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Abstract

Extracellular matrix (ECM) synthesis and deposition surrounding the developing vasculature is
critical for vessel remodeling and maturation events. Although the basement membraneis an
integral structure underlying endothelia cells (ECs), few studies, until recently, have been
performed to understand its formation in this context. In this review, we highlight new data
demonstrating a co-requirement for ECs and pericytes to properly deposit and assemble vascular
basement membranes during morphogenic events. In EC only cultures or under conditions
whereby pericyte recruitment is blocked, there isalack of basement membrane assembly,
decreased vessel stability (with increased susceptibility to pro-regressive stimuli) and increased
EC tube widths (a marker of dysfunctional EC-pericyte interactions). ECs and pericytes both
contribute basement membrane components and, furthermore, both cells induce the expression of
particular components as well as integrins that recognize them. The EC-derived factors, platel et
derived growth factor-BB (PDGF-BB) and heparin binding-epidermal growth factor (HB-EGF),
are both critical for pericyte recruitment to EC tubes and concomitant vascular basement
membrane formation in vitro and in vivo. Thus, heterotypic EC-pericyte interactions play a
fundamental role in vascular basement membrane matrix deposition, a critical tube maturation
event that is altered in key disease states such as diabetes and cancer.
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Introduction

Of critical importance during both embryonic development, and in postnatal life during
processes such as wound repair, is formation of new endothelial cell (EC)-lined tubesin
three-dimensional (3D) extracellular matrix (ECM) environments (Adams & Alitalo, 2007;
Arroyo & lruela-Arispe, 2010; Davis & Senger, 2005; Davis & Senger, 2008; Davis, et a.,
2011; Hynes, 2007; Hynes, 2009; Iruela-Arispe & Davis, 2009; Sacharidou, et al., 2011;
Senger & Davis, 2011). These tubes arise through vascul ogenesis, where de novo formation
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of new blood vessels assemble from individual precursor cells, and/or angiogenesis, where
sprouting of new vessels occurs from pre-existing parental vessels (Adams & Alitalo, 2007;
Carmeliet, 2005; Drake, 2003; Risau & Flamme, 1995). After these EC tube networks are
formed, recruitment of supporting cells such as pericytes and vascular smooth muscle cells
occurs along the tube abluminal surface (Bergers & Song, 2005; Betsholtz, et a., 2005;
Davis, et d., 2011; Stratman, et al., 2009a; Stratman, et a., 2010). This latter step represents
acritical event controlling further tube remodeling, maturation and stabilization (Benjamin,
et a., 1999; Benjamin, et al., 1998; Bergers, et a., 2003; Davis & Senger, 2008; Davis, et
al., 2011; Gaengel, et a., 2009; Hanahan, 1997; Hellstrom, et al., 2001; Hughes, 2008; Jain,
2003; Saunders, et a., 2006; Stratman, et a., 2009a). During these early events in vascular
morphogenesis, patterning of the vasculature is very dynamic and prone to remodeling in
conjunction with the onset of flow aswell as embryo growth (Benjamin, et al., 1998;
Hellstrom, et al., 2001; Jain, 2003). With continuing flow as well asincreasing shear stress
and blood pressure over time during vascular development, greater vessel stability is
required (Iruela-Arispe & Davis, 2009; Wagenseil & Mecham, 2009). Such vessdl stability
is attained through EC-mural cell interactions and concomitant ECM remodeling including
deposition and cross-linking of ECM components (i.e. basement membranes, interstitial
matrices, and elastin-rich matrices) at distinct placesin the vessel wall and depending on the
vessel type (i.e. with unique cellular compositions) (Cheng, et a., 1997; Davis & Senger,
2005; Davis, et a., 2011; Li, et a., 2002; Miner & Y urchenco, 2004; Senger & Davis, 2011,
Stratman, et al., 2009a; Wagenseil & Mecham, 2009; Y urchenco, et al., 2004; Y urchenco &
Patton, 2009). One of the key ECM components that facilitates EC tube stabilization are
basement membrane matrices which are in direct contact with the EC layer on its abluminal
surface and which providesimportant signals that control the stability of thislayer.
Although considerable information exists on the signaling properties of basement membrane
components toward different cell types, much remains to be learned concerning how such
components affect EC behaviors at distinct stages of vascular morphogenesis and
stabilization in embryonic and postnatal life.

Vascular basement membrane matrices { Davis, 2005; Senger, 2011} are largely composed
of the structural components laminin (particularly laminins 411, 421, 511 and 521) (Cheng,
et a., 1997; Miner, et a., 1998; Miner & Y urchenco, 2004; Scheele, et al., 2007; Thyboll, et
al., 2002; Y urchenco, et al., 2004), collagen IV (Paulsson, 1992; Poschl, et al., 2004,
Schmidt, et al., 1992), and fibronectin (Astrof, et a., 2007; Astrof & Hynes, 2009; Clark, et
al., 1982; Francis, et a., 2002; Hynes, 2007; Risau & Lemmon, 1988). Other proteins
provide bridging functions such as nidogens 1 and 2 (Ho, et al., 2008; Paulsson, 1992;
Stratman, et al., 2009a; Timpl, et al., 1983; Timpl, et al., 1984) and the heparan sulfate
proteoglycan, perlecan (Handler, et al., 1997; Paulsson, 1992; Stratman, et al., 2009a; Timpl,
1994; Y urchenco, et al., 2004) which facilitate the co-assembly of basement membrane
components. It has long been known that endothelial cells have the capacity to synthesize
most if not al of these proteins so it was generally assumed that basement membrane
assembly occurred through ECs alone. However, in avariety of tissues, most notably the
skin, it is clear that basement membrane assembly requires more than keratinocytes and was
strongly stimulated by the presence of fibroblasts in collagenous matrices underlying the
keratinocyte layer (Smola, et al., 1998). Thus, by analogy with these findings, it is likely that
vascular basement membrane assembly may require heterotypic cell-cell contacts which was
originally suggested by Davis and Senger (Davis & Senger, 2005). A recent set of papers
from our laboratory demonstrate that pericyte recruitment to EC-lined tubesin vitro and in
ViVo is hecessary to stimulate vascular basement membrane matrix assembly { Stratman,
2009; Stratman, 2010; Senger, 2011}, akey step in vascular maturation and stabilization. In
this review, we will review current concepts related to how ECs and pericytes work together
to control EC tubulogenesis and maturation events, and in particular, discuss recent insights
into how dynamic EC-pericyte tube coassembly leads to vascular basement membrane
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meatrix deposition and tube stabilization in 3D matrices { Stratman, 2009; Stratman, 2010;
Davis, 2011; Senger, 2011} .

Development of novel EC-pericyte tube co-assembly models in 3D matrices

One of the primary limiting factors toward the study of molecular consequences of EC-
pericyte interactions has been the lack of 3D matrix models in which the contributions of
each cell to vascular tube morphogenesis and stabilization can be directly assessed. For
instance, for many yearsit has been known that EC-derived PDGF-BB partialy contributes
to the proper investment of pericytes to the endothelial wall, as a defect is noted in PDGF-
BB knockout mice where there are approximately 50% |ess pericytes around microvessels
(Abramsson, et al., 2003; Betsholtz, et al., 2005; Bjarnegard, et a., 2004; Hirschi, et al.,
1998; Leveen, et a., 1994; Lindahl, et al., 1997; Lindblom, et al., 2003). However,
understanding the direct role of this molecule on pericytes becomes more difficult since this
result could be the effect of reduced proliferation, impaired survival or reduced recruitment
(perhaps more than one of these). Also, the fact that PDGF-BB signaling in the mouse
microvasculature does not fully impair the presence of pericytes around EC tubes, suggests
that this molecule might be working in tandem with other growth factors/chemokines to
control these events (livanainen, et a., 2009; livanainen, et al., 2003; Stratman, et al., 2010).

Because of questions like these, we aimed to develop in vitro models of EC-pericyte co-
association in 3D collagen type | matrices where ECs undergo lumen formation, branching
and tubulogenesis, and recruitment of pericytes occursto elicit long term tube stabilization
and basement membrane deposition (Figs. 1 and 2) (Bayless & Davis, 2002; Bayless, et al.,
2000; Bell, et al., 2001; Davis & Camarillo, 1996; Davis, et a., 2007; Davis, et a., 2011;
Koh, et al., 2008a; Koh, et al., 2009; Koh, et al., 2008b; Sacharidou, et al., 2010; Saunders,
et a., 2006; Stratman, et al., 2009a; Stratman, et al., 2009b). In our first model, we utilized a
system that employed the addition of phorbol esters which was necessary to promote EC
viability in 3D collagen matrices under serum-free defined conditions (Koh, et al., 2008b).
In this study, we demonstrated that pericytes were able to stabilize EC-lined tubes by
preventing matrix metalloproteinase (MMP)-1- and MM P-10-dependent tube regression
(Saunders, et al., 2005) through the production of the MMP inhibitors, TIMP-2
(predominantly made by ECs) and TIMP-3 (predominantly made by pericytes) (Saunders, et
al., 2006). Importantly, we devel oped a system whereby EC tubes were unstable and
susceptible to MM P-dependent tube regression that was prevented by the presence of
pericytes due to their influence on the production and MMP inhibitory activity of TIMP-2
and TIMP-3, which together facilitate tube stabilization (Saunders, et a., 2006).

Our laboratory has recently devel oped a second system under serum-free defined conditions
that does not require phorbol ester addition (Stratman, et al., 2011; Stratman, et al., 2009a).
In this novel system, the hematopoietic stem cell cytokines, stem cell factor (SCF),
interleukin-3 (1L-3) and stromal derived factor 1-alpha (SDF-1a) were added in combination
to support tube formation in the absence or presence of pericytesin 3D collagen matrices
(Figs. 1B, 2B, C) (Stratman, et al., 2011; Stratman, et al., 2009a). Pericytes dramatically
recruit to developing tubes over a period of days and once they reach the tube surface, we
demonstrated that they migrate along this tube surface (Stratman, et al., 2009a; Stratman, et
al., 2010). When pericytes are present, vessel tube diameters are narrower due to vascular
basement membrane assembly on the EC tube abluminal surface. Also, EC tubes extensively
form and stabilize under these conditions for several weeks of culture. Of great interest is
that the efficacy of SCF, IL-3, and SDF-1a to support vascular tube morphogenesis was
strongly enhanced by priming ECs with vascular endothelia growth factor (VEGF-A) and
fibroblast growth factor (FGF-2) (Stratman, et al., 2011). This VEGF and FGF-2 priming
step was shown to occur through upregulation of c-Kit, IL-3 receptor alpha, and CXCR4,
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which represent the receptors for SCF, IL-3 and SDF-1a, respectively (Stratman, et al.,
2011). By carrying out a series of manipulationsin this model such as the use of chemical
inhibitors, blocking antibodies and SSIRNA technologies, we have been able to rapidly assess
the contributions of ECs and pericytes individually during the time course of vessel
assembly (Koh, et al., 2008b; Saunders, et al., 2006; Stratman, et al., 2011; Stratman, et al.,
2009a; Stratman, et a., 2010). Furthermore, real time video analysis can be performed to
determine the effects of different molecules and treatments at any given stage of the tube
assembly process (Koh, et al., 2008b). For thiswork, we utilized two sources of pericytes
which were both derived from nervous tissue and were either from bovine retina (Saunders,
et a., 2006; Stratman, et al., 2009a) or human brain {Stratman, 2010 }. In each case, the
cells appeared completely uniform and expressed known pericyte markers such as NG2
proteoglycan and PDGFRS. We also labeled our bovine and human pericytes with green-
fluorescent protein (GFP) using lentiviral gene transfer to facilitate our ability to image
them during mor phogenic events { Stratman, 2009 Stratman, 2010 }. A number of studies
report that fibroblasts from various sources appear to differentiate into pericyte-like cells
{Hirschi, 1998 } and furthermore, they have been reported to support vascular

mor phogenesis and maturation events {Lilly, 2009 #100; }. Unpublished work from our
laboratory suggests that human dermal fibroblasts do not support EC tube formation and
maturation nearly as well as pericytes under our serum-free defined conditions. In addition,
human vascular smooth muscle cells (aortic and coronary artery) also do not support tube
formation and maturation events. Thus, pericytes have very unique featuresin this ability
using our experimental paradigms.

Using these experimental strategies, we aimed to address three primary questions which
were to determine; 1) the molecular consequences of EC-pericyte interactions on tube
stabilization (Saunders, et al., 2006; Stratman, et al., 2009a; Stratman, et a., 2010); 2) how
pericyte recruitment to endothelial tubesis regulated (Stratman, et al., 2010); and 3) what
molecular changes occur when pericyte recruitment to developing EC tubesis blocked
(Stratman, et a., 2009a; Stratman, et a., 2010). In this review, we address each of these
points by way of demonstrating arole for both ECs and pericytes in the formation and
maintenance of EC-lined tubes and the underlying vascular basement membrane matrix.

Vascular guidance tunnels provide a matrix template for EC-pericyte tube

coassembly

Recently, it has been demonstrated though a series of papers that ECs require cell surface
anchored proteases, (specifically MT1-MMP or MM P14) to undergo lumen formation and
tubulogenesisin 3D ECM environments (Fig. 1A, B) (Chun, et a., 2004; Davis, et d., 2007;
Davis, et d., 2011; Lafleur, et al., 2002; Sacharidou, et a., 2010; Saunders, et al., 2006;
Stratman, et al., 2009b). This proteinase allows EC’ s to digest the surrounding collagen in a
localized manner to create a series of physical empty spaces within the matrix which we
term vascular guidance tunnels (Stratman, et a., 2009b). It is clear that EC lumen and tube
formation creates vascular guidance tunnels and when lumen formation does not occur, the
tunnel spaces are not formed (Sacharidou, et a., 2010; Stratman, et al., 2009b). Suppression
of MT1-MMP expression, through the use of SSRNAS, leads to blockade of EC lumen and
tube formation as well as vascular guidance tunnel formation, while increased expression of
MT1-MMP (using viral vectors) leads to increased EC lumen and vascular guidance tunnel
formation (Sacharidou, et al., 2010; Saunders, et al., 2006; Stratman, et a., 2009b).
Interestingly, ECs appear to create about twice the number of vascular guidance tunnels that
they occupy at any given moment during vessel formation and remodeling events (Stratman,
et a., 2009b). These spaces remain open in the matrix and alow for EC motility and tube
remodeling as well as tube regrowth following tube collapse which was revealed using real -
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time video analysis (Stratman, et al., 2009b). Although MT1-MMP isrequired for vascular
guidance tunnel formation, once tunnels have formed, ECs and tube networks within tunnel
spaces are capable of moving in 3D matricesin an MM P-independent manner (Stratman, et
al., 2009b). Thus, vascular guidance tunnels represent a series of ECM conduitsin 3D
matrices that control tubulogenesis and vessel patterning which are generated throughout the
matrix during vascular morphogenic events (Stratman, et al., 2009a; Stratman, et al., 2009b).

Importantly, later vessel tube maturation events are dependent on vascular guidance tunnels.
Using our novel EC-pericyte co-culture systems, we have demonstrated that pericytes are
recruited to EC-lined tubes along their abluminal surface within vascular guidance tunnels
(Stratman, et al., 2009a). Thus, pericytes are in direct juxtaposition with the ECslining the
tube wall, with no initial matrix between the two cells, but both cells are present within
vascular guidance tunnel spaces (Fig. 1B) (Stratman, et a., 2009a). Thus, ECs and pericytes
assembl e so that they directly contact each other within these spaces, allowing for both
direct and indirect regulation of each cell by itsinteracting counterpart. Real-time video
analysis of these events reveal s the highly motile nature of both cell types during
tubulogenesis and maturation events (Stratman, et a., 2011; Stratman, et al., 2009a;
Stratman, et al., 2010). Pericyte motility observed along the EC tube abluminal surface
occurs within the pre-defined vascular guidance tunnel spaces. As mentioned above for ECs,
once pericytes enter the tunnels, they are also able to migrate within these spacesin an MMP
independent manner (Stratman, et a., 2009a). Also, as pericytes assemble along the vessel
wall, they are induced to produce TIMP-3, an endogenous MMP inhibitor, which servesto
suppress further EC tube morphogenic and sprouting events by inhibition of MT1-MMP
(Saunders, et al., 2006). In addition, pericyte-derived TIMP-3 protects EC tubes from
MMP-1 and MM P-10-dependent tube regression responses (Saunders, et a., 2006).
Interestingly, thiswork also identified arole for EC-derived TIMP-2 in this process
(Saunders, et al., 2006). Thus, EC-pericyte interactions lead to involvement of both TIMP-2
and TIMP-3 in controlling vascular tube stabilization (Saunders, et a., 2006). Of interest are
other studies revealing the ability of TIMP-2 to suppress angiogenesis in a manner that was
not dependent on its ability to inhibit MMPs. In contrast, TIMP-2 was shown to bind the
a3B1 integrin leading to Shp-1 activation and dephosphorylation of pro-angiogenic receptor
tyrosine kinases such as VEGFR2. As mentioned below, a331 integrin becomes important
during EC-pericyte tube coassembly dueto its ability to bind vascular laminin isoformsin
the basement membrane and it is very interesting that TIMP-2 also interacts with this
integrin during these events. Overall, these studies focused on new mechanisms controlling
how pericyte recruitment leads to tube stabilization, a process that was previously not well
understood.

Pericyte recruitment induces vascular basement membrane assembly
around developing EC-lined tubes in 3D matrices

We have further identified a new function for pericytes and EC-pericyte interactions to
control the critical process of vascular basement membrane matrix assembly (Stratman, et
al., 2009a; Stratman, et al., 2010). These studies have revealed that there is a co-requirement
for both ECs and pericytes to assemble and maintain the vascular basement membrane
matrix during vascular tube morphogenesis, maturation and stabilization in 3D extracellular
matrices (Fig. 3) (Stratman, et al., 2009a; Stratman, et al., 2010). This work focused on the
following key basement membrane structural and cross-linking proteins: laminins,
fibronectin, collagen 1V, nidogens 1/2 and perlecan. By using a detergent free
immunostaining protocol, to detect only deposited proteinsin the ECM outside of cells, it
was shown that in EC only or pericyte only cultures thereis little to no deposition of any of
these basement membrane proteins (Stratman, et a., 2009a; Stratman, et al., 2010). We
further demonstrated that both cell types are important co-contributors to the deposition of
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the vascular basement membrane matrix. In contrast, when ECs and pericytes are cocultured
together there is a dramatic increase in the extracellular deposition of these same molecules
on the abluminal surface of EC tubes (Fig. 3) (Stratman, et a., 2009a; Stratman, et al.,
2010). This same phenomenon holds true in vivo as well, as the appearance of the quail
vascular basement membrane directly correlates with the arrival of pericytes around
developing microvascular tubes (Stratman, et a., 2009a; Stratman, et al., 2010). In all cases,
deposition of basement membrane leads to restrictions in vessel diameter and patterning,
while disruption of basement membrane assembly, proper EC-pericyte interactions or cell-
matrix communication (by blocking integrins) leads to unregulated and mispatterned vessel
growth including increased vessel widths (Stratman, et al., 2009a; Stratman, et a., 2010).

The primary cell surface receptors for recognizing matrix proteins are integrins. Integrins
function by dimerization of a and § receptor subunits, allowing for the transfer of signaling
cascades both in an outside-in manner and an inside-out manner from the cell surface (Davis
& Senger, 2005; Hynes, 2007; Somanath, et a., 2009). In ECs the primary a chain integrin
subunits include a1-6 (with the exception of a4 which is variably expressed by ECs) pairing
with the 1 subunit and aV pairing with either f1, B3 or f5 (Davis & Senger, 2005; Hynes,
2007; Stratman, et a., 2009a; Stupack & Cheresh, 2004). Each a/f integrin subunit pairing
has specificity for differential matrix components, with a1 and a2 primarily being collagen
receptors, a5 and aV being fibronectin receptors, and a3 and a6 (and in part a1) being
laminin receptors (Hynes, 2007). ECs seeded within type | collagen gels, such asin our 3D
assays, are dependent upon a2B1 integrin for tubulogenesis (Davis & Camarillo, 1996;
Sacharidou, et a., 2010; Stratman, et a., 2009a). However, as the basement membrane
begins to assemble around the tubes (when pericytes are present and recruit to tubes), ECs
lose their reliance on a2 (atype | collagen receptor) and instead become dependent on other
a chain integrins, primarily a5, a3, a6, and al (which recognize basement membrane
components), to maintain tube stability, restrict EC vessel width and interact with the newly
assembled basement membrane matrix (Fig. 1) (Stratman, et al., 2009a). Importantly, this
new integrin dependence only occurs when ECs and pericytes are co-cultured together and
does not occur with EC only cultures (Stratman, et al., 2009a). Thus, we demonstrated that
pericytes are required to work with ECs to properly assemble the vascular basement
membrane and that while this basement membrane is being constructed and remodel ed, both
cell types recognize and respond to this matrix (as demonstrated by requirements for new
integrin chains recognizing this new ECM and loss of requirements for integrins recognizing
collagen type 1) during the time course of vascular morphogenesis and maturation (Figs. 1
and 3) (Stratman, et al., 2009a).

By way of understanding the co-requirement of ECs and pericytes to assembl e the basement
membrane, an additional series of studies were performed to determine the regulation
patterns of each of the key basement membrane matrix molecules, collagen 1V chains,
laminin isoform chains, fibronectin, nidogens 1/2 and perlecan, at the mRNA level in either
ECs or pericytes alone versus each cell individually within the coculture. By carrying out
these studies, three major conclusions became apparent which were; 1) in the absence of the
co-culture setting, the mRNA transcript level of most of the basement membrane genes
decreased over the 5 day time course as well as the expression levels of their correlating
integrin chainsin EC only and pericyte only cultures; 2) both ECs and pericytes were able to
contribute components of the basement membrane (Stratman, et a., 2009a); and 3) that EC-
pericyte interactions dramatically increased expression of laminin alphab and beta2 chains,
necessary for the formation of laminins 511 and 521 that can self-assemble into basement
membranes (Miner & Y urchenco, 2004; Y urchenco, et al., 2004), as well as other structural
components such as fibronectin and the collagen IV alphal chain along with bridging
molecules such as nidogen 1 and perlecan (Stratman, et al., 2009a). These changes in gene
expression describe the molecular consequences observed downstream of heterotypic cell-
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to-cell interactions, such as those seen between interacting ECs and pericytes during
vascular tube co-assembly, and begin to elucidate the role that pericytes play in supporting
long-term tube stabilization.

We also observed that pericyte-derived TIMP-3 played a key role in stabilizing the newly
deposited vascular basement membrane. sSiRNA suppression of TIMP-3 led in particular to
markedly decreased collagen type IV assembly and/or stability (Stratman, et al., 2009a).
Interestingly, the EC tubes were significantly wider when pericyte TIMP-3 expression was
suppressed (Stratman, et a., 2009a). Thus, EC-pericyte interactions not only control
synthesis and deposition of basement membrane components, but contribute to stahility of
this matrix by inhibiting proteolysis.

PDGF-BB and HB-EGF regulate pericyte recruitment to EC lined tubes to
induce vascular basement membrane deposition and tube stability

Due to the critical nature of EC-pericyte heterotypic interactions which are necessary for
basement membrane deposition and tube stabilization, we sought to understand the signals
controlling directional pericyte recruitment to EC-lined tubes under defined serum-free
conditions in 3D matrices. As mentioned previously, a considerable amount of work has
been done to understand the role that PDGF-BB playsin mural cell investment of the
vasculature (Gaengel, et al., 2009; Stratman, et a., 2010). As shown through the use of
knockout mice, loss of EC-derived PDGF-BB |eads to reduced pericyte coveragein
microvascular beds (Abramsson, et a., 2003; Bjarnegard, et al., 2004; Lindblom, et al.,
2003). In more recent work, EGF family members appear to play asimilar rolein affecting
pericyte investment of the vasculature (livanainen, et a., 2009; livanainen, et a., 2003;
Stratman, et al., 2010; Weskamp, et a., 2010). The mechanisms by which these growth
factors act to control mural cell investment of vessels needs to be investigated in greater
detail.

Because of this previous information, we aimed to understand the functional role of PDGF
isoforms and EGF family molecules, both individually and in combination, in the molecular
control of pericyte motility, proliferation and recruitment during vascular development, tube
maturation and vessel stabilization using our serum-free defined system (Stratman, et al.,
2011; Stratman, et al., 2009a). Utilizing a pericyte nuclear tracking assay during these events
(to assess pericyte motility of nuclear GFP-labeled pericytesin real-time in 3D matrices), we
determined that pericytes on their own failed to migrate or proliferate in 3D matrices
(Stratman, et al., 2010). In stark contrast, in the presence of ECs and coincident with EC
tubulogenesis, marked pericyte motility and proliferation was shown to occur (Fig. 4A)
(Stratman, et al., 2010). We a so determined that both EC-derived PDGF-BB and HB-EGF
are major growth factors produced by ECs during these events, so we performed
experiments to address their specific roles (Stratman, et al., 2010). A combinatorial
approach utilizing neutralizing reagents specific for either PDGF-BB or HB-EGF (i.e.
blocking antibodies and soluble receptor traps) and SIRNA suppression of the key receptors
for these ligands in pericytes, namely PDGFRp, EGFR and ErbB4, were employed to
demonstrate that these key ligands are derived from ECs and act on pericytesto direct their
recruitment to developing tubes (Fig. 4B) (Stratman, et al., 2010). In cases where pericytes
are unable to respond to these ligands (i.e. treatment with neutralizing antibodies/receptor
traps to both ligands simultaneously or SSRNA suppression of the receptors) their motility
within 3D matrices was dramatically compromised as shown by decreases in average
cellular velocity, average total distance of movement and average distance from the origin
(Fig. 4B). In conjunction with this reduced motility there is also a marked decreasein
pericyte proliferation and recruitment of pericytesto EC tubes (Fig. 4B) (Stratman, et a.,
2010). From these data obtained in vitro, it appears that PDGF-BB and HB-EGF work in
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tandem to control these processes, as treatmentsto inhibit either ligand individually do not
elicit the maximal effects noted with combination treatments (Stratman, et al., 2010).

To further support these data in vivo, models of quail vascular development were utilized to
investigate the combined influence of PDGF-BB and HB-EGF signaling during these
processes. Upon treatment of quail embryos with chemical inhibitorsto EGFR (i.e. Iressa)
and PDGFR (i.e. Imatinib) or using neutralizing antibodies specific to PDGF-BB and HB-
EGF during developmental time points of pericyte recruitment, we demonstrated that
disruption of both of these ligandsin combination leads to a dramatic decrease in the
number of pericytes associated with EC tubes versus controls or individual treatment
conditions (Fig. 5A, B) (Stratman, et al., 2010). Associated with these recruitment defectsis
a concomitant increase in EC tube width, decrease in the number of EC branch points and
the presence of leaky, hemorrhagic vessels throughout the embryo, which is highly
suggestive of improperly remodeled and unstable blood vessels (Fig. 5A, C) (Stratman, et
al., 2010). Importantly, theincrease in EC tube width and loss of pericyte recruitment to EC
vessels noted in vivo is completely consistent with the data obtained in in vitro models.

Of particular interest is whether blockade of pericyte recruitment to EC tubesin vivo (i.e.
using PDGF-BB/HB-EGF neutralizing antibodies or chemical inhibitors to their receptors)
leads to defectsin vascular basement membrane matrix assembly in the developing
vasculature. Data generated both in vitro and in vivo show that in the absence of direct EC-
pericyte interactions that there is dramatic inhibition of basement membrane protein
deposition (Fig. 6) (Stratman, et a., 2010). This data suggests that physical interactions
between the two cell types strongly enhances the formation of the basement membrane, and
that just the presence of pericytes within the surrounding tissueis insufficient to control this
process (Stratman, et al., 2011; Stratman, et a., 2009a; Stratman, et al., 2010). These
physical interactions are likely required for the assembly of ECM proteins such as
fibronectin, which is known to require mechanical tension exerted on these molecules to
expose matricryptic sites that facilitate fibronectin-fibronectin interactions essential for the
matrix assembly reaction (Vogel, 2006; Zhong, et a., 1998). Furthermore, our data
demonstrates that in the absence of fibronectin assembly there is a concomitant lossin
collagen type IV assembly and an increase in EC vessel width (a consistent marker of EC-
pericyte dysfunction) (Stratman, et al., 2009a). Such increases in EC vessel width have been
noted in both in vitro culture settings and in vivo in the quail vasculature and fibronectin
knockout mice (Astrof, et a., 2007; George, et a., 1997; Stratman, et al., 2009a; Stratman,
et a., 2010).

The role of dysfunctional EC-pericyte interactions in the pathogenesis of

disease

Our new findings showing that EC-pericyte interactions are necessary for basement
membrane assembly suggests that abnormalities in this process, which lead to decreased
vessal integrity, might be an important pathogenic feature of diseases such as diabetes and
cancer (where abnormal EC-pericyte interactions have been observed) (Baluk, et al., 2005;
Baluk, et al., 2003; Bergers, et a., 2003; Carmeliet, 2005; Hammes, et al., 2002; Hammes,
et a., 2004; Hellstrom, et a., 2001; Morikawa, et a., 2002). In the case of diabetes, thereis
an abnormal increase in non-perfused EC vessels and a dramatic reduction of pericytes
within the native vasculature as well as alack of recruitment to newly forming vessels
during angiogenic responses (Hammes, 2005; Hammes, et a., 2002; Hammes, et a., 2004,
Hellstrom, et al., 2001). In these cases, our recent data demonstrating that EC-pericyte
interactions are required to induce basement membrane protein deposition would suggest
that abnormal vascular basement membranes (i.e. disrupted or reduced basement membrane)
are present along these vessels, leading to potentially increased vascular permeability and
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decreased EC tube stability (Stratman, et al., 2009a; Stratman, et al., 2010). These
phenotypes might result in reduced nutrient delivery and perfusion to the affected areas and
potential long term tissue damage (with reduced tissue repair ability) which are common
defects associated with diabetes. These same concepts also apply to the newly forming
vasculature within the tumor microenvironment which controls the development and
progression of malignant tumors. Overall, these vessels are known to have fewer numbers of
associated pericytes, with abnormal heterotypic cell-to-cell interactions along these vessels
(Baluk, et al., 2005; Bergers, et a., 2003; Morikawa, et a., 2002; Sennino, et a., 2007). As
these vessels are known to be leaky with markedly increased vascular permeability, the data
remains consistent with the possibility that vascular basement membranes surrounding
tumor vessels may be highly abnormal. It is clear that a greater understanding of the
functional role and molecular details underlying how vascular basement membranes are
formed and maintained (under normal versus disease conditions) and how thisrelatesto EC
tube maturation and stabilization eventsis an important question for future investigation.

Conclusions

In this review, we have described new findings that demonstrate that vascular basement
membrane assembly is controlled by EC-pericyte interactionsin 3D extracellular matrices.
This process occurs following EC tubulogenesis which leads to vascular guidance tunnel
formation (amatrix-free physical spacein 3D matrices generated through MT1-MMP-
dependent proteolysis) and also the production of PDGF-BB and HB-EGF which are critical
EC-derived factors that direct pericytesto the EC tube abluminal surface and vascular
guidance tunnel spacesin vitro and in vivo. Pericyte motility along this tube abluminal
surface stimulates ECs and pericytes to deposit basement membrane matrix proteins to
facilitate tube maturation and stabilization events. Pericyte recruitment to EC tubes was
shown to be necessary for vascular basement membrane assembly in vitro and in vivo. EC-
pericyte interactions selectively induce basement membrane components as well as integrins
such as a581, a6B1, a3B1 and alBl, which recognize this newly deposited matrix. Thus,
heterotypic EC and pericyte interactions induce specific molecular events that control
vascular morphogenesis and stabilization by affecting basement membrane matrix synthesis,
deposition of this remodeled ECM, recognition of the ECM through differential integrin
expression, and protection of this basement membrane matrix by the presentation of TIMP-2
and TIMP-3, which block proteolysis and further tube morphogenesis as well as tube
regression mechanisms through inhibition of MMPs.

As discussed above, considerable recent progress has occurred elucidating how EC-pericyte
interactions lead to tube maturation and stabilization, but clearly more work is necessary to
further understand these processes. One area that needs to be emphasized in future work is
how growth factor- and cytokine-mediated signaling interfaces with vascular basement
membrane-mediated signaling. Co-signaling between growth factor and ECM receptorsisa
key aspect of these events, but the specific molecular interactions necessary for such signals
needs to be investigated in more detail. It isinteresting that specific growth factors show
selective affinities for different basement membrane components so thisislikely to be a
critical areathat needs to be further explored. Also, how such co-signaling affects other key
EC events necessary for tube maturation such as EC-EC junction formation and stability as
well as EC flow responsiveness is fundamental to our understanding of these processes.
Finally, the advances discussed in this review have strong implications for our
understanding of the underlying pathogenesis of disease states, where abnormalitiesin EC-
pericyte interactions are known to occur (e.g. diabetes and cancer). Furthermore, these
insights could lead to novel therapeutic possibilities.
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Figure 1. Molecular mechanisms controlling EC tubulogenesis, pericyterecruitment and tube
stabilization in 3D matrices

(A) The schematic depicts the role of MT1-MMP proteolysis, EC lumen signaling
complexes, and signal transduction cascades on the promotion of early EC morphogenic
events including lumenogenesis and vascular guidance tunnel formation. Pericyte
recruitment occurs to these devel oping tubes through EC-derived PDGF-BB and HB-EGF
leading to vascular basement membrane deposition that affects tube maturation and
stabilization. EC-pericyte interactions selectively lead to increased basement membrane
protein synthesis, deposition and upregulation of integrins that recognize this newly
deposited ECM. The image is an electron micrograph showing EC-pericyte tube coassembly
and developing vascular basement membranes depositing (arrows) between the two cell
typesin 3D matrices. Bar equals 0.5 um. (B) ECs and pericytes were seeded in collagen type
I matrix and allowed to assemble over 5 days. Images shown depict varying steps within this
assembly process: (left) the generation and presence of vascular guidance tunnels (red:
collagen type | matrix, green: GFP-pericytes); (center) the recruitment of pericytesto EC
lined tubes (red: CD3L1, green: GFP-pericytes); (right) the deposition of the vascular
basement membrane (red: laminin, green: GFP-pericytes). Bar equals 25 pm.
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Figure 2. The development of in vitro models of EC tubulogenesis and EC-pericytetube
coassembly under defined serum-free conditions

(A) Models of EC-pericyte coassembly were developed in collagen type | matrices in which
the pericytes recruit to developing EC tubes over a period of three to five days. The two
cells are seeded randomly asindividual cells and over time the ECs vacuolate, lumenize and
interconnect into vascular networks; pericytes then recruit to these vessels to promote
maturation and long term stabilization events. Images are shown to display this assembly
process with the ECs immunolabeled with anti-CD31 antibodies in red and pericytes stably
expressing GFP. Bar equals 10 um. (B/C) The 3D assay systems utilized are performed
using a series of three hematopoietic cytokines, SCF, SDF-1a and IL-3, to promote
tubulogenesis. Images and quantification of the morphogenic phenotype observed at day 3
of culture are shown. Bar equals 25 pm.
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Figure 3. EC-pericyte interactions promote tube remodeling, maturation and stabilization
through deposition of the vascular basement membrane

EC only versus EC-pericyte cocultures were established for a period of 5 daysin 3D
collagen matrices. Immunostaining analysis was performed, using detergent free staining
protocols to recognize only extracellular proteins, of the EC only versus EC-pericyte
cocultures. Vascular basement membrane matrix assembly reveals extracellular deposition
of the indicated basement membrane proteins only in the coculture setting. Pericytes are
GFP labeled while the varying basement membrane proteins indicated are immunolabeled in
red. Bar equals 25 pm.
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Figure 4. EC-derived PDGF-BB and HB-EGF arerequired to induce pericyte motility and
proliferation during EC-pericyte tube coassembly in 3D matrices

(A) Nuclear GFP-pericytes were seeded in 3D collagen matrices in the presence or absence
of ECs and their motility tracked over a period of 3 days. Images of nuclear tracking of
pericytes reveal the requirement of ECs to promote pericyte motility. Further, inhibition of
PDGF-BB and HB-EGF in combination leads to marked suppression of pericyte motility in
3D matrices. (B) Quantification of nuclear tracking of pericytesin the presence of EC, in the
absence of EC or in EC-pericyte cocultures in which PDGF-BB and HB-EGF are inhibited
demonstrating that PDGF-BB and HB-EGF in combination are required to stimulate EC
motility and proliferation in 3D collagen matrices.
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Figure 5. PDGF-BB and HB-EGF direct pericyterecruitment to endothelial cell tubes during
quail vascular mor phogenesis

(A) Images of ECs (QH1-green) overlaid with the associated pericyte field (PDGFRp-red)
are shown demonstrating the lack of pericytes associated with EC tubesin conditions where
quail embryos were treated with chemical inhibitors to PDGFRf (Imatinib) and EGFR
(Iressa) (both added at 100 nM). Bar equals 15 um. (B) Quantification of the number of non-
associated pericytesin control versus PDGF-BB/HB-EGF double inhibited treatment
conditions (both antibodies added at 50 jug/ml). At day 6 of development, treatments that
inhibit PDGF-BB and HB-EGF activity on pericyteslead to an increase in the number of
non-associated pericytes versus controls. (C) Images of control versus treatment embryos
reveals the increased incidence of cranial vascular hemorrhage phenotypes in the embryosin
which pericyte recruitment isimpaired.
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Figure 6. EC-pericyte interactions markedly stimulate basement membrane deposition and
assembly in 3D matricesin vitro and in vivo

(A) Quantification of fibronectin immunostaining intensity levels revealsthat in conditions
with disrupted EC-pericyte interactions (i.e. Imatinib/lressa) there is a dramatic decrease in
the amount of fibronectin deposition around developing quail EC-lined tubes at embryonic
day 6. (B) Images of this phenotype are shown in overlay images of the vasculature (QH1-
green) versus fibronectin deposition (red) in control versus treatment conditions in which
pericyte recruitment is markedly inhibited. Bar equals 25 pum. (C) Images displaying
collagen 1V or fibronectin staining (red) versus GFP-pericytes reveals alack of deposition in
the treatment condition when pericyte recruitment is blocked. Intensity mapping of this
phenotype is also included demonstrating the increased |ocalization of deposited collagen IV
around EC tubes in the control versus treated condition.

Microsc Microanal. Author manuscript; availablein PMC 2014 February 10.



