosone.org

gastric (24 nM) or colon cancer (31 nM) [11]. Elevated serum
sCD44 or sCD44v6 is a predictor of poor therapeutic outcome in
non-Hodgkin’s lymphoma or breast cancer patients, respectively
[12,15].The source of sCD44 are lymphocytes, macrophages, ECs,
and tumor cells [10,11,16]. In non-Hodgkin’s lymphoma, the source
of elevated sCD44 are lymphoma cells, and sCD44 levels decrease
after treatment in patients with complete remission [10,17].
Endothelial and macrophage CD44 expression is increased in
atheromas and CD44 shedding from EC and macrophages is
stimulated by proinflammatory cytokines [16].

Tumors are surrounded by HA-rich ECM. When overex-
pressed in tumor cells, soluble CD44 can function as an antagonist
to cell membrane CD44 and block its binding to ECM HA.
Overexpression of soluble forms of CD44 inhibits HA-adhesion of
mouse mammary carcinoma or melanoma cells and caused
inhibition of tumor cell proliferation, and reduced tumorigenicity
[18-20]. CD44 knockout in mouse breast cancer model caused
increased numbers of lung metastases, which correlated with
reduced invasion of CD44-expressing metastatic breast cancer cell
lines into HA-containing collagen matrixes [21].

CD44 binds HA via the link module in its N-terminal domain.
The link module is approximately 100 amino acids long and
consists of two alpha helices and two triple-stranded antiparallel
beta sheets, stabilized by two disulphide bridges [22]. The
structure of CD44 HABD has an additional lobe consisting of
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four beta strands formed by the residues flanking the core link
module [23,24]. This enlarged structure is stabilized by an
additional disulphide bridge between flanking regions. Together,
the human CD44 HABD structure consists amino acids 21-169.
The HA-binding surface of CD44 is exclusively covered by the link
module and its flanking regions do not contribute to the HA
binding [23]. The critical residues in CD44 HA-binding surface
directly involved in binding are Arg41, Tyr42, Arg78, and Tyr79,
according to studies of human CD44 [23,25]. Glycosylation of
Asn25 and Asn125 within CD44 HABD is involved in regulation
of HA binding [26]. Altogether, CD44 has five N-glycosylation
sites (Asn25, Asnd7, Asnl00, Asnl10, Asn120) within its HABD.
Bacterially expressed recombinant human CD44 HABD contain-
ing amino acids 20-178 binds HA comparably to glycosylated
CD44-Rg fusion protein [24]. HA binding function is also retained
by a recombinant human CD44HABD containing amino acids
21-132, whereas HA binding was abolished by the mutations in
Arg4l, Arg78, and Tyr79 [27].

Vimentin intermediate filaments comprises supporting frame-
work within cells. Vimentin functions in intracellular vesicular
transport, including Pl-integrin trafficking [28], transport of
lysosomal membrane proteins by binding AP-3 complex [29], and
as a cytosolic reservoir for tSNARE SNAP23 [30]. Importantly,
vimentin knockout cells apparently retain intact receptor-mediated
endocytosis, as transferrin receptor level and distribution is normal
[29,30]. Vimentin-deficient mice reproduce and develop normally
[31], however, they show reduced elasticity of arteries, decreased
nitric oxide production and elevated endothelin [32,33]. Vimentin
is expressed on cell surface in several cell types, including TNF-o
induced macrophages [34], cutaneous T-cell lymphoma [35],
platelets [36], and brain microvascular endothelial cells [37].
Vimentin extracellular ligands include vitronectin/PAI-1 complex
[36], and E. coli IbeA protein [37]. Vimentin is a antiangiogenesis
target overexpressed on tumor endothelium in vivo. Anti-vimentin
antibody treatment inhibited subcutaneous tumor xenograft growth
and tumor blood vessel density in mice, suggesting that vimentin is
localized to the cell surface in tumor endothelial cells [38].

CD44 and vimentin are both detectable from membrane lipid raft
fractions [39—41] and from clathrin-independent pathway endocytic
vesicles in fibroblasts [42]. CD44 and vimentin are upregulated
during epithelial-mesenchymal transition (EMT) of cancer cells.
Mammary epithelial cells undergoing EM'T downregulate epithelial
genes and upregulate mesenchymal genes, such as E-cadherin, N-
cadherin and vimentin, respectively. Suppression of standard CD44
isoform in Snail- or TGF-B-induced human mammary ecpithelial
cells inhibits EMT, accompanied by vimentin downregulation [43].

We have previously found that recombinant CD44 HABD 21—
132, as a model for soluble CD44, inhibited human subcutaneous
tumor xenograft growth in mice, angiogenesis in chick chorio-
allantoic membrane, and EC proliferation [27]. Surprisingly, these
CD44HABD functions were independent of its HA-binding
propery, as non-HA-binding mutant was similarly effective.
Therefore, we proposed that CD44HABD could bind additionally
to a different ligand than HA. In this study, we used CD44HABD
non-HA-binding mutant as a bait in GST pull-down assay and
identified vimentin as a novel CD44 interacting protein.

Results

Identification of vimentin as CD44 HABD-binding protein

To identify EC target of CD44 HABD 21-132 (CD44HABD)
and its non-HA-binding mutant CD44HABDR*!AR7ESY795
(CD443MUT), we used GST pull-down from HUVEC lysate.
Silver staining of pull-down reactions separated by SDS-PAGE

@ PLoS ONE | www.plosone.org
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revealed that GST-tagged CD443MUT precipitated a 60 kD
protein (Figure 1A). This protein was identified by MALDI-TOF-
MS protein fingerprinting as vimentin. To confirm that
CD44HABD-proteins pull down vimentin, we used anti-vimentin
(V9) immunoblotting. Immunoblotting confirmed that GST-
tagged CD44HABD and CD443MUT pulled down endogenous
vimentin from HUVEC lysates (Figure 1B, upper panel). To
determine whether CD44HABD and CD443MUT bind vimentin
directly, we used recombinant vimentin in the GST pull-down
assay. We found that both CD44HABD and CD443MUT were
able to pull down recombinant vimentin, suggesting that CD44
interacts with vimentin directly (Figure 1B, lower panel). We next
used immunoprecipitation (IP) to determine whether endogenous
CD44 and vimentin associate in EC. HUVEC lysate was
immunoprecipitated using anti-CD44 (MEM-263) antibody and
immunoprecipitates were subsequently analyzed by immunoblot-
ting. We found that a minor population of vimentin coimmuno-
precipitated with CD44 from HUVEC lysate (Figure 1C). We also
tested whether anti-vimentin antibodies coimmunoprecipitate
CD44. However, we were not able to detect CD44 from anti-
vimentin IPs (A.P., unpublished data). To further confirm full-
length CD44 and vimentin association we overexpressed C-
terminally Flag-tagged CD44 standard isoform and Myc-tagged
vimentin in vimentin nonexpressing MCF-7 cells. Overexpressed
vimentin was exposed to the cell surface as detected by cell surface
biotinylation (Figure S1). Immunoprecipitation results showed that
anti-Flag immunoprecipitated a vimentin-Myc from CD44-Flag
transfected cells (Figure 1D).

Vimentin and CD443MUT in vitro binding affinity
CD443MUT interaction with recombinant full length human
vimentin was further characterized by isothermal titration
calorimetry (ITC) and by surface plasmon resonance (SPR). We
used two different preparations of CD443MUT. ITC experiments
showed that CD443MUT binds to recombinant vimentin with Kd
in 12-37 nM range with stoichiometry (vimentin/CD443MU'T) of
~7 mol/mol (Table 1). SPR experiments were carried out with
vimentin immobilized into measuring cell. Kinetic analysis by SPR
revealed that binding of CD443MUT to immobilized vimentin is
described by a two-site ligand binding model. CD443MUT bound
to a high-affinity site of immobilized vimentin with Kd 74 nM and
Kd for low affinity site was 15 uM (Table 2). Analysis of kinetic
data using equilibrium response values resulted in 152 pM Kd.
The stoichiometry of vimentin/CD443MUT complex in SPR

experiment was measured=6 mol/mol .

Mapping of vimentin CD44-binding region

To map CD44-binding region in vimentin, we generated
truncated vimentin constructs (Figure 2A). Vimentin deletion
mutant VIM1-96 contains only head domain, VIM1-245 contains
head domain and alpha-helices 1A-B, and VIM97-466 mutant
lacks the head domain (aa numbering according to human
vimentin). VIM246-466 mutant contains C-terminal half of the
protein starting from alpha-helices 2A-B. VIM407-466 contains
the tail domain. Lysates of MCF-7 cells, expressing either full-
length vimentin or its deletion mutants, were used in GST pull-
down with CD44HABD or CD443MUT. Pull-downs were
analyzed by immunoblotting using tag-specific antibodies. This
analysis showed that CD44HABD and CD443MUT bound only
vimentin deletion mutants containing the head domain (VIM1-96
and VIM1-245; Figure 2B). Deletion of the head domain was
sufficient to abolish binding of vimentin to CD44HABD and
CD443MUT(VIM97-477, VIM246-466 or VIM407-466).
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Figure 1. Identification of vimentin as CD44HABD-binding
protein. (A) HUVEC lysate was used in GST pull-down to identify
CD443MUT interacting proteins. Lysate was incubated with GST-
CD443MUT (GST-3MUT) coated beads. Bound proteins were eluted
using reduced glutathione and analyzed by SDS-PAGE and silver
staining. GST-3MUT precipitated protein band (shown by arrow) was
cut off from gel, trypsinolyzed and analyzed by MALDI-TOF MS. This
protein was identified as vimentin. (B, upper panel) Vimentin pull-down
by CD44HABD (GST-HABD) and GST-3MUT was confirmed by immuno-
blotting using anti-vimentin V9 antibody. (B, lower panel) GST-HABD
and GST-3MUT pull-down recombinant vimentin. (C) Coimmunopreci-
pitation of vimentin with CD44 from HUVEC lysate. Anti-HDAC-1
antibody was used as a negative control (see Materials and methods).
(D) Coimmunoprecipitation of over-expressed vimentin-Myc with CD44-
Flag from MCF-7 lysates using tag-specific antibodies.
doi:10.1371/journal.pone.0029305.g001
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Cell surface vimentin and CD443MUT-vimentin
interaction is induced by VEGF

To detect cell surface vimentin, we performed biotinylation of
cell surface proteins of adherent living HUVEC, followed by IP of
vimentin from cell lysates. Biotinylated proteins were detected by
immunoblotting using HRP-conjugated strepavidin. We found
that ant-vimentin (V9) antibody immunoprecipitated from
HUVEC lysate a 60 kD biotinylated protein. We used anti-
CD44 (H4C4) antibody as positive control and found that it IPd a
100 kD biotinylated protein. These proteins correspond to
expected sizes of vimentin and endothelial CD44, respectively

CD44 Binds Vimentin

(Figure 3A upper panel). The identity of biotinylated proteins was
confirmed by immunoblotting with vimentin- or CD44-specific
antibodies (Figure 3A lower panel).

Next, we decided to test whether CD443MUT cellular binding
can be induced with angiogenic growth factors. To determine the
effect of angiogenic stimulus on CD443MUT cellular binding we
induced 6 h serum starved HUVEC 30 min with VEGF165 at
37°C. Then we incubated cells with Alexa Fluor 488-labeled
CD443MUT at 4°C. CD443MUT-A488 cellular binding was
quantitated using flow cytometry. We found a significant binding
of CD443MUT-A488 to HUVEC compared to GST-A488
control (P=0.015, n =3, unpaired t-test). Under these conditions
~20% cells bound CD443MUT. VEGF treatment induced a
further increase in CD443MUT cellular binding compared to
non-induced cells, although this result was statistically marginally
significant (P =0.067, n = 3; Figure 3B). To confirm that VEGF
induces cell surface vimentin binding sites for CD443MUT, we
used cell surface biotinylation of HUVEC followed by GST pull-
down with CD443MUT. For this, overnight serum starved
HUVEC were induced 1 hour with VEGF or left non-induced,
followed by cell surface biotinylation of live adherent cells. GST-
CD443MUT or GST alone were used in pull-downs from cell-
surface biotinylated HUVEC lysates. Subsecuently, precipitated
proteins were detected by western blotting either by strepavidin-
HRP or anti-vimentin (V9) antibody. We found that CD443MUT
pulled down a 60 kD biotinylated protein from VEGF-stimulated
but not from serum starved cells. This protein turned out to be
vimentin since it could be detected with a vimentin-specific
antibody (Figure 3C).

Vimentin displaces CD443MUT from HUVEC

To further characterize CD443MUT and vimentin interaction
on HUVECs we measured the ability of vimentin to compete with
'Llabeled CD443MUT for cellular binding. The results of
displacement binding experiments showed that CD443MUT
displaced itself from HUVEC with logEC50 —5.8%0.05 M
(EC50=1.57 uM, n=9; Figure 3D). Vimentin displaced
CD443MUT from HUVEC with logC50 —5.37+0.21 M
(EC50=4.26 uM , n =2) which is not significantly different from
displacement by CD443MUT itself (extra sum of squares F-test,
P=0.0711; F=3.298 (1,171)). BSA did not displace CD443MUT
effectively, with logEC —3.93+0.06 M (EC50 =117 uM, n=4).

CD44HABD endocytosis by HUVEC

Given that vimentin provides specific binding site for
CD443MUT on EC, we decided to test whether CD443MUT is
endocytosed upon binding to cell surface vimentin. We incubated
HUVEC with unlabeled CD443MUT for 30 min at 37°C to allow
internalization. CD443MUT was detected by immunofluores-
cence confocal microscopy using CD443MUT specific mouse
monoclonal antibody 1A2 (Figure S2). Recombinant GST uptake

Table 1. Summary of Kd values for CD443MUT and vimentin interaction measured by ITC.

CD443MUT preparation CD443MUT (uM)

Vimentin (pM)

A 42 18
1.5 0.5
B 42 18
0.9 0.5

Kd (M) n? (mol/mol)
1.2:10—-8+10—9 9.9+0.5
3.7-10—-8£10—9

1.8:10—-8*10—9 7.2+03

2.3:10-8*10—9

?, stoichiometry (vimentin/CD443MUT).
doi:10.1371/journal.pone.0029305.t001
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Table 2. Kinetic parameters for binding of CD443MUT to vimentin measured by SPR.

Kass1 (M~' s™")x10° Kass2 (M 's™")  Kdiss1 (s ")x107*%

Kdiss2 (s ")x10*

Kd (uM) Kdiss1/Kass1 Kd (pM) equation 1 1 (mol/mol)

7.6%0.1 183+7 5.6%0.1 [IEO==0N]

0.074 15£2 6.2

doi:10.1371/journal.pone.0029305.t002

was used as a control. The results showed that CD443MUT was
readily endocytosed by HUVEC and displayed a vesicular
localization pattern (Figure 4A). Next, we used CD443MUT
directly conjugated to Alexa Fluor 568 for internalization assay.
CD443MUT-A568 was endocytosed and distributed in HUVEC
cytoplasm  similarly to unlabeled CD443MUT (Figure 4B).
HUVECs express vimentin at high level, and endocytosed
CD443MUT-containing vesicles were surrounded by a dense
network of vimentin intermediate filaments, however, there was no
direct colocalization of CD443MUT with vimentin filaments
(Figure 4A and B).

Next, we used a generic endocytosis marker cholera toxin B
conjugated to Alexa Fluor 555 (CTxB-A555) to trace CD443MUT
following endocytosis. We found that after 30 min uptake Alexa
Fluor 488-labeled CD44HABD as well as -3MU'T colocalized with
CTxB-A555 positive  structures  (Figure 5A). We  quantitated
colocalization of CTxB with CD44HABD and CD443MUT from
single slices of confocal image stacks as described in Materials and
Methods. Altogether, ~2.6+ 10* CTxB-positive vesicles were analyzed
from CD44HABD- (2= 39) or CD443MUT-incubated cells (n = 38).
As shown in Figure 5B, approximately 4-5% of CTxB-vesicles
colocalized and showed positive correlation with CD44HABD
(average Pearson’s r=0.469, 95% CI 0.438 to 0.498, df=679,
P<0.0001) or CD443MUT (r=0.532, 95% CI 0.503 to 0.531,
df =608, P<0.0001). We next analyzed CD443MUT-A488 coloca-
lization with early endosome marker EEA1 in HUVEC after 10 min

A B
Head Coil 1 Coil 2 Tail
1A 1B 2A 281 282
1 L1 L12 L2 466
—— (GF P
1 9%
—O—_=CFP
1 245

OO0 T——CFP

97 466
43kD
— O T——is
246 466 334D
43kD
GFP
407 466

uptake followed by 20 min chase. We found that CD443MUT-A488
showed extensive colocalization with EEAI-positive vesicles after
10 min incubation (Figure 5C). Quantitation of CD443MUT and
EEAIL colocalization in ~6.5-10° EEAl-endosomes showed that
32% of EEAl-endosomes colocalized with CD443MUT after
10 min incubation (r=0.311, 95% CI 0.266 to 0.355, df=407,
P<0.0001), whereas a fraction of EEAl-endosomes showing
colocalization falled to 7% after 20 min chase (r=0.321, 95% CI
0.251 to 0.388, df=172, P<0.0001) following the incubation
(Figure 5D). The number of CD443MUT-vesicles in cells reduced
during 20 min chase by ~7.5 times (Figure 5D, rightmost panel)
suggesting trafficking of CD44 to late endosomal-lysosomal degra-
dation pathway. Therefore, we next analyzed whether CD443MUT
is targeted to the CD63-positive late endosomal compartment after
20 min chase following a 10 min pulse with CD443MUT-A488.
However, we found that CD443MUT-A488 showed no significant
accumulation within anti-CD63  staining vesicles after 20 min
(Figure 5E) or 50 min chase (data not shown). Together, these results
indicate that recombinant CD44HABD and CD443MUT are
endocytosed and reach early endosomal compartment.

CD443MUT endocytosis is inhibited in ECs derived from
vimentin-null mice

To test directly whether vimentin mediates CD443MUT
internalization, we isolated lung endothelial cells from wild-type
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Figure 2. CD443MUT binds vimentin N-terminal head domain. (A) A diagram of vimentin sub-domains and deletion mutants used in pull-
down reactions. Ellipses represent alpha-helices in coiled-coil domains and L1-L2 mark linker regions. GFP, green fluorescent protein. (B) GST pull-
down reactions were performed from cell lysates transfected with full length vimentin or its deletion mutants (see Materials and methods). Eluates

from pull-downs were analyzed by immunoblotting.
doi:10.1371/journal.pone.0029305.9g002
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Figure 3. VEGF induces cell surface vimentin and CD443MUT cellular binding. (A) For detection of cell surface vimentin, asynchronously
growing live adherent HUVEC were cell surface biotinylated and lysate was used for immunoprecipitation using anti-vimentin or anti-CD44
antibodies. Immunoprecipitated proteins were detected by immunoblotting using strepavidin-HRP (upper panel) or specific antibodies (lower
panels). (B) 6 hour serum-starved HUVEC were induced for 30 min with VEGF165, followed by incubation on ice with Alexa Fluor 488-labeled
CD443MUT (3MUT). GST Alexa Fluor 488 conjugate was used as negative control. Cellular binding of A488-conjugated proteins was analyzed by
FACS. Bars represent average geomean of fluorescence from three experiments (mean = SE). (C) Overnight serum-starved HUVEC were induced for
1 hour with VEGF165, followed by cell surface biotinylation. Lysate from biotinylated cells was used in pull-down using GST-3MUT. Precipitated
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with '?*|-labeled CD443MUT. Reactions were incubated overnight at 4°C. After incubation, reactions were stopped by filtration through glass fiber
filters blocked with BSA. Filters were washed with PBS and bound radioactivity was measured using gamma counter. The curves represent global

fitting of normalized radioligand binding data from two to nine experiments.

doi:10.1371/journal.pone.0029305.g003

(WT) or vimentin-null mice (Figure 6A). We characterized isolated
mouse lung endothelial cells (MLEC) for endothelial-specific cell
surface markers by flow cytometry (Figure 6B). FACS staining
showed that PECAM-1 and CD44 were expressed on vimentin-null
MLEC at levels comparable to WT' cells. However, ICAM-2
expression was reduced on vimentin-null MLEC compared to WT
cells. We next tested the internalization of CD443MUT-A568 by
MLEC. We found that WT' MLEC endocytosed CD443MUT
comparably to HUVEC after 30 min uptake, whereas CD443MUT
uptake by MLEC:s isolated from vimentin-null mice was inhibited
(Figure 6C).

Discussion

We have identified vimentin as a novel CD44 binding protein.
Our results — the fact that recombinant CD44HABD and
CD443MUT pulled down both endogenous as well as recombinant
vimentin, and the finding that vimentin displaces CD443MUT
bound to HUVEC cells, suggest that CD44-vimentin interaction is a
direct protein-protein interaction. To our knowledge, CD44-
vimentin interaction is the first protein-protein interaction described
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for CD44 HABD. CD44 HABD mediates low affinity interactions
with its ECM ligand HA with an in vitro Kd of 50 uM [23]. CD44 is
a membrane glycoprotein and interacts via its glycosylated variant
exons with various extracellular ligands, including fibronectin,
collagen XIV, E-selectin and osteopontin [44—47]. CD44 HABD
contains five N-linked glycosylation sites [48]. Our experiments,
where glycosylated EC-endogenous or tumor cell over-expressed
full-length CD44 immunoprecipitated vimentin correlate with our
initial findings obtained with soluble recombinant CD44HABD or
CD443MUT and strongly suggest that post-translationally modified
CD44 can also form a complex with vimentin. However, we were
not able to detect full-length CD44 in anti-vimentin antibody
immunoprecipitates from HUVEC lysates, which can be explained
by the fact that while HUVEC express high levels of vimentin, only
a small fraction forms a complex with membrane bound CD44.
We found that CD44 HABD binds to vimentin within its head
domain. Vimentin head-domain interactions include ankyrin
binding at the plasma membrane [49], vimentin head-domain is
also important in filament formation [50]. Our finding that CD44
binds to vimentin head domain is consistent with the proposed
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Figure 4. CD443MUT endocytosis by HUVEC. HUVEC were grown overnight on glass slides and incubated for 30 min at 37°C with 1 uM
unlabeled or Alexa Fluor 568-labeled CD443MUT or GST. Cells were analyzed by confocal microscopy. (A) Uptake of unlabeled CD443MUT by HUVEC
was detected with anti-CD443MUT mouse mAb 1A2 (green). Vimentin intermediate filaments were detected with rabbit polyclonal antibody (red).
Nuclei were stained with Hoechst (blue). Images are maximum intensity projections, generated along the z-axis of image stack. Scale bars, 10 um. (B)
Internalization of directly Alexa Fluor 568-labeled CD443MUT by HUVEC (red). Vimentin (green) was detected with V9 mAb. Scale bars, upper and

middle panels 10 um; insets 5 um.
doi:10.1371/journal.pone.0029305.g004

vimentin structure. Parallelly aligned dimers of vimentin assemble
laterally into tetramers in a fashion whereby first halves of
antiparallel coiled-coil domains overlap. Physiologically, vimentin
forms a non-polar 32-meric unit-length filaments (ULF) consisting
of 16 dimers or 8 tetramers [51]. The observed stoichiometries of
6-10 moles of vimentin per one mole CD443MUT probably
reflects the number of head domains available on the ULF surface.
The Kd values calculated from SPR data (12-37 nM) for the high
aflinity binding site are about 2-5 times higher than Kd-s resulting
from ITC experiments (74 nM). Such experimental discrepancy
can be explained either by limited dynamics of the immobilized
vimentin or by sterical hindrances in the environment of the SPR
chip. Currently the exact model of vimentin binding of CD44 or
whether its binding site coincides with the HA binding surface, is
not known. However, our data show that pharmacophores for
HA-binding are not necessary for vimentin binding. Our data
suggest a protein-protein interaction model which is constrained
by the fact that CD44 is a type I membrane receptor and vimentin
is a cytoplasmic intermediate filament protein. Nevertheless,
several independent findings make this interaction spaciotempo-
rally feasible. In addition to generation of CD44 intracellular
domain resulting from shedding, full-length CD44 is also
endocytosed and transported to the nucleus via NLS located in
its intracellular domain [52,53]. In this process CD44 acts as
scaffold for STAT3 and p300 [53]. Importantly, leptomycin B
induces CD44 nuclear accumulation, suggesting a nuclear-
cytoplasmic shuttling [52]. On the other hand, cell surface
vimentin is a well-known phenomenon without any known
function. We show that cell surface vimentin is readily detectable
in primary human endothelial cells, in addition to its previously
reported presence in malignant lymphocytes, activated macro-
phages and platelets [34-36]. Vimentin provides bacterial binding
sites on the surface of human brain endothelial cells [37]. Our
results suggest that vimentin might provide a binding site for
soluble CD44 on EC. This is supported by our result that
exogenously added vimentin can efficiently displace CD443MUT
from ECs. In addition, we found that CD443MUT EC binding
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was enhanced by VEGF. These results were confirmed by
experiments of cell surface biotinylation of starved or VEGF-
induced ECs showing that CD443MUT was able to pull-down
biotinylated vimentin from VEGF-treated but not from serum
starved ECs. The discrepancy between the binding of
CD443MUT to starved EC in cellular binding experiment and
lack of any detectable biotinylated vimentin in pull-downs from
starved EC could be explained by the different length of serum
starvation in these experiments (6 h v. over-night, respectively).
We suggest that the physiological relevance of these results is
supported by findings that vimentin and CD44 are up-regulated
on tumor endothelial cells, whereas vimentin has been proposed as
a potential anti-angiogenesis target [3,38].

Here we show that after binding CD44HABD and its non-HA-
binding triple mutant are endocytosed by ECs. A fraction of
CD44HABD-proteins colocalized with generic endocytosis tracer
CTxB-positive vesicles and were targeted to early endosomal
structures. Importantly, we found that CD443MUT uptake was
lost in vimentin knock-out endothelial cells, suggesting further that
such internalization is mediated by vimentin. The number of
CD443MUT-positive vesicles and early-endosomal localization
decreased rapidly, most probably suggesting its targeting to
lysosomal degradation. However, we were not able to detect
significant accumulation of fluorescently labeled CD443MUT
within late endosomal compartment.

We propose that vimentin forms a complex with full-length
CD44. In this model, soluble CD44 antagonizes binding of
membrane CD44 to vimentin. However, the role for soluble
CD44 in tumorigenesis still remains elusive, as highly elevated
soluble CD44 associates with aggressive growth and bad prognosis
in cancer patients, and yet our previous results suggest that
recombinant CD44 administration can inhibit tumor xenograft
growth and angiogenesis [27]. We can speculate, that in cancer
patients with high sCD44, tumor cells have acquired resistance to
its inhibitory effects, while shedding of cell-surface bound CD44
confers significant selective advantage in tumor microenviron-
ment. In summary, given the facts that the expression of CD44
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Figure 5. Analysis of endocytosed CD443MUT localization. (A) HUVEC were incubated with A488-labeled CD44HABD or CD443MUT (green) in
the presence of CTxB-A555 (red) for 30 min. Nuclei were stained with Hoechst. Images show single confocal plane. Scale bars, 10 um. (B)
Colocalization analysis of CD44HABD (HABD) and CD443MUT (3MUT) with CTxB. Left, the fraction of CTxB-vesicles colocalizing with HABD (n=39
cells) or 3MUT (n=38 cells). Middle, the number of CTxB-vesicles per cell; right, the number of HABD- or 3MUT-containing vesicles per cell. (C-E)
HUVEC were incubated with CD443MUT-A488 for 10 min after which CD443MUT-containing media was changed to 10% FBS HUVEC growth media
and cells were further incubated for 20 min. Then cells were fixed and stained with anti-EEA1 or anti-CD63 antibodies. (C) Localization of 3MUT- and
early endosomal marker EEA1-positive veicles after 10 min incubation in HUVEC. (D) Quantitation of EEA1-vesicles colocalizing with CD443MUT after
10 min incubation (n=26 cells) and after 20 min chase (n=40 cells; left). The number of EEA1- and 3MUT vesicles per cell (middle and left,
respectively). (E) Localization of internalized 3MUT and late endosomal protein CD63-positive vesicles. Scale bars, 2 um (C) and 5 um (E).
doi:10.1371/journal.pone.0029305.g005

and vimentin correlate with EMT in cancer cells, and with tumor Anti-CD44 (MEM-263) was from EXBIO Praha (Czech Republic).
angiogenesis, our findings provide rationale for further functional Anti-mouse PECAM-1 (MEC13.3), anti-mouse ICAM-2 (3C4) and

studies on the role of these proteins in EMT and angiogenesis. anti-EEAT mAb were from BD Pharmingen (Palo Alto, CA, USA).
Rat anti-CD63/lamp-3 (R5G2) was from MBL International
Materials and Methods (Woburn, MA, USA). Anti-Flag-M2 antibody was from Sigma.
Cell lines and antibodies Purification of recombinant proteins and fluorescence
HUVEC and MLEC cells were grown in M199 medium labeling
supplemented with 20% IBS, 4 mM L-glutamine, 50 pg/ml CD44HABD and CD443MUT GST fusion-proteins were

heparin and 30 ug/ml EC growth supplement (ECGS, Upstate purified as described [27]. CD44HABD and CD443MUT include
Biotechnology, Lake Placid, NY, USA). MCF-7 cells (ATCC, aa 21-132 of human CD44 protein. CD44HABD and -3MUT
Manassas, VA, USA) were grown in RPMI, supplemented with were expressed using pET11c vector (Novagen). Urea dissolved
10% FBS and 2 mM L-glutamine. Anti-vimentin (V9), anti-Myc (A- inclusion bodies were purified by gel filtration in Superdex-200HR
14) and anti-HDAC1 (H-11) antibodies were from Santa Cruz 16/60 column (GE Healthcare, Uppsala, Sweden). Refolding was
Biotechnology (Santa Cruz, CA, USA). Anti-vimentin rabbit performed by gradient dialysis into 50 mM Tris pH 8.0, 150 mM
polyclonal (18-272-196311) was from Genway (San Diego, CA, NaCl and final dialysis into PBS. Endotoxin level was measured
USA). Anti human-CD44 (2C5) was from R&D Systems (Minne- using the Endosafe-PTS (Charles River, L’Arbresle, France).
apolis, MN, USA). Mouse anti-human CD44 (H4C4) was from Endotoxin values of CD443MUT batches were 22-93 EU/mg.
DSHB (University of Iowa, IA, USA). Anti CD443MUT mouse Human vimentin was expressed using pET15b vector (Novagen).
mAb 1A2 (Figure S2) was generated by LabAS Ltd (Tartu, Estonia). His-tagged vimentin was purified using Ni-affinity resin (Sigma)
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Figure 6. Vimentin dependent endocytosis of CD443MUT. MLEC were isolated either from wild-type (WT) or vimentin-null mice. (A)
Immunoblot of WT of Vim—/— MLEC lysates with anti-vimentin rabbit polyclonal antibody. (B) FACS analysis of MLEC for cell surface markers with
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doi:10.1371/journal.pone.0029305.9006

under denaturing conditions. Refolding was performed by
gradient dialysis into 10 mM Tris pH 8.0 with final dialysis into
10 mM phosphate buffer pH 7.4. Proteins were fluorescence-
labeled using sulfo-NHS-Alexa Fluor 488 or —568 protein labeling
kit (Molecular Probes, Eugene, OR, USA).

GST pull-down, immunoprecipitation and cell surface
biotinylation

Adherent cells were rinsed with ice-cold PBS and lysed on ice in
50 mM Tris pH 8.0, supplemented with protease inhibitor
cocktail (PIC; Roche, Mannheim, Germany). Lysate was centri-
fuged at 14000 rpm for 30 min at 4°C. Pellet was solubilized in
2% CHAPS, 50 mM Tris pH 8.0, 50 mM NaCl, PIC buffer and
centrifuged at 14000 rpm for 10 min at 4°C. Supernatant was
precleared by incubation with GST-bound glutathione-sepharose
4FF beads (Amersham Biosciences, Uppsala, Sweden). Precleared
lysate was incubated overnight at 4°C with 10 ug GST, GST-
tagged CD44HABD or CD443MUT immobilized onto glutathi-
one beads. After washes with 50 mM Tris pH 8.0, 150 mM NaCl,
PIC buffer, beads were eluted with 20 mM reduced glutathione in
50 mM Tris pH 8.0. Eluates were precipitated with 20% TCA,
precipitate was washed with cold acetone and aspirated dry. For
MALDI-TOF MS analysis of tryptic peptides, protein samples
were alkylated and visualized by silver staining on SDS-PAGE.

For biotinylation, adherent cells were incubated with 1 mM EZ-
Link Sulfo-NHS-LC-biotin (Pierce, Rockford, IL, USA) in PBS-
0.05% NalNj for 30 min on ice, washed with 100 mM glycine-PBS

@ PLoS ONE | www.plosone.org

and lysed as described above. For IP of endogenous proteins,
adherent cells were rinsed with cold PBS and lysed in 50 mM Tris
pH 8.0, 50 mM NaCl, 1% CHAPS, PIC buffer. Lysate was
centrifuged at 14000 rpm for 30 min at 4°C.. Supernatant was pre-
cleared with anti-HDAC1 immobilized onto protein A/G
sepharose beads (Amersham Biosciences) at 4°C. Precleared lysate
was incubated with anti-HDAC1 or anti-CD44 (MEM-263)
antibodies immobilized onto protein A/G beads overnight at
4°C.. Beads were washed with lysis buffer and bound proteins were
cluted with 0.5 M glycine (pH 2.5). Finally, pH of eluates was
adjusted with 1 M Tris pH 8.0 and they were analyzed by
immunoblotting using anti-CD44 (2C5) or rabbit anti-vimentin
antibody. For IP of over-expressed proteins, adherent cells were
rinsed in cold PBS, lysed in lysis buffer containing 40 mM Hepes
pH 7.4, 120 mM NaCl, 1 mM EDTA, 0.6% CHAPS and PIC.
Lysates were centrifuged at 14000 rpm for 30 min at 4°C.
Supernatants were incubated with anti-Flag-M2 affinity gel
(Sigma) overnight at 4°C, beads were washed with lysis buffer
and bound proteins were eluted with 2 x Laemmli sample buffer.
Eluted protein complexes were analyzed by immunoblotting with
anti-Flag-M2 or anti-Myc.

Isothermal titration calorimetry and surface plasmon
resonance

ITC measurements were performed on a Nano-2G instrument
(TA Instruments, New Castle, DE, USA). Experiments were
performed in 50 mM Tris, 150 mM NaCl, pH 8.0 at 25°C. The
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main experimental parameters were: sample cell volume — 1 ml,
syringe size — 250 ul, stirring rate — 250 rpm, injection volume —
10 ul, time interval between injections — 300 s. Titration data were
analyzed by non-linear fitting (SigmaPlot 10). SPR measurements
were performed on Biacore3000 (GE Healthcare). Vimentin was
covalently coupled to CM5 chip using amine coupling kit (GE
Healthcare). In association phase, CD443MUT concentrations
0.46-123 uM were injected over the chip surface. In the
dissociation phase, the sensor chip surface was cluted with buffer
50 mM Tris, 150 mM NaCl, pH 8.0. The association rate
constants and the dissociation rate constants were estimated using
BIAevaluation software (GE Healthcare) using a parallel binding
model, A+Bl1 <>ABl1, A+B2 < AB2. K, values were also
determined from analysis of the equilibrium data using equation 1:
AR = (AR, 'x)/(Kg+x)+Hc - x), where x — concentration of the
injected protein, AR — the increase of the response value at
equilibrium, AR, — capacity of the immobilised vimentin to bind
a protein (the number of binding sites), and ¢ describes weak or
non-specific interaction.

Displacement assays

Adherent cells were harvested from culture plates with 5 mM
EDTA in PBS. Proteins were iodinated with '**I by using Todo-
beads (Pierce). Cells were resuspended in incubation buffer
20 mM Tris-HCI pH 7.5, 5 mM MgCl,, 30 mM NaCl, 3 mM
CaCly or DMEM, 25 mM HEPES, 0.1% BSA. Cell suspension
was transferred into 96-well microtitre plate in 100 pl volume.
Unlabeled protein at different concentrations and '*I labeled
protein in 20 pl volume of incubation buffer was added into wells.
Reactions were incubated overnight at 4°C and stopped by
filtration through GF/B filters blocked with 0.1% BSA-PBS,
followed by washes with cold PBS. Filters were transfered into
5 ml vials and bound radioactivity was measured using gamma
counter (PerkinElmer).

FACS analyses

For CD443MUT cellular binding, HUVEC were serum starved
6 h and then induced for 30 min at 37°C with 10 ng/ml VEGF-
165 in media containing 0.5% FBS. Alexa Fluor 488-conjugated
CD443MUT or GST was added into media at 25 pug/ml and cells
were incubated for 1 h on ice. Cells were harvested from culture
plates by scraping. After washes with 0.1% BSA-PBS, cells were
fixed in 4% formaldehyde-PBS and analyzed using FACSCalibur
flow cytometer (BD Biosciences).

DNA constructs and transfection

Full-length vimentin was PCR amplified from human vimentin
cDNA and inserted into EcoRI/Sacll site of pcDNA3.1/
MycHisB vector (Invitrogen). Vimentin deletion mutants con-
taining amino acids 1-96 (VIM1-96), 1-245 (VIM1-245), 246-466
(VIM246-466) and 97-466 (VIM97-466) were PCR amplified
from human vimentin c¢DNA using oligonucleotide pairs
containing EcoRI/Notl sites. PCR fragments were inserted into
EcoRI/Notl site of pcDNA3.1/MycHisB vector. Vimentin-GFP
(GFP, green fluorescent protein) constructs were created by
inserting EcoRI/Sacll fragment from respective vimentin-
pcDNA3.1/MycHisB constructs into pEGFP-NT1 vector. Vimen-
tin deletion mutant containing aa 407-466 (VIM407-466) was
PCR amplified from human vimentin ¢cDNA and inserted into
EcoRI/Sall site of pEGFP-C2 vector. For creating Flag-tagged
CD44 DNA construct, full-length CD44 was PCR amplified from
human standard CD44 isoform cDNA and inserted into EcoRI/
Notl site of pPCMV-Tag4a vector (Stratagene). MCF-7 cells were
transfected using 1:2 DNA:PEI ratio. Transfected cells were
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grown at 37°C for 24 h. GST pull-down was performed as
described above.

Mouse lung endothelial cells

Wild-type MLEC were isolated from C3H mouse strain (The
Jackson Laboratory) and vimentin—/— from Vim1/Viml mice
[31] obtained from EMMA (CNRS/CDTA, Orleans, France).
Lungs from three 6-8 week old mice were dissected and finely
minced with scissors on a dry culture dish. Lung pieces were put
into 20 ml pre-warmed 0.2% collagenase-I (Sigma) in PBS and
incubated with gentle agitation for 45 min at 37°C. Collagenase
digested lung suspension was triturated through 100 pm cell
strainer (BD Biosciences). Cell suspension was centrifuged 8 min
400 g at 4°C. Cell pellet was resuspended in 2 ml 0.1% BSA-PBS.
Cells were sorted by incubation for 15 min at RT with sheep anti-
rat IgG Dynabeads (Dynal, Norway) coated with rat anti-mouse
CD31 (MEC13.3) and rat anti-mouse ICAM-2 (3C4) antibodies.
Bead-bound cells were separated using a magnetic rack and
washed five times with M199 medium containing 10% FBS. After
separation, cells were plated onto dish and grown in M199
containing 10 mM HEPES, 20% FBS, 4 mM L-glutamine and
supplemented with 50 pg/ml Heparin, 30 pg/ml ECGS and

penicillin-streptomycin.

Internalization assay, immunofluorescence microscopy
and image processing

For internalization assays, cells on 8-well slide (BD Falcon)
were incubated at 37°C with C'TxB-Alexa 555 (Invitrogen) and/
or CD44HABD-proteins at 13 pg/ml (=1 pM) in 0.5% FBS
containing media for 10 or 30 min. After 10 min uptake, cells
were washed with PBS two to three times and media was changed
to 10% FBS containing M199 HUVEC growth media and slides
were incubated for 20 or 50 min at 37°C. After incubations cells
were washed and fixed with 4% formaldehyde-PBS on for 10 min
on ice and for 10 min at RT. Cells were permeabilized using
0.1% Triton X-100 in 0.1% BSA-PBS. Antibodies were diluted in
0.1% BSA-PBS. Secondary antibody dilutions were supplement-
ed with 10 pg/ml Hoechst 33258 (Sigma). Slides were mounted
in Mowiol 4-88 (Sigma-Aldrich, St Louis, MO, USA). Confocal
fluorescent imaging was performed using Zeiss LSM510 micro-
scope with x63/1.4 oil immersion objective in multi-channel
mode (Carl Zeiss Microlmaging, Germany). Images were
prepared using Imaris 6.4 software (Bitplane, Zurich, Switzer-
land). For quantitation of endocytosis and vesicular colocaliza-
tion, single slices from the middle plane of the cell were semi-
automatically selected from confocal image stacks using Fiji
package (http://pacific.mpi-cbg.de/wiki/index.php/Fiji). Cell-
profiler 2.0 (r10415) software was used ror image segmentation
and automated analysis [54]. Endosomal outlines were identified
using Otsu global treshold, then endosomal marker/tracer object
outlines were used to create a mask to identify colocalizing
CD44HABD- or CD443MUT objects. Within these objects
correlation was measured between endocytosis marker and
CD44, and objects showing positive correlation were finally
counted as colocalizing. For calculation of average correlation
coefficient and 95% confidence interval, individual object
coefficients were transformed to z scores.

Statistical analysis of data

Data represent mean * SE. Statistical analysis and non-linear
fitting of data was performed using GraphPad Prism 5 software
(San Diego, CA, USA).
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Supporting Information

Figure S1 Cell-surface expr of overexpressed
vimentin in MCF-7 cells. Vimentin- or empty vector
transfected MCF-7 cells were subjected to cell surface biotinylation
(see Materials and Methods). Lysates were immunoprecipitated
with anti-vimentin antibody. Lysates and immunoprecipitates
were analyzed by WB using strepavidin-HRP (upper panel) or
anti-vimentin antibody (lower panel). Arrows indicate the location
of full length vimentin.

(TTF)

Figure S2 Characterization of anti-CD443MUT mouse
mAb 1A2. (A) ELISA analysis of serially diluted 1A2 mAb
(3.1 mg/ml) of rat serum—, rat serum+CD443MUT- or
CD443MUT-coated wells. PBS, no primary antibody control.
(B) Microplate wells were coated with different concentrations of
CD443MUT mixed with rat serum and analyzed by ELISA using
1A2 mAD at 1:400 dilution. (C) Wells were coated with CD44
peptides and analyzed by ELISA using 1A2 mAb at 1:50000
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Abstract

CD44 transmembrane glycoprotein is involved in angiogenesis, but it is not clear whether
CD44 functions as a pro- or antiangiogenic molecule. Here, we assess the role of CD44 in
angiogenesis and endothelial proliferation by using Cd44-null mice and CD44 silencing in
human endothelial cells. We demonstrate that angiogenesis is increased in Cd44-null mice
compared to either wild-type or heterozygous animals. Silencing of CD44 expression in
cultured endothelial cells results in their augmented proliferation and viability. The growth-
suppressive effect of CD44 is mediated by its extracellular domain and is independent of its
hyaluronan binding function. CD44-mediated effect on cell proliferation is independent of
specific angiogenic growth factor stimulation. These results show that CD44 expression on
endothelial cells constrains endothelial cell proliferation and angiogenesis. Thus, endothelial
CD44 might serve as a therapeutic target both in the treatment of cardiovascular diseases,
where endothelial protection is desired, as well as in cancer treatment, due to its
antiangiogenic properties.

Introduction

Angiogenesis is a pathophysiological process involved in wound healing as well as tumor
growth and metastasis. The switch of normally quiescent blood vessels to angiogenesis is
determined by the balance of proangiogenic and antiangiogenic factors in tissue
microenvironment. In tumors, endothelial cell (EC) proliferation and survival is regulated by
growth factors such as VEGF, FGF-2, or HGF, released either by tumor cells or normal cells
in the tumor stroma. A survival benefit has been shown for blocking proangiogenic signaling
by VEGF inhibitors in tumor therapy and continuation of such therapy beyond progression
[1]. However, tumors can be intrinsically resistant to anti-VEGF therapy or acquire resistance
through different mechanisms during the therapy [2]. Better understanding of
microenvironmental or EC-specific factors involved in the regulation of EC proliferation and
blood vessel formation is needed to develop new more effective antiangiogenic tumor
therapies.

CD44 cell-surface glycoprotein has been shown to be necessary for efficient tumor
vascularization [3] and to mediate induction of angiogenesis in response to hyaluronan (HA)
oligomers [4]. CD44 mediates cell adhesion to its principal ligand HA via its N-terminal HA-
binding domain (HABD) [5, 6]. CD44 and HA interaction is important in the immune
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response where it mediates leukocyte rolling on HA during leukocyte recruitment into the
inflammatory site [7-9]. CD44 also mediates HA-induced effects on vasculature. /n vivo
silencing of endothelial CD44 resulted in reduced vascular density of Matrigel plug implants
in response to low molecular weight HA [4]. The interaction of CD44 with high molecular
weight HA inhibits vascular smooth muscle cell proliferation, and CD44 deficiency has been
shown to increase neointima formation after arterial injury [10]. Cd44-null mice display
reduced vascularization of Matrigel plugs containing CD44-positive B16 melanoma cells, as
well as reduced vessel density in B16 melanoma and ID8-VEGF ovarian carcinoma
xenografts [3]. However, the contribution of CD44 to in vivo angiogenesis has not been
studied in Cd44-null mice in less complex models using defined angiogenic growth factors
instead of large numbers of tumor cells.

We have previously shown that administration of recombinant soluble CD44 hyaluronan
binding domain (HABD) inhibits in vivo angiogenesis in both VEGF- and FGF2-stimulated
chick chorioallantoic membranes and tumor xenograft growth, and that in vitro, sCD44
HABD controls EC proliferation [11]. Significant levels of soluble CD44 have been reported
in normal human serum and even higher levels in mouse serum. Increased serum levels of
soluble CD44 (sCD44) have been linked to different pathological conditions, including cancer
and type 2 diabetes [12—14]. Soluble CD44 is mainly a shedding product of membrane CD44
[15, 16]. If the hypothesis of the proangiogenic role of CD44 holds, recombinant soluble
CD44 HABD should function as a decoy receptor for HA, the principal ligand of CD44.
Nevertheless, we have previously found that the non-HA binding mutant of CD44 HABD
showed similar antiangiogenic and tumor growth inhibitory functions [11], suggesting that a
mechanism other than HA binding might be involved.

The aim of the current study was to analyze the effects of Cd44 gene deficiency and non-HA-
binding CD44 HABD treatment on in vivo angiogenesis and in vitro EC proliferation to
conclusively determine the role of CD44 in angiogenesis and in order to cast light upon the
mode of action of the non-HA-binding CD44 HABD.

Results

Cd44-null mice display increased angiogenic response

We studied angiogenesis in mice lacking CD44 (Cd44™"). In a preliminary experiment, we
assessed the invasion of isolectin-B4- and CD105-positive cells into the Matrigel plug in
response to 50 ng/ml VEGF. Surprisingly, results indicated that plugs from Cd44”" mice
contained more cells than plugs from wild-type mice (data not shown). We also tested
capillary outgrowth in aortic fragments isolated from Cd44” mice. Aortic fragment assay
indicated apparently more robust outgrowth of capillary-like structures from CD44"
fragments compared to wild-types (Supplemental Fig. 1 in Online Resource 1). This finding is
in agreement with Chun et al. 2004 study [17], showing no defect in capillary outgrowth and
vessel morphogenesis in aortic fragments isolated from Cd44” mice. In the following series
of experiments, we used the directed in vivo angio%enesis assay [18] to quantitatively test
FGF-2/VEGF-induced angiogenic response in Cd44"" and wild-type mice of C57BL/6, C3H
or mixed genetic backgrounds (Fig. 1). We found a 5.4 + 2.2-fold increase in blood vessel
invasion in response to FGF-2/VEGF compared to unstimulated controls in Cd44” mice of
mixed genetic background (t-test: P = 0.048, N = 2 experiments, effect size 1.2 + 0.45 [95%
CIL, 0.37-2.1]; Fig. 1A). Angiogenesis induction in wild-type mouse strains compared to
unstimulated controls was in C3H 1.4 + 0.5-fold (t-test: P = 0.41, effect size 0.081 + 0.071
[95% CI, -0.061-0.22]), C57BL/6 1.5 + 0.62-fold (P = 0.38, effect size 0.2 + 0.17 [95% CI, -
0.09-0.56]), and in wild-type mice of mixed genetic background 4.2 + 1-fold (t-test: P =0.13,
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effect size 0.14 + 0.039 [95% CI, 0.082-0.2]; Fig. 1A). The estimated effect size of growth
factor stimulation was large in Cd44” mice with confidence interval ranging from small to
very large, whereas in wild-type mouse strains growth factor stimulation displayed small
effect size with confidence intervals including zero. When comparing growth factor-
stimulated groups, Cd44”~ mice displayed apparently severalfold higher blood vessel invasion
into angioreactors in response to FGF-2/VEGF than wild-type mice. These data suggest that
Cd44 deficiency results in augmented angiogenic response. However, factors other than CD44
might also affect the efficiency of angiogenesis induction in mice of different genetic
backgrounds [19].

To confirm increased angiogenesis in the absence of CD44, and to study the contribution of
CD44 to neoangiogenesis in an inbred, genetically homogeneous background, we backcrossed
Cd44” mice for six generations to the C57BL/6 strain. Using littermate controls, we found
that Cd44 genotype had a significant effect on angiogenesis induction (ANOVA, F 4, = 3.98,
P = 0.026). Angiogenesis was increased in Cd44-null animals compared to wild-type or
heterozygous mice. FGF-2/VEGF stimulation resulted in a 2.1 + 0.5-fold increase of blood
vessel invasion in C57BL/6 Cd44"" mice (one-way ANOVA, P = 0.03; effect size 0.39 =
0.15[95% CI, 0.098-0.67]); in a 1.4 £+ 0.24-fold increase in their Cd44"" littermates (one-way
ANOVA, P = 0.061; effect size 0.22 + 0.1 [95% CI, 0.019-0.4]); and in a 2.9 + 0.75-fold
increase in their Cd44”" littermates (one-way ANOVA, P = 0.0039; effect size 0.96 = 0.26
[95% CI, 0.45-1.5]); N = 8 mice per genotype from 2 independent experiments. Angiogenesis
induction was associated with Cd44 genotype in the growth factor-induced group of mice
(ANOVA, Fy5 = 5.45, P = 0.012), whereas there was no difference in baseline vessel
invasion between different Cd44 genotypes in the unstimulated group. Post-hoc testing of
pairwise differences indicated that Cd44” mice displayed increased angiogenesis compared to
either their Cd44™" or Cd44™" littermates (Fig. 1B).

We conclude from these experiments that CD44 deficiency results in augmented angiogenesis
induction; and thus CD44 functions as an endogenous angiogenesis inhibitor.

Recombinant CD44 non-HA-binding mutant Fc-fusion protein inhibits
angiogenesis in vivo

We studied whether increasing the dose of CD44 by systemic administration of its soluble
analog could suppress angiogenesis. We have previously shown that bacterially expressed
GST-tagged non-HA-binding CD44 (CD44-3MUT) inhibits angiogenesis in chick
chorioallantoic membrane and subcutaneous tumor xenograft growth in mice [11]. Untagged
and GST-tagged CD44-3MUT display very short serum half-life limiting their potential in
vivo use [20]. Thus, in order to improve in vivo efficacy, we generated CD44-3MUT with a C-
terminal fusion of human IgG1 Fc region (CD44-3MUT-Fc). Regarding pharmacokinetic
characterization of CD44-3MUT-Fc, its serum half-life after intravenous administration to
rats was 17 min (Supplemental Fig. 2 in Online Resource 1). The volume of distribution of
CD44-3MUT-Fc was 18% of total body weight (%TBW), suggesting improved
biodistribution compared to untagged CD44-3MUT protein (1.8% TBW; [20]).

We tested the antiangiogenic effects of CD44-3MUT-Fc in athymic nude mice. The results
showed that FGF-2/VEGF stimulation led to a 4.5 + 1.1-fold increase of blood vessel invasion
into angioreactors over the PBS treated control groups (t-test: P = 7.7e-07; effect size 0.8 +
0.15 [95% CI, 0.5-1.1]; Fig. 2B, C). We observed that intraperitoneal treatment of mice with
CD44-3MUT-Fc inhibited FGF-2/VEGF-induced angiogenesis. In the treatment group
receiving 25 mg/kg CD44-3MUT-Fc, angiogenesis was inhibited to the unstimulated basal
level compared to the growth factor-induced PBS treatment group (t-test: P = 1.6e-05; effect
size -0.8 = 0.16 [95% CI, -1.1-0.5]). Administration of 0.5 or 5 mg/kg CD44-3MUT-Fc also



resulted in apparent angiogenesis inhibition, but the response was less robust (Fig. 2C). For
recombinant protein control treatments, we used irrelevant rhigG mAb or rhlgG-Fc. Both
these molecules were purified identically to CD44-3MUT-Fc. The 0.5 mg/kg CD44-3MUT-
Fc treatment showed significant inhibitory effect compared to pooled 0.5 mg/kg rhIgG/rhIgG-
Fc control treatment group (t-test: P = 0.034; effect size 0.5 £ 0.24 [95% CI, 0-0.9]). Mice
receiving intraperitoneally 5 or 15 mg/kg doses of rhIgG-Fc showed similar angiogenic
response as PBS and 0.5 mg/kg rhIgG-Fc control treatment groups, suggesting that the IgG-Fc
portion of CD44-3MUT-Fc is not responsible for the effects observed.

Together, our results show that systemic administration of CD44-3MUT-Fc¢ effectively
inhibits in vivo angiogenesis.

Soluble CD44 levels are not affected by angiogenesis

Serum levels of sCD44 are increased due to enhanced CD44 shedding in case of inflammation
or tumor growth. Previous research suggests that serum sCD44 concentrations show
substantial variability between different mouse strains, and are significantly reduced (< 1
pg/ml) in severely immunodeficient mice [21]. To assess the significance of sCD44 in
angiogenic response, we determined sCD44 concentrations in the sera of different wild-type
mouse strains, in Cd44™" mice, and in athymic nude mice. Sera from Cd44” mice were used
as negative controls. We found that serum concentrations of sCD44 were similar in athymic
nude mice and in wild-type mouse strains (Fig. 3A and Table 1). Soluble CD44 levels in
Cd44'" animals were reduced on average by 35% (95% credible interval: 16-53%) compared
to Cd44™"* mice.

To analyse whether sCD44 concentrations correlate with angiogenesis induction, we excluded
Cd44" mice and nude mice from the dataset. We found no correlation between relative blood
vessel invasion and post-experiment serum levels of sCD44 (Fig. 3B). Next, we evaluated
whether the induction of angiogenesis, rhigG-Fc or systemic treatments with CD44-3MUT-Fc
that we used in the in vivo angiogenesis model lead to changes in the serum levels of sCD44
in nude mice. This analysis showed that neither angiogenesis induction nor treatments had
any effect on the serum concentrations of sSCD44 in nude mice (ANOVA, F;3, =0.975, P =
0.49; Fig. 3C). It also revealed that there was no correlation between post-experiment serum
concentrations of sCD44 and vessel invasion into angioreactors irrespective of experimental
intervention (Fig. 3D).

CD44-3MUT-Fc inhibits endothelial cell proliferation and viability

To find out whether CD44-3MUT-Fc-mediated inhibition of angiogenesis is caused by its
effects on ECs, we tested CD44-3MUT-Fc in a cell proliferation assay. We used cells
synchronized by serum starvation to model the initial stages of stimulation of quiescent
endothelial cells (Fig. 4A). We applied different concentrations of CD44-3MUT-Fc to growth
arrested HUVECs and released cells from arrest by stimulation with 25 ng/ml VEGF. Real-
time growth curves of untreated controls show that 25 ng/ml VEGF induces robust
proliferation in HUVECs that is sustained for at least 72 h (Fig. 4B, leftmost panel). In
contrast, CD44-3MUT-Fc treatment dose-dependently suppressed 25 ng/ml VEGF-stimulated
HUVEC growth, compared to rhIgG-Fc control treatments (Fig. 4B). The difference in
growth kinetics between CD44-3MUT-Fc and rhlgG-Fc treatments became apparent
approximately 24 h after VEGF-induced release of cells from arrest. After this timepoint,
rhlgG-Fc control-treated cells continued to proliferate, but in CD44-3MUT-Fc-treated wells
cell density plateaued. Next, we used the same growth arrested HUVEC model in a cell
proliferation and viability assay to compare CD44-3MUT-Fc efficacy in inhibiting cell
proliferation stimulated by either FGF-2, VEGF or HGF (Fig. 4C to E). We used an
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endothelial-specific inhibitor of cell proliferation, fumagillin, as a positive control to define
the maximum response in our assay. FGF-2 and VEGF induced robust proliferation in
growth-arrested HUVECs, whereas HGF-stimulation resulted in much lower cell proliferation
(Fig. 4C to E, left panels). Compared to rhlgG-Fc, CD44-3MUT-Fc dose-dependently
inhibited HGF-stimulated proliferation with the maximum inhibition of 60% + 12.6 after 72 h
incubation. FGF-2 or VEGF-stimulated EC growth was inhibited less efficiently by CD44-
3MUT-Fc when compared to rhIgG-Fc, as the growth was reduced by a maximum of 10.7% +
2.4 and 13.9% =+ 4.5, respectively (Fig. 4B to E, and G). These results are in agreement with
respective growth factor potencies to stimulate HUVEC proliferation, CD44-3MUT-Fc was
less efficient in inhibiting FGF-2- or VEGF-induced proliferation, and showed more efficacy
in case of a weak inducer, HGF.

CD44v6 interacts with VEGFR2 and MET [22]. Therefore, we tested whether CD44-3MUT-
Fc has any effect on the protein levels or activation of these receptors. Western blot analysis
showed no change in either VEGFR2 or MET protein levels or receptor activation in response
to CD44-3MUT-Fc (Supplemental Fig. 3 in Online Resource 1). This suggests that CD44-
3MUT-Fc does not inhibit EC growth by direct targeting of growth factor receptor signaling
pathways. Additionally, we tested the effect of CD44-3MUT-Fc on GDF-2-stimulated
HUVECs (Fig. 4D). Vascular quiescence factor GDF-2 (BMP-9) belongs to the TGF-
superfamily ligands and regulates angiogenesis via ALK, a type 1 TGF-f receptor [23, 24].
As shown in the left panel of Fig. 4F, in our model GDF-2 is strongly anti-mitotic and induces
the cell cycle block. Compared to rhIgG-Fc control treatments, CD44-3MUT-Fc showed a
dose-dependent inhibitory effect on cell numbers in GDF-2-treated HUVECs with 79.6% +
6.7 of maximum response (Fig. 4F and G).

To ascertain whether apoptosis contributes to CD44-3MUT-Fc-induced growth inhibition, we
used Annexin V-FITC staining. We found that upon release from serum starvation, the basal
levels of apoptosis in the HUVEC population were inversely related to the growth factor
potency to stimulate cell proliferation. In response to incubation with 12.64 uM (-4.9 log;o M)
CD44-3MUT-Fc, the number of apoptotic cells relative to pooled control treatments was
increased by 9% + 5 in VEGF, 28% + 14 in 10%FBS, 34% + 6 in FGF-2, 45% + 12 in HGF,
and 46% =+ 6 in GDF-2-stimulated cells. However, VEGF- or FGF-2-induced cells were the
most protected against apoptosis induced by CD44-3MUT-Fc-treatment (Fig. 4H). In contrast,
GDF-2-mediated growth arrest enforced cells to undergo apoptosis and this trend was further
increased by CD44-3MUT-Fc treatment. The observed increase in apoptosis from a relatively
low basal level in response to CD44-3MUT-Fc treatment and its apparent correlation with
growth factor potency to stimulate proliferation, suggest that apoptosis occurs secondary to
CD44-3MUT-Fc-mediated inhibition of cell proliferation.

Collectively, our data show that CD44-3MUT-Fc inhibits EC proliferation.

CD44 is not involved in GDF-2/ALK1-dependent SMAD signaling

Several studies suggest that CD44 is associated with TGF-p signaling, since the cytoplasmic
tail of CD44 directly interacts with SMAD1 [25], CD44 forms a galectin-9-mediated complex
with BMPR2 [26], and HA induces CD44 to complex with TGFBR1 [27]. Given that CD44-
3MUT-Fc treatment resulted in an enhanced growth inhibitory effect in GDF-2-arrested
HUVECs, we wanted to test whether CD44 could be involved in GDF-2 mediated SMAD
activation. We studied pSMADI1/5 nuclear localization and SMAD1/5 target gene activation
in response to GDF-2 stimulation in CD44-silenced HUVECs. CD44-targeting siRNA
(siCD44) transfection resulted in substantial CD44 protein or mRNA downregulation
compared to non-targeting siRNA control (siNTP) (Supplemental Fig. 4 in Online Resource
1). Simultaneously, we detected a robust GDF-2-dependent pPSMAD1/5 nuclear localization



(Supplemental Fig. 4A and B in Online Resource 1) and an induction or repression of selected
known SMAD1/5 target genes ID1, SMAD6, SMAD7 or c-MYC, respectively (Supplemental
Fig. 4C in Online Resource 1). Immunofluorescence analysis showed that the nuclear area or
other size/shape parameters of cell nuclei did not differ between siCD44 or siNTP control-
silenced cells (data not shown). We found that silencing of CD44 did not affect the nuclear
localization of pSMADI1/5 or SMADI1/5 target gene expression in response to GDF-2
stimulation (Supplemental Fig. 4A to C in Online Resource 1).

Next, we studied the effect of CD44-3MUT-Fc on SMADI1/5 signaling by using a BMP-
responsive element reporter (BRE). We found that BRE reporter activity in HUVECs was
increased in response to GDF-2 stimulation, but this response was not sensitive to either
CD44-silencing or CD44-3MUT-Fc treatment (Supplemental Fig. SA in Online Resource 1).
In line with this, Western blot analysis of GDF-2 stimulated HUVECs treated with CD44-
3MUT-Fc showed no change in pPSMADI1/5 levels (Supplemental Fig. 5B in Online Resource
1). To test whether prolonged CD44-3MUT-Fc exposure in vivo could trigger changes in
SMADI1/5-mediated gene expression, we analysed lung tissue of nude mice from two
angiogenesis experiments described in Fig. 2 for the expression of selected SMAD target
genes. We found no changes in the expression levels of SMAD1/5 or NF-xB target genes
(Supplemental Fig. 5C in Online Resource 1).

Together, these results suggest that neither CD44 nor CD44-3MUT-Fc are involved in GDF-
2-ALK1-SMAD1/5 signaling in ECs.

CD44 silencing augments endothelial cell proliferation

Since angiogenesis assay results showed increased blood vessel invasion in Cd44” mice and
inhibition of this response by CD44-3MUT-Fc treatment, we wanted to test whether CD44
knockdown in ECs results in increased cell growth. To this end, we used siRNA transfected
HUVECs that had been growth arrested by serum starvation. Growth-arrested cells were
released by the addition of either 20% FBS or different concentrations of VEGF or FGF-2.
Real-time impedance measurements showed that compared to 5% FBS stimulation (Fig. 5A,
left), 20% FBS or growth factor supplementation released cells from the cell-cycle block and
stimulated their growth sustainably over 72 h (Fig. SA and C). We found that siCD44
transfected cells reached higher densities at 72 h than control siNTP-transfected cells.
Augmented cell growth and higher cell density in siCD44-transfected ECs at the end of the
experiment was independent of type and concentration of the growth factor used for
stimulation (Fig. 5A, C and E). End-point quantitation of viable cells performed 72 h after
release supported the impedance measurement results. siCD44-transfected HUVECs
displayed increased cell numbers over all tested growth factors and concentrations (Fig. 5B
and D). These data suggest that the effect of CD44 silencing on cell proliferation was additive
to the stimulatory effect of growth factors. The additive effect of CD44 silencing on cell
proliferation was further supported by the typical VEGF dose-dependent flattening of the
growth curve that was observed in case of VEGF-stimulated HUVECs. In case of FGF-2,
such suppression did not occur, and cell density increased linearly with growth factor
concentration within the range (8 to 79 ng/ml) tested.

Western blot analysis showed that FGFR1, VEGFR2 or activated VEGFR2 levels were not
affected in CD44-silenced HUVECs (Fig. 5G and Supplemental Fig. 3C in Online Resource
1). The initial proliferation rate of CD44-silenced HUVECs after seeding and before serum
deprivation was increased compared to non-targeting siRNA or untransfected controls, and
CD44-silenced cells reached higher cell density within this time frame (Supplemental Fig. 6A
in Online Resource 1). Notably, vimentin-silenced (siVIM) HUVECs showed similar
behavior to CD44-silenced cells before serum starvation (Supplemental Fig. 6A in Online



Resource 1). The observation that siCD44- or siVIM-transfected HUVECs reached higher cell
density after seeding and before the start of serum starvation compared to siNTP-transfected
or untransfected cells was confirmed by modeling impedance data for barrier formation
(Supplemental Fig. 6B in Online Resource 1). The release of siCD44-transfected cells from
serum starvation by VEGF or FGF-2 stimulation resulted in enhanced barrier reformation
when compared to siNTP or siVIM-transfectants (Supplemental Fig. 6B in Online Resource
1).

We also assessed the effect of siCD44 by treating cells arrested in the cell cycle G1 phase
with antimitogenic factor GDF-2. We found that GDF-2 induces cell cycle block and a
subsequent decline in cell density, plausibly because cells undergo apoptosis (Fig. 4H).
Impedance measurements showed that CD44-silencing did not rescue GDF-2-stimulated
HUVECs from growth arrest and cell numbers declined over the course of the experiment
(Fig. SE). However, the cell viability assay performed after impedance measurements showed
that CD44-silencing resulted in more surviving cells compared to controls and partially
rescued the cells from GDF-2-induced cell cycle block (Fig. 5F). Nevertheless, the GDF-2
dose-dependent inhibitory trend persisted.

Together, these experiments show that CD44 knockdown results in enhanced EC
proliferation, irrespective of the specific growth factor used for stimulation. Furthermore,
CD44-silencing experiments are consistent with Cd44”" mice data and suggest increased
proliferation and survival of CD44-deficient ECs as a plausible cellular mechanism to
enhance angiogenesis.

Discussion

Here, we report that CD44 cell-surface glycoprotein is a negative regulator of angiogenesis.
We show that CD44 constrains endothelial cell proliferation. Our results suggest that in the
regulation of cell proliferation, CD44 functions independently of specific growth factor
signaling pathways.

Based on our experiments, we extend the functions of CD44 to include the control of EC
proliferation and angiogenesis. We found that blood vessel invasion into tumor extracellular
matrix in response to FGF-2/VEGF stimulation was substantially increased in Cd44-null
mice. This effect is likely to be cell-autonomous, as silencing of CD44 expression in cultured
ECs also resulted in augmented cell proliferation. We suggest that CD44 functions
downstream of mitogenic signaling. Griffioen et al. [28] have shown that CD44 is upregulated
in response to FGF-2 or VEGF stimulation in cultured ECs, and in activated tumor blood
vessels in vivo. Thus, enhanced angiogenesis and cell proliferation in case of CD44 deficiency
or downregulation suggest that CD44 mediates negative feedback signaling that constrains
cell proliferation. CD44 knockdown in dermal fibroblasts results in the stabilization of PDGF
B-receptor and sustained ERK activation in response to PDGF-BB stimulation [29]. In our
study, we show that intervening with CD44 function by silencing or CD44-3MUT-Fc has no
effect on the activation of angiogenic growth factor receptors. However, we observed that the
potency of CD44-3MUT-Fc to inhibit EC proliferation was inversely related to the potency of
VEGF, FGF-2 or HGF to induce EC proliferation and survival. Several earlier reports have
shown involvement of CD44 in TGF-f signaling [25-27]. Therefore, we tested if CD44
functions in GDF-2 signaling. We saw enhanced growth arrest and apoptosis of ECs in
response to CD44-3MUT-Fc treatment in GDF-2-stimulated ECs. Nevertheless, our different
in vitro experiments showed that GDF-2-mediated signaling is not affected by disrupting
CD44 expression or increasing CD44 dose via CD44-3MUT-Fc. We conclude from these



results that CD44 acts via a different mechanism than disrupting any specific growth factor
pathways.

Plausibly, CD44-mediated negative feedback signaling on cell proliferation is activated by
CD44-HA interaction. Binding of high molecular weight HA to CD44 controls proliferation
of smooth muscle cells, and probably also other mesenchymal cell types, including ECs [10].
Kothapalli et al. [10] also showed that in Cd44-null mice the response to arterial injury
resulted in increased neointima formation and smooth muscle cell proliferation during vessel
regeneration. We have previously shown that the non-HA binding mutant of CD44 was as
effective as its wild-type counterpart in angiogenesis inhibition in the chick chorioallantoic
membrane angiogenesis model [11]. Here, we show that systemic administration of soluble
mutant CD44 HABD (CD44-3MUT) has an antiangiogenic effect in a mouse model of
angiogenesis, thus CD44-3MUT functions similarly to endogencous CD44. In this context,
we were interested whether endogeneous soluble CD44 levels correlate with angiogenesis.
Soluble CD44 levels are reduced in immuno deficient BALB/c.Xid mice with defective B-cell
maturation, and in SCID mice with absence of functional T cells and B cells, suggesting that
immune cell-derived proteolytic activity is responsible for CD44 shedding [21]. In our
angiogenesis assays, we observed that wild type mouse strains displayed much weaker
angiogenic response than immuno deficient athymic nude mice. Given that nude mice carried
normal Cd44 gene dose, but their sCD44 levels were not known, we assumed that elevated
angiogenesis in nude mice, compared to wild type strains, could be related to decreased
sCD44 levels. We found serum sCD44 levels to be normal in athymic nude mice, suggesting
that the induction of angiogenesis is not related to serum sCD44 levels. Furthermore, as
athymic nude mice lack T cells, this result suggests that a large proportion of serum sCD44 is
generated by B cell-dependent activity.

The signaling pathway downstream of CD44 is not well understood. CD44 has been
implicated in cell—cell contact inhibition in schwannoma cells by recruiting the NF2 tumor
suppressor protein to the plasma membrane [30]. Thus, it is possible that CD44 silencing
abolishes the function of NF2, which leads to loss of contact inhibition and increased
proliferation. However, embryonic fibroblasts isolated from Cd44-null mice still exhibit
functional contact inhibition compared to cells from Nf2-null mice, but Cd44-null cells seem
to display faster growth rates compared to wild-type cells [31]. Our impedance-based real-
time monitoring of cell proliferation suggests steadily increased growth rates of CD44-
silenced ECs after release from serum starvation. We found that barrier formation, which is
directly related to cell density, is apparently more robust in CD44-silenced ECs after growth
factor stimulation. This suggest that the mechanisms behind enhanced cell proliferation could
be other than defective cell—cell adhesion.

Our in vivo findings contrast with previous works showing that CD44 absence or its
downregulation in vivo results in reduced angiogenesis [3, 4]. Lennon et al. [4] studied the
contribution of CD44 to HA oligomer-induced angiogenesis, and found that CD44 silencing
in vivo resulted in inhibited angiogenesis in response to oligo HA. Cao et al. [3] used a
relatively high number of rapidly growing B16 melanoma cells as a source of angiogenic
growth factors in a Matrigel plug assay and allowed the blood vessels to grow for 5 days only.
Nevertheless, tumor angiogenesis assays using two different cell lines with very different
tumor growth kinetics, B16 melanoma and ID8-VEGF ovarian carcinoma, still suggested
considerable inhibition of tumor formation and reduced vascular density at tumor margins in
Cd44-null mice [3]. However, it is plausible that CD44-negative ECs were inhibited in trans
by CD44 that was present on tumor cells [3]. Here, we show that administration of



exogeneous soluble CD44 inhibited in vivo angiogenesis and EC proliferation. We found that
Cd44 heterozygous mice displayed angiogenesis at a similar level to wild-type animals,
showing that Cd44 is not haploinsufficient and lower than normal amounts are still sufficient
for controlling angiogenesis. Tumor angiogenesis is dependent on interactions between tumor
cells and host tissue stroma, and such interactions might be compromised in Cd44-null
animals. Tumor cells recruit macrophages to promote angiogenesis. However, Cao et al. [3]
showed that in case of Cd44-null mice bone marrow reconstitution with wild-type bone
marrow did not rescue the angiogenesis defect, suggesting that endothelial CD44 expression
is important.

Cd44-null mice develop normally and do not display apparent vascular abnormalities. We
suggest that CD44 plays a non-redundant role in physiological angiogenesis. CD44-mediated
interactions after its upregulation in endothelial cells in response to growth factor stimulation
restrain cell proliferation. This control may contribute to the robust shutdown of angiogenesis
during wound repair. In case of tumors, CD44-mediated control of angiogenesis might be
overridden by a surplus of growth factors and increased shedding of CD44.

In summary, we conclude that CD44 functions as a negative regulator of angiogenesis.
Therefore, systemic absence of CD44 expression in mice results in increased angiogenic
response. Our results also demonstrate that soluble CD44 regulates angiogenesis by
suppressing endothelial cell proliferation. Importantly, the antiangiogenic effect of CD44 is
achieved independently of its HA-binding property. Together, our data suggest that CD44 is
important in maintaining normal angiogenesis levels and targeting of CD44 can be utilized in
antiangiogenesis treatment strategies for cancer or in other applications where angiogenesis
modulation is desired.

Materials and Methods

Cells, Reagents and Primary Antibodies

HUVECs were obtained from Cell Applications, Inc., ECGS was from Millipore. VEGF-165
was from Serotec; GDF-2, HGF and FGF-2 were from Peprotech. Lipofectamine RNAIMAX
(LF) was from Life Technologies. Non-targeting pool siRNA, #D-001810-10-05, human
CD44 siRNA, #1L.-009999-00-0005, and human vimentin siRNA, #L-003551-00-0005 (ON-
TARGETplus SMARTpool) were from Thermo Fisher Scientific. siRNA target sequences are
listed in Supplemental Methods section in Online Resource 1. jetPEI-HUVEC transfection
reagent was from Polyplus-transfection SA. Annexin V-FITC and annexin binding buffer
were from BD Pharmigen. CellTiter-Glo reagent was from Promega. Primary antibodies,
dilution and source used in this study: anti-CD44 (2C5) mouse mAb 1/1000 from R&D
Systems, anti-VEGFR2 rabbit mAb (55B11) 1/1500 and anti-FGFR1 rabbit mAb (D8E4)
from Cell Signaling Technology and anti-GAPDH mouse mAb 1/10000 from Millipore, IM7
rat anti-mouse CD44 (MCA4703; AbD Serotec), rat anti-mouse CD44 KM81-biotin (Abcam).

Production of CD44-3MUT-Fc¢

CD44-3MUT with C-terminal human IgG1-Fc domain, recombinant human IgG1-Fc domain
(rhIlgG-Fc) and irrelevant human IgGl mAb were produced by Icosagen Cell Factory



(Estonia). Cystatin S signal peptide sequence was added to the N-terminus of the CD44-
3MUT-Fc cDNA and the gene was synthesized by Genewiz, Inc. The synthesized CD44-
3MUT-Fc ¢cDNA was cloned into RSV-LTR promoter containing pQMCF-5 expression
vector (Icosagen Cell Factory). The resulting expression plasmids were transfected into
CHOEBNALTSS cells (Icosagen Cell Factory) and the expressed Fc-fusion proteins were
purified by Protein G sepharose, followed by Superdex 200 gel-filtration chromatography.
The purified CD44-3MUT-Fc had a monomeric molecular weight of approximately 60 kDa.
The endotoxin level of the purified CD44-3MUT-Fc was < 10 EU/mg as determined by
chromogenic Limulus amebocyte lysate test (Lonza).

CD44-3MUT-Fc serum half-life

F344/NCrHsd male rats were from Harlan, Netherlands. The rats carried a polyurethane round
tipped jugular vein catheter for blood sampling (Harlan Laboratories Surgical Services). After
the pre-serum blood sample was taken, rats were injected intravenously via the tail vein with
3 mg of CD44-3MUT-Fc in 1 ml volume. Blood samples were collected using the jugular
vein catheter at different time points. Blood samples were held at 37°C for 30 min to allow
clot formation, and then centrifuged at 1300xg for 10 min at RT. The supernatants were
collected and stored at -20°C until assayed. For sandwich ELISA microwell plates were
coated with mouse anti-human IgG1 antibody clone G17-1 (BD Biosciences). Blocking was
performed with 1.5% BSA/PBS. Standards were step-diluted (40 pg/ml — 0 pg/ml) in 0.5%
BSA/PBS supplemented with 5%, 2% or 1% rat serum. Samples taken at different time points
(pre-serum, from as soon as possible to 24 hours) were diluted 1:50 or 1:100 in 0.5%
BSA/PBS solution and applied to wells. Biotin mouse anti-human IgG antibody clone G18-
145 (BD Biosciences) and streptavidin-HRP were used for detection. Tetramethylbenzidine
was used for color development. Concentration at time zero and half-life were estimated from
two-parameter exponential decay model with the function fix)=d(exp(—x/e)), where d is the
upper limit at x = 0, and e is the decay constant.

In Vivo Angiogenesis Assay

Animal experiments were conducted under the license of the Project Authorization
Committee for Animal Experiments of the Ministry of Rural Affairs of the Republic of
Estonia. We used the Directed in Vivo Angiogenesis Assay kit (DIVAA; Trevigen, USA)
according to manufacturers instructions. For the angiogenesis assay, 20 pl angioreactors were
filled with growth factor-reduced basement membrane extract containing 1.4 ng/ul FGF-2,
0.47 ng/pl VEGF and heparin for the induction of angiogenic response or an equal volume of
PBS for uninduced controls. Angioreactors were implanted subcutaneously into the
dorsolateral flank of 9-week-old athymic Nude-Foxnl/nu female mice (Harlan, Netherlands).
Cd44-null mice were of mixed inbred background (B6;129-Cd44tm1Hbg/J), termed
“Cd44KO mix”. B6;129 hybrid mice “WT mix” were used as controls. C57BL/6 and C3H
mice were obtained from Harlan, Netherlands. The experimental groups of wild-type and
Cd44-null mice comprised 8-11-week-old female and male mice. In one experiment, the
Cd44KO mix and the respective wild-type mice were 40-43 weeks old. For the angiogenesis
assay in the C57BL/6 genetic background, the Cd44-null allele was backcrossed for six
generations to C57BL/6 mice (Harlan, Netherlands); experimental groups contained an equal
number of female and male littermates. Implantation was performed on both flanks and one or
two angioreactors were inserted per flank into immune competent mice or nude mice,
respectively. Nude mice were injected intraperitoneally every second day with CD44-3MUT-
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Fe, irrelevant human IgG1l mAb, rhigG-Fc or vehicle (PBS) during two weeks. Mice were
sacrificed after 14 days from start of the experiment by carbon dioxide asphyxiation and
angioreactors were dissected. The angioreactor contents were retrieved and the EC that had
invaded the angioreactors were quantitated by FITC-Lectin (Griffonia simplicifolia lectin I)
staining [32]. Cell-bound fluorescence was measured at 485 nm excitation and 535 nm
emission wavelengths using a microtiter plate reader (Tecan, Swizerland). Data from
irrelevant human IgGl mAb and rhlgGl-Fc treatments were pooled for analysis. Raw
fluorescence values from each experiment were scaled by dividing by their root mean square.

Mouse sCD44 ELISA

For quantification of the serum levels of sCD44 in nude mice from the DIVAA experiments,
wild-type mice of different backgrounds (C3H, C57BL/6, mixed), and their Cd44-null,
heterozygous and wild-type littermates of the C57BL/6 background were used. For ELISA
measurements 96-well plates were coated with 50 ng IM7 Ab/well overnight (ON) at 4°C and
blocked with 5% non-fat dry milk for 2 h at 37°C. After blocking, samples and standards
(Recombinant Mouse CD44 Fc Chimera; R&D Systems) were incubated in wells for 30 min
at 37°C. Bound sCD44 was detected by incubating the plate with KM81-biotin Ab for 30 min
at 37°C. For color development, Vectastain ABC (Vector Laboratories) and
tetramethylbenzidine substrate were used. Absorbance was recorded at 450 nm using a
microtiter plate reader (Tecan).

HUVEC Growth and Treatments

HUVECs (passage 4-6) were cultured in 20% FBS containing M199 medium supplemented
with 4 mM L-glutamine, 50 pg/ml heparin, 10 mM Hepes, and 30 pg/ml ECGS. For
treatments, HUVECs were seeded into 0.1% gelatin-coated cell culture plates. After 24 h, the
cells were starved ON in M199 media supplemented with 1% FBS, 25 mM Hepes and 4 mM
L-glutamine. After starving, the cells were incubated with different concentrations of rhIgG-
Fc or CD44-3MUT-Fc in the 5% FBS containing HUVEC growth media (5% FBS, M199, 4
mM L-glutamine, 12.5 pg/ml heparin, 10 mM Hepes, and 7.5 pg/ml ECGS) for 1 h at 37°C;
and thereafter, stimulated with 25 ng/ml VEGF-165, 25 ng/ml FGF-2, 10 ng/ml GDF-2 or 63
ng/ml HGF. The cells were further grown for 48 or 72 h at 37°C.

Electric Cell-Substrate Impedance Sensing Assay

Cell layer impedance was recorded by an ECIS Z0 instrument connected to a computer
running an ECIS software version 1.2.169.0 (Applied Biophysics, USA). We used 96WE1+
PET plates, pretreated with 10 mM cysteine (Applied Biophysics, USA). HUVECs were
seeded at a density of 5000 cells/well. The final media volume during treatments was 175 pl
per well. Cell growth was monitored at seven frequencies in the range of 1000-64000 Hz.
Each well was measured approximately four times per hour. To summarize different
experiments, values for each experiment were binned by hours and hourly means were
calculated. The release mark from serum starvation was set as time point zero. Hourly means
of raw readings were normalized by dividing by the mean value of the first hour after time
point zero.
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Apoptosis and Cell Viability Assays

For the apoptosis assay HUVECs were cultured in 0.1% gelatin-coated 24-well plates at a
density of 25000 cells/well. Annexin V-FITC staining was performed according to
manufacturer’s protocol. Briefly, cells were incubated with 1:20 Annexin V-FITC in 50 pl of
annexin-binding buffer for 15 min at room temperature (RT) in the dark and analysed by
FACS Calibur (BD Biosciences). For the cell viability assay, HUVECs were cultured in 0.1%
gelatin-coated white 96-well cell culture plates (Greiner Bio-one) at a density of 5000
cells/well. After treatments, the cells were incubated with the CellTiter-Glo reagent (in a ratio
of 1:1 of reagent volume to media) for 10 min at RT and luminescence was recorded using a
microtiter plate reader. For analysis, raw luminescence values were min-max normalized.
Curves were fitted using a five parameter logistic equation: $f(x) = Bottom + \frac{Top-
Bottom} {(1+H\exp(HillSlope(\log(x)-\log(EC50))))"S}$.

HUVEC Transfection with siRNAs

siRNA transfections were performed using PEI or LF and 30 nM siRNAs. Transfection
reagents and siRNAs were separately diluted in serum-free DMEM (4500 mg/l glucose).
Diluted siRNA and transfection reagents were mixed and the transfection complex was
incubated for 15-20 min at RT. The cells were transfected in 2% FBS and 4 mM L-glutamine
containing DMEM (4500 mg/1 glucose) for 3 h (PEI transfection) or 4 h (LF transfection) at
37°C. Then, the transfection media was replaced with 20% FBS HUVEC culture media and
cells were further incubated for 24 h at 37°C. For impedance measurements, the transfected
cells were plated out at a 5000 cells/well density into cysteine pretreated and gelatin coated
96WE1+ PET plates. After starving, cells were stimulated with different concentrations of
GDF-2, VEGF or FGF-2 in 5% FBS containing HUVEC growth media. After 72 h of
incubation, the CellTiterGlo reagent was added to cells for cell viability measurement.

Western Blot Analysis

48 h after siRNA transfection, the cells were lysed in RIPA buffer (50 mM Tris pH 8.0, 150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing protease inhibitor
cocktail (Roche). The proteins (5 pg of total protein) were separated on 7.5-10% SDS-PAGE
gradient gel and transferred to PDVF membrane at 350 mA for 1.5 h. The membranes were
blocked in 5% whey in 0.1% Tween20-TBS (TBST) at RT for 1 h, followed by a primary Ab
incubation ON at 4°C and subsequent HRP-conjugated secondary Ab (Jackson
Immunoresearch) incubation for 1 h at RT in 2% whey in TBST.

Statistical Analysis

We used R version 3.3.1 (2016-06-21) for data analysis and graphs (for the complete list of
packages see Supplemental Methods in Online Resource 1). The percentile confidence
intervals were obtained using nonparametric bootstrap resampling on 1000 replications.
Cohen’s d effect sizes with bootstrap confidence intervals were calculated using the bootES
1.2 package. Bayesian credible intervals were obtained via the Markov chain Monte Carlo
method using the rjags 4.6 package. Scaling was done by dividing raw data by their root
mean square using the R function scale. The data are shown as mean = SEM.
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Supplementary Material

Supplemental Fig. 1 shows aortic fragment angiogenesis assay using aortic rings dissected
from wild-type and Cd44”" mice. Supplemental Fig. 2 shows the CD44-3MUT-Fc serum half-
life curve. Supplemental Fig. 3 shows the effect of CD44-3MUT-Fc on angiogenic growth
factor receptor activation. Supplemental Fig. 4 shows the immunofluorescence analysis of
GDF-2-induced pPSMAD1/5 nuclear localisation in CD44-silenced HUVECs and transcription
of SMAD target genes in CD44-silenced HUVECs in response to GDF-2 stimulation.
Supplemental Fig. 5 shows the BMP-responsive element reporter activity of 10 ng/ml GDF-2
stimulated HUVEC:s transfected with CD44 siRNA and treated with CD44-3MUT-Fc and in
vivo expression of SMAD target genes in mice treated with CD44-3MUT-Fc. Supplemental
Fig. 6 shows that CD44 silencing augments EC growth and EC barrier formation is
functional. Supplemental Table 1 gives the list of primers used for real-time gqPCR
experiments. Supplemental Table 2 gives the list of siRNA target sequences. Supplemental
Table 3 gives the list of loaded R packages to compile this document.
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EC — endothelial cell
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Fig. 1 Increased angiogenesis in CD44-null mice. (A) Angiogenesis was analysed in C3H,
C57BL/6, and in wild-type and Cd44”" mice of mixed genetic backgrounds (WT mix and
Cd44KO mix, respectively). Basement membrane extract—filled angioreactors containing
premixed FGF-2, VEGF and heparin or PBS for uninduced controls were implanted SC into
the flanks of mice. Each mouse received 2 angioreactors, 1 per flank. 14 days after
implantation, angioreactors were resected and the population of ECs within the angioreactor
matrix was assessed by FITC-lectin staining. The number of fluorescent cells was quantitated
by microplate reader. Raw readings from independent experiments were scaled by dividing by
their quadratic mean. N = 2—5 mice per condition from 2 independent experiments. P value is
from Student’s t-test. (B) Angiogenesis in Cd44”" mice and their heterozygous (Cd44"") and
wild-type (Cd44'"") littermate that had been backcrossed six generations to the C57BL/6
background. The data are represented as the mean + SEM. Each dot represents the mean of
two angioreactors for an individual mouse. N = 8 mice per condition from 2 independent
experiments. P values are from ANOVA post hoc comparisons using the Tukey HSD test.
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Fig. 2 Recombinant CD44-3MUT Fc fusion protein inhibits angiogenesis in vivo. First, the
assay and quantitation were performed similarly to those described in Fig. 1, except that each
mouse received 4 angioreactors, 2 per flank. The day after implantation, the mice started to
receive CD44-3MUT-Fc, control (rhlgG1-Fc) or vehicle (PBS) every second day via IP
injections for 14 days. (A) Schematic presentation of experimental design. (B) Relative blood
vessel invasion into matrix—filled angioreactors. The data are represented as the mean = SEM.
Datapoints show the mean of 4 angioreactors for individual mice. N — the number of
independent experiments. GF — growth factors (FGF-2/VEGF). (C) Effect size with 95%
confidence intervals (upper row) and P values (lower row) of pairwise comparisons of the
data shown in (B). Effect sizes were calculated by Cohen’s d formula. Confidence intervals

were derived using bootstrap resampling. P values are from t tests using pooled SD.
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Fig. 3 Soluble CD44 concentrations in mouse serum. Blood was collected from mice of
different genetic backgrounds and the mice used in the angiogenesis experiments shown in
Figs 1 and 2. (A) Serum levels of soluble CD44 in mice from different strains. Each dot
represents an individual mouse. Cross indicates the mean. P values are from ANOVA post
hoc comparisons using the Tukey HSD test. (B) The correlation between relative blood vessel
invasion and post-experiment serum sCD44 in wild-type mice. Cd44-null mice and nude mice
were excluded from the dataset. Pearson’s r and the associated P values are shown. (C) Post-
experiment serum levels of sCD44 in nude mice from different treatment groups. Treatments
where more than five mice were analysed are shown. Each dot represents an individual
mouse. Cross indicates the mean. GF — growth factors (FGF-2/VEGF). (D) The correlation
between relative blood vessel invasion and post-experiment serum sCD44 in nude mice.
Pearson’s r and the associated P values are shown. In (B and D), dashed line is the linear
model fit, gray shading is the standard error interval of fitted values.
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Fig. 4 CD44-3MUT-Fc inhibits EC growth. (A) Real-time track of cell adhesion and
synchronisation of HUVECs seeded onto 96-well electrode arrays. After seeding, the cells
were grown for about 24 h. After that the cells were starved overnight in the media
supplemented with 1% FBS (gray area). 1 h before the release from serum starvation (vertical
dashed line) the cells were preincubated with different concentrations of rthigG-Fc or CD44-
3MUT-Fc in 5% FBS—containing media. (B) Growth curves of HUVECs released from serum
starvation by supplementing preincubation media with 25 ng/ml VEGF. Facet labels show
rhlgG-Fc or CD44-3MUT-Fc concentrations during preincubation. The data are represented
as the mean £ SEM. N — the number of independent experiments. (C—F) HUVECs were
synchronised and pretreated as in panel A. After preincubation, the cells were stimulated
either with 25 ng/ml FGF-2 (C), 25 ng/ml VEGF (D), 63 ng/ml HGF (E) or 10 ng/ml GDF-2
(F). After 72 h, the number of viable cells was quantitated by measuring the ATP per well.
Left: the effect of growth factor stimulation and the effect of 10 nM fumagillin (FUM) as a
positive control for inhibition of cell proliferation. Right: the dose-response curves of rhigG-
Fc (filled triangles) and CD44-3MUT-Fc (filled circles). The data are represented as the mean
+ SEM. N = 3—4 independent experiments. (G) CD44-3MUT-Fc dose-response curves for
FGF-2, GDF-2, HGF or VEGF stimulated HUVEC. The data are represented as the mean +
SEM. (H) Apoptosis of HUVECs stimulated with different growth factors and treated with
12.64 uM ( -4.9 logip M) rhlgG-Fc, CD44-3MUT-Fc or left untreated. Apoptosis was
quantitated by Annexin V staining. The data are represented as the mean £+ SEM. N = 2
independent experiments. P values are from the ANOVA post hoc comparisons using the
Tukey HSD test.
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Fig. 5 CD44 knockdown augments EC growth. siRNA transfected HUVECs were plated onto
96-well electrode arrays. After 24 h, the cells were starved in 1% FBS media overnight. After
starving, the cells were released from cell cycle block by the addition of 20% FBS (A); 8
ng/ml, 25 ng/ml, or 79 ng/ml FGF-2 or VEGF (C); and 2.5 ng/ml or 10 ng/ml GDF-2 (E).
Following stimulation, HUVEC growth was monitored by recording electrode impedance.
Raw impedance readings are shown to allow direct comparison to endpoint measurements. N
=2 for 5% and 20% FBS, 25 ng/ml and 79 ng/ml FGF-2, and 8 ng/ml and 25 ng/ml VEGF.
(B, D, F) 72 h after release from cell cycle block the viable cell numbers were determined by
measuring the ATP per well. Treatments are labeled as shown in (B). The data are represented
as the mean = SEM. P values are from the ANOVA post hoc comparisons using the Tukey
HSD test. P values < 0.05 of siCD44-siNTP comparisons are shown. siCD44-siNTP
comparisons: N =4 for 2.5 ng/ml and 10 ng/ml GDF-2, and N =5 for 20% FBS, 25 ng/ml and
79 ng/ml FGF-2, and 8 ng/ml and 25 ng/ml VEGF. (G) Western blot analysis of CD44
silencing in HUVECs transfected with 30 nM siRNAs for 48 h. siNTP — non-targeting siRNA
pool, siVIM — vimentin-targeting pool, siCD44 — CD44-targeting pool, UT — non-transfected
cells.

Tables

Table 1. Soluble CD44 level in mouse serum. Concentration is shown as mean = SEM.
Strain sCD44, pg/ml N  95% credible interval

B6 2.4+0.07 28 2.3-2.6

B6.Cd44"" 1.7+0.1 6 1221

C3H 23+0.1 8 226

Nude 2.6 £0.06 55 2.5-2.7
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Supplementary Material

Supplemental Figures

wild-type Cdd44-/-

Supplemental Fig. 1 Aortic fragment angiogenesis assay. 10-12 weeks old male and female
wild-type and Cd44”" mice were anaesthetized and thoracic aortae were dissected. Aortas
were transferred to a Petri dish containing ice cold 1x MEM immediately after dissection and
held on ice. Periaortic fibroadipose tissue and small lateral vessels were removed and aortas
were cut into fragments. Collagen gel (7.5 vol of type 1 collagen 2 mg/ml, 0.02N acetic acid
was used for concentration adjustment, 1 vol of 10x MEM and 1.5 vol of 1.4% NaHCO3;
prepared on ice, gently mixed to avoid bubble formation, pH = 7.4) was pipetted into 8-well
flexiPERM silicone chamber attached to Petri dish, 150 ul per well. Rat tail collagen type-1
was from BD Biosciences. Wells were filled with the first layer of collagen and were left at
37°C for 10 min to allow the collagen to polymerize. Then aortic rings were placed onto first
collagen gel layer and embedded into collagen. Collagen gel embedded aortic fragments were
grown in M199 media supplemented with 2.5% autologous mouse serum, 4 mM GlutaMAX
and penicillin-streptomycin. Aortic fragment cultures were incubated at 37°C for 14 days.
Images were acquired with Zeiss Stereo Discovery V8 microscope.
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Supplemental Fig. 2 CD44-3MUT-Fc serum half-life. CD44-3MUT-Fc showed 158 mL/h
clearance and 17 min serum half-life in rats after intravenous administration. Volume of
distribution was 45 ml or 18% TBW. Dots or triangles represent CD44-3MUT-Fc
concentrations predicted from 100- or 50-fold sample dilutions respectively.
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Supplemental Fig. 3 The effect of CD44-3MUT-Fc and CD44 silencing on angiogenic
growth factor receptor activation. Western blot analysis of synchronized HUVEC pretreated
with CD44-3MUT-Fc in 5% FBS media for 1 h and subsequently released from cell-cycle
block by stimulation with 25 ng/ml VEGF (A) or 63 ng/ml HGF (B). After growth factor
stimulation, cells were further grown for 72 h before western blot analysis was performed. (C)
siCD44 or control (siNTP) transfected HUVECs were synchronized by serum starvation for 6
h and released from cell-cycle block by stimulation with 25 ng/ml VEGF for 10 min. siNTP —
non-targeting siRNA pool, siCD44 — CD44-targeting pool. pVEGFR2, pY1175 VEGFR2.
pMET, pY1234/1235 MET.
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Supplemental Fig. 4 CD44 is not critical for GDF-2/ALK1-dependent SMAD signaling. (A
to C) siRNA transfected HUVECs were starved in 1% FBS media for overnight. After
starving, cells were stimulated 2 h with 2.5 ng/ml GDF-2. (A) Fluorescent confocal
microscopy analysis of pSMAD1/5 nuclear location in CD44-silenced HUVEC in response to
GDF-2 stimulation. Cells were stained with anti-CD44 antibody (red), anti-
PSMAD1/5(pS463/465) antibody (green) and Hoechst (blue). Maximum intensity projections
of confocal image stacks are shown. Bars, 50 um. (B) Quantitation of anti-CD44 and anti-
PSMAD1/5 staining. Integrated and mean intensities per cell or in nuclei of anti-CD44 or anti-
pSMADI1/5 stainings are shown, respectively. Legend key is shown in panel C. (C)
Transcription of SMAD target genes in CD44-silenced HUVEC in response to GDF-2
stimulation. Gene expression is shown relative to uninduced siNTP-transfected cells. Cross is
mean and errorbar shows + SEM. N = 4 independent experiments. Dots are means from
independent experiments. siNTP — non-targeting siRNA pool, siCD44 — CD44-targeting pool.
See also Supplemental Methods.

25



=+ siNTP
1.5 siCD44

=

=

§ = . GDF-2

(¢]

S0 é’go &

=L e 19 19 & A

% FBS FBS 4 12 4 12 pmol/L

5 - [ ] pSMADIS

> I

go.s ® e L ——— | Alk1

©

B % | s | GAPDH

O'O- = T T T T
Unind. + GDF-2 + GDF-2+ GDF-2 +
uT uTt rhigG-Fc 3MUT-Fc
c
Cdkn2b Id1 Myc Smad6 Smad7 Cd44 Ptgs2 Siah1 Vegfc
21 s Py @ ®
N 8 ° - e
ARUELEELIEE S AR R ALY £ YT IR0E I 7% SES
U ELIEE LSS AR 5 £ WY EURAE I PSSP
=2} L ) [] ¥
o ® ®
© e []
= 2
% " ° e ® L
o
IV
-4
[ ]

(IR AIPAY] D 40 QO D GO GO D O O (IR AIPAC] (JPAIPAY] D GO O D O GO D O O
T T T S S TG TS I8 Ffs
A R S A R O

Supplemental Fig. 5 CD44 is not involved in GDF-2/ALK1-dependent SMAD signaling. (A)
BMP-responsive element reporter activity of 10 ng/ml GDF-2 stimulated HUVECs
transfected with CD44 siRNA and treated with CD44-3MUT-Fc. (B) Western blot analysis of
HUVEC treated with CD44-3MUT-Fc in 1% FBS starvation media for 6 h and subsequently
stimulated with 10 ng/ml GDF-2 for 30 min. pPSMADI/5, pS463/465 SMAD1/5. (C) In vivo
expression of SMAD target genes in mice treated with CD44-3MUT-Fc. RNA was isolated
from lungs of mice treated with 15 mg/kg CD44-3MUT-Fc or higG-Fc in angiogenesis
experiments described in Fig 2. Dots are individual mice, cross is mean and errorbar shows +
SEM. N = 6 mice from two independent experiments. siNTP - non-targeting siRNA pool,
siCD44 - CD44-targeting pool. See also Supplemental Methods.
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Supplemental Fig. 6 CD44 silencing augments EC growth, barrier formation is functional.
siRNA transfected HUVECs were plated onto 96-well electrode arrays. After 24 h, cells were
starved in 1% FBS media for overnight (gray area). After starving, cells were released from
cell cycle block by addition of different concentrations of FGF-2 or VEGF. Following
stimulation, HUVEC growth was monitored by measuring electrode impedance at different
AC frequencies (A). Measurements recorded at 16000 Hz are shown in Fig. 5C. (B) After
experiment, barrier function (Rb) of cell layer was modeled using ECIS software [1]. Data are
represented as mean £ SEM. UT — non-transfected, siNTP — non-targeting siRNA pool,
siCD44 — CD44-targeting pool, siVIM — vimentin-targeting pool.

Supplemental Methods

CD44-3MUT-Fc serum half-life

F344/NCrHsd male rats were from Harlan, Netherlands. Rats carried polyurethane round
tipped jugular vein catheter for blood sampling (Harlan Laboratories Surgical Services). After
pre-serum blood sample was taken, rats were injected intravenously via tail vein with 3 mg of
CD44-3MUT-Fc in 1ml volume. Blood samples were collected using jugular vein catheter at
different time points. Blood samples were held at +37°C for 30 min to allow clot formation
and then centrifuged at 1300-g for 10 min at RT. The supernatants were collected and stored
at -20°C until assayed. For sandwich ELISA microwell plates were coated with mouse anti-
human IgG1 antibody clone G17-1 (BD Biosciences). Blocking was performed with 1.5%
BSA/PBS. Standards were step-diluted (40 pg/ml — 0 pg/ml) in 0.5% BSA/PBS supplemented
with 5%, 2% or 1% rat serum. Samples taken at different time points: pre-serum, asap to 24
hours were diluted 1:50 or 1:100 in 0.5% BSA/PBS solution and applied to wells. Biotin
mouse anti-human IgG antibody clone G18-145 (BD Biosciences) and streptavidin-HRP was
used for detection. Tetramethylbenzidine was used for color development. Concentration at
time zero and half-life was estimated from two-parameter exponential decay model with
function f{x)=d(exp(—x/e)), where d is upper limit at x = 0, and e is decay constant.

Bre-Luc Reporter Assay

For reporter assay siRNA transfected HUVECs were seeded in 24-well plates 25000
cells/well. The next day cells were co-transfected with Idl-promoter derived reporter
construct BRE-Luc and pLacZ. BRE-Luc reporter plasmid was a gift from Martine Roussel &
Peter ten Dijke [2](Addgene plasmid #45126). pLacZ was used for normalization of internal
transfection efficiency. Transfection was carried out using jetPEI-HUVEC transfection
reagent according to manufacturer’s protocol. For transfection 900 ng BRE-Luc, 100 ng
pLacZ and 2 pl jetPEI-HUVEC per well was used. Cells were incubated with transfection
complex in 2% FBS-DMEM (4500 mg/l glucose) for 3 h. Then, transfection media was
changed to 0.1% FBS containing starvation media and cells were further incubated with 4 uM
hlgG-Fc or CD44-3MUT-Fc in the presence of 10 ng/ml GDF-2 for ON at 37°C. Cells were
lysed and luciferase and B-galactosidase activity was determined using TECAN microtiter
plate reader.
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Fluorescence Confocal Microscopy

siRNA transfected HUVECs were seeded into 0.1% gelatin-coated 8-well microscopy slides
24000 cells/well. After 24 h cells were switched to 0.1% FBS containing starvation media
(M199, 0.1% FBS, 4 mM L-glutamine, 25 mM Hepes pH 7.4) for 6 h and then induced with
2.5 ng/ml GDF-2 for 2 h at 37°C. For immunofluorescence staining cells were fixed in freshly
made 4% formaldehyde in PBS 10 min on ice followed by 10 min at RT. Primary Ab (mouse
anti-human CD44 antibody MEM-263 from Exbio; anti phospho-SMAD1/5/8 rabbit mAb
from Cell Signaling Technology) and fluorescently labelled secondary Ab (Alexa Fluor 488
or -568 conjugated secondary antibodies from Molecular Probes) stainings were performed
sequentially in PBS/0.1% BSA buffer containing 0.1% saponin for 1 h at RT or ON at 4°C.
Nuclei were stained with Hoechst 33285 (Sigma). Slides were mounted using Mowiol 4-88
(Sigma). Images were acquired using a Zeiss LSM 510 microscope with Plan-Apochromat
20x/0.8 M27 objective (Carl Zeiss). For each independent experiment, three random fields per
well were acquired from two wells per condition. Confocal image stacks were converted to
maximum intensity projections using Fiji software [3]. Maximum intensity projections of
image channels were segmented and quantitated using CellProfiler software [4].

Quantitative RT-PCR

For quantitative RT-PCR cells were seeded in 6-cm cell culture dish at density 320000
cells/plate. Treatments were performed as in immunofluorescence experiments (see the
Fluorescence confocal microscopy section). Total RNA was isolated from cells or snap-frozen
tissues using RNeasy Plus Mini kit (Qiagen). cDNA was synthesized using SuperScript VILO
Kit (Invitrogen). Quantitative RT-PCR was performed using Hot Firepol Evagreen qPCR Mix
Plus reagent (no ROX; Solis Biodyne) in LightCycler 480 II instrument (Roche). Relative
gene expression was determined by ddCt method using GAPDH and ACTB as reference
genes.

Supplemental Table 1 List of primers used for real-time qPCR experiments.

Gene Forward primer (5°-3”) Reverse primer (5’-3)
Cdkn2b CCCTGCCACCCTTACCAGA CAGATACCTCGCAATGTCACG
Id1 ACCCTGAACGGCGAGATCA TCGTCGGCTGGAACACATG

Myc ATGCCCCTCAACGTGAACTTC GTCGCAGATGAAATAGGGCTG
Smad6 TTCTCGGCTGTCTCCTCCTGA  GTGGCCTCGGTTTCAGTGTAAGA
Smad7 GGCCTATCCACAGGCTTCTGA GTGACAGGCGGCAGTAAGACA
Gapdh  AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

Ptgs2 AGATTGCTGGCCGGGTTGCTG CAGGGAGAAGCGTTTGCGGT
Actb GCCCTAGGCACCAGGGTGTG GGGGCCACACGCAGCTCATT
Vegfc GGGGGCGAGGTCAAGGCTTTT GCCTTTCCGCAGCTGGCACT
Cd44 TGCCTCAGCCCCTCCTGAAGA TGGAGCCGCTGCTGACATCG
Siahla ~ AGGAATTCCAGAAAGGCAAGGT AGAGACAAGAGCATCCTGCAC
CDKN2B AAGCTGAGCCCAGGTCTCCTA CCACCGTTGGCCGTAAACT

ID1 GGCTGTTACTCACGCCTCAAG CCAACTGAAGGTCCCTGATGTAG
MYC CGTCTCCACACATCAGCACAA CACTGTCCAACTTGACCCTCTTG
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Supplemental Table 1 List of primers used for real-time qPCR experiments.

Gene Forward primer (5°-3°) Reverse primer (5’-3)

SMAD6 TCTCCTCGCGACGAGTACAAG GGAGCAGTGATGAGGGAGTTG
SMAD7 AGAGGCTGTGTTGCTGTGAATC GCAGAGTCGGCTAAGGTGATG
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

Western Blot Analysis of Activation of Angiogenic Growth Factor Receptors

CD44 silencing was performed as described in Materials and methods (see HUVEC
transfection with siRNAs section). 42 h after transfection, cells were switched to 0.1% FBS-
containing starvation media (M199, 0.1% FBS, 4 mM L-glutamine, 25 mM Hepes pH 7.4) for
6 h and then induced with 25 ng/ml VEGF for 10 min at 37°C. After VEGF induction cells
were lysed and subjected to Western blot analysis (see Materials and methods, Western blot
analysis section). To evaluate whether CD44-3MUT-Fc¢ affects VEGF, HGF or GDF-2
mediated receptor activation, HUVEC were seeded in 0.1% gelatin-coated 6-well plates
80000 cells/well. VEGF and HGF stimulated cells were grown and treated as described in
Materials and methods (see HUVEC growth and treatments section). Briefly, serum-starved
HUVEC were treated for 72 h with 4 pM rhlgG-Fc or CD44-3MUT-Fc in the presence of 25
ng/ml VEGF or 63 ng/ml HGF. After treatments cells were lysed in RIPA buffer (50 mM Tris
pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented
with 1 mM Na3VO4, 10 mM NaF and protease inhibitor cocktail. For analyzing GDF-2
mediated SMADI1/5 activation in response to CD44-3MUT-Fc treatment, 24 h after seeding
cells were treated with 4 and 12 uM rhIigG-Fc or CD44-3MUT-Fc in 1% FBS containing
starvation media (M199, 1% FBS, 4 mM L-glutamine, 25 mM Hepes pH 7.4) for 6 h and then
stimulated with 10 ng/ml GDF-2 for 30 min at 37°C. Subsequently cells were lysed in 70 pl
of 1x Laemmli’s sample buffer. 10 ug of VEGF and HGF or 20 pl of GDF-2 stimulated
samples were subjected to western blot analysis, which was carried out essentially as
described in Materials and methods (see Western blot analysis section). Except, 5% BSA-
TBST was used for primary Ab incubation and 5% or 2% skimmed milk-TBST respectively
for blocking and secondary Ab incubation. Following Abs were used for western blot: anti-
GAPDH mouse mAb 1/10000 from Millipore; anti phospho-SMAD1/5/8(Ser463/465) rabbit
mAb (D5B10) 1/1000, anti-phospho-VEGFR2(Tyr1175) rabbit mAb (D5B11) 1/1000, anti-
phospho-Met(Tyr1234/1235) rabbit mAb (D26) 1/1000 and anti-VEGFR2 rabbit mAb
(55B11) 1/1500 from Cell Signaling Technology; anti-Met rabbit pAb (C-28) 1/1000 and
anti-Alk-1 goat pAb (D-20) 1/1000 from Santa Cruz Biotechnology.

Supplemental Table 2 List of siRNA target sequences.

Gene Entrez gene id Catalog # Target sequence

CD44 960 J-009999-06 GAAUAUAACCUGCCGCUUU
CD44 960 J-009999-07 CAAGUGGACUCAACGGAGA
CD44 960 J-009999-08 CGAAGAAGGUGUGGGCAGA
CD44 960 J-009999-09 GAUCAACAGUGGCAAUGGA
VIM 7431 L-003551-06 UCACGAUGACCUUGAAUAA
VIM 7431 L-003551-07 GAGGGAAACUAAUCUGGAU
VIM 7431 L-003551-08 UUAAGACGGUUGAAACUAG
VIM 7431 L-003551-09 GGAAAUGGCUCGUCACCUU
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Supplemental Table 2 List of siRNA target sequences.

Gene Entrez gene id Catalog # Target sequence

NTP NA D-001810-10-05 UGGUUUACAUGUCGACUAA
NTP NA D-001810-10-05 UGGUUUACAUGUUGUGUGA
NTP NA D-001810-10-05 UGGUUUACAUGUUUUCUGA
NTP NA D-001810-10-05 UGGUUUACAUGUUUUCCUA
Reproducibility

This article and supplemental information is written in knitr [5], an R package for
reproducible research. For reproducibility, all graphs, computations and statistics were
computed at the same time that the text was typeset. The source code of the article and
supplemental information is available upon request. The data files are available upon request.

Supplemental Table 3. List of loaded R packages.

Package Version Date Source

boot 1.3-18 2016-02-23 CRAN (R 3.3.0)
bootES 1.2 2015-08-14 CRAN (R 3.3.0)
broom 0.4.1  2016-06-24 CRAN (R 3.3.1)
coda 0.18-1 2015-10-16 CRAN (R 3.3.0)
DBI 0.4-1  2016-05-08 CRAN (R 3.3.0)
dplyr 0.5.0  2016-06-24 CRAN (R 3.3.1)
drc 2.5-12  2015-04-14 CRAN (R 3.3.0)
Formula 1.2-1  2015-04-07 CRAN (R 3.3.0)
geepack 1.2-0.2 2016-07-05 CRAN (R 3.3.1)
ggplot2 2.1.0  2016-03-01 CRAN (R 3.3.0)
ggthemes 32.0 2016-07-11 CRAN (R 3.3.1)
gridExtra 22.1  2016-02-29 CRAN (R 3.3.0)
gtable 0.2.0  2016-02-26 CRAN (R 3.3.0)
Hmisc 3.17-4  2016-05-02 CRAN (R 3.3.0)
imager 0.20 2016-04-28 CRAN (R 3.3.1)
knitr 1.13 2016-05-09 CRAN (R 3.3.1)
lattice 0.20-33 2015-07-14 CRAN (R 3.2.1)
lubridate 1.5.6  2016-04-06 CRAN (R 3.3.0)
magrittr 1.5 2014-11-22 CRAN (R 3.3.1)
MASS 7.3-45 2015-11-10 CRAN (R 3.3.0)
MESS 0.4-3  2016-06-21 CRAN (R 3.3.1)
plyr 1.8.4  2016-06-08 CRAN (R 3.3.1)

png 0.1-7  2013-12-03 CRAN (R 3.3.0)
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Supplemental Table 3. List of loaded R packages.

Package Version Date Source
ProjectTemplate 0.6 2014-10-06 CRAN (R 3.3.0)
reshape2 1.4.1  2014-12-06 CRAN (R 3.3.0)
rjags 4-6 2016-02-19 CRAN (R 3.3.0)
rmarkdown 1.0 2016-07-08 CRAN (R 3.3.1)
RSQLite 1.0.0  2014-10-25 CRAN (R 3.3.0)
runjags 2.0.4-2 2016-07-25 CRAN (R 3.3.1)
scales 0.4.0 2016-02-26 CRAN (R 3.3.0)
survival 2.39-5 2016-06-26 CRAN (R 3.3.1)
tidyr 0.6.0 2016-08-12 CRAN (R 3.3.1)
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US 8,524,666 B2

1
METHODS OF USING VIMENTIN TO
INHIBIT ANGIOGENESIS AND
ENDOTHELIAL CELL PROLIFERATION

SEQUENCE LISTING

This application contains nucleotide sequence and amino
acid sequence disclosures which are provided in sequence
listing.

TECHNICAL FIELD

The invention relates to a method of treatment for states
related to inhibition of angiogenesis and endothelial cell pro-
liferation.

TECHNICAL BACKGROUND

CD44 is a transmembrane glycoprotein which functions as
cell surface hyaluronic acid (HA) receptor (Aruffo A et al.
Cell. 1990 Jun. 29; 61(7):1303-13.). CD44 is involved in cell
adhesion on HA, cell migration and HA metabolism.

We have discovered earlier that soluble recombinant CD44
hyaluronic acid binding-domain (CD44-HABD) inhibits
angiogenesis in vivo (Pall T et al, Oncogene. 2004 Oct. 14;
23(47):7874-81.). Importantly, CD44-HABD inhibits angio-
genesis and endothelial cell proliferation independently of
HA-binding (Pall et al, supra). Therefore the inventors
hypothesized that CD44 binds to another ligands besides HA
on endothelial cells to exert its effects.

Thus, there is a need to find molecules interacting with
CD44-HABD, in order to further understanding and control
angiogenesis and endothelial cell proliferation, and to pro-
vide therapeutic treatment for related states. It is therefore an
object of the invention to identify such molecules.

Vimentin is known to be overexpressed in tumor endothe-
lium and targeting vimentin using an antibody has been
shown to inhibit angiogenesis both in vivo and in vitro (WO/
2007/039255).

SUMMARY OF THE INVENTION

The inventors have now been able to identify one binding
partner to CD44, namely vimentin. The inventors have sur-
prisingly found that purified vimentin protein and fragments
thereof inhibit endothelial cell proliferation and thereby
inhibit angiogenesis.

Thus, in a first aspect, the invention provides a method of
treatment for states related to inhibition of angiogenesis and/
or endothelial cell proliferation comprising administering an
effective amount of vimentin or its derivatives or its frag-
ments, to a subject in need thereof. The vimentin may be in its
unmodified and/or phosphorylated form and/or an otherwise
modified variant.

In one embodiment, the vimentin has to be at least 95%
homologuous to human vimentin amino acid sequence, pref-
erably 100% homologous to SEQ ID NO: 1.

In one embodiment, the vimentin fragment comprises at
least amino acids 1-97 of a full length vimentin, preferably
the amino-acids 1-97 of human vimentin (SEQ ID NO: 12).

In further embodiments the state to be treated is chosen
from the following group: ocular diseases causing blindness
or impaired vision, states of chronical inflammation, psoria-
sis, atherosclerosis, restenosis, cancer growth and metastasis,
all forms of cancer diseases and tumours, and hemangioma.

2

In a second aspect of the invention, the invention provides
a method for screening for a binding partner for vimentin,
comprising the steps of:

providing the molecule comprising the vimentin binding

5 domain;

contacting a potential binding partner to vimentin or its
derivative or its fragment; and

determining the effect of said potential binding partner on
vimentin.

In one embodiment of the second aspect the potential bind-
ing partner is chosen from the group comprising pep-
tides and proteins.

In another embodiment a pharmaceutical composition is
provided comprising at least one vimentin binding partner
according to the method of the second aspect and/or vimentin
3 in mixture or otherwise together with at least one pharmaceu-

tically acceptable carrier or excipient.

In a further embodiment, a method for the treatment of
states chosen from ocular diseases causing blindness or
impaired vision, states of chronical inflammation, psoriasis,

20 atherosclerosis, restenosis, cancer growth and metastasis, all
forms of cancer diseases and tumours, and hemangioma is
provided, comprising administering to the patient a pharma-
ceutical composition according to the above embodiment.

In a third aspect, a medicament comprising vimentin or its
derivatives or its fragments is provided. Preferably the vimen-
tin or the fragment has a sequence that is at least 95% homolo-
gous to SEQID NO: 1. More preferably the sequence is 100%
homologous to SEQ ID NO: 1. In other preferable embodi-
ments of the third aspect, the fragment comprises amino-
acids 1-97 of a vimentin. In a further embodiment, the frag-
ment comprises the amino acid sequence of SEQ ID NO: 12.

In a fourth aspect, a use of vimentin or its derivatives or its
fragments in the manufacture of a medicament for treating
states related to inhibition of angiogenesis and/or endothelial
cell proliferation is provided.
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DEFINITIONS

By “vimentin or its derivatives or its fragments” is meant
any molecule, such as an analogue to vimentin, showing a
similar or basically the same effect, or a fragment of vimentin,
as well as a fusion protein comprising vimentin, or at least an
active fragment of vimentin, showing similar or basically the
same effect as vimentin. Examples include fusion proteins of
vimentin and a fusion partner such as GST, GFP, FLAG, Fc,
etc.

By “analogues and recombinant variants” of a molecule
comprising vimentin, are meant molecules, such as fusion
proteins, comprising vimentin, thereby at least partly exerting
essentially the properties of the vimentin.

By “states related to the inhibition of angiogenesis and/or
endothelial cell proliferation” are meant such states and dis-
eases, which may be treated or affected by an inhibition of the
angiogenesis and/or endothelial cell proliferation.

By “abinding partner” for amolecule comprising vimentin
is meant a molecule having affinity for vimentin or mutants
thereof.

By “a receptor molecule, or a part of a receptor molecule”
is meant a molecule acting as a receptor, or being part of a
receptor.

By “a modified variant” is in the context of the invention
60 meant any modification to a normal wild type-molecule, such

as deletions, insertions, substitutions, analogs, fragments or
recombinant variants thereof.
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DETAILED DESCRIPTION OF THE INVENTION

The inventors set out to search for proteins that can interact
with CD44-HABD independently of its hyaluronic acid bind-
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ing capability by using GST-tagged CD44-HABD
R41AR78SY79S mutant (CD44-3MUT). The inventors used
GST pull-down and peptide mass fingerprinting to identify
proteins from human endothelial cells interacting with CD44-
3MUT. Here the inventors have discovered that CD44-3MUT
binds vimentin expressed on endothelial cell surface. The
inventors have found that purified recombinant bacterially
expressed vimentin inhibits endothelial cell proliferation in
vitro and neoangiogenesis in chick chorio allantoic mem-
brane (CAM). This especially surprising since antibodies
against vimentin has been reported to block angiogenesis
(WO/2007/039255).

It was recently found that vimentin is secreted by macroph-
ages and vimentin secretion is regulated by pro- and anti-
inflammatory cytokines (Mor-Vaknin et al. Nat Cell Biol.
2003 January; 5(1):59-63). Vimentin is an intermediate fila-
ment protein expressed in cells of mesodermal origin. Vimen-
tin deficient mice develop and reproduce normally (Colucci-
Guyon et al. Cell. 1994 Nov. 18; 79(4):679-94). However, it
was found that blood vessel integrity is compromised in
vimentin knock-out (KO) mice. Kidneys from vimentin KO
mice synthesize less vasodilating agent nitric oxide and renal
arteries in these mice are more sensitive to vasoconstricting
peptide endothelin. Resulting endothelin/nitric oxide imbal-
ance leads to an impairment of flow-induced vasodilation and
causes lethality in pathological conditions, such as reduction
of renal mass (Terzi et al. Am J. Pathol. 1997 April; 150(4):
1361-7). Nieminen et al. found that vimentin plays role in
lymphocyte adhesion to endothelial cells and transendothe-

lial migration (Nieminen et al. Nat Cell Biol. 2006 February; 3

8(2):156-62).

The anti-angiogenic activity of vimentin was localized to a
N-terminal fragment of vimentin comprising amino-acids
1-97 of vimentin (see example 7). In one embodiment, vimen-
tin fragments comprising this fragment are used for the
claimed invention. More preferably, the fragment comprises
amino-acids 1-97 of human vimentin having the amino acid
sequence of SEQ ID NO: 12.

As shown in FIG. 8, the vimentin protein amino-acid
sequence is highly conserved. Therefore, it is likely that
vimentin protein from one species would have the same func-
tion in another species, e.g. rodent vimentin would give the
same effect in humans as in rodents. For instance, in the
CAM-assay the human vimentin is effective in chick.

The embodiments listed above may be freely combined
with one another. Thus, the details and particulars described
above and in the claims apply mutatis mutandis to any other
embodiments of the invention. While the invention has been
described in relation to certain disclosed embodiments, the
skilled person may foresee other embodiments, variations, or
combinations which are not specifically mentioned but are
nonetheless within the scope of the appended claims.

All references cited herein are hereby incorporated by ref-
erence in their entirety.

The expression “comprising” as used herein should be
understood to include, but not be limited to, the stated items.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1C. Recombinant Vimentin Bacterial Expres-
sion and Purification.

Human vimentin (SEQ ID NO: 1) coding sequence was
subcloned into N-terminal His-tag containing bacterial
expression vector pET15b. Vimentin expression in bacteria
was induced by IPTG and majority of recombinant protein
was expressed into inclusion bodies. His-tagged vimentin
was purified by using Ni affinity-resin under denaturing con-
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ditions. Recombinant protein expression and purification
steps were analysed by commassie brilliant blue staining of
SDS polyacrylamide gel electrophosesis separated proteins.
A, induction of vimentin expression in different . co/i BL.21
strains. B, optimisation of vimentin induction temperature in
E. coli BL21. Under these conditions vimentin was expressed
into inclusion bodies. C, analysis of different purification
steps. Arrowhead indicates the position of recombinant
vimentin.

FIGS. 2A-2C. CD44-3MUT Binds Endogenous Vimentin.

GST pull-down was used to identify CD44-HABD binding
proteins in HUVEC. A, CD44-HHABD and its HA non-bind-
ing CD44-3MUT precipitate vimentin from HUVEC lysate.
B, CD44-3MUT precipitates 60 kD protein from cell surface
biotinylated HUVEC lysate after VEGT stimulation and this
pull-down reaction contains vimentin, C. Sequential strepta-
vidin precipitation from GST pull-down eluates was analysed
by western blotting with anti-vimentin specific mAb.

FIG. 3. Vimentin Treatment Blocks Angiogenesis In Vivo
in Chick Chorio-Allantoic Membrane.

Angiogenesis was induced in 10-day old chick CAM’s
under TGF-a soaked paper filter disc, followed by ectopical
addition of indicated recombinant proteins or vehicle alone.
72 hours later, filter discs and surrounding CAM was dis-
sected and angiogenesis was quantified by counting blood
vessel branch points directly under filter disc. For analysis,
normalised data from five independent experiments was
pooled. Data show mean#s.e.m. Statistical analysis was per-
formed using unpaired two-tailed Student’s t test.

FIG. 4. Vimentin Treatment Inhibits Vessel Growth in
Chick Aortic Arch Angiogenesis Assay.

Vessel growth was induced from aortic arch pieces of
14-day old chick embryo by addition of VEGF. Twenty four
hours later, organ cultures were fixed and angiogenic
response was quantified by measuring the distance of vessel
tip from aortic tissue. For statistical analysis, normalised data
from three to five experiments were pooled. Data show
meanss.e.m. Statistical analysis was performed using
unpaired two-tailed Student’s t test.

FIGS. 5A and B. Vimentin is Expressed on Endothelial
Cell Surface.

A, exponentially growing HUVEC were cell surface bioti-
nylated and anti-vimentin or -CD44 mAb-s were used for
immunoprecipitation. Immunoprecipitated proteins were
visualised by strepavidin-HRP staining B, trypsinised
HUVEC were methanol permeabilised or formaldehyde fixed
and stained with anti-vimentin mAb and analysed by FACS.

FIGS. 6 A and B. Recombinant Vimentin Treatment Inhib-
its Proliferation of Endothelial Cells In Vitro.

Primary HUVEC were either treated 24 h with 10 microg/
ml of indicated proteins or left untreated, respectively, and
cell cycle profiles were measured. A, cell cycle profiles from
anti-BrdU and propidium iodide double staining of HUVEC
from representative experiment. B, the proportion of prolif-
erating cells in cell cycle S-phase of recombinant protein
treated cells relative to untreated control. Data show
meanss.e.m. Statistical analysis was performed using
unpaired two-tailed Student’s t test.

FIGS. 7A and B. CD44-HABD Proteins Bind Vimentin Via
its N-Terminal Domain.

Full length vimentin or its deletion mutant constructs were
transfected into MCF-7 cells. After incubation cells were
lysed and lysate was used in pull-down reaction using GST-
tagged CD44-HABD proteins immobilised onto glutathione
sepharose beads. After pull-down, beads were washed and
bound proteins were eluted. Eluates were analysed on west-
ern blot. A, vimentin deletion mutants used in pull-down
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reactions. B, WB of pull-down reactions from vimentin and
its deletion mutant transfected cell lysates.

FIG. 8. BLAST Alignment of Human (SEQ ID NO:1) and
Hamster (SEQ ID NO: 14) Vimentin Sequence.

A very high degree of conservation is seen, with 96%
identity and 98% similarity with no gaps.

EXAMPLES

The invention will now be further illustrated by means of
examples which should not be construed to limit the scope of
the invention.

Example 1
Recombinant Vimentin Bacterial Expression and
Purification
Full  length human  vimentin c¢DNA  clone

IRATp970E0267D (RZPD, Berlin, Germany) coding for
human vimentin (SEQ ID NO: 1) was used to create N-ter-
minal 6xHis containing vimentin bacterial expression con-
struct in pET15b vector. Briefly, two step subcloning was
used, first Xhol/BamHI restriction fragment from C-terminal
half of original vimentin ¢DNA clone was inserted into
pET15b. Then 400 bp fragment starting from ATG until to
unique Xhol site in vimentin cDNA was PCR amplified by
using oligos NdeFW S5'GAACATATGTCCACCAGGTC-
CGTGTCC 3' (SEQ ID NO: 2) and XhoRev 5' GCGACT-
TGCCTTGGCCCTTGAGCTCC 3' (SEQ ID NO: 3) and
inserted into Ndel/Xhol site of vimentin C-terminal half con-
taining pET15b vector. The correctness of resulting vimentin
expression construct was sequence verified. Vimentin expres-
sion was induced in F. coli BL21(DE3) strain 3 hours at 30°
C. in TB media with 1 mM IPTG at OD,,=0.7 (FIG. 1A).
Bacteria were pelleted by centrifugation 10 min 5000 rpm at
4° C.in Sorvall RC 5C Plus centrifuge GSA rotor and pellet
was resuspended in 30 ml PBS per 1 L of culture. After
resuspension, bacteria were lysed by using 1 mg/ml lysozyme
30 min at 4° C., followed by three cycles of freezing and
thawing. After freeze-thaw cycles lysate was sonicated.
Majority of the expressed vimentin resulted in inclusion bod-
ies (FIG. 1B). Inclusion bodies were pelleted by centrifuga-
tion 30 min 15000 rpm in Sorvall RC 5C Plus centrifuge in
SS-34 rotor. Inclusion body pellet was then washed twice
with buffer containing 50 mM Tris pH=8.0, 100 mM NaCl,
1% Triton X-100, 1 M urea, then twice with buffer containing
50 mM Tris pH=8.0, 100 mM NaCl, 1% Triton X-100 and
then once with 50 mM Tris pH=8.0, 100 mM NaCl. After
washes inclusion bodies were solubilised over-night (ON)
with constant shaking in 8 M urea in 50 mM Tris pH=8.0, 100
mM NaCl at room temperature. Ni Cam resin beads (Sigma-
Aldrich) were washed according to manufacturers protocol
and beads were then incubated with vimentin inclusion bod-
ies solution 1 hour at 4° C. Then beads were washed 5 times
in 10 ml vol wash buffer containing 20 mM Tris pl1=8.0, 6 M
urea, 100 mM NaCl, 20 mM imidazole. Bound proteins were
eluted from beads in 0.5 ml vol with elution buffer containing
20 mM Tris pH=6.3, 6 M urea, 100 mM NaCl, 250 mM
imidazole (FIG. 1C). Eluates were then pooled and dialysed
sequentially against 6 M, 4 M, 2 M, 1 M and 0.5 M urea in 10
mM Tris pH=8 buffer in 100 times volume excess, at least 2 h
each step and followed by ON dialysis in 10 mM Tris pH=8.0.
Then protein eluates were dialysed 3 times in 10 mM phos-
phate butfer pH=7.4 with sequential incubation times 2 h, 4 h
and ON.
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Example 2

Cell Surface Expressed Vimentin Binds
Recombinant CD44-HABD R41AR78SY79S
(CD44-3MUT)

To discover endothelial protein targets for previously
described angiogenesis inhibiting protein CD44-3MUT
(SEQ ID NO: 13) (Pall T et al, Oncogene. 2004 Oct. 14;
23(47):7874-81.), we performed GST pull-down from
HUVEC membrane lysates with GST tagged CD44-3MUT
(GST-3MUT). For preparation of membrane fractions, adher-
ent cells were washed with ice-cold PBS and lysed in 50 mM
Tris pH 8.0, containing protease inhibitor cocktail (Complete,
Roche Applied Science, Mannheim, Germany). Insoluble
material was pelleted by centrifugation at 14000 rpm 30 min.
4° C. Pellet was then solubilised in buffer containing 2%
CHAPS, 50 mM Tris pH 8.0, 50 mM NaCl, protease inhibitor
cocktail and centrifuged 14000 rpm 10 min. at4° C. Resulting
lysate was precleared by incubation 2 h with 20 pg glu-
tathione S-transferase immobilised onto 25 pl Glutathione
Sepharose 4 Fast Flow beads (Amersham Biosciences, Upp-
sala, Sweden) at 4° C. After preclearing, lysate was incubated
over-night at 4° C. with 10 ng GST, GST-HABD or GST-
3MUT proteins immobilised onto 25 pl glutathione sepharose
beads. Afterincubation beads were pelleted in cold centrifuge
and washed 4 times with 200 pl buffer containing 50 mM Tris
pH 8.0, 150 mM NaCl, protease inhibitor cocktail. Bound
proteins were eluted 5 times with 25 pl 20 mM reduced
glutathione, 50 mM Tris pH 8.0. Eluates were pooled and
eluted proteins were precipitated by addition of 1 vol. 20%
TCA and centrifugation at 14000 rpm 30 min 4° C., precipi-
tate was then washed with cold acetone and aspirated dry. For
silver staining and subsequent mass spectrometric analysis,
protein samples were solubilised in 1xSDS sample buffer
containing 50 mM DTT in final concentration instead of
2-mercaptoethanol and alkylated by addition Yo vol of
freshly prepared 1 M iodoacetamide and incubation 30 min in
dark and cold. Silver staining of proteins separated by SDS-
PAGE was performed as described in by Shevchenko et al.
(Biochem Soc Trans. 1996 August; 24(3):893-6).

Silver staining of pull-down reactions separated by SDS-
PAGE revealed that approximately 60 kD size protein band
coprecipitated with GST-3MUT compared to GST alone.
This protein band was analysed by peptide mass fingerprint-
ing of trypsinolytic fragments and contained vimentin. To
confirm that CD44-HABD proteins coprecipitate vimentin,
we used vimentin-specific monoclonal antibody V9 to anal-
yse CD44-ITABD GST pull-down reactions by western blot-
ting and found that GST-3MUT as well as GST-HABD copre-
cipitate vimentin from endothelial cell membrane lysates
(FIG. 2A).

To study if SB101 (synonymous with CD44-3MUT) binds
cell surface expressed vimentin we performed GST pull-
down from surface biotinylated HUVEC lysate. HUVEC
were serum starved for 6 h in 0.5% FBS containing media and
then induced with 10 ng/ml VEGF 45 1 h at 37° C. or left
uninduced. After growth factor induction, cells were surface
biotinylated on tissue culture plate with 5 ml EZ Link sulfo-
NHS-SS-biotin (Pierce, Rockford, 1., USA) 1 mM in PBS,
0.1% NaN,. After biotinylation cells were washed 3 times
with PBS-100 mM glycine. Then cells were lysed with 2%
CHAPS, 50 mM Tris pH 8.0, protease inhibitor cocktail
(Complete, Roche Applied Science, Penzberg, Germany) and
incubated 15 min on ice, unsoluble material was pelleted by
centrifugation in microcentrifuge 14000 rpm 10 min at 4° C.
After centrifugation supernatant was aspirated and pellet was
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redissolved in 2% CHAPS, 50 mM Tris pH 8.0, protease
inhibitor cocktail containing buffer, followed by centrifuga-
tion in microcentrifuge 14000 rpm 10 min at 4° C. Superna-
tant was saved for GST pull-down. For pull-down glutathione
sepharose 4 fast flow beads (GE Healthcare Bio-Sciences,
Uppsala, Sweden) were preincubated with 10 pg GST-SB101
or GST in 0.5 ml vol PBS. The biotinylated membrane lysate
was precleared by incubation 2 h at 4° C. with constant
end-over-end rotation by using GST-coupled glutathione
beads. Precleared lysate (0.3 ml vol per reaction) was used to
pull down GST-SB101 binding proteins, GST-bound glu-
tathione beads were used as control, pull-downs were incu-
bated 2 h at 4° C. with rotation. After pull-down reactions,
beads were washed 4 times with 0.4 m] vol wash buffer (50
mM Tris pH 8.0, 150 mM NaCl, protease inhibitor cocktail).
Bound proteins were eluted with 20 mM reduced glutathione
in 50 mM Tris pH 8.0. Eluates were pooled and volume
adjusted to 0.5 ml so that solution contained in final concen-
tration 50 mM Tris pH 8.0, 50 mM NaCl, 4 mM reduced
glutathione and 1x protease inhibitor cocktail. After SDS
PAGE pull-down reactions were analysed by western blotting
with HRP-conjugated strepavidin (FIG. 2B). Results show
that SB101 pulls down approximately 60 kDa size biotiny-
lated protein. This process is dependent on growth factor
stimulation as can be induced by VEGF.

Next, to verify that SB101 precipitated biotinylated protein
band contains vimentin we performed sequential strepavidin
precipitation from GST pull-down eluates. For this 25 pl of
prewashed strepavidin-agarose resin (Sigma, St. Louis, Mo.,
USA) was added into GST pull-down eluate and incubated 2

h at 4° C. with rotation. After incubation strepavidin beads

were washed in sequence 2 times with 50 mM Tris pH 8.0,
150 mM NaCl, 2 times with 0.1 M Na-borate pH 8.5, 2 times
with 0.1 M Na-acetate pH 4.5 and finally with 50 mM Tris pH
8.0, 150 mM NaCl. Bound proteins were then eluted from
strepavidin beads with 1xSDS sample buffer containing 50
mM DTT instead of 2-mercaptoethanol 30 min at 50° C.
followed by 3 min at 95° C. Then samples were analysed by
western blotting with anti-vimentin specific mAb V9.

The result shows that SB101 binds in response to VEGF
stimulation endogenous cell surface expressed vimentin
(FIG. 2C).

Example 3

Recombinant Vimentin Inhibits Angiogenesis in
Chick Chorio-Allantoic Membrane

10-day-old chick embryos were prepared as described in
(Brooks et al. Methods Mol. Biol. 1999; 129:257-69). For
angiogenesis assay, filter discs soaked with 100 ng/ml TGF-a
were placed on CAM’s, followed by daily ectopical addition
of 10 pg of vimentin, CD44-3MUT or PBS as control (n=6-8
per group). After 72 h, filter discs and the surrounding CAM
tissue were dissected and angiogenesis quantified in a dissec-
tion microscope. Angiogenesis was assessed as the number of
blood vessel branch points within the CAM area directly
under the filter discs. Vimentin or CD44-3MUT but not GST
treatment completely abolished the angiogenic effect of
TGF-o. (FIG. 3), indicating that soluble vimentin blocks
angiogenesis as effectively as previously described angiogen-
esis inhibitor CD44-3MUT.

Example 4

Recombinant Vimentin Inhibits Vessel Growth in
Chick Aortic Arch Angiogenesis Assay

Aortic arches were dissected from 14-day old chick
embryos. Vessels were dissected free from connective tissue
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and cut into approximately 1 mm pieces. Then were aortic
fragments embedded into collagen type I gel (Upstate, Lake
Placid, N.Y., USA) with final concentration 2 mg/ml in M199
media supplemented with 4 mM L-glutamine, 25 mM
HEPES, pH of the gel was adjusted to neutral with 10 N
NaOH. Angiogenesis was induced by addition of 20 ng/ml
VEGF165 into gel. Recombinant proteins in PBS were added
at final concentration 10 pg/ml or vehicle alone for control
treatment. For experiment, 35 pl premixed gel was pipetted
into 96-well and gelled 20 min at 37° C. to form a bed for
aortic tissue, then piece aortic arch was put onto gel and
covered with 65 pul of premixed gel. Plate was incubated 24 h
at37° C.with 5% CO2. At the end of incubation gel was fixed
by addition of 100 pl of 10% formaldehyde in PBS and
incubated 48 h at room temperature.

For quantitation photomicrographs were taken with Zeiss
Axiovert 200M microscope equipped with Zeiss A-Plan 10x
objective and AxioCam MRc¢ camera. Quantitation was done
on DIC images with AxioVision 4.5 software by measuring
the distance of vessel tip from aortic arch tissue fragment.

Results show that in the absence of VEGF there is no
neovessel outgrowth from aortic arch tissue in collagen type
Igel and only in response to VEGF induction the robust vessel
growth occurs (FIG. 4). When recombinant bacterially
expressed vimentin was added into gel the average vessel
length was significantly reduced compared to GST control
treatment. In these assays vimentin effect was comparable to
effects of SB101 (synonymous with CD44-3MUT) and avas-
tin.

Example 5
Vimentin is Expressed on Endothelial Cell Surface

We performed biotinylation of cell-surface proteins on
adherent live HUVEC by using EZ-Link sulfo-NHS-LC-bi-
otin reagent and protocol (Pierce, Rockford, 111., USA), fol-
lowed by immunoprecipitation of vimentin from cell lysates
by using anti-vimentin mouse mAb V9 (Santa Cruz Biotech-
nology) or CD44 with mouse mAb H4C4 (Developmental
Studies Hybridoma Bank) as positive control for cell surface
expressed protein. Biotinylated immunoprecipitated proteins
were detected in blot by HRP-conjugated streptavidin (Santa
Cruz Biotechnology, Santa Cruz, Calif., USA). As shown in
FIG. 5A, vimentin antibody V9 immunoprecipitates from
HUVEC lysate biotinylated protein in range of approxi-
mately 60 kD, whereas anti-CD44 antibody H4C4 immuno-
precipitates biotinylated protein in between 72 and 100 kD
size range, which corresponds to expected size of endothelial
CD44.

Then we used FACS analysis of anti-vimentin stained per-
meabilised and non-permeabilised HUVEC to characterize
vimentin cell surface expression. FACS analysis for cytoplas-
mic vimentin of HUVEC permeabilised 10 min in -20° C.
methanol shows homogeneous high-intensity staining popu-
lation (FIG. 5B). When nonpermeabilised cells fixed 10 min
at room temperature in 4% formaldehyde/PBS were analysed
less intensively staining heterogeneous cell population is
apparent.

Example 6

Recombinant Vimentin Inhibits Human Vascular
Endothelial Cell (HUVEC) Proliferation In Vitro

Primary human umbilical vein endothelial cells (HUVEC)
were maintained in M199 basal media supplemented with
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20% FBS, 10 mM HEPES, 4 mM L-glutamine, 50 pg/ml
heparin and 30 pg/ml endothelial cell growth supplement
(Upstate, Temecula, Calif., USA) and penitsillin-streptomy-
cin. Only cells from up to 7% passage were used.

For cell cycle analysis, 60-80% confluent cells were incu-
bated in 10% FBS containing media for 24 h in the presence
ofrecombinant proteins at 10 ig/ml concentration. After 24 h,
cells were pulsed with 30 ug/ml bromodeoxyuridine for 60
min, harvested and fixed in ice-cold ethanol. Cells were then
stained for BrdU with anti-BrdU mAb G3G4 (Developmental
Studies Hybridoma Bank, University of Iowa, lowa, USA)
followed by a FITC-conjugated goat anti-mouse antibody
(Jackson Immunoresearch, West Grove, Pa., USA) in parallel
staining with propidium iodide. The cell cycle distribution
was then analysed with a FACS Calibur flow cytometer and
Cellquest software (Becton Dickinson, Franklin Lakes, N.J.,
USA) after plotting FITC-content vs. propidium iodide (FIG.
6a).

The results from cell cycle analysis of untreated HUVEC
population show that the proportion of proliferating cells in
S-phase is (meanss.e.m.) 21.5+2.8% (n=10), whereas
S-phase population in GST-control treated cells is 21.9+2.6%
(n=7). HUVEC treatment with soluble recombinant vimentin
reduces the amount of S-phase cells by 33% to 14.5£1.9%
(unpaired two-tailed Student’s t test, GST vs. vimentin,
P=0.00006; n=6). For statistical analysis the proportion of
S-phase cells in GST and vimentin treatment groups was
normalised within each experiment to untreated control; as
shown in FIG. 6b.

Example 7

Vimentin Binds to CD44-3MUT Via its N-Terminal
Filament Head Domain

For creation of full length vimentin mammalian expression
construct, human vimentin cDNA was PCR amplified using
oligos 5-CCGAATTCATGTCCAGGTCCGTGTCC-3'
(SEQ ID NO: 4) and 5-GGCCGCGGTTCAAGGT-
CATCGTGATG-3" (SEQ ID NO: 5) containing EcoRI or
Sacll restriction site respectively. Vimentin fragment was
inserted into EcoR1/Sacll site of pcDNA3.1/MycHis B vector
(VIM-pcDNA; Invitrogen).

Vimentin deletion mutant containing aa 1-245 of SEQ ID
NO: 1 (VIM__1-245; FIG. 7A) was PCR amplified from
human vimentin cDNA using oligo pair 5'-CCGAATTCAT-
GTCCAGGTCCGTGTCC-3' (SEQ ID NO: 6) and 5'-GT-
GCGGCCGCCCAGCTCCTGGATTTCCTC-3' (SEQ 1D
NO: 7) and deletion mutant containing aa 97-466 of SEQ ID
NO: 1 (VIM__97-466) using oligo pair 5'-CAGAATTCAT-
GAACACCCGCACCAACGAG-3' (SEQ ID NO: 38)
5'-CAGCGGCCGCCTTCAAGGTCATCGTGATG-3' (SEQ
IDNO: 9), both pairs contain EcoRI restriction site in forward

5}

w

w
b

10
oligo and Notl site in reverse oligo. PCR fragments were
inserted into EcoRI/NotI site of pcDNA3.1/MycHis B vector.

Vimentin deletion mutant containing aa 407-466 of SEQ
ID NO: 1 (VIM__407-466) was PCR amplified from human
vimentin cDNA by using oligos 5'-GAGTGGAATTCGAG-
GAGAGCAGG-3' (SEQ ID NO: 10) and 5'-GCCGTCGA-
CATTGCTGCACTGAGTGTGTGC-3' (SEQ ID NO: 11),
containing EcoRI or Sall site respectively. Vimentin fragment
was inserted into EcoRI/Sall site of pEGFP-C2 vector (Clon-
tech). Vimentin deletion mutant containing aa 134-466 of
SEQ ID NO: 1 (VIM_ 134-466) was created by inserting
Xhol/BamHI restriction fragment from full length human
vimentin containing pEGFP-C2 vector (VIM-pEGFP) into
pEGFP-C3 vector. pEGFP-VIM construct was created by
cutting full-length vimentin from VIM-pcDNA with EcoRI
and Sacll restrictases and inserting it into pEGFP-C2 vector.

CD44-3MUT binding of vimentin deletion mutants was
tested using GST pull-down from cell lysates. MCF-7 cells
were transfected with vimentin deletion-constructs on 15 cm
cell culture plates using 20 pg DNA with polyethyleneimine
(PEI; DNA and PEI were used in ratio 1:2). Transfected cells
were incubated at 37° C. for 72 h. Thereafter, adherent cells
were washed once with cold PBS and lysed in 2 ml of lysis
buffer containing 50 mM Tris pH 8.0, 50 mM NaCl, 2%
CHAPS and protease inhibitor cocktail (Roche). For removal
of insoluble material the lysates were centrifuged 14000 rpm
30 min at 4° C. Resulting lysates were used in GST pull-
down. For pull-down 10 ug GST, GST-HABD or GST-3MUT
were immobilised onto glutathione sepharose 4 fast flow
beads (GE Healthcare) in 0.5 ml of PBS. Cell lysates were
precleared by incubating the lysates with GST-coupled glu-
tathione beads for 2 h at 4° C. with continuous rotation. After
preclearing, the lysates (0.6 vol per reaction) were incubated
over-night at 4° C. with GST, GST-HABD or GST-3MUT
proteins immobilised onto 25 pl glutathione sepharose beads.
After pull-down reactions, beads were washed 4 times with
0.3 ml vol wash buffer containing 50 mM Tris pH 8.0, 150
mM NaCl and protease inhibitor cocktail. Bound proteins
were eluted 3 times with 25 pl volume elution buffer 20 mM
reduced glutathione, 50 mM Tris pH 8.0. Eluates were pooled
and after SDS PAAG pull-down reactions were analysed by
western blotting with anti-His specific pAb (H-15) (Santa
Cruz Biotechnology) or anti-vimentin specific pAb (Gen-
way).

WB of pull-down reactions shows that in addition to full
length vimentin, GST-HABD and GST-3MUT coprecipitated
from cell lysates VIM__1-245 mutant (FIG. 7B), whereas
VIM 97-466, VIM__134-466 or VIM__407-466 did not show
any coprecipitation with CD44-HABD proteins. Together,
these data indicate that CD44-HABD proteins bind vimentin
via its N-terminal aa 1-97 (e.g. SEQ ID NO: 12) containing
conserved filament head domain.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 14
<210>
<211>
<212>

<213>

SEQ ID NO 1

LENGTH: 464

TYPE: PRT

ORGANISM: Homo sapiens

<400> SEQUENCE: 1
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-continued

12

Thr

Ser
65

Gln

Arg

Lys

Arg
145

val

Asn
305

Arg

Asp

Asp
385

Arg

Ser

Pro

Ser

Arg

50

Ser

Phe

Ile

130

Leu

Asp

Leu

Leu

Phe

210

Ser

Ile

Val

Gln

Trp

290

Gln

Glu

Glu

Gln

370

Leu

Lys

Phe

Thr

Gly

Thr

35

Ser

Ala

Ser

Thr

Ala

115

Leu

Gly

Gln

Ala

Gln

195

Leu

Gln

Asp

Gln

275

Tyr

Ser

Ala

355

Asn

Leu

Leu

Ser

Arg

Thr

20

Arg

Leu

val

Val

Arg

100

Asn

Leu

Leu
Glu
180

Arg

Gln

Glu

Val

260

Tyr

Lys

Ala

Gln

Leu

340

Ala

Met

Asn

Leu

Ser
420

Ser

Ala

Thr

Tyr

Arg

Asp

Thr

Tyr

Ala

Leu

Thr

165

Asp

Glu

Ala

Glu

Leu

245

Ser

Glu

Ser

Leu

Ser

325

Glu

Asp

Lys

Val

Glu

405

Leu

val

Ser

Tyr

Ala

Leu

70

Phe

Ile

Glu

Tyr

150

Asn

Ile

Glu

Ser

Glu

230

Gln

Ser

Lys

Arg

310

Leu

Arg

Tyr

Glu

Lys

390

ely

Asn

Ser

Arg

Ser

Ser

Arg

Ser

Glu

Asp

Leu

135

Glu

Asp

Met

Ala

Leu

215

Ala

Pro

Vval

Phe

295

Gln

Thr

Gln

Gln

Glu

375

Glu

Leu

Ser

Pro

Leu

40

Ser

Leu

Lys

Lys

120

Glu

Lys

Arg

Glu

200

Ala

Ala

Gln

Asp

Ala

280

Ala

Ala

Cys

Met

Asp

360

Met

Ala

Glu

Arg

Ser

Ser

25

Gly

Pro

Ser

Ala

Val

105

val

Gln

Glu

Ala

Leu

185

Asn

Arg

Phe

Ile

Leu

265

Ala

Asp

Lys

Glu

Arg

345

Thr

Ala

Leu

Ser

Glu
425

Gly

val

Asp

Glu

Arg

Leu

Met

Arg

170

Arg

Thr

Leu

Leu

Gln

250

Thr

Lys

Leu

Gln

val

330

Glu

Ile

Arg

Asp

Arg

410

Thr

Tyr

Ser

Ala

Gly

Pro

75

Ala

Leu

Phe

Lys

Arg

155

val

Glu

Leu

Lys

235

Glu

Ala

Asn

Ser

Glu

315

Asp

Met

cly

His

Ile

395

Asn

Arg

Ala

Leu

Val

Gly

Ile

Gln

Leu

Gly

140

Glu

Glu

Lys

Gln

Leu

220

Lys

Gln

Ala

Leu

Glu

300

Ser

Ala

Glu

Arg

Leu

380

Glu

Ser

Glu

Arg

Ser

Arg

45

Tyr

Val

Asn

Glu

Glu

125

Gln

Leu

Val

Leu

Ser

205

Glu

Leu

His

Leu

Gln

285

Ala

Thr

Leu

Glu

Leu

365

Arg

Ile

Leu

Asp

Asn

Tyr

30

Pro

Ala

Arg

Thr

Leu

110

Gln

Gly

Arg

Glu

Gln

190

Phe

Arg

His

Val

Arg

270

Glu

Ala

Glu

Lys

Asn

350

Gln

Glu

Ala

Pro

Ser
430

Ser

Thr

Leu

Gln

Lys

Arg

Arg

175

Glu

Arg

Lys

Glu

Gln

255

Asp

Ala

Asn

Tyr

Gly

335

Phe

Asp

Tyr

Thr

Leu

415

Leu

Gly

Thr

Thr

Arg

Leu

80

Phe

Asn

Ser

Gln

160

Asp

Glu

Gln

val

Glu

240

Ile

val

Glu

Arg

Arg

320

Thr

Ala

Glu

Gln

Tyr

400

Pro

Pro
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-continued

14

Leu Val Asp Thr His Ser Lys Arg Thr Leu Leu Ile Lys Thr Val Glu
435 440 445

Thr Arg Asp Gly Gln Val Ile Asn Glu Thr Ser Glu His His Asp Asp
450 455 460

<210> SEQ ID NO 2

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically synthesized
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(27)

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 2

gaacatatgt ccaccaggtc cgtgtec 27

<210> SEQ ID NO 3

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically synthesized
«220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(26)

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 3

gcgacttgce ttggeccttg agctec 26

<210> SEQ ID NO 4

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically synthesized
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(26)

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 4

cecgaatteat gtecaggtee gtgtee 26

<210> SEQ ID NO 5

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

«220> FEATURE:

<223> OTHER INFORMATION: chemically synthesized
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(26)

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 5

ggcegeggtt caaggtcatce gtgatg 26

<210> SEQ ID NO 6

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: chemically synthezised
«220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(26)

<223> OTHER INFORMATION: primer
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-continued

16

<400>

SEQUENCE: 6

ccgaattcat gtccaggtee gtgtec

<210>
<211>
<212>
<213>
«220>
<223>
<220>
<221>
<222>
<223>

<400>

SEQ ID NO 7

LENGTH: 29

TYPE: DNA

ORGANISM: artificial sequence

FEATURE:

OTHER INFORMATION: chemically synthesized
FEATURE:

NAME/KEY: misc_feature

LOCATION: (1)..(29)

OTHER INFORMATION: primer

SEQUENCE: 7

gtgcggceege ccagetectyg gatttecte

<210>
<211>
<212>
<213>
<220>
<223>
«220>
«221>
<222>
<223>

<400>

SEQ ID NO 8

LENGTH: 28

TYPE: DNA

ORGANISM: artificial sequence

FEATURE:

OTHER INFORMATION: chemcially synthesized
FEATURE:

NAME/KEY: misc_feature

LOCATION: (1)..(28)

OTHER INFORMATION: primer

SEQUENCE: 8

cagaattcat gaacacccge accaagag

«210>
<211>
«212>
<213>
<220>
<223>
<220>
<221>
<222>
«223>

<400>

SEQ ID NO 9

LENGTH: 29

TYPE: DNA

ORGANISM: artificial sequence

FEATURE:

OTHER INFORMATION: chemically synthesized
FEATURE:

NAME/KEY: misc_feature

LOCATION: (1)..(29)

OTHER INFORMATION: primer

SEQUENCE: 9

cagcggecge cttcaaggte atcegtgatg

<210>
<211>
<212>
«213>
<220>
«223>
<220>
<221>
<222>
<223>

<400>

SEQ ID NO 10

LENGTH: 23

TYPE: DNA

ORGANISM: artificial sequence

FEATURE:

OTHER INFORMATION: chemcially synthesized
FEATURE:

NAME/KEY: misc_feature

LOCATION: (1)..(23)

OTHER INFORMATION: primer

SEQUENCE: 10

gagtggaatt cgaggagagc agg

<210>
<211>
<212>
<213>
<220>
<223>
<220>
«221>
<222>
<223>

SEQ ID NO 11

LENGTH: 30

TYPE: DNA

ORGANISM: artificial sequence

FEATURE:

OTHER INFORMATION: chemically synthesized
FEATURE:

NAME/KEY: misc_feature

LOCATION: (1)..(30)

OTHER INFORMATION: primer

26

29

28

29

23
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-continued
<400> SEQUENCE: 11
gcegtegaca ttgctgcact gagtgtgtge 30
<210> SEQ ID NO 12
<211> LENGTH: 97
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 12
Met Ser Thr Arg Ser Val Ser Ser Ser Ser Tyr Arg Arg Asn Phe Gly
1 5 10 15
Gly Pro Gly Thr Ala Ser Arg Pro Ser Ser Ser Ala Ser Tyr Val Thr
20 25 30
Thr Ser Thr Arg Thr Tyr Ser Leu Gly Ser Ala Leu Arg Pro Ser Thr
35 40 45
Ser Arg Ser Leu Tyr Ala Ser Ser Pro Gly Gly Val Tyr Ala Thr Arg
50 55 €0
Ser Ser Ala Val Arg Leu Arg Ser Ser Val Pro Gly Val Arg Leu Leu
65 70 75 80
Gln Asp Ser Val Asp Phe Ser Leu Ala Asp Ala Ile Asn Thr Glu Phe
85 90 95
Lys
<210> SEQ ID NO 13
<211> LENGTH: 112
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 13
Gln Ile Asp Leu Asn Met Thr Cys Arg Phe Ala Gly Val Phe His Val
1 5 10 15
Glu Lys Asn Gly Ala Tyr Ser Ile Ser Arg Thr Glu Ala Ala Asp Leu
20 25 30
Cys Lys Ala Phe Asn Ser Thr Leu Pro Thr Met Ala Gln Met Glu Lys
35 40 45
Ala Leu Ser Ile Gly Phe Glu Thr Cys Ser Ser Gly Phe Ile Glu Gly
50 55 €0
His Val Val Ile Pro Arg Ile His Pro Asn Ser Ile Cys Ala Ala Asn
65 70 75 80
Asn Thr Gly Val Tyr Ile Leu Thr Ser Asn Thr Ser Gln Tyr Asp Thr
85 90 95
Tyr Cys Phe Asn Ala Ser Ala Pro Pro Glu Glu Asp Cys Thr Ser Val
100 105 110
<210> SEQ ID NO 14
<211> LENGTH: 465
<212> TYPE: PRT
<213> ORGANISM: Mesocricetus auratus
<400> SEQUENCE: 14
Met Ser Thr Arg Ser Val Ser Ser Ser Ser Tyr Arg Arg Met Phe Gly
1 5 10 15
Gly Pro Gly Thr Ser Asn Arg Gln Ser Ser Asn Arg Ser Tyr Val Thr
20 25 30
Thr Ser Thr Arg Thr Tyr Ser Leu Gly Ser Leu Arg Pro Ser Thr Ser
35 40 45
Arg Ser Leu Tyr Ser Ser Ser Pro Gly Gly Ala Tyr Val Thr Arg Ser
50 55 €0
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20

Ser
65

Asp

Phe

Leu
145

Asp

Ser
225

Ile

Trp

Asn
305

Glu

Gln

385

Lys

465

Ala

Ser

Thr

Ala

Leu

130

Gly

Gln

Ala

Gln

Asp

210

Leu

Gln

Asp

Gln

Tyr

290

Asp

val

Ser

Ala

Asn

370

Leu

Leu

Ser

Asp

Asp
450

val

Val

Arg

Asn

115

Leu

Asp

Leu

Glu

Arg

195

Asn

Gln

Glu

Val

Tyr

275

Lys

Ala

Gln

Leu

Ala

355

Met

Leu

Ser

Thr

435

Gly

Arg

Asp

Thr

100

Tyr

Ala

Leu

Thr

Asp

180

Glu

Ala

Glu

Leu

Ser

260

Glu

Ser

Leu

Ser

Glu

340

Asn

Lys

Val

Glu

Leu

420

His

Gln

Leu

Phe

85

Asn

Ile

Glu

Tyr

Asn

165

Ile

Glu

Ser

Glu

Gln

245

Lys

Ser

Lys

Arg

Leu

325

Arg

Tyr

Glu

Lys

Gly

405

Asn

Ser

val

Arg

70

Ser

Glu

Asp

Leu

Glu

150

Asp

Met

Ala

Leu

Ile

230

Ala

Pro

val

Phe

Gln

310

Thr

Gln

Gln

Glu

Met

390

Glu

Leu

Lys

Ile

Ser

Leu

Lys

Lys

Glu

135

Glu

Lys

Arg

Glu

Ala

215

Ala

Gln

Asp

Ala

Ala

295

Ala

Cys

Met

Asp

Met

375

Ala

Glu

Arg

Arg

Asn
455

Ser

Ala

Val

val

120

Gln

Glu

Ala

Leu

Ser

200

Arg

Phe

Ile

Leu

Ala

280

Asp

Lys

Glu

Arg

Thr

360

Ala

Leu

Ser

Glu

Thr

440

Glu

Met

Asp

Glu

105

Arg

Leu

Met

Arg

Arg

185

Thr

Leu

Leu

Gln

Thr

265

Lys

Leu

Gln

val

Glu

345

Arg

Asp

Arg

Thr

425

Leu

Thr

Pro

Ala

920

Leu

Phe

Lys

Arg

val

170

Glu

Leu

Asp

Lys

Glu

250

Ala

Asn

Ser

Glu

Asp

330

Met

ely

His

Ile

Ile

410

Asn

Leu

Ser

Gly

75

Gln

Leu

Gly

Glu

155

Lys

Gln

Leu

Lys

235

Gln

Ala

Leu

Glu

Ser

315

Ala

Glu

Arg

Leu

Glu

395

Ser

Leu

Ile

Gln

Val Arg Leu

Asn

Glu

Glu

Gln

140

Leu

Val

Leu

Ser

Glu

220

Leu

His

Leu

Gln

Ala

300

Asn

Leu

Glu

Leu

Arg

380

Ile

Leu

Glu

Lys

His
460

Thr

Leu

Gln

125

Gly

Arg

Glu

Gln

Phe

205

Arg

His

Val

Arg

Glu

285

Ala

Glu

Lys

Asn

Gln

365

Glu

Ala

Pro

Ser

Thr

445

His

Glu

Asn

110

Gln

Lys

Arg

Arg

Glu

190

Arg

Lys

Asp

Gln

Asp

270

Ala

Asn

Tyr

Gly

Phe

350

Asp

Tyr

Thr

Leu

Leu

430

val

Asp

Phe

95

Asp

Asn

Ser

Gln

Asp

175

Glu

Gln

Val

Glu

Ile

255

Val

Glu

Arg

Thr

335

Ala

Glu

Gln

Tyr

Pro

415

Pro

Glu

Asp

Gln

80

Lys

Arg

Lys

Arg

Val

160

Asn

Met

Asp

Glu

Glu

240

Asp

Arg

Glu

Asn

Arg

320

Asn

Leu

Ile

Arg

400

Asn

Leu

Thr

Leu




US 8,524,666 B2

21

The invention claimed is:

1. A method to manufacture a medicament for inhibition of
angiogenesis or endothelial cell proliferation, said method
comprising the use of vimentin according to SEQ ID NO:1, or
a fragment thereof comprising SEQ ID NO:12 in the medi-
cament.

2. The method of claim 1, wherein the vimentin consists of
SEQ ID NO:1.

3. The method of claim 1, wherein the vimentin fragment
consists of SEQ ID NO:12.

4. A medicament for inhibition of either angiogenesis or
endothelial cell proliferation, said medicament comprising a
fragment of vimentin, wherein said fragment comprises SEQ
ID NO:12.

5. A pharmaceutical composition for treating states requir-
ing inhibition of either angiogenesis or endothelial cell pro-
liferation in a human, said composition comprising the
vimentin of SEQ ID NO:1 or a fragment thereof comprising
SEQ ID NO:12, in a mixture or otherwise together with at
least one pharmaceutically acceptable carrier or excipient.

6. A method for the treatment of states requiring inhibition
of either angiogenesis or endothelial cell proliferation in a

w

22

human, the method comprising administering to the patient a
pharmaceutical composition according to claim 5.

7. A method of inhibiting angiogenesis and endothelial cell
proliferation, said method comprising using the vimentin of
SEQ ID NO:1, a fragment thereof comprising SEQ ID
NO:12, or a vimentin which is at least 95% identical to SEQ
ID NO:1.

8. The method according to claim 7, wherein the vimentin
is in its unmodified or phosphorylated form.

9. The method according to claim 7, wherein the amino
acid sequence of the vimentin is SEQ ID NO:1.

10. The method according to claim 7, wherein the vimentin
fragment is SEQ ID NO:12.

11. The method according to claim 7, wherein the method
is used for treating a state requiring inhibition of either angio-
genesis or endothelial cell proliferation.

12. The method of claim 11, wherein the state is a tumorous
cancer.

13. The method of claim 7, wherein the method is to inhibit
angiogenesis and endothelial cell proliferation in vitro.

# * #* # *



ABSTRACT

CD44 is the principal receptor for hyaluronan (HA). CD44 functions in a variety
of physiological as well as pathological processes, such as HA metabolism, cell
adhesion, migration, lymphocyte trafficking, inflammation and cancer
progression. CD44 is also involved in angiogenesis, the growth of new blood
vessels, but how exactly CD44 regulates angiogenesis is not clear. Angiogenesis
is deregulated in cancer, and treatments targeting angiogenesis show clinical
benefit in cancer therapy. However, the efficacy of anti-angiogenic treatments in
cancer is limited due to eventual acquisition of drug resistance via several
mechanisms. A more detailed understanding of the mechanisms and factors
regulating angiogenesis is crucial for the development of more effective anti-
angiogenic therapies. In this thesis, our findings on the role of CD44 in
angiogenesis and endothelial cell (EC) growth are presented.

Angiogenesis was investigated in vivo in two mouse models, in Cd44-null mice
and in immuno-deficient nude mice. In nude mice, we studied the effect of the
recombinant, non-HA-binding mutant of CD44 (CD44-3MUT). However,
CD44-3MUT displayed very short serum half-life, which may compromise its in
vivo efficacy. Therefore, we decided to improve the pharmacokinetic properties
of CD44-3MUT. We tested two different approaches. First, we used the
chemical addition of the polyethylene glycol (PEG) moiety to the N-terminus
and, second, we cloned the Fc region of human IgG to the C-terminus of CD44-
3MUT. Both resulting fusion proteins, PEG-CD44-3MUT and CD44-3MUT-Fc,
exhibited improved pharmacokinetic properties. CD44-3MUT-Fc displayed
shorter serum residence time, but better biodistribution and was easier to
produce than PEG-CD44-3MUT. Thus, we chose to use CD44-3MUT-Fc for
further in vivo studies. In vivo angiogenesis assays suggested that CD44
functions as an endogenous inhibitor of angiogenesis. We found that
angiogenesis was reduced in CD44-3MUT-Fc-treated nude mice, whereas Cd44-
null mice displayed augmented angiogenic response compared to wild-type
controls. To study the effects of CD44 at cellular level, real-time impedance-
based monitoring of cell growth as well as end-point cell viability assays were
used. These experiments demonstrated that CD44 is involved in the inhibition of
EC proliferation and survival. We found that silencing of CD44 enhanced EC
proliferation induced by different growth factors, whereas CD44-3MUT-Fc
treatment suppressed EC proliferation. CD44 functions as a co-receptor for
several receptor tyrosine kinases and is involved in TGF- signalling. However,
we found no changes in the activation or protein levels of growth factor
receptors in response to CD44-3MUT-Fc treatment or CD44-silencing. These
results suggest that CD44 inhibited EC proliferation independently of specific
angiogenic growth factor signalling. Finally, we found that intermediate filament
protein vimentin interacts with CD44-HABD via its N-terminus and might also
contribute to CD44-mediated EC growth inhibition.

183



In summary, this study suggests a novel role for CD44 as the inhibitor of
angiogenesis and endothelial proliferation. This study also provides some data
and implications regarding the molecular mechanism behind this function. Our
results suggest that CD44 is important for retaining normal levels of
angiogenesis and might thus serve as a target for therapeutic angiogenesis or
anti-angiogenesis.
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KOKKUVOTE

Veresooned varustavad organismi kudesid hapniku ja toitainetega. Tdiskasvanud
organismis on veresooned enamasti vaikeolekus ning uute veresoonte teke
olemasolevatest veresoontest véljapungumise teel (angiogenees) toimub ainult
vihestel juhtudel. Sellisteks juhtudeks on niiteks haava paranemine ja kudede
taastumine. Angiogenees on véga tdpselt reguleeritud protsess ning sellest
kdrvalekalded on seotud isheemiliste haiguste, poletikukollete ja ka
vihkkasvajatega. Angiogeneesi reguleerivatest mehhanismidest ja selles
osalevatest faktoritest parem arusaamine voOimaldab uute ja efektiivsemate
angiogeneesi ravistrateegiate viljatootamist.

Uheks angiogeneesi reguleerivaks valguks on gliikkovalk CD44. CD44 iiheks
olulisemaks ligandiks on hiialuroonhape, mida ta seob {ile oma
aminoterminaalse hiialuroonhapet siduva domeeni. CD44 osaleb organismis
mitmetes erinevates flisioloogilistes ja patoloogilistes protsessides, nditeks
hiialuroonhappe metabolismis, rakuadhesioonis ja migratsioonis, limfotsiiiitide
liikluses, pdletikulistes protsessides ning ka véahitekkes. CD44 funktsioon
vererakkude liikluses ning véhkkasvaja siirete moodustumises on hésti teada.
Samas, CD44 rolli veresoonte tekkes ja veresoonte sisepinnal paiknevate
endoteelirakkude jagunemises on vihem uuritud ning paljud aspektid on veel
ebaselged. Sellest ldhtuvalt oli kdesoleva t60 eesmérgiks uurida CD44 seotust
angiogeneesiga ning tipsustada tema rolli endoteelirakkude kasvus.

CD44 funktsiooni uurimiseks kasutati kahte erinevat l&henemist. Angiogeneesi
uuriti  nii  CD44-knockout  hiirtes kui immuunpuudulikes hiirtes.
Immuunpuudulikes hiirtes kavatseti kasutada CD44 toime uurimiseks
rekombinantset hiialuroonhapet mittesiduvat CD44 mutanti (CD44-3MUT).
CD44-3MUT poolestusaeg hiire veres on véga lithike, mis vdib pohjustada tema
moju vihenemist. Seetdttu parandati antud t66s kahe erineva ldhenemise abil ka
CD44-3MUT farmakokineetilisi omadusi. Selleks liideti esmalt keemilise
reaktsiooni abil CD44-3MUT aminoterminaalsesse otsa poliietiileengliikool
(PEG) ahel. Teise ldhenemisena liideti kloonimise teel CD44-3MUT
karboksiiterminaalsesse otsa inimese immuunoglobuliini konstantne Fc domeen.
Nii PEG-CD44-3MUT kui ka CD44-3MUT-Fc farmakokineetilised omadused
paranesid tunduvalt vorreldes modifitseerimata CD44-3MUT valguga. CD44-
3MUT-Fc poolestusaeg oli kiill liihem kui PEG-CD44-3MUT valgul, kuid tdnu
tema paremale jaotusele kudedes ning kergemale tootmisprotsessile, kasutati
edasistes funktsiooniuuringutes just CD44-3MUT-Fc versiooni.
Angiogeneesikatsed hiirtes viitasid, et CD44 pidurdab organismis uute
veresoonte teket. Kui CD44-knockout hiirtes oli angiogenees suurenenud, siis
CD44-3MUT-Fc  manustamine  vastupidiselt  vdhendas  angiogeneesi.
Toendoliselt pidurdab CD44 uute veresoonte moodustumist, surudes alla
endoteelirakkude jagunemist ja elulemust. Rakukasvu katsed niitasid, et CD44
taseme vdhendamine RNA vaigistamise teel vOimendas endoteelirakkude
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jagunemist. Seevastu CD44 hulga suurendamine CD44-3MUT-Fc sodtmesse
lisamise abil pidurdas endoteelirakkude kasvu. Edasised uuringud néitasid, et
raku tsiitoplasma valk vimentiin, mis seondub CD44-le 14bi oma
aminoterminaalse otsa, osaleb CD44 poolt vahendatud endoteelirakkude kasvu
pidurdamises.

Kokkuvéttes viitavad kdesolevas doktoritods olevad andmed, et CD44 toimib
kui endoteelirakkude jagunemise ja angiogeneesi negatiivne regulaator. Saadud
tulemused viitavad, et CD44 funktsioon on oluline normaalse angiogeneesi
taseme sdilitamiseks, mis annab alust CD44 valku uurida kui uudset sihtmérki
terapeutilises angiogeneesis vdi angiogeneesivastases véhiravis.
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