1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Matrix Biol. 2010 October ; 29(8): 645-656. doi:10.1016/j.matbio.2010.08.001.

Interaction between the extracellular matrix and lymphatics -
consequences for lymphangiogenesis and lymphatic function

Helge Wiig, Doruk Keskin, and Raghu Kalluri
Division of Matrix Biology, Department of Medicine, Beth Israel Deaconess Medical Center and
Harvard Medical School

Abstract

The lymphatic system is important for body fluid balance as well as immunological surveillance.
Due to the identification of new molecular markers during the last decade, there has been a recent
dramatic increase in our knowledge on the molecular mechanisms involved in lymphatic vessel
growth (lymphangiogenesis) and lymphatic function. Here we review data showing that although
it is often overlooked, the extracellular matrix plays an important role in the generation of new
lymphatic vessels as a response to physiological and pathological stimuli. Extracellular matrix-
lymphatic interactions as well as biophysical characteristics of the stroma have consequences for
tumor formation, growth and metastasis. During the recent years, anti-lymphangiogenesis has
emerged as an additional therapeutic modality to the clinically applied anti-angiogenesis strategy.
Oppositely, enhancement of lymphangiogenesis in situations of lymph accumulation is seen as a
promising strategy to a set of conditions where few therapeutic avenues are available. Knowledge
on the interaction between the extracellular matrix and the lymphatics may enhance our
understanding of the underlying mechanisms and may ultimately lead to better therapies for
conditions where reduced or increased lymphatic function is the therapeutic target
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Introduction

In this review the focus will be on the interstitial space, which is the physical and
biochemical microenvironment of the cells in the body, and its interaction with the
lymphatics. Essentially the interstitial space can be divided into two phases: the interstitial
fluid that is synonymous to initial or afferent lymph and the structural molecules of the
interstitial or the extracellular matrix (ECM).
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We will briefly review recent data regarding the structure of the extracellular matrix (ECM)
and factors in the ECM that affect formation of new lymphatics (lymphangiogenesis).
Whereas it is often appreciated that the matrix per se, as well as neoplasms and
inflammatory processes, will affect lymph vessel formation, the opposite effect, i.e. that the
lymphatics will affect ECM structure and composition, has received less attention. We will
provide a general description of the ECM, lymphatics and lymphangiogenic mediators
before we discuss ECM factors that affect lymphangiogenesis and the consequences for
inflammation as well as tumor formation, growth and metastasis. In the final part of the
review we will discuss the potential clinical and therapeutical implications of recent data on
interaction between ECM and lymphatics.

Structure of the ECM

The extracellular or interstitial matrix constitutes the framework for the individual cells of
an organ as well as for the body as a whole, and the extracellular or interstitial fluid
constitutes the microenvironment of the connective tissue and parenchymal cells. All
hormones, nutrients and waste products going to and from the cells must pass the interstitial
or extracellular matrix. The lymphatic vasculature forms a vessel network in the interstitium
of most tissues that has an important homeostatic role in the body. As schematized in Fig 1,
this network drains filtered fluid and proteins and returns it to the blood. In addition, it
serves an important role in the body’s immune defence since extravasated activated antigen
presenting cells that enter the blind-ended lymphatic capillaries are transported to lymph
nodes and may here initiate key immune responses (Alitalo et al., 2005; Tammela and
Alitalo, 2010).

The composition and structure of the ECM has been the topic of several extensive recent
reviews (Gelse et al., 2003; Heino, 2007; Kjaer, 2004; Raman et al., 2005; Sasisekharan et
al., 2006), and thus only a brief description is given here. Whereas most reviews address the
role of the ECM in the control of proliferation, differentiation and migration by mediating
cell adhesion and communication, in the present context the focus is the major structural
components collagen and glycosaminoglycans (GAGs; i.e. hyaluronan and different types of
proteoglycans (PGs) because of their role in ECM-lymphatics interaction (Fig 1). Other
major components of the ECM include elastin as well as the cell adhesion proteins,
fibronectin, vitronectin, thrombospondins, and laminins (Miner and Yurchenco, 2004).
Proteoglycans can be classified according to their core-proteins, their distribution (ECM,
cell-surface, intracellular) or according to their GAG content (heparan sulfate PG,
chondoitin sulfate PG or dermatan sulfate PG) (Raman et al., 2005). The matrix components
interact through specific recognition sites contained in their protein and oligosaccharide
sequences. Cells interact with the matrix via cell surface receptors including CD44
(hyaluronan and others), discoidin domain receptors (collagens), cell surface proteoglycans
(fibronectin and others) and integrins (major ECM ligands including, fibronectin,
vitronectin, fibrinogen, collagens, laminins). In some instances the recognition motifs in the
ligands have been mapped which can be exemplified by the integrin motifs RGD in
fibronectin, vitronectin, fibrinogen, LDV in fibronectin and GFOGER in collagens. In a
previous review we have addressed RGD interactions because of its role in fluid volume
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regulation and thus lymph formation (Wiig et al., 2008; Wiig et al., 2003). A more extensive
review of the elements constituting the ECM is therefore not given.

As pointed out by Aszodi and coworkers (Aszodi et al., 2006), the structural integrity of
extracellular matrices is defined by (a) their macromolecular composition, (b) the complex
interactions among the resident proteins, and (c) the capability of these ECM molecules to
assemble a highly organized, three-dimensional architecture. In most tissues the primary
scaffold is made of collagen fibrils or networks. These entrap various PGs and glycoproteins
that assemble in specific supramolecular structures to fulfill the various mechanical
requirements of connective tissues and basal membranes.

Structure and function of lymphatics

The lymphatic system consists of lymphatic vessels and lymphoid organs. One of the main
functions of lymphatic vessels is to return extravasated fluid, proteins and cells back into the
circulation (Alitalo et al., 2005; Mumprecht and Detmar, 2009; Schmid-Schonbein, 1990;
Swartz, 2001) (Fig 1). Except for the avascular tissues such as epidermis, cartilage and
cornea and some vascularized organs like brain and the retina, all organs have blind ended
lymphatic capillaries, also known as initial lymphatics, that transport lymph to larger
collecting lymphatic vessels that again return lymph to the general circulation in lymphatic-
vascular junctions in the cervical area (Alitalo et al., 2005; Mumprecht and Detmar, 2009;
Schmid-Schonbein, 1990).

From the tissue until entering into the blood stream, the lymph passes through the following
conduits with increasing size, lymph capillaries (also called initial lymphatics), collecting
vessels, lymph nodes, trunks and ducts (Swartz, 2001). The initial lymphatics are thin-
walled, relatively large vessels compared to blood capillaries. They are composed by a
single layer of endothelial cells, are not ensheathed by pericytes and smooth muscle cells,
and have little or no basement membrane. The nonmuscular, so-called initial, lymphatics are
the site of interstitial fluid absorption that requires only small and transient pressure
gradients from the interstitium to enter the initial lymphatics. A fundamental question
concerns the mechanism that causes expansion and compression of the initial lymphatics. It
is assumed that the so-called anchoring filaments, connecting elastic fibers in the ECM and
the abluminal part initial lymphatics (Leak, 1976) as well as tissue stress like contraction of
surrounding muscles and arterial pulsations contribute in the initial lymph formation (Gerli
et al., 2000; Schmid-Schonbein, 1990). The initial lymphatics have overlapping structures
that may act as flaps and thus as primary valves in these vessels (Azzali, 2003; Baluk et al.,
2007).

In addition to the propagation of initial lymph by tissue stress, lymph is moved centrally by
spontaneous contractions of the smooth muscle cells lining collecting lymphatics. Such
transport in unidirectional due to the presence of one-way valves. Larger collecting vessels
are innervated and in addition are supposed to have pacemaker units (McGeown et al., 1987;
McHale and Roddie, 1976; Muthuchamy and Zawieja, 2008; von der Weid et al., 1996). The
functional units within the muscular lymphatics, lymphangions, are arranged in series and
are separated by the lymphatic valves (Muthuchamy and Zawieja, 2008). As a part of the
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central movement, lymph in collecting vessels pass through lymph nodes, and as a
consequence these vessels are classified as prenodal or postnodal (or afferent or efferent)
thus saying that lymph is carried to or from the nodes, respectively. This is an important
distinction, since the lymph composition is changed during its passage through the nodes
(Adair et al., 1982; Schmid-Schonbein, 1990), and furthermore since important immune cell
modifications occur in lymph nodes (Randolph et al., 2005) as will be discussed below.

The lymphatics are also an important element of the immune system, its vessels draining
cells and fluid from practically all tissues into lymph nodes and other lymphoid tissues (von
Andrian and Mempel, 2003), making lymphatics ideally suited for immune surveillance
(Swartz et al., 2008) (Fig 1). This function applies to soluble antigens filtered by antigen
presenting cells residing in the lymph node sinuses (Junt et al., 2007) as well as particulate
antigens that are presented by dendritic cells traveling to lymph node after phagocytosis
(Randolph et al., 2005; Randolph et al., 2008). These functions, that are fundamental for
initiation and propagation of an immune response, are incompletely understood, but seem to
involve chemokines CCL 21, CCL 19 and CCL 12 released by lymphatic endothelial cells
that bind to their cognate receptors CCR7 and CXCR4 on mature dendritic cells to induce
mobilization, vessel entry and trafficking (reviewed in (Jackson, 2009; Randolph, 2001)).

Lymphatic vessel markers and lymphangiogenic factors

Whereas lymph vessels were described at the beginning of the seventeenth century, growth
factors and molecular markers for these vessels have been known for fifteen years only.
During this last period, lymphatic vascular biology has advanced rapidly through the
discovery of lymphangiogenic factors, identification of lymphatic vascular markers,
isolation of lymphatic endothelial cells and the development of animal models to study
lymphangiogenesis (Alitalo et al., 2005).

The discovery of several lymphatic vessel markers that can be used to distinguish lymphatic
from blood vessels have been important for recent progress in the entire lymphatic biology
field. The first of these were the homeobox transcription factor Prox1 (Wigle et al., 2002;
Wigle and Oliver, 1999), the lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1)
(Banerji et al., 1999; Jackson, 2009), podoplanin (Breiteneder-Geleff et al., 1999), VEGFR-
3 (Kaipainen et al., 1995). Although these are the most commonly used, there are several
other markers that can be used for differentiation of lymph and blood vessels (recently
reviewed in e.g. (Jurisic and Detmar, 2009; Lohela et al., 2009)) and thus to isolate
lymphatic endothelial cells for further studies in vitro.

There is a plethora of growth factors that induce growth of lymph vessels. The first to be
identified were VEGF-C (Joukov et al., 1996) and VEGF-D (Achen et al., 1998), which both
bind to VEGFR-3 (flt-4) on lymphatic endothelial cells and result in downstream signaling.
Later, several other lymphatic growth factors have been identified, including hepatocyte
growth factor (Kajiya et al., 2005), angiopoietin-1 (Morisada et al., 2005; Tammela et al.,
2005), fibroblast growth factor-1 (Shin et al., 2006), insulin-like growth factor 1 and 2
(Bjorndahl et al., 2005), platelet derived growth factors (Cao et al., 2004), adrenomedullin
(Fritz-Six et al., 2008), growth hormone (Banziger-Tobler et al., 2008) and endothelin
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(Spinella et al., 2009) as discussed in more detail in recent reviews (Jurisic and Detmar,
2009; Mumprecht and Detmar, 2009), but as recently pointed out these latter factors may
have an indirect lymphangiogenic effect through their induction of VEGF-C and VEGF-D
(Tammela and Alitalo, 2010). Many of the lymphangiogenetic factors are similar to the
angiogenic factors, due to the common embryonic origins of lymphatic vessels and blood
vessels (Karpanen and Alitalo, 2008). Whereas it is well established that integrin-ECM
interactions are important in regulating angiogenesis (Cheresh and Stupack, 2008; Davis and
Senger, 2005; Hynes, 2007), the corresponding role in lymphangiogenesis has not been
addressed to a similar extent. Accumulating evidence is indicating a potential significance
for ECM in regulating lymphangiogenesis, through integrin or non-integrin mediated
interactions as will be discussed below.

ECM-factors that affect lymphangiogenesis

1. Integrins

Whereas integrins for several years has been appreciated as having a role in angiogenesis,
more recently evidence have accumulated suggesting that integrins and ECM also influence
normal lymphatic function and lymphangiogenesis (Avraamides et al., 2008) (Fig 2). The
integrins are a superfamily of cell adhesion receptors important for cell-cell and cell-ECM
connections that bind to extracellular matrix, cell-surface, and soluble ligands. They are
transmembrane alphabeta heterodimers and at least 18 alpha and eight beta subunits are
known in humans, generating 24 heterodimers (Avraamides et al., 2008; Hynes, 2002;
Takada et al., 2007). Because integrins serve as transmembrane linkers between their
extracellular ligands and the cytoskeleton, they have the capacity to influence cell migration
during embryogenesis, angiogenesis, wound healing, immune and nonimmune defense
mechanisms, hemostasis, and oncogenic transformation. As discussed above, in contrast to
blood vessels, lymphatic microvessels lack a contiguous basement membrane, and this may
be the reason why the role of integrin-matrix interactions in the lymphatic vessels have
received less attention than in blood vessels.

One of the indications of an effect of integrins on lymphangiogenesis came from studies in
mice lacking a9p1 integrin. These mice die perinatally due to respiratory failure caused by
chylothorax (Huang et al., 2000). Since lymphatics are important for lipid absorption and
transport, the chylothorax in these knockout mice suggested that there may be defects in the
development of their lymphatic vessels (Huang et al., 2000), again suggesting that integrin
a9p1 may be important for lymphangiogenesis. This assumption was supported by studies
showing that integrin a9p1 is preferentially expressed on lymphatic endothelial cells, rather
than blood endothelial cells (Kajiya et al., 2005; Petrova et al., 2002). Further support for a
role of a9 came from experiments showing that Prox1, a lymphatic endothelial-cell selective
transcription factor, regulated chemotaxis and migration of endothelial cells toward VEGF-
C by regulating the expression of a.9. These experiments also identified integrin a9 as a
target gene for Prox1, thus participating in the acquisition of a lymphatic endothelial
phenotype (Mishima et al., 2007). Recently it was shown that this integrin promotes VEGF-
C and VEGF-D stimulated cell migration by direct binding of these growth factors, and that
migration was abrogated by a9 function blocking antibodies (Vlahakis et al., 2005). In
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addition to its potential role in lymphangiogenesis, integrin a9p1 is important for formation
of lymph valves. In a recent study it was shown that endothelial cell specific a9 deletion in
mouse embryos resulted in the development of rudimentary valve leaflets again leading to
retrograde lymphatic flow (Bazigou et al., 2009). This phenomenon may be the cause for the
defective lymphatic function and formation of chylothorax in the systemic integrin a.9
knockout mice. That this integrin also has a similar role in humans is supported by one
recent study indicating a causal association between integrin a9 mutations and chylothorax
in human fetuses (Ma et al., 2008).

The mechanism of action of a9p1 integrin has not fully established. Some studies have
suggested that integrin a9p1 may bind to V-CAM1, ADAM12, ADAM15, VEGF-C,
VEGF-D, fibronectin EIlIA, osteopontin (OPN) and tenascin-C (TN-C), but solid studies are
lacking (Marcinkiewicz et al., 2000; Takada et al., 2007). The ECM ligands OPN and TN-C
bind integrin a9p1 through non-RGD interactions (e.g. (Shinde et al., 2008)). In this regard,
attachment of carcinoma cells to TN-C through integrin a9p1 induces proliferation via
FAK-ERK signaling pathway (Yokosaki et al., 1996) and both OPN and TN-C are
associated with increased lymphatic metastasis but the associated molecular mechanisms are
unknown (Allan et al., 2006; Orend and Chiquet-Ehrismann, 2006). The best suggestion for
a mechanism of action comes from the study of Bazigou and coworkers (Bazigou et al.,
2009), showing that a9 directly regulates fibronectin fibril assembly that is essential for the
formation of the extracellular matrix core of valve leaflets. Although TN-C, as well as its
specific a9 binding ligand fibronectin EIIIA (Liao et al., 2002), is present in the vicinity of
the integrin a9* lymph valves, the functional effect of integrin a9p1 is specifically based on
its interaction with fibronectin EIlIA. Notwithstanding the fact that integrin a9p1-
fibronectin EINIA interaction is crucial for the formation of the lymph valves during
development, integrin a9p1 is not required for the maintenance of lymph valves and the
surrounding matrix at later stages. Collectively, the studies discussed above suggest that
integrin a9B1 has an important and crucial role in lymphangiogenesis and lymphatic
function.

Recently, a role for integrin a4f1 was suggested in normal as well as tumor
lymphangiogenesis (Garmy-Susini et al., 2010). Varner and collaborators found that the
fibronectin-binding integrin a4p1 promoted the adhesion and migration of LECs during
growth factor as well as tumor-induced lymphangiogenesis, suggesting that a4p1 expression
is required for lymph vessel formation in vitro as well as in vivo.

One study has suggested that integrin a1p1 and a2f1 participate in lymphangiogenesis
associated with wound healing. Using a model overexpressing VEGF-A in skin, these
integrins were induced, and a combined blockade of the a1 and a.2 integrins inhibited
VEGF-A-driven lymphangiogenesis in vivo (Hong et al., 2004). In the same study it was
speculated that their interaction with collagen type | lead to lymphangiogenesis in wound
healing. While such studies are interesting and shed light on a possible role of integrins on
lymphangiogenesis, the data remains inconclusive since they cannot distinguish the
contribution of the individual a1 and a2 integrins and its impact on non-wounding
lymphangiogenesis.
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Integrin a5B1 has been shown to induce lymphatic endothelial cell (LEC) proliferation
(Dietrich et al., 2007) in response to fibronectin attachment, but its role and mechanism of
action is not understood. Integrin a5B1 is mainly implicated in the context of inflammatory
lymphangiogenesis, in both corneal and airway inflammation models (Dietrich et al., 2007;
Okazaki et al., 2009). Blockade of integrin a5p1 inhibits lymphangiogenesis (as well as
angiogenesis) in these contexts, whereas av integrin blockade inhibits angiogenesis, but not
lymphangiogenesis, indicating some specificity for certain f1 containing integrins in the
function in the lymphatic system.

2. Hyaluronan and LYVE-1

3. Collagens

Hyaluronan (HA) (also known as hyaluronic acid and hyaluronate) is a glycosaminoglycan
and an important component of the extracellular matrix within all tissues that also has a
connection to the lymphatic system (Fig 2). The discovery of LYVE-1, the lymphatic
vascular endothelial hyaluronan receptor, which expression is restricted almost entirely to
lymph vessels and lymph node endothelia (Banerji et al., 1999), has been very important for
the entire field of lymphatic research. Its lymphatic specific expression might indicate that
lymphatic endothelial cells should be binding hyaluronan, but unexpectedly this was not the
case (Banerji et al., 1999). The functional significance of the LYVE-1-hyaluronan
interaction is not known in detail, although lymphatics have an important role in turnover of
HA, and interaction of LECs with HA is occurring in e.g. inflammation (Jackson, 2009).
Whereas previous studies suggested that HA was almost completely degraded in the lymph
nodes, recent data indicate that this process occurs in lymphatic endothelial cells, indicating
that the lymphatics may have a more important role in HA turnover than previously
anticipated (reviewed in (Jackson, 2009)). It is speculated that through interaction between
HA-receptors on lymphatics and cells having hyaluronan receptors (e.g. CD44 on
leukocytes) could contribute to cell attachment and uptake in initial lymphatics (Jackson,
2009).

Hyaluronan could also be providing a pro-lymphanigogenic signal. Recent studies have
associated the overproduction of HA in idiopathic pulmonary fibrosis with
lymphangiogenesis, since HA was localizing around lymphatic vessels and that short
fragment HA induced lymphangiogenesis (EI-Chemaly et al., 2009). Although the studies
discussed above indicate a lymphatic-HA interaction, LYVE-1"~ mice had no clear
phenotype, and specifically no phenotype related to lymphatic function, leading to the
conclusion that LYVE-1 may be partially redundant, at least in unchallenged conditions
(Gale et al., 2007).

Whereas collagen has an important role in supporting and maintaining the tissue structure, it
also has an important role in regulating critical cellular functions like migration, survival,
proliferation and differentiation (Sternlicht and Werb, 2001) (Fig 2). Several recent studies
point to a role of this insoluble structure molecule in regulating lymphangiogenesis. One
such indication is the influence through collagen-binding integrins a1p1 and a.2p1 (Hong et
al., 2004) discussed above. Another indication is recent genetic screen study in zebrafish
showing that ccbel (collagen and calcium-binding EGF domain-1) is indispensible for
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embryonic lymphangiogenesis (Hogan et al., 2009). In an in vitro study exposing LEC and
blood endothelial cells (BECs) to collagen type I, the LECs showed increased survival and
an increased ability for form tubes without exogenously added growth factors (Podgrabinska
et al., 2002) and thus a differential response to the matrix. A direct in vivo effect has also
been shown for collagen type 1. In secondary lymphedema induced by skin excision and
lymph vessel ligation in the mouse tail, wound repair with collagen type | gel significantly
reduced the expression of TGF-B1, decreased scarring/fibrosis, and significantly accelerated
lymphatic regeneration (Clavin et al., 2008). Collagen also affected function of the
regenerated lymph vessels as shown by washout of radioactive tracer. Although indirect, the
finding that the collagenase MMP-2 is of importance for the growth of lymphatic cells in a
lymphoma model and thus possibly lymphagiogenesis (Bruyere et al., 2008) is another
indication for the role of collagen in this process. Interestingly though, an array comparing
lymphangiogenic lymphatic endothelial cells isolated from VEGF-C overexpressing tumors
with resident dermal lymphatic endothelial cells identified that various collagen genes are
highly downregulated in the proliferating lymphatic endothelial cells (Clasper et al., 2008).
As an additional proof of collagen involvement is the inhibitory effect of collagen
fragments. Endostatin and Neostatin 7, both fragments of the vascular and epithelial
collagen type XVIII, were both shown to inhibit lymphangiogenesis (Bruyere et al., 2008;
Kojima et al., 2008), suggesting that the effect of collagen on lymphangiogenesis can be a
target for therapy.

The laminins are major components of the basement membranes that are heterotrimers
consisting of one a, one B, and one -y chain and named according to their chain composition
(Durbeej, 2009). Usually laminin is used as a blood vessel marker and thus to differentiate
between blood vessels and lymphatics (e.g. (Hong et al., 2002)), whereas laminins have also
been localized to the lymphatic endothelium in normal skin by immunohistochemistry
(\Vainionpaa et al., 2007). An indication of a possible effect on lymphangiogenesis comes
from the fact that various laminins are shown to bind to a1p1, a2p1 and in particular a9p1
integrins (reviewed in (Durbeej, 2009)), molecules that have been discussed above and
shown to have a role in lymphangiogenesis. Actually, in a recent paper it was shown that
LECs produce 421-laminin that induces chemotaxis of melanoma cells (Saito et al., 2009),
and thus that laminin can contribute to lymphangiogenesis and metastasis. Interestingly,
reelin, a serine protease of the extracellular matrix that rapidly degrades laminin and
fibronectin, is expressed in LEC but not on BEC (reviewed in (Ji, 2006a)) and may therefore
influence the development and phenotype of lymphatics.

5. Fibronectin

Fibronectin is a cell adhesion protein found in the matrix surrounding normal cells, and
mediates cell adhesion and anchorage through a number of fibronectin-binding integrins
(Ruoslahti, 1999) (Fig 2). Of particular importance in this context is a5p1, which binds
avidly with fibronectin. From the studies discussed above an important role in
lymphangiogenesis may be inferred for the ligand for fibronectin, a5p1. Studies addressing
this topic are, however, sparse. LECs have been found to express fibronectin to a similar
extent as blood endothelial cells (Podgrabinska et al., 2002). Despite lacking a continuous
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basal lamina, lymphatic vessels are identified to have patches of fibronectin matrix around
them (Oh et al., 1997). In an in vitro study, collagen type | was found to stimulate LEC tube
formation in culture, whereas fibronectin had no effect (Leak and Jones, 1994). On the other
hand, other studies indicated that lymphatic endothelial cells adhere and proliferate better
when cultured on fibronectin-coated plates (Makinen et al., 2001b). Additionally,
fibronectin enhances VEGF-C mediated proliferation of human microvascular endothelial
cells in vitro, through VEGFR3 (Zhang et al., 2005). Blockade of integrin a5p1 inhibits
VEGFR3 phosphorylation. Fibronectin attachment leads to PI3K induction through
VEGFR3, which induces endothelial cell survival. Furthermore, fibronectin EDA domain
facilitates tube formation of lymphatic endothelial cells in vitro, likely through its receptor
integrin a9B1 (Ou et al.). Its interaction with integrin a9p1 additionally has a role in lymph
valve development, as discussed previously. Collectively, these findings suggest that
fibronectin likely has a role in lymphangiogenesis and lymphatic function, though different
splice variants of fibronectin might have different levels of contributions to
lymphangiogenesis, possibly depending on their respective receptors.

6. Tenascin-C

7. Emilin-1

Tenascin-C (TN-C) is likely to affect lymphangiogenesis due to its interaction with integrins
of potential importance for lymphangiogenesis discussed above (Fig 2). TN-C to is thought
to orchestrate tissue morphogenesis by determining cell-cell and cell-matrix interactions,
and by functioning as a provisional matrix providing cues for migration, proliferation, or
apoptosis (Fiorilli et al., 2008; Hsia and Schwarzbauer, 2005; Jones and Jones, 2000). TN-C
is transiently expressed during embryonic development and is greatly reduced in most adult
tissues but increases markedly in pathological conditions (Hsia and Schwarzbauer, 2005;
Jones and Jones, 2000). Tenascin-C knockout (TN-C-KO) mice are phenotypically normal
and viable (Mackie and Tucker, 1999), whereas various phenotypes emerge when the mouse
is challenged with pathological insults (Mackie and Tucker, 1999). TN-C can bind to
various integrins, including a2p1 and avp3, which are expressed on endothelial cells (Joshi
et al., 1993; Sriramarao et al., 1993), but TN-C-integrin a9p1 interaction is considered to be
of higher avidity (Yokosaki et al., 1996). TN-C interacts with integrin a9p1 through a non-
RGD interaction, while its interactions with other integrins are RGD dependent (Schneider
etal., 1998; Yokosaki et al., 1998). TN-C expression in tumors correlates with lymphatic
metastasis (Orend and Chiquet- Ehrismann, 2006) and it has been identified that
proliferating integrin a9p1 expressing vessels have TN-C presence around them during
wound healing (Hakkinen et al., 2000). Furthermore, an array has indicated that TN-C
expression, as the only ECM molecule, is upregulated in lymphatic endothelial cells during
lymphangiogenesis (Clasper et al., 2008). However, a direct link to lymphangiogenesis has
not been identified. Indeed, integrin a9p1’s role in lymph valve formation is independent of
TN-C (Bazigou et al., 2009).

Emilin-1 is an ECM glycoprotein associated with elastic fibers (Bressan et al., 1993), and
although this molecule is most abundant in large blood vessels and is involved in
elastogenesis and blood vessel maintenance (Zanetti et al., 2004), it also has been shown to
be of importance for lymphangiogenesis (Danussi et al., 2008). Emilin-1 was found to be
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highly expressed on LECs, it colocalized with lymphatic vessels, and emilin-17/~ mice had a
reduction in anchoring filaments, hyperplastic and dysfunctional lymphatic vessels that may
explain the observed mild lymphedema. Induction of lymphangioma resulted in larger
lymphatics in emilin-17/~ than in wt mice, all of the above showing that this ECM
component has a role in modulating lymphangiogenesis (Danussi et al., 2008).

8. Matrix metalloproteinases

Matrix metalloproteinases (MMPs) are not components of the matrix per se but substances
that degrade the matrix. MMPs, also called matrixins, are a family of over 20 zinc-
containing endopeptidases that are capable of degrading various components of the ECM.
All are produced as latent, pro-enzymes, which must be proteolytically processed to be
activated (Nagase and Woessner, 1999; Rundhaug, 2005). They are essential for embryonic
development, morphogenesis, reproduction, tissue resorption and remodeling, and in this
context they may also influence lymphangiogenesis. Whereas an important role has been
established for MMPs in angiogenesis (e.g. (Rundhaug, 2005)), the data regarding their role
in lymphangiogenesis are more divergent. LECs do not express MMPs (Podgrabinska et al.,
2002), and Ets 1, a transcription factor for several matrix-degrading proteases involved in
angiogenesis, is not upregulated in lymphatic endothelium (Wernert et al., 2003).
Furthermore, MMP-9, shown to be of importance for tumor angiogenesis (reviewed in
(Rundhaug, 2005)), does not affect lymphangiogenesis in skin (Rutkowski et al., 2006). All
of the above suggest a minor role for MMPs in the lymphangiogenesis process. In contrast,
MMP-2 was found to be involved in tube formation of immortalized rat LECs (Matsuo et
al., 2007). Moreover, using an in vitro lymphatic ring assay involving thoracic duct, a role
for MMP-2 was also suggested in mice (Bruyere et al., 2008). In support of these data,
Nakamura and collaborators were able to show that MMP-2 and MMP-9 are expressed in
LECs isolated from lymphangiomas, and that the LEC’s tube formation as well as metastatic
ability could be inhibited by a synthetic MMP inhibitor (Nakamura et al., 2004). To
summarize, the data on MMPs in lymphangiogenesis are diverging. Part of the explanation
is probably the variation in origin of the LECs and the experimental models used, a
conclusion that calls for additional experiments in this area.

Effect of the biophysical microenvironment

Above we have discussed various growth factors and extracellular matrix elements that may
affect lymphangiogenesis, but during the last years it has become increasingly clear that the
biophysical microenvironment may also influence the growth of lymph vessels. As noted,
one of the functions of the lymphatic system is to maintain tissue fluid balance and to clear
proteins that are filtered across the capillaries. Fluid homeostasis is maintained through
balancing hydrostatic and colloid osmotic pressures in the capillaries and the interstitium
(Aukland and Reed, 1993; Wiig et al., 2003). During homeostasis, there is a net fluid
filtration that is removed by lymph, and accordingly a steady flow of fluid towards the
lymphatics. Whereas it is well known that mechanical stimuli in the form of shear stress is
important for blood vessel growth and remodeling (recently reviewed in e.g. (Hahn and
Schwartz, 2009; Shyy and Chien, 2002)) and that mechanical stimuli induce signaling and
remodeling of the extracellular matrix (recently reviewed in (Chiquet et al., 2009; Wang et
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al., 2009)), the fact that interstitial fluid (i.e. initial lymph) per se induces ECM remodeling
and lymphangiogenesis has received less attention. Recent in vitro as well as in vivo data,
however, point to a role of a slow flow of interstitial fluid through the interstitium as an
important morphoregulator and lymphangiogenic factor (Rutkowski and Swartz, 2007;
Swartz and Fleury, 2007). In an in vitro model system, interstitial flow was found to induce
lymphatic capillary formation (Ng et al., 2004), and the response to flow differed between
LECs and BECs. In a skin regeneration model in mouse tail where interstitial flow and
generation of initial lymphatics could be followed, flow occurring through interstitial
channels were preceding and directing the formation of lymphatics (Boardman and Swartz,
2003). Moreover, the generation of VEGF-C in the tissue appears to be regulated by
interstitial fluid flow (Goldman et al., 2007), suggesting that interstitial fluid flow is an
important morphogenic cue. Another factor of importance is the driver of interstitial flow,
namely the interstitial fluid pressure (Pif). Pif is regulated by the influx and outflux of fluid
from the interstitium, but also by fibroblast-induced contraction of the collagen-network in
the ECM through its a2p1 and a11p1 integrin receptors (Svendsen et al., 2009; Wiig et al.,
2003).

The fact that there is a net fluid filtration in most, if not all, tissues suggests that such flow is
of general importance to maintain lymphatic vessel integrity. As will be discussed, recent
data suggest that this phenomenon also has implications for lymphatic vessel
pathophysiology in relation to lymphedema and cancer metastasis.

Consequences of ECM-lymphatic interactions for tumor formation, growth

and metastasis

The initial lymph vessels, apparently having no barrier in their basement membrane and no
pericytes restricting cell uptake, may seem ideally suited for uptake of tumor cells. It may
therefore not come as a surprise that the recipients of afferent lymphatics, the lymph nodes,
are the most common sites for metastasis of many cancers (Sleeman and Thiele, 2009). With
the discovery of new molecular markers and the discovery of lymphatic signaling
substances, the area of tumor lymphangiogenesis and its effect on tumor growth and
metastasis has become an area of intense research. Most of these studies have focused on the
influence of the lymphangiogenic factors, especially VEGF-C/VEGF-D and VEGFR-3
signaling, and the reader is referred to several recent excellent reviews on this topic (e.g.
(Achen et al., 2005; Achen and Stacker, 2006; Alitalo et al., 2005; Cao, 2005; Ji, 2006b;
Lohela et al., 2009; Sleeman and Thiele, 2009)). Since the focus of this review is the ECM,
we will consider tumor lymphangiogenesis in this perspective, i.e. the tumor
microenvironment or stroma with its ECM elements and mixture of cells associated with the
lymphatic endothelium.

Tumor stroma, consisting of fibroblasts, ECM, blood vessels, pericytes, lymphatic vessels,
and immune cells, is known to contribute to the development and progression of cancer
(Kalluri and Zeisberg, 2006; Nyberg et al., 2008) (Fig 3). As pointed out by Wong and
Hynes (Wong and Hynes, 2007), the stroma cells can probably communicate with each other
and with the tumor cells through secretion of various signals like growth factors, matrix
molecules, chemokines and proteinases that influence the tumor’s ability to metastasize via
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lymphatics. Compared to the blood vasculature, little is known about the biology of the
lymphatic vessels in tumors, the regulation of tumor lymphangiogenesis or the mechanisms
that determine the interactions of tumor cells with the lymphatic vessels. Experiments in
different tumor models and samples obtained from patients suggest that tumors can induce
lymphangiogenesis to a varied extent (Achen and Stacker, 2006). Although many studies
indicate that lymphangiogenesis correlates with lymphatic metastasis (Brakenhielm et al.,
2007; Burton et al., 2008), there are others suggesting that lymphatic metastasis primarily
occurs through the preexisting lymphatic vessels (Padera et al., 2002; Wong et al., 2005).
Although peritumoural lymphatic vessels contribute to tumour metastasis, opposite views
exist as to whether intratumoural lymphatics have any role in this context (for review see (Ji,
2006b; Saharinen et al., 2004)).

As pointed out in several reviews, it is highly likely that the tumor cells themselves secrete
lymphangiogenic factors and thus contribute to new vessels (e.g. (Alitalo et al., 2005;
Mumprecht and Detmar, 2009; Sleeman and Thiele, 2009)). Overexpression studies using
VEGF-C (Skobe et al., 2001) and VEGF-D (Stacker et al., 2001) both gave increased
metastasis, although as pointed out by Wong and Hynes (Wong and Hynes, 2007) direct
signalling between tumor cells and lymphatic endothelial cells has not been conclusively
demonstrated in vivo.

The changes known to occur in the tumor stroma and microenvironment (Kalluri and
Zeisberg, 2006; Nyberg et al., 2008) will significantly affect lymphangiogenesis. During
malignant transformation, there is an influx of fibroblasts that acquire a cancer-activated
phenotype named cancer-associated fibroblast (CAF). As a consequence, there is increased
ECM deposition, increased inflammation and angiogenesis, most likely induced by a
complicated exchange of paracrine signals (Wong and Hynes, 2007). Whereas it is well
established that stroma cells and fibroblasts are central in secreting angiogenetic factors
(Fukumura et al., 1998), less is known on lymphangiogenic factors in this setting. It is,
however, likely that such secretion occurs since inflammation is a central element in tumor
progression (Coussens and Werb, 2002; Mantovani et al., 2008), and immune cells are
important sources for lymphangiogenetic factors. Macrophages, being capable of secreting
lymphagiogenic factors and inducing lymphangiogenesis, are probably of special
importance here (Schoppmann et al., 2002). Such an effect was shown in a recent study
where infiltrating macrophages were judged to be responsible for lymphangiogenesis in an
ovarian cancer model (Jeon et al., 2008). Of interest though, these new lymph vessels were
shown to be dysfunctional, showing that a functional evaluation may be crucial to reveal the
potential clinical importance of lymphangiogenesis.

Although a role for macrophages in lymphangiogenesis is established (reviewed in (Coffelt
et al., 2009)), less is known on the role of the other cells types in stroma in this respect.
Recently, however, it was shown that CAFs also contribute to lymphangiogenesis. Liao et al
(Liao et al., 2009) eliminated CAFs an in vivo mouse model of breast carcinoma by a
vaccine targeting a fibroblast activation protein. One of the resulting effects was reduced
lymphangiogenesis, suggesting a role for fibroblasts in lymph vessel generation.
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The fact that fibroblasts are activated thus inducing changes in the production of stroma
factors and a more abundant ECM may per se affect the growth of lymphatics. In
overexpression studies, such a role has been shown for HA in a transgenic mouse model of
breast cancer (Koyama et al., 2008). These mice actively produce HA in Neu-initiated
mammary tumors, resulting in a 16 fold greater density of intratumoral (defined as vessels
located in the central part of the tumor) and 1.5 fold increase only in peritumoral (defined as
vessels in the peripheral part of tumor tissues) lymphatic vessels. Importantly, in separate in
vivo experiments it was shown that acceleration of stroma formation by HA-producing
tumor activated fibroblasts co-implanted with tumor cells resulted in increased tumor growth
and lymphangiogenesis. Although these experiments show a significant role of the stroma
on lymphangiogenesis, the differential effect on tumoral and peritumoral lymphatics is
puzzling. Considering that intratumoral lymphatics may not be functional (Padera et al.,
2002), these newly generated lymphatics may not drain cells and fluid and calls for
experiments to assess lymph drainage in this model. That CAFs may influence
lymphangiogenesis was also shown in a study on human colorectal cancer demonstrating
correlation between proliferating CAFs and peritumoral lymphagiogenesis, lymph vessel
invasion and lymph node metastasis (Liang et al., 2005). Whether other glycosaminoglycans
affect lymphangiogenesis is not known. Actually, data showing that heparanase, an enzyme
degrading the heparan sulphate and thus the matrix, points in the opposite direction of what
has been shown for HA (Cohen-Kaplan et al., 2008). Heparanase was associated with
increased lymphatic density in human tumors, and induced lymphangiogenesis and VEGF-C
production in vivo. These effects may be due to enzymatic activity and sprouting of
endothelial cells as well as release of heparan sulphate bound growth factors and not to the
amount of heparan sulphate per se.

Influence of the biophysical characteristics of stroma

The physico-chemical properties may also influence generation of new lymphatic vessels
and lymphatic function. It is established that tumor solid stress resulting from increased
interstitial fluid pressure may induce angiogenesis (Butcher et al., 2009), less is known
about a corresponding effect in lymphangiogenesis. Recently, however, it was shown that an
osteosarcoma cell line upregulated VEGF-C when exposed to an increased pressure
mimicking that of a solid tumor (Nathan et al., 2008), suggesting that the high interstitial
fluid pressure prevailing in a tumor may indeed affect lymphangiogenesis. Here it is
interesting to note that tumor growth and invasion is affected by collagen crosslinking and
tissue fibrosis, thereby involving integrins, notably a4p1 (Levental et al., 2009), which has
been shown to have a central role in tumor lymphangiogenenesis (Garmy-Susini et al., 2010;
Garmy-Susini et al., 2007). Another integrin, a11p1, also contributing in Pif regulation
(Svendsen et al., 2009), has been found to strongly influence tumor growth when expressed
on fibroblasts and co-implanted with several tumor cell lines (Zhu et al., 2007). It is likely
that such crosslinking also affects Pif. As discussed above, integrins contribute in Pif
regulation (Wiig et al., 2003), and since they may be targeted this may represent a way to
reduce Pif and thereby reduce tumor lymphangiogenesis, growth and invasiveness.

Although likely to occur, the lymphangiogenic effect of interstitial fluid flow found in skin
(Boardman and Swartz, 2003) has not been demonstrated in tumors. It is likely that such
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fluid flow directs tumor cells to lymphatics through a process called autologous chemotaxis
and thus to promote tumor metastasis (Shields et al., 2007). Taken together, these
phenomena shows that tumor lymphangiogenesis may be strongly affected by physico-
chemical factors prevailing in the tumor microenvironment.

Effect of malfunctioning or missing lymphatics on ECM

Above we have discussed ECM-factors that may affect lymphangiogenesis. Oppositely,
there can also be an effect on ECM by lymph vessels, most evident in situations where
lymphatics are malfunctioning or missing, leading to fluid accumulation in the tissue called
lymphedema. Lymphoedema can be primary if the cause is congenital or unknown or
secondary if the condition results from an obstruction of lymphatics due to e.g. surgery or
infection. Classically, the edema fluid in lymphedema is supposed to have a high protein
concentration as a consequence of the edema’s lymphatic origin (Knight et al., 1987; Taylor
et al., 1958), again supposedly resulting in an inflammatory reaction (Casley-Smith and
Gaffney, 1981). As reviewed by Rockson (Rockson, 2001), chronic lymph stasis in humans
often produces an increase in the number of fibroblasts, adipocytes, macrophages and
keratinocytes in the edematous tissues. In most patients, there is an increase in collagen, fat
and ECM deposition in the edematous skin and subcutaneous tissues. Ultimately, these
processes lead to progressive subcutaneous fibrosis.

Although it is a widely held view that high interstitial protein concentration is an important
pathogenetic factor in lymphedema (e.g. (Alitalo et al., 2005; Rockson, 2001)), more recent
studies, however, have reported decreased (Bates et al., 1993) as well as unaltered
(Olszewski, 2003) protein concentration in interstitial fluid and lymph from humans subject
to secondary lymphedema, questioning this tenet. Another controversial issue that has not
been resolved is whether an inflammatory reaction is an important part of the pathogenesis.
In support of such a view, Olszewski (Olszewski, 2003) reported increased levels of
inflammatory cytokines in lymph from secondary lymphedema patients, suggesting a role
for inflammation in the pathogenesis of this condition, a conclusion that is also supported by
animal studies (Tabibiazar et al., 2006). Recently, a new therapeutic modality working
through the ECM was proposed for secondary lymphedema and wound healing.
Mesenchymal stem cells were capable of expressing a lymphatic phenotype when stimulated
with lymph-inductive media and purified VEGF-C, and to restore lymph flow when injected
into a lymphedematous area (Conrad et al., 2009).

The pathogenetic characteristics and mechanisms behind lymphedema have also been
addressed in animal models of primary lymphedema. In Chy-mice, having a mutation in the
Vegfr-3-gene mimicking the human condition Milroy’s disease (Karkkainen et al., 2001),
Karlsen et al demonstrated that these mice had high-protein edema of the hindlimbs (Karlsen
et al., 2006) but no increase in inflammatory cytokines in their interstitial fluid that might be
expected if an inflammatory reaction was prevalent. This observation is supported by
experiments in the K14-VEGFR-3-1g mouse model of primary lymphedema expressing
soluble VEGFR-3 (Makinen et al., 2001a) also having a high relative concentration of
interstitial fluid proteins and actually showing a reduced level of proinflammatory cytokines
and macrophage infiltration in edematous skin (Markhus et el, unpublished). These
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observations indicate that a high tissue fluid protein concentration per se is not sufficient to
induce the phenotypical tissue change associated with lymphedema. The discrepancy
between primary and secondary lymphedema may be a result of the post-surgical and post-
inflammatory condition that preceded the lymphedema and/or, in the case of patients, that
they were studied at a more developed stage of the condition.

Another question is whether missing or dysfunctional lymphatics resulting in lymphedema
induce fat accumulation, as suggested human studies and experimental models of acquired
lymphedema (Rockson, 2001). In support of such a notion, increased lipid accumulation,
especially in the intestine and mesentery, was found in Prox1*/~-mice having leaky and
dysfunctional lymph vessels (Harvey et al., 2005). That lymphedema per se is not sufficient
to induce fat accumulation was shown in a recent study by Rutkowski et al (Rutkowski et
al., 2010). In the Chy and K14-VEGFR-3-Ig mice, both exhibiting lymphedema in the skin
resulting from lack of dermal lymphatic capillaries, they demonstrated a markedly different
tissue adaptation. Whereas lipid (and collagen) deposition was increased in the Chy model,
thus mimicking the human condition, the K14-VEGFR-3-Ig mice actually had lower lipid
content (and unaltered collagen) in lymphedematous tissue when compared to wild type
mice, again impacting the hydraulic conductivities of the skin. Clearly, the difference
between strains demonstrates the potential for lymphedema to be phenotypically similar, yet
pathologically and functionally quite different on a case-to-case basis. There must be
additional factors modulating the tissue response, calling for more mechanistic studies in
this field.

Potential clinical implications

The emerging knowledge on the lymphatic system may have implications for therapy. This
applies to conditions where it may be beneficial that lymphangiogenesis is reduced, e.g. in
tumors and inflammatory conditions of the cornea as well as the opposite situation where
dysfunction or obstruction results in lymph accumulation and accordingly
lymphangiogenesis should be increased.

Due probably to the serious consequences, most focus has been given to the possibility of
reducing tumor growth and metastasis by reducing lymphangiogenesis. When considering
the molecular mechanisms, not unexpectedly the VEGF-C/VEGFD/VEGFR-3 signaling
system is currently the most attractive target for antilymphangiogenic therapeutics designed
to restrict cancer metastasis as covered in several excellent recent reviews, e.g. (Alitalo et
al., 2005; Karpanen and Alitalo, 2008; Lohela et al., 2009; Mumprecht and Detmar, 2009;
Sleeman and Thiele, 2009; Sundar and Ganesan, 2007; Zwaans and Bielenberg, 2007). From
the ECM perspective used here, targeting the integrins expressed on tumors might seem a
reasonable strategy. As reviewed by Varner and collaborators (Avraamides et al., 2008),
several integrin antagonists are in phase /11 clinical studies. These antagonists, however,
target integrins mainly expressed on blood and not lymphatic vessels, and whether they will
affect lymphangiogenesis is unknown. One of these substances is volociximab, blocking
a5B1-integrin, which although expressed in lymphatics in inflamed cornea do not appear to
play a role in tumor lymphangiogenesis (Avraamides et al., 2008). Preliminary data,
however, suggest that blocking a4p1- integrin expressed on lymphatics reduce tumor
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growth as well as metastasis (Garmy-Susini et al., 2007), but a more thorough evaluation is
needed. Although not studied in tumors, other possible candidate molecules might be the
collagen — binding a1p1, a2p1 and a11p1 integrins (Svendsen et al., 2009; Wiig et al.,
2003). A possible outcome might be to reduce interstitial fluid pressure and thereby uptake
of therapeutics. Additionally, it may also result in reduction of lymph flow and thus
metastasis. Other possible targets might be the laminin-binding integrins a3p1 and a6p1,
shown to mediate chemotaxis in melanoma cells and potential lymphatic metastasis (Saito et
al., 2009), and a.9p1 integrin shown to have a crucial role in formation of lymphatic vessels
(Bazigou et al., 2009).

Various matrix derived antiangiogenic molecules, such as endostatin, tumstatin, canstatin
and arresten have been identified (Clamp and Jayson, 2005; Nyberg et al., 2008). These
substances are released as fragments of ECM molecules through degradation by MMPs
during the process of formation of new blood vessels. Considering that MMPs are secreted
by lymphatic endothelial cells as well during lymphangiogenesis, it is possible that these
matrix derived endogeneous inhibitors might play a role in regulating lymphangiogenesis as
well. Although lymphatics lack basement membranes, endostatin, a fragment of the
basement membrane protein collagen type XVIII usually considered as an angiogenesis
inhibitor, has been shown to inhibit lymphangiogenesis and lymphatic metastasis in two
models of squamous cell carcinoma (Brideau et al., 2007; Fukumoto et al., 2005). A
proposed mechanism of action was a reduction in inflammation and differentiation, as
suggested by a reduced VEGF-C production through reduced mast cell infiltration of the
tumor ECM in endostatin-treated animals. Whether endostatin has a direct effect on
lymphatics, through its interaction with integrin a5p1 as in the context of angiogenesis is
not known. Additionally, a study indicates that tumstatin inhibits lymphatic metastasis
(Chung et al., 2008), although it is not yet clear whether this happens through inhibition of
lymphangiogenesis.

Another potential target would be MMPs, where inhibitors are undergoing clinical testing
due to antiangiogenesis effect (Roy et al., 2009). Whereas MMPs are likely to be less
important in relation to lymphangiogenesis as discussed above and MMPs may have tumor
promoting as well as repressing effects (e.g. reviewed in (Roy et al., 2009)), the fact that
LEC tube formation as well as metastatic ability could be inhibited by a synthetic MMP
inhibitor (Nakamura et al., 2004) should spur further investigation. Clearly, more knowledge
on the phenotypical consequences of derangements in ECM genotype may shed new light on
the role of these factors in tumor development. We must, however, also consider
microenvironmental and ECM factors, the reason being these in a wider sense influence
lymphangiogenesis and tumor metastasis, and that ECM-factors may even be targeted.

Angiogenesis inhibitors are in clinical use and several new ones are undergoing clinical
trials (reviewed in (Crawford and Ferrara, 2009)). It is highly likely that part of their effect
regarding growth and survival is related to reduction in lymphangiogenesis (and lymphatic
metastasis) as observed in inflamed cornea (Bock et al., 2007). This assumption is supported
by recent data showing that a monoclonal antibody, aPIGF, targeting placenta growth factor
resulting in reduced angiogenesis and tumor growth, also reduced lymphangiogenesis and
lymph node metastasis (Fischer et al., 2007). At least partially mediated through a reduced
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mobilization of macrophages, these results suggest that the tumor stroma can be targeted. It
is furthermore possible that part of the effect ascribed to angiogenesis may be due to reduced
lymphangiogenesis.

In contrast, in the lymphedema situation where enhanced lymphatic function is the desired
therapeutic effect, promising results have been obtained in preclinical models using viral
gene transfer vectors encoding for lymphangiogenic growth factors (reviewed in (Alitalo et
al., 2005)), e.g. VEGF-C (Karkkainen et al., 2001). Other factors like inhibitors of
transforming growth factor B, a factor shown to inhibit lymphangiogenesis (Oka et al.,
2008), should also be considered. Still, our study in two lymphedema mouse strains,
demonstrating pathophysiological difference in phenotypically similar mice, shows that
extracellular matrix and tissue remodeling need to be taken into consideration during
therapy (Rutkowski et al., 2010). These results indicate that therapies for lymphedema
targeting the growth of new lymphatic vessels only or surgical correction of lymphatic
ligations may face limited success. Rather, comprehensive therapeutic considerations should
also integrate preventing or counteracting collagen and lipid accumulation to restore normal
matrix composition and a reduction in adiposity to improve interstitial transport, remodel the
tissue, and remediate fluid balance.

The lymphatic system is important for body fluid balance as well as immunological
surveillance. Whereas often overlooked, the extracellular matrix is of central importance for
the generation of new lymphatic vessels as a response to physiological and pathological
stimuli. During the recent years, anti-lymphangiogenesis has emerged as an additional
therapeutic modality to the clinically applied anti-angiogenesis strategy. Oppositely,
enhancement of lymphangiogenesis in situations of lymph accumulation is seen as a
promising strategy to a set of conditions where few therapeutic avenues are available.
Knowledge on the interaction between the extracellular matrix and the lymphatics may
enhance our understanding of the underlying mechanisms and may ultimately lead to better
therapies for conditions where reduced or increased lymphatic function is the therapeutic
target.
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Fluid flow

Fibroblast

Fig. 1.

Schematic overview of the interstitium with some of its majogr its extracellular matrix components. Fluid containing plasma
proteins and other solutes is filtered from the capillary percolates through the interstitium and is absorbed and thus returned to
the circulation by lymph. In addition to proteins and solutes, immune cells migrate into lymphatic vessels and are transported to
lymph nodes where they may initiate an immune response.
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Fig. 2.
Schematic overview of known receptors on lymphatic vessels and binding of their extracellular matrix ligands. The anchoring

filaments (AF) are adhered to the outside of the lymphatic endothelial cell (LEC) and connect to elastic fibers in the
extracellular matrix. These filaments are important for lymphatic vessel function, allowing for fluid and cells to enter the initial
lymphatic. TN-C: Tenascin C
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Fig. 3.

Role of the extracellular matrix and microenvironment in Iympghangiogensis in tumors. Growth factors and cytokines produced
by tumor cells and stroma are transported by fluid flow and down a diffusion gradient to lymphatics and blood capillaries.
Tumor and immune cells (expressing CCR7) are chemoattracted to and enter peritumoral initial lymphatics expressing
CCL19/21. + (plus) and — (minus) denotes stimulating and inhibiting lymphangiogenesis, respectively. x-collagen: crosslinked
collagen, Pif: interstitial fluid pressure, CAF: cancer associated fibroblast.
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