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Abstract
Proteinases play a key role during angiogenesis and have been implicated in vascular
morphogenesis, stabilization and regression. Major advances have identified specific proteinases
and their inhibitors that separately control these processes. Relevant proteinases include cell
surface or soluble metalloproteinases, serine proteinases and cathepsins that affect these events
and a critical issue concerns how these proteinases are balanced by their inhibitors to affect tissue
vascularization. Importantly, heterotypic communication of endothelial cells with vessel
supporting cells such as pericytes controls proteinase and inhibitor expression to regulate these
processes.

1. Introduction
Proteinases that are secreted or expressed on cell surfaces are major regulators of
biochemical and biological processes such as coagulation, complement activation and
extracellular matrix (ECM) degradation. Together, these molecules and pathways play
critical roles in major cellular events such as inflammation, platelet activation, angiogenesis,
wound repair and tumor invasion and metastasis (Apte, 2009; Arroyo and Iruela-Arispe,
2010; Binder et al., 2007; Blobel, 2005; Castellino and Ploplis, 2005; Coughlin, 2005; Davis
and Saunders, 2006; Porter et al., 2005; Sabeh et al., 2009; van Hinsbergh and Koolwijk,
2008). Major functions of proteinases include degradation of proteins, activation of proteins
including proteinase zymogens, cell surface receptors, latent growth factors and, creation of
new biologically active cryptic sites within other proteins (Arroyo and Iruela-Arispe, 2010;
Davis, 2009) (Figure 1). They also participate as critical cell signaling regulators by cell
surface shedding events and direct ability to control signal transduction.

The molecular control of angiogenesis and developmental vasculogenesis is a major topic of
investigation and very significant progress has been made over the past several decades
(Adams and Alitalo, 2007; Arroyo and Iruela-Arispe, 2010; Davis et al., 2011; Senger and
Davis, 2010). Key controls for these events are interactions of vascular cells such as

© 2011 Elsevier Ltd. All rights reserved.
Corresponding Author: George E. Davis, M.D., Ph.D., Mulligan Professor of Medical Research, Department of Medical
Pharmacology and Physiology, University of Missouri School of Medicine, MA415 Medical Sciences Building, Columbia, MO
65212, davisgeo@health.missouri.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Drug Discov Today Dis Models. Author manuscript; available in PMC 2012 April 1.

Published in final edited form as:
Drug Discov Today Dis Models. 2011 ; 8(1): 13–20. doi:10.1016/j.ddmod.2011.03.004.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



endothelial cells (ECs) with extracellular matrices which is a fundamental regulator of how
new blood vessels form and mature (Davis et al., 2011; Senger and Davis, 2010). In fact,
many studies indicate that EC-matrix interactions represent the primary regulator of vascular
morphogenesis while growth factors such as VEGF controls other steps including cell
proliferation and survival (Davis and Senger, 2005; Senger and Davis, 2010). The interface
of growth factor and ECM-mediated signaling is a topic of active investigation which is
elucidating how these different molecules control various steps in vascular morphogenesis
and stabilization (Hynes, 2009; Senger and Davis, 2010). Clearly, ECM and growth factor
signaling is affected by proteinases (Arroyo and Iruela-Arispe, 2010; Davis, 2009; Senger
and Davis, 2010) and thus, proteinases represent an important mediator of how cells such as
ECs interact with their environment during these processes (Figure 1).

2. Proteinases control vascular tube morphogenesis and angiogenic
sprouting

There is considerable evidence that proteinases are fundamental regulators of vascular
morphogenesis during either vasculogenic tube assembly or angiogenic sprouting (Davis et
al., 2007; Davis et al., 2011). A key point is that their role appears to be particularly critical
in 3D extracellular matrix environments where cells need to degrade ECM in order to
migrate, invade and undergo morphologic changes. For example, vascular basement
membrane degradation is an important step for the initiation of angiogenic sprouting (Senger
and Davis, 2010). Interestingly, ECs must invade from a 2D relationship with ECM where
they are part of the vessel wall lumenal surface (and in contact with vascular basement
membrane) and transition into a 3D relationship with ECM as a leading EC tip cell invades
into ECM (i.e. interstitial matrix rich in collagen type I) to control the sprouting response.
This EC invasion response is a proteinase-dependent event and leads to a change in the
interaction of ECs with different ECM components (and interactions with degraded ECM
also) (Senger and Davis, 2010). Another important issue is the ability of proteinases to
liberate molecules that are anchored to the ECM such as cytokines, and possibly also,
biologically active lipids and peptides. Proteinases may participate in regulating the activity
of other molecules by inactivating inhibitors or activating stimulatory molecules for a pro-
morphogenic event, while controlling the opposite during a pro-regression event.
Proteinases can activate other proteinase zymogens, activate growth factors, release
membrane-bound growth factors, and inactivate proteinase inhibitors. All of these activities
are highly relevant to the mechanisms underlying how vessels form, stabilize and regress
(Figure 1). Interestingly, proteinases and their inhibitors have also been reported to have
biologic functions independent of their proteinase and inhibitory activities (Gonzalo et al.,
2010; Seo et al., 2003; Stetler-Stevenson and Seo, 2005).

MT1-MMP controls vascular tube morphogenesis and sprouting in 3D extracellular
matrices

Matrix metalloproteinases have been reported to have important effects on vascular
morphogenic events. Two major activities appear critical which are; i) direct effects of
membrane type matrix metalloproteinases (MT-MMPs) to stimulate EC sprouting as well as
vascular lumen and tube formation in 3D extracellular matrices (Chun et al., 2004; Davis et
al., 2011; Sacharidou et al., 2010; Saunders et al., 2006; Stratman et al., 2009b), and ii)
release of angiogenic cytokines from the ECM to modulate vascular morphogenic responses
(Bergers et al., 2000) (Figure 1). Importantly, MT1-MMP has been recently reported to
directly participate in critical signaling transduction events such as modulating the activities
of Rho GTPases (Gonzalo et al., 2010; Sacharidou et al., 2010), which regulate cell shape,
motility and morphogenesis. Thus, in addition to their ability to degrade the ECM to affect
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EC invasion and morphogenesis, they directly participate in cell signaling cascades that
control these processes (Sacharidou et al., 2010).

MT1-MMP is a cell surface expressed MMP that has been implicated in many processes,
most notably in tumor cell invasion and angiogenesis (Davis et al., 2007; Davis et al., 2011;
Haas and Madri, 1999; Sabeh et al., 2009; Senger and Davis, 2010; van Hinsbergh and
Koolwijk, 2008). In the latter process, it has been directly demonstrated to be required for
angiogenic sprouting into 3D collagen or fibrin matrices and more recently, it has been
shown to be fundamentally involved in how ECs form lumens and tubes in 3D collagen
matrices (Davis et al., 2007; Davis et al., 2011). The mouse knockout of MT1-MMP (which
causes early postnatal lethality) revealed abnormal vascular morphogenesis within
developing bone (a matrix dense tissue) and importantly, angiogenic responses do not occur
in vivo in the postnatal mice (Zhou et al., 2000). Thus, MT1-MMP is a required molecule for
EC tubulogenesis (Sacharidou et al., 2010; Saunders et al., 2006; Stratman et al., 2009b) and
it does so as a critical component of an EC lumen signaling complex that is necessary for the
human EC lumen and tube formation process in 3D collagen matrices (Sacharidou et al.,
2010). In fact, it has been shown that MT1-MMP and the Rho GTPase, Cdc42, are
interdependent signaling molecules that are physically and functionally coupled during these
events. MT1-MMP activity is necessary for Cdc42 activation (a fundamental control step in
EC lumen formation) in 3D collagen matrices and likewise, Cdc42 activity is necessary for
MT1-MMP to perform its proteolytic functions during tube formation (Sacharidou et al.,
2010). A key step in vascular morphogenesis is to create networks of EC-lined tubes, but
also to carve out networks of physical tunnel spaces within the 3D ECM (termed vascular
guidance tunnels- a process dependent on MT1-MMP) (Stratman et al., 2009b). Importantly,
blockade of EC tubulogenesis using a variety of inhibitors leads to complete interference of
MT1-MMP-dependent vascular guidance tunnel formation (Stratman et al., 2009b). TIMP-2
and TIMP-3 addition strongly abrogates EC tube and tunnel formation while TIMP-1 does
not due to its inability to block MT1-MMP (Saunders et al., 2006). Furthermore, EC tubes
reside within these vascular guidance tunnel networks and can utilize them to freely migrate
to remodel tube structures (Stratman et al., 2009b), but also to stimulate pericyte recruitment
to the ablumenal tube surface within tunnel spaces (Stratman et al., 2009a). Vascular
guidance tunnels represent matrix conduits that control EC tube remodeling events (via EC
motility or applied external stimuli such as flow), mural cell recruitment, and possibly cell
sorting events that distinguish arterial versus venous EC tubes (Davis et al., 2011). Also,
dramatic EC and pericyte motility events occur within vascular guidance tunnels and these
heterotypic cell-cell interactions lead to vascular basement membrane matrix assembly
(Stratman et al., 2009a), a fundamental step in vascular maturation and stabilization (Senger
and Davis, 2010) (Figure 2). Thus, MT1-MMP represents a major regulator of vascular tube
morphogenesis and maturation due its ability to control signaling events necessary to form
tube structures but also to play a fundamental role in the creation of vascular guidance
tunnels in 3D matrices through proteolysis.

Modulation of angiogenic responses by proteinase-induced modulation of cytokine
release and activity

Proteinases, such as soluble MMPs and plasmin, have been reported to liberate angiogenic
cytokines from either the ECM or cell surfaces (Bergers et al., 2000; Lee et al., 2005). A
variety of recent studies show that neutrophil-derived MMP-9 (which does not have
associated TIMP-1) can strongly stimulate angiogenic events (Ardi et al., 2007; Heissig et
al., 2010). This is one mechanism whereby acute inflammation and angiogenesis are
strongly linked processes (Arroyo and Iruela-Arispe, 2010). Thus, both neutrophils as well
as monocyte/macrophages produce proteinases and cytokines that stimulate angiogenic
events as a part of the coupled inflammation and wound repair processes (Arroyo and Iruela-
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Arispe, 2010; Heissig et al., 2010). Both MMP-3 and plasmin have been reported to cleave
VEGF such that it releases from ECM and mimics the activity of the VEGF121 isoform
which shows little to no affinity for ECM (Lee et al., 2005). Interestingly, expression of
mutated forms of VEGF that cannot be cleaved by MMPs or plasmin, markedly alter
angiogenic responses in vivo compared to cleavable VEGF forms (Lee et al., 2005).
Interestingly, other proteinases such as Adamts1 have been reported to bind VEGF and
interfere with angiogenic responses (Luque et al., 2003). One interesting possibility is that
proteinase release of VEGF may alter its functional capacity due to the ability of ECM-
bound VEGF to induce unique signals distinct from that of soluble VEGF (Chen et al.,
2010). ECM binding may also modulate the susceptibility of VEGF to blockade from
soluble molecules such as released VEGFR1 isoforms or Adamts1.

Mechanisms underlying proteinase-dependent modulation of angiogenesis: Influence on
cell surface molecule shedding, initiation of angiogenic sprouting and inactivation of
proteinase inhibitors

A variety of other proteinases have been reported to modulate angiogenic responses and
these include serine proteinases such as plasminogen activators, plasmin, thrombin, Adam
metalloproteinases, and cathepsins. Adam-15 and Adam-17 have been reported to affect
angiogenesis in mouse knockout animals (Horiuchi et al., 2003; Weskamp et al., 2010). The
ability of Adam-17 to shed a variety of molecules including growth factors of the EGF
family is likely to play a role in its influence (Swendeman et al., 2008). Also, Adam-10 is
known to play a critical role in Notch activation (Hartmann et al., 2002), a major regulator
of vascular development as well as angiogenesis (Sainson et al., 2005). Notch signaling
which is strongly activated in the arterial system controls signaling in both ECs and mural
cells during these events (Adams and Alitalo, 2007). Interestingly, cathepsin S, which is
expressed on the EC cell surface has been reported to affect vascular development (Shi et
al., 2003). Other cathepsins and their specific inhibitors have been shown to be involved in
the initiation of VEGF-dependent angiogenic responses (Chang et al., 2009; Joyce et al.,
2004).

One mechanism by which some of these enzymes may influence angiogenic responses is by
inactivation of proteinase inhibitors. For example, plasmin and cathepsins have both been
reported to inactivate TIMP-1, along with oxidants (Frears et al., 1996; Itoh and Nagase,
1995). It is important to consider if these proteinase or chemical inhibitors might also
inactivate TIMP-2 or TIMP-3, which then could affect MT1-MMP activity to regulate
vascular morphogenesis. Also, plasmin and other serine proteinases activate pro-MMPs
which can facilitate degradation of ECM including interstitial and basement membrane
matrices (Davis and Saunders, 2006; Saunders et al., 2005; Saunders et al., 2006). Thrombin
has been reported to stimulate angiogenesis but interestingly, it is also known to cause EC
junction disassembly as well as EC tube collapse in 3D matrices (Bayless and Davis, 2004;
Coughlin, 2005; Garcia et al., 1996). Perhaps these latter events could actually initiate
angiogenic signaling by converting stable EC tube networks into activated ones that remodel
and then initiate new vascular morphogenic events. Interestingly, PAI-1 can also be
inactivated by proteinase cleavage, but this also leads to a PAI-1 fragment that possesses
anti-angiogenic activity (Drinane et al., 2006). Similar approaches to those described for
PAI-1 should be performed for TIMPs to address whether similar cryptic activities might
exist for them following their cleavage. Interestingly, TIMP-2 has been reported to affect
angiogenic responses in a manner that does not necessarily depend on its ability to inhibit
MMPs. As discussed above, TIMP-2 can markedly block EC tube morphogenesis and
sprouting through blockade of MT-MMP (Saunders et al., 2006). However, using a
recombinant TIMP-2 that is mutated to inactivate its N-terminal proteinase inhibitory
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domain, it has been shown that it can also block angiogenesis by interfering with VEGFR2
phosphorylation events (Seo et al., 2003; Stetler-Stevenson and Seo, 2005).

3. Proteinases that regulate vascular tube regression
It is clear that angiogenic and vasculogenic responses are balanced by positive and negative
signals. Proteinases play major roles in these balanced vascular responses which are
necessary for the development and maintenance of large vessels as well as the functional
microcirculation. Interestingly, major diseases such as aortic aneurysm, aortic dissection and
atherosclerosis involve proteinase-degradation of vascular ECM (Raffetto and Khalil, 2008).
Recent data suggests that mural cell interactions with EC tubes reduced proteolysis and this
is a major mechanism underlying why these interactions lead to vessel stabilization
(Saunders et al., 2006; Stratman et al., 2009a). Interestingly, EC-pericyte interactions in 3D
matrices leads to increased production of EC-derived TIMP-2 and pericyte-derived TIMP-3
which can block pro-regression stimuli mediated by MMP-1, MMP-10, plasmin, and plasma
kallikrein (Saunders et al., 2006).

MMP-1 and MMP-10 control vascular tube regression in 3D collagen matrices
Using models of EC tube morphogenesis and regression in 3D collagen matrices, the roles
of specific MMPs and inhibitors have been addressed by several laboratories (Davis et al.,
2001; Saunders et al., 2005; Saunders et al., 2006; Zhu et al., 2000). It is clear that particular
soluble MMPs, such as MMP-1 and MMP-10, play a specific role in vascular tube
regression responses. siRNA suppression of these genes led to selective blockade of vascular
tube regression responses but does not affect the ability of human ECs to form tubes in 3D
collagen matrices (Saunders et al., 2005). In this model under defined serum-free conditions,
the addition of plasminogen (which is converted to plasmin by EC-derived plasminogen
activators) or other serine proteases such as plasma kallikrein and neutrophil elastase leads
to activation of pro-MMP-1 and pro-MMP-10 which leads to vascular tube regression
responses (Saunders et al., 2005). Increased expression of either pro-MMP-1 or pro-
MMP-10 accelerates tube regression responses but has no influence on tube formation.
Thus, reducing MMP-1 and MMP-10 expression interferes with tube regression, while
increasing expression of these MMPs stimulates tube regression. In contrast, these
expression changes have no influence on tube formation in 3D matrices (Davis and
Saunders, 2006; Saunders et al., 2005). Also, it was observed that siRNA suppression of
Adam-15 acted in conjunction with MMP-1 and MMP-10 to affect vascular tube regression
(Davis and Saunders, 2006; Saunders et al., 2006). Overall, this work strongly supports the
concept that MMP-1 and MMP-10 primarily control tube regression responses and do not
directly influence EC tube formation in 3D collagen matrices under defined serum-free
conditions. In strong support for these concepts are data showing that mouse knockouts of
TIMP-1 and PAI-1 tend to reduce angiogenic responses (Noel et al., 2004) and lead to
decreased vascular density in tissues (i.e. likely mediated by increased MMP-dependent tube
regression) such as the retina (Yamada et al., 2001). In further support of these concepts is
work showing that mouse knockout of histone deacetylase (HDAC)7 leads to a
developmental vascular lethal phenotype with severe vessel breakdown and vascular
hemorrhage (Chang et al., 2006). siRNA suppression of HDAC7 was shown to markedly
increase the expression of MMP-10 while at the same time causing reduced expression of
TIMP-1 (Chang et al., 2006). This combination of genetic changes led to increased
susceptibility of EC tubes during vascular development in vivo toward regression
mechanisms leading to tube disruption and hemorrhage. Thus, work performed in vitro
demonstrating a role for MMP-10 and MMP-1 in controlling vascular tube regression (Davis
et al., 2001; Davis and Saunders, 2006; Saunders et al., 2005; Saunders et al., 2006) are
strongly supported by in vivo developmental studies showing the ability of MMP-10 to
mediate vascular regression leading hemorrhage and embryonic lethality (Chang et al.,
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2006). Furthermore, there is also considerable evidence for related MMP-dependent tube
regression phenomena during the reproductive cycle and mammary duct regression
following the cessation of lactation (Khokha and Werb, 2010; Zhang and Nothnick, 2005).

Also, very recent work suggests that proteinase-dependent shedding of important signaling
receptors such as VEGFR2 and insulin receptors within the microcirculation may play a
pathogenetic role in vascular diseases such as hypertension (DeLano and Schmid-
Schonbein, 2008; Tran et al., 2010). It is of particular interest that many factors that promote
vascular regression tend to have the ability to promote vasoconstriction and activate platelets
which in conjunction with activation of coagulation mechanisms leads to thrombotic
diseases (Coughlin, 2005). Of great interest is the ability of platelet-derived thrombospondin
to promote vasoconstriction responses by inhibiting nitric oxide-dependent vascular smooth
muscle signaling (Isenberg et al., 2008; Isenberg et al., 2007). This signaling effect appears
to occur primarily in a CD47-dependent manner which inhibits guanylate cyclase.
Thrombospondins 1 and 2 have been reported to have anti-angiogenic activity (Isenberg et
al., 2009) and this may primarily occur due to this very interesting ability of
thrombospondin to block nitric oxide signaling. Many stimuli are known to activate platelets
to stimulate release of thrombospondin-1 including thrombin which can acutely disassemble
EC-EC junctions (and expose sub-endothelial ECM) to further activate platelets (Coughlin,
2005).

Overall, proteinases affect tube regression through a number of important mechanisms
including; i) activation of proenzymes to facilitate proteolytic cascades that stimulate vessel
regression, ii) degradation of critical ECM components necessary for EC adhesive
interactions necessary to maintain tube structure; iii) degradation of proteinase inhibitors to
accelerate the activity of proteinases that catalyze this process, iv) generation of cryptic
fragments of ECM, proteinases or inhibitors that regulate tube regression, and v) shedding or
secretion of growth factor receptor traps that sequester growth factors such as VEGF; and
vi) degradation or shedding of growth factor receptors (e.g. VEGFR2 and Tie-2) or cell-cell
adhesion molecules (e.g. VE-cadherin) (Guaiquil et al., 2009) that are necessary to maintain
vessel tube signaling and shape (Figure 1). Thus, there are multiple regulatory steps in blood
vessel assembly and maintenance and many of these are directly regulated by proteinase
activities during development and postnatal life.

4. Proteinase and proteinase inhibitor balances control vascular tube
maturation and stabilization

There is considerable evidence that mural cell recruitment to developing EC-lined tubes
plays a major role during vessel maturation and stabilization (Benjamin et al., 1998;
Saunders et al., 2006; Stratman et al., 2009a) (Figure 2). In fact, pericyte recruitment to EC
tubes has recently been shown to stimulate vascular basement membrane matrix assembly, a
critical step that is necessary for this process (Stratman et al., 2009a). Also, recent data has
shown that pericyte recruitment to EC-lined tubes also is accompanied by the increased
production of the MMP inhibitors, TIMP-2 and TIMP-3 (Saunders et al., 2006), and these
play a key role in the tube stabilization process. Interestingly, ECs appear to be the major
source of TIMP-2, while pericytes contribute TIMP-3, an ECM-binding TIMP (Saunders et
al., 2006). These two TIMPs are capable of inhibiting a broad spectrum of MMPs including
soluble MMPs, MT-MMPs and in the case of TIMP-3, also Adam proteinases such as
Adam-17 (Brew and Nagase, 2010). Thus, it appears to make considerable sense that these
two TIMPs could facilitate the transition of ECs from a pro-morphogenic process to a pro-
stabilization process following pericyte recruitment to these assembling tubes.
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Endothelial cell-derived TIMP-2 and pericyte-derived TIMP-3 play key roles in vascular tube
maturation and stabilization

TIMP-2 and TIMP-3 can block MT1-MMP activity to interfere with further tube
morphogenesis (by inhibiting sprouting and lumen formation) and also inhibit tube
regression mediated by MMP-1 and MMP-10 (Saunders et al., 2006). Furthermore, TIMP-2
and TIMP-3 can block VEGFR2 signaling (Qi et al., 2003; Stetler-Stevenson and Seo, 2005)
to also decrease further EC tube morphogenic events. Another very interesting finding is
that pericyte-derived TIMP-3 plays a major role in regulating basement membrane
deposition (and/or stability) around developing tubes. siRNA suppression of pericyte
TIMP-3 leads to markedly decreased collagen type IV deposition around EC tubes during
EC-pericyte tube coassembly (Stratman et al., 2009a). A consequence of this decreased
collagen type IV deposition is increased vascular tube width, a response that occurs when
basement membranes are not deposited in vitro and in vivo (Stratman et al., 2009a; Stratman
et al., 2010) (Figure 2). A similar response occurs (i.e. increased EC tube width) when
fibronectin knockout mice are generated (Hynes, 2007). The deposition of collagen type IV,
fibronectin and laminins (as well as nidogens and perlecan) strongly occurs when ECs and
pericytes are co-cultured in 3D collagen matrices, but are minimally deposited in cultures
with ECs alone (Stratman et al., 2009a) (Figure 2). Thus, EC-pericyte interactions play a
major functional role in ECM remodeling events such as the process of vascular basement
membrane assembly.

These interactions are not only necessary for the appropriate production of basement
membrane matrix components from both cell types for deposition, but also for the
production of TIMP-3 which contributes to the stabilization of this newly deposited ECM
(Stratman et al., 2009a). Furthermore, the process of vascular basement membrane assembly
occurs within vascular guidance tunnels where both ECs and pericytes can be shown to
migrate across each other. Pericytes exclusively migrate along the EC tube ablumenal
surface in real-time movies where these events have been observed (Stratman et al., 2009a).
Interestingly, once the EC tube networks and vascular guidance tunnels have formed (in an
MT1-MMP-dependent manner) (Stratman et al., 2009b), pericytes are recruited to these
tubes and this is followed by elevated expression of EC TIMP-2 and pericyte TIMP-3
through EC and pericyte interactions (Saunders et al., 2006) (Figure 2). The EC-pericyte
interactions and motility responses within tunnels appear to be critical for the basement
membrane assembly process. Once both cell types are enclosed within these tunnel spaces,
both can migrate in an MT1-MMP-independent manner since cell motility on 2D matrix
surfaces does not depend on MT1-MMP activity (Stratman et al., 2009a; Stratman et al.,
2009b). However, the increased expression of TIMP-2 and TIMP-3 that occurs as a result of
EC-pericyte interactions will prevent either cell type from leaving these pre-formed matrix
spaces (since the matrix invasion mechanism is blocked by these TIMPs). This facilitates the
key event that needs to occur which is to form the basement membrane matrix (i.e. for
maturation and stabilization) rather than continue with invasive events from either ECs or
pericytes (i.e. for continued tube morphogenesis and assembly).

In addition, under defined serum-free conditions, the EC-derived growth factors, PDGF-BB
and HB-EGF, have been shown to be responsible for this recruitment process as well as the
ability of pericytes to proliferate in 3D collagen matrices (Stratman et al., 2010). Without
pericyte recruitment, EC-lined tubes are physically wider and they do not properly deposit
basement membranes (Figure 2). Interestingly, pericyte motility and invasion in 3D matrices
was completely dependent on the co-presence of ECs and this was secondary to their
production of PDGF-BB and HB-EGF (Stratman et al., 2010). Also, blockade of PDGF-BB
and HB-EGF or their receptors in vivo leads to inhibition of vascular basement membrane
matrix in conjunction with the lack of pericyte recruitment (Stratman et al., 2010). Adam
proteinases are known to control HB-EGF shedding from ECs and other cells (Blobel,
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2005), so it is likely that the action of these proteinases will be important for this process.
Another possibility is that other isoforms of PDGF could play a role during these events
including PDGF-CC and PDGF-DD. Interestingly, both of these isoforms are secreted as
pro-forms which need to be activated by proteolysis (in particular through plasminogen
activators) to be able to activate PDGF receptors (Bergsten et al., 2001). An isoform of
VEGF, VEGF-D, is also activated by proteolysis (i.e. plasmin) and has been shown to
control lymphangiogenic responses (McColl et al., 2003), and TGF-beta isoforms, which
control cardiovascular development, are activated by integrins as well as multiple proteases
through cleavage of the latency associated peptide (Hynes, 2009).

5. Conclusions
Considerable progress has been made on elucidating the role of proteinases and their
inhibitors during angiogenesis in both developmental and pathologic contexts. A major
advance in the field has been to identify particular proteinases that regulate distinct biologic
events such as vessel formation, regression or stabilization. Furthermore, key advances
include the development of systems such as defined in vitro models of EC-pericyte tube
coassembly to understand how proteinases and proteinase inhibitors control these events in
3D matrix environments. Future studies need to utilize combined in vitro and in vivo
approaches to address the role of specific proteinases and inhibitors that affect key steps
such as EC sprouting, lumen formation, pericyte recruitment and vascular tube stability
mechanisms, and finally, how vessel sprouting initiates from stabilized vessel walls.
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Figure 1. Schematic diagrams describing mechanisms and influences of proteinases on the
separate processes of vascular tube morphogenesis versus vascular tube regression in 3D
extracellular matrix environments
Key events in proteinase-dependent tube morphogenesis are; i) the formation of vascular
guidance tunnels and the role of MT1-MMP during this process, ii) the intriguing coupling
of EC cell surface proteolysis with downstream signaling molecules controlling tube
formation and, iii) the ability of proteinases to liberate cytokines and other signaling
molecules from the ECM to control angiogenesis. Key events in proteinase-dependent tube
regression are; i) the ability of proteinases to degrade the ECM in which tubes are suspended
and to generate pro-regressive matricryptic ECM fragments, ii) to degrade EC receptors that
control survival as well as cell-cell contacts necessary to maintain tube networks, iii) the
ability of particular proteinases to control vascular regression such as MMP-1 and MMP-10
that lead to capillary network collapse and EC apoptosis, and iv) the ability of pericytes to
inhibit this proteinase-dependent process by delivery of proteinase inhibitors that are
induced as a result of EC-pericyte interactions.
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Figure 2. Molecular and functional distinctions that characterize EC tubes which are associated
with pericytes compared to those without pericytes in 3D matrices
Major distinctions between pericyte-lined EC tubes versus those without pericytes are listed.
EC-pericytes tubes are characterized by being narrow with deposited vascular basement
membrane matrices due to the co-contribution of basement membrane components by ECs
and pericytes. Furthermore, EC-pericyte interactions lead to upregulated TIMP-2 and
TIMP-3 expression which facilitates vessel stability and, also, resistance to MMP-dependent
tube regression stimuli. In contrast, EC only tubes are much wider and do not deposit
basement membrane matrix. These tubes continue to undergo morphogenesis, are more
unstable and are susceptible to MMP-1 and MMP-10 dependent tube regression mechanisms
when these pro-enzymes are activated by serine proteases such as plasmin or plasma
kallikrein.
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