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Abstract

The lymphatic system is essential for fluid homeostasis, immune responses, and fat absorption,
and is involved in many pathological processes, including tumor metastasis and lymphedema.
Despite its importance, progress in understanding the origins and early development of this system
has been hampered by lack of defining molecular markers and difficulties in observing lymphatic
cells in vivo and performing genetic and experimental manipulation of the lymphatic system.
Recent identification of new molecular markers, new genes with important functional roles in
lymphatic development, and new experimental models for studying lymphangiogenesis has begun
to yield important insights into the emergence and assembly of this important tissue. This review
focuses on the mechanisms regulating development of the lymphatic vasculature during
embryogenesis.

INTRODUCTION

The lymphatic system is an endothelium-lined network of blind-ended capillaries found in
nearly all tissues, draining via collecting vessels into large vascular trunks that eventually
empty via an evolutionarily conserved drainage point into the blood circulatory system.
Other than these conserved drainage connections, the lymphatic system is entirely separate
and anatomically distinct from the blood circulatory system, although lymphatic vessels are
frequently found in close juxtaposition to veins and arteries. The existence of the lymphatic
system has been appreciated since antiquity. Hippocrates first described vessels containing
“white blood” around 400 B.C., and Gasparo Aselli re-identified lymphatic vessels in the
1600’s, noting the presence of lipid-filled “milky veins” in the gut of a “well-fed” dog
(Aselli, 1627). In the early 20t century, classical vascular anatomists such as Florence Sabin
used dye injection and histological methods to characterize the anatomy of the lymphatic
system in detail, showing that it innervates and ramifies throughout nearly every part of the
body, forming a secondary vascular system arguably as complex as the circulatory system
(Sabin, 1902; Sabin, 1909).

The lymphatic system has been shown to have a number of important functions. It transports
fluids, plasma macromolecules, and cells extravasated from blood vessels, returning them
back into the blood circulation and preventing their build-up in tissues throughout the body.
Defects in the lymphatic system, whether congenital (primary lymphedema, relatively
uncommon) or acquired (secondary lymphedema, a common complication of surgery and
certain parasitic infections), can result in severe, disfiguring edema of affected tissues. The
lymphatic system is also a major route for absorption of lipids from the gut (hence the
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“milky” appearance of the vessels that led to their early identification). Lymphatics are a
critical component of the immune system, transporting white blood cells and antigens from
distant sites to lymphoid organs. Recent evidence also indicates that the lymphatic system is
a major pathway for the dissemination of metastatic cells, making them an important new
focus of efforts to develop effective cancer therapies.

Despite its importance, the formation of the lymphatic system has remained relatively
obscure in comparison to the blood vasculature (Oliver and Alitalo, 2005). This is partly due
to the intense research focus recently placed on blood vessels, but also due to a number of
technical challenges in studying lymphatics. Lymphatic vessels are frequently difficult to
visualize in histology or electron micrographs because, unlike blood vessels, they are often
irregular and collapsed. When they are observed, lymphatic vessels are frequently difficult
to distinguish definitively from blood vessels. Defects in the lymphatic system often occur
relatively late in postnatal life and are slow in onset, making it challenging to assess the
proximal etiology of lymphatic disorders. Molecular identification of lymphatic vessels has
only recently become possible. Although most molecular markers of lymphatic endothelial
cells are shared with blood endothelial cells, in the past few years a small number of genes
have been identified whose expression within lymphatic endothelium is diagnostic for these
cells (although none of the genes are expressed exclusively within the lymphatic
endothelium). Some of these genes have also been shown to be required for proper
formation of the lymphatic system, mostly through murine knockout studies.

This review will focus on the mechanisms that regulate the development of the lymphatic
vasculature during embryogenesis. Recently, there has been a relative explosion in the
number of studies that focus on various aspects of this process. This is not surprising, given
that lymphatics play an integral role in tissue homeostasis, immunity, and cancer metastasis.
This review will attempt to examine and highlight some of the most recent advances in
understanding the mechanisms that govern lymphatic development.

LYMPHATICS THROUGHOUT THE VERTEBRATES

The lymphatic system is a vascular network comprised primarily of thin-walled, blind-ended
capillaries (Fig. 1). These capillaries are made up of a single-cell layer of extensively
overlapping endothelial cells with endothelial cell leaflets linked by discontinuous button-
like endothelial cell-cell junctions which open in response to increased interstitial fluid
pressure (Baluk et al., 2007). This structure, together with the lack of a basement membrane
and supporting smooth muscle cells or pericytes, makes lymphatic capillaries highly
permeable to the protein-rich lymph fluid. Lymphatic capillaries also possess specialized
structures called anchoring filaments, extracellular fibrillar structures linking lymphatic
endothelial cells to surrounding matrix and tissues (Gerli et al., 1990;Leak and Burke, 1966)
(Fig. 1). These anchoring filaments also help to keep the lymphatic capillaries open and
increase their permeability as interstitial pressure rises (Rossi et al., 2007). The lymphatic
capillaries converge into precollecting lymphatic vessels, which carry lymph to the main
collecting trunks (e.g., thoracic duct) for return to the venous circulation via the anastomosis
with the cardinal vein. Unlike lymphatic capillaries, pre-collecting and collecting trunks
contain smooth muscle cells and pericytes. Collecting lymphatics also have internal valves
to prevent retrograde flow of lymph fluid. Lymphatics are generally found in most tissues
innervated by the blood vascular system, often in very close association with blood vessels.
One notable exception to this is the central nervous system, which lacks lymphatic vessels.
Although lymphatic vessels do not contain red blood cells, they do contain lymphoid cells,
and depending on the species, the lymphatic system also includes lymphoid organs
important for immune responses, such as lymph nodes, tonsils, Peyer’s patches, spleen, and
thymus.
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Comparative phylogenetic analysis has shown that a true lymphatic vascular system is
present only in the vertebrates (Isogai et al., 2009; Kampmeier, 1969). A lymphatic-like
secondary vascular system is found in primitive fish, but it contains blood and is still
considered to be part of the circulatory system. Teleost fish are arguably the first vertebrates
with an anatomically distinct lymphatic system (Isogai et al., 2009; Yaniv et al., 2006). The
lymphatics of amphibians and reptiles are similar to those of fish, although they often have
specialized propulsive organs for the lymph called “lymph hearts”, small contractile
structures containing striated muscle fibers (Rusznyak et al., 1960). Lymph hearts are absent
in mammals and adult birds, and are only exceptionally found in fish (Rusznyak et al.,
1960). The lymphatic system of amphibians, reptiles, and fish often appears as a large
system of interconnected sacs or sinuses, rather than a defined network of tubular vessels.
Unlike fish and frogs, lymphoid tissues are connected to the lymphatic vascular system in
birds, although there are only a very small number of lymph nodes. Unlike most lower
vertebrates, birds and mammals have lymphatic networks consisting of distinct, narrow,
thin-walled tubular lymphatic vessels. Mammalian lymphatics generally contain large
numbers of valves and many lymph nodes.

The lymphatic system has recently been characterized in a number of important
developmental model organisms. The emergence of lymphatics and their requirement for
lymphatic regulatory genes has been examined in Xenopus embryos (Ny et al., 2005).
Recent reports have also demonstrated that the zebrafish has a well-defined lymphatic
vascular system that shares many of the morphological, molecular, and functional
characteristics of the lymphatic vessels found in other vertebrates (Kuchler et al., 2006;
Yaniv et al., 2006). A distinct, anatomically conserved system of lymphatics is present with
an overall pattern and morphology resembling that found in other developing vertebrates
(Fig. 2). Zebrafish lymphatics express known markers of lymphatic endothelial cell fate, and
require the function of genes known to be important for lymphangiogenesis in mice and
other species. Importantly, fish lymphatics are also able to drain and collect subcutaneously
injected dyes, as reported for the lymphatics of other species (Ny et al., 2005; Tilney, 1971)
(Fig. 2). The identification of a lymphatic system in the zebrafish is an important finding,
given the accessibility of the fish to forward-genetic analysis and high-resolution in vivo
imaging of the vasculature.

ORIGINS OF LYMPHATIC ENDOTHELIAL CELLS

The ontogeny of the lymphatic vascular system and the source of the lymphatic endothelial
cells (LEC) of which it is comprised have been controversial. Classical pre-molecular era
studies examining the origins of the lymphatics relied primarily on either injection (dyes,
plastic resins) or serial sectioning methods to visualize and characterize the emergence of
the earliest lymphatic vessels and lymph sacs. Use of these alternate methods early in the
past century led to the formulation of two major types of models to explain the origins of
lymphatics. Anatomists and embryologists using injection methods favored the view that the
primary lymph sacs bud off from primitive veins, and that the lymphatic vessels grow out
“centrifugally” from these sacs by endothelial budding and lymphangiogenesis. Florence
Sabin was a major protagonist of this view (Sabin, 1902). Other investigators objected to
these findings, noting that injections can only be made into an uninterrupted system of tubes,
so that failure to demonstrate lymph vessels by way of injections does not necessarily mean
that the injected area is devoid of lymphatics existing in the form of mesodermal clefts. In
contrast, researchers using serial sectioning methods developed the alternative view that
lymphatic vessels arise from mesenchymal spaces. The primary sacs arise, and the general
systemic lymphatic vessels initially develop, along the course of the embryonic veins.
Centripetal extensions subsequently make connections with the lymph sacs, which make
secondary connections with the venous system. The “centripetal” model was championed by
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Huntington and McClure (1910). The methods of investigation leading to this concept were
also criticized, on the grounds that any study of growing lymphatics in serial sections is
unreliable because not all of the lymphatic endothelium present at any period of
development can be seen in stained cross-sections and the identification of lymphatics is
problematic.

The recent advent of molecular markers (see below) and methods for analyzing the
formation of the lymphatics has permitted a more conclusive re-examination of the origins
of LEC in a number of different developmental model organisms. The origins of avian
lymphatics were studied using quail-chick embryo chimera grafting experiments (Wilting et
al., 2006; Wilting et al., 2000). Endothelium of quail (but not chick) blood and lymphatic
vessels can be marked using a specific antibody, QH1. Quail somites grafted into the wing
level in chick embryo hosts contributed QH1/VEGFR3-positive lymphatic endothelial cells
to the wing, suggesting that at least some peripheral lymphatic endothelial cells originate in
paraxial/somitic mesoderm (Wilting et al., 2000). A subsequent study using quail-chick-
chimeras and Dil-conjugated LDL labeling of blood vascular endothelium suggested that the
deeper lymphatics of the jugular sac have a dual origin, arising both from adjacent veins and
from lymphangioblasts derived from local mesoderm (Wilting et al., 2006). Analysis of
staged expression of the lymphangioblast-LEC homeobox gene, Prox1, in Xenopus tadpoles
suggests that LEC in this species also emerge from both veins and mesenchyme, although in
this case the conclusions are based solely on marker expression patterns and not on grafting,
lineage tracing, or other direct methods for examining the lymphangiogenic potential of
specific tissues (Ny et al., 2005).

In mice, Prox1 is expressed beginning at approximately embryonic day 9.5 (E9.5) in a
subpopulation of endothelial cells in the anterior cardinal vein. It is subsequently found in
isolated cells that appear to be emerging from the vein, and then in adjacent lymph sacs,
suggesting that the first LEC in mice have a venous origin (Wigle and Oliver, 1999).
Recently, tamoxifen (TM)-inducible Cre/LoxP-based tracing was used to genetically mark
early Prox1-expressing murine LEC progenitors, venous endothelial cells, and
hematopoietic cells, examining the lymphangiogenic potential of each. The results of this
study further substantiated the idea that venous endothelial cells are the major source of
LEC during murine development (Srinivasan et al., 2007). Other reports have suggested
alternative sources for LEC in mice. Scattered mesenchymal cells with leukocyte and
lymphoendothelial characteristics first detected after E10.5 appear to eventually integrate
into the lymphatics at later stages (Buttler et al., 2008; Bulttler et al., 2006). In addition, a
subpopulation of Syk- and Slp-76-expressing hematopoietic-derived cells has been found to
be required cell-autonomously to maintain the separation between the blood and lymphatic
vascular systems, although it is not clear whether these cells are actually contributing to
lymphatic endothelium (Sebzda et al., 2006). Other reports have not found evidence for a
hematopoietic contribution to murine LEC, however (Samokhvalov et al., 2007; Srinivasan
et al., 2007; Stadtfeld and Graf, 2005). Thus, it seems likely that if there is a hematopoietic
contribution to LEC during murine development, it is a minor component that appears
relatively late and/or peripherally in the lymphatics. However, other reports do suggest that
alternative sources of LEC can contribute to normal or pathologic lymphangiogenesis during
postnatal life.

Perhaps the most definitive evidence for a venous origin for early lymphatic endothelial
cells has come from the zebrafish (Yaniv et al., 2006). As noted above, recent studies have
shown that the zebrafish possesses a lymphatic vascular system with many of the
morphological, molecular, and functional characteristics of the lymphatics of other
vertebrates. The molecular mechanisms that govern lymphatic development are also
conserved, as exemplified by the absence of lymphatics in vegfC- (Kuchler et al., 2006;
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Yaniv et al., 2006) or prox1- (Yaniv et al., 2006) deficient embryos. The optical clarity of
zebrafish embryos and larvae, the availability of transgenic zebrafish with fluorescently
“tagged” vessels (Lawson and Weinstein, 2002), and the development of sophisticated
methods for long-term time-lapse two-photon imaging (Kamei and Weinstein, 2005) make
this a superb model for high-resolution dynamic optical imaging of vascular development in
living animals (Cha and Weinstein, 2007; Kamei et al., 2004; Weinstein, 2002). Lineage
tracing was performed on individual transgenically marked thoracic duct LECs using two-
photon time-lapse imaging in order to trace precisely from where each cell came (Fig. 3).
All of the cells examined (18 out of 18) arose from progenitors in the parachordal vessel,
itself a derivative of the posterior cardinal vein. These results provide direct, conclusive
evidence that the vast majority of cells contributing to the LEC of thoracic duct in the
zebrafish arise from primitive veins (Yaniv et al., 2006).

MOLECULAR REGULATION OF LYMPHATIC DEVELOPMENT

As alluded to above, application of molecular methods to lymphangiogenesis research has
resulted in dramatic progress in the study of this traditionally somewhat elusive tissue. Many
new molecular markers of the lymphatic endothelium have been identified (although few if
any are absolutely specific to lymphatic vessels), and these markers have greatly facilitated
experimental analysis of lymphatic vessel formation. Functional analysis of some of these
genes has led to important new insights into the molecular regulation of lymphatic
endothelial specification and lymphangiogenesis (Fig. 4), some of which are described
below. The realization that some of these functionally important genes correspond to human
lymphatic disease loci has begun to lead to advances in our understanding of and ability to
treat lymphatic disorders.

Regulation of lymphatic endothelial cell specification

As described above, the use of lymphatic endothelial-specific markers has permitted a
detailed assessment of the emergence of the initial LECs in murine embryos. Lyvel
(lymphatic vessel endothelial hyaluronan receptor 1), a gene identified in a search for new
hyaluronan receptors, exhibited specific expression in LECs (Banerji et al., 1999). The first
indication that lymphatic development is commencing is Lyvel expression in a
subpopulation of venous endothelial cells located in the cardinal vein (Wigle et al., 2002).
Despite its early expression in these lymphatic endothelial progenitor cells, a normal
lymphatic vasculature is formed in the absence of Lyvel, arguing against its involvement in
establishing endothelial cell identity (Gale et al., 2007). Lymphatic development is also
normal in mice lacking both Lyvel and its homolog, Cd44 (both of which are expressed in
LEC), indicating hyaluronin receptor function is not essential for LEC specification and
lymphangiogenesis (Luong et al., 2009).

In contrast to Lyvel, the homeobox transcription factor, Prox1 (prospero-related homeobox
1), is required for specification of LECs. The requirement for Prox1 in lymphatic
development was originally demonstrated by the absence of lymphatic vessels in Prox1
knockout mouse embryos (Wigle and Oliver, 1999). The absence of lymphatic vessels was
determined to result from failure to specify LECs (Wigle et al., 2002). Misexpression of
Prox1 in blood endothelial cells showed that Prox1 is sufficient to induce expression of
LEC-specific genes, such as Pdpn/Gp38/T1alpha (podoplanin) and Vegfr3, while reducing
expression of genes associated with BECs (Hong et al., 2002; Petrova et al., 2002). Prox1
expression is initiated in a subset of Lyvel* venous endothelial cells in the anterior cardinal
vein (Wigle and Oliver, 1999). Prox1 function in these venous endothelial precursors is
required for lymphatic development, since conditional deletion of Prox1 in blood vessels
causes lymphatic hypoplasia (Srinivasan et al., 2007). Not only is Prox1 required for the
initial specification of LEC identity, but temporal inactivation of Prox1 has demonstrated
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the necessity of maintaining Prox1 in mature LECs (Johnson et al., 2008). Temporal
inactivation of Prox1 during various points of embryonic and postnatal lymphangiogenesis
resulted in loss of LEC identity and a reversion to BEC identity (Johnson et al., 2008). The
requirement of Prox1 in mice, zebrafish, frogs, and chicks for LEC specification
demonstrates that Prox1 function in the lymphatics has been conserved throughout evolution
(Wigle, 1999; Yaniv, 2006; Ny, 2005).

The direct downstream targets regulated by Prox1 are mostly unknown. Cell culture studies
in which Prox1 was expressed in BECs demonstrated strong induction of fibroblast growth
receptor 3 (Fgfr3) (Shin et al., 2006). Prox1 demonstrated the ability to bind to the Fgfr3
promoter in culture and in vitro, suggesting it maybe a direct downstream target of Prox1
(Shin et al., 2006). Similar experiments showed that misexpression of Prox1 in differentiated
embryonic stem (ES) cells and human umbilical vein endothelial cells (HUVECS) inhibited
endothelial sheet formation, increased cell motility, and increased migration towards Vegfc
(Mishima et al., 2007). Modest induction of integrin a-9 and inhibition of Prox1-induced
cell migration by integrin a-9 antibody suggest it may be a target of Prox1 (Mishima et al.,
2007). The future study of the genes regulated by Prox1 should yield additional genes
necessary for lymphatic specification.

Recent studies indicate that Sox18 controls expression of Prox1 (Francois et al., 2008).
SOX18, an SRY-related HMG domain transcription factor, was implicated in lymphatic
development by the identification of SOX18 mutations in individuals with hypotrichosis-
lymphedema-telangiectasia syndrome (Irrthum et al., 2003). Mice homozygous for both the
Sox18 ragged-opossum and knockout alleles developed gross edema and failed to express
Prox1 in endothelial cells of the cardinal vein (Francois et al., 2008). Lentiviral expression
of Sox18 in both differentiating ES cells and blood vascular endothelial cells induced
expression of Prox1 and Podoplanin (Francois et al., 2008). Further investigation determined
that Sox18 directly controlled Prox1 expression by binding to its promoter both in vitro and
in vivo (Francois et al., 2008). In addition to Sox18, the transcription factor Myc was shown
to be required for Prox1 expression in Xenopus (Rodrigues et al., 2008). Myc morphants
developed edema, which could be rescued with Slug and Twist mMRNA (Rodrigues et al.,
2008). Transforming growth factor-p (TGF-f3) was shown to inhibit Prox1 expression and,
ultimately, LEC identity by an undefined mechanism (Oka et al., 2008).

As described further below, vascular endothelial growth factor C (Vegfc) plays an integral
role in the proliferation and migration of LECs. However, at least one report suggests that
Vegfc may also play a role in LEC specification of cultured embryoid bodies (Kreuger et al.,
2006). However, LECs are correctly specified in mice lacking Vegfc, making its in vivo role
unclear, although another Vegfr3 ligand, Vegfd, could be compensating in this context (see
below) (Karkkainen et al., 2004). In any case, further in vivo evidence is need to validate a
specific role for Vegfc in lymphatic specification.

Proliferation and Migration of Lymphatic Endothelial Cells

Once endothelial cells have been specified from primitive veins, they migrate and proliferate
to establish the initial lymph sacs and early lymphatic vessels such as the thoracic duct. The
molecular mechanisms controlling budding and migration of LECs from embryonic veins to
form lymph sacs have also been intensively studied. Vascular endothelial growth factor 3
(VEGFR3), a receptor tyrosine kinase, controls both cell proliferation and migration of
LECs (recently reviewed in Lohela et al., 2009). Although initially expressed in both blood
and lymphatic endothelial cells, Vegfr3 expression becomes restricted to LECs at E12.5
during mouse embryogenesis (Kaipainen et al., 1995). In humans, VEGFR3 mutations cause
Milroy Disease, a form of congenital lymphedema resulting from hypoplasia of the
lymphatic vessels (Karkkainen et al., 2000). Functional studies of mutant VEGFR3
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demonstrated that ligand-induced autophosphorylation was decreased and acted in a
dominant negative manner in the presence of wild type receptor (Karkkainen et al., 2000).
All of the reported VEGFR3 mutations are located in tyrosine kinase domains disrupting
autophosphorylation (listed in Butler et al., 2007). Surprisingly, mutations have not been
identified in the VEGFR3 ligand binding domains or in VEGFC in Milroy patients (Connell
et al., 2009). Like humans, mice with Vegfr3 mutations exhibit lymphatic hypoplasia and
hindlimb edema (Karkkainen et al., 2001). Two growth factor ligands, Vegfc and Vegfd,
bind to and activate signaling by Vegfr3 (Achen et al., 1998; Joukov et al., 1996; Joukov et
al., 1997). Both transgenic and retroviral expression of VVegfc and Vegfd in mice are
sufficient to stimulate lymphangiogenesis in the areas of misexpression (Byzova et al., 2002;
Enholm et al., 2001; Jeltsch et al., 1997). Vegfc performs an indispensable function in LEC
proliferation and migration, as demonstrated by the absence of LEC budding and formation
of jugular lymph sacs in Vegfc knockout mice (Karkkainen et al., 2004). Unlike Prox1
knockout mice, LECs are correctly specified, as demonstrated by the normal expression of
Lyvel, Prox1, and Vegfr3 in LEC. Treatment of embryoid bodies with a combination of
Vegfc and Vedf is sufficient to generate LEC in venous endothelial cells, but the absence of
Vegfc in the surrounding mesenchyme causes an arrest in LEC proliferation and migration
(Karkkainen et al., 2004). In contrast to Vegfc, Vegfd knockout mice have no discernible
lymphatic phenotype, suggesting that it plays only a minor role in developmental
lymphangiogenesis (Baldwin et al., 2005). Vegfc/d morphant Xenopus embryos exhibit
defective migration of LECs resulting in edema, a phenotype not present in either of the
single morphants, suggesting at least partial functional overlap between these genes (Ny et
al., 2008).

Upon receptor activation, Vegfr3 forms homodimers or heterodimers with Vegfr2, leading
to receptor autophosphorylation (Dixelius et al., 2003). Vegfr3 signaling promotes cell
survival, proliferation, and migration via both the PI3K and MAPK pathways (Makinen et
al., 2001). The use of a chimeric EGFR/VEGFR3 receptor in HUVECs demonstrated that
VEGFR3 activation inhibits growth factor starvation-induced apoptosis (Salameh et al.,
2005). VEGFR3 activation recruited both CRK1/2 and GRB2 to different tyrosine residues,
initiating CRK1/2-MKK4-JNK1/2-cJUN and GRB2-PI3K-ERK1/2-AKT signal transduction
cascades to inhibit apoptosis (Salameh et al., 2005). Integrins, heterodimeric transmembrane
receptors that interact with extracellular matrix ligands, contribute to VEGFC/D/VEGFR3
signaling. Cultured LECs had increased VEGFR3 phosphorylation and reduced apoptosis in
response to Vegfc when cultured in fibronectin coated dishes, which could be blocked by
Integrina5Blantibody (Zhang et al., 2005). VEGFC and VEGFD are also bound by
integrina9p1 and activate phosphorylation of ERK1/2 and PAXILLIN in cultured
endothelial cells, suggesting integrin activation is involved in LEC migration (Vlahakis et
al., 2005).

One way to limit lymphatic growth is to disrupt Vegfc signaling. Neuropilin 2, a non-
signaling transmembrane receptor, has been determined to act as a co-receptor for Vegfr3.
Neuropilin2~/~ mice fail to form normal lymphatic vessels and capillaries (Yuan et al.,
2002). The membrane-associated proteins, Spred1 and Spred2 (Sprouty-related Ena/\VASP
homologyl domain-containing proteins), both suppress Erk activation by Vegfr3 (Taniguchi
et al., 2007). Deletion of both Spred1 and Spred2 in Spred1~/~;Spread2~/~ compound
homozygotes results in edema, as well as an increase in the number of lymphatic vessels
(Taniguchi et al., 2007).

In addition to Vegfc and Vegfd signaling, adrenomedullin (Amd) signaling is required for
normal proliferation of LEC. Disruption of adrenomedullin signaling results in edema and
embryonic lethality, as demonstrated in mice lacking Amd, Calcrl (calcitonin receptor-like),
or Ramp2 (receptor activity modifying protein 2) (Fritz-Six et al., 2008). Conditional
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deletion of Calcrl in endothelium was sufficient to phenocopy the edema observed in the
Calcrl™~ mice (Fritz-Six et al., 2008). Lymphatic vessels were normally specified in both
Amd~~ and Ramp2~/~, but the lymph sacs were hypoplastic and lined with thin LECs
(Fritz-Six et al., 2008). Studies with cultured LECs suggest that lymph sac hypoplasia might
result from decreased proliferation of LECs due to the absence of Amd-mediated ERK
phosphorylation (Fritz-Six et al., 2008). Interestingly, Prox1 overexpression in LECs
induced both Calcrl and Ramp2, suggesting that Prox1 makes LECs responsive to Amd-
mediated signaling (Fritz-Six et al., 2008). Whether Amd acts with or in addition to Vegfc is
currently unknown.

Recent studies have suggested that CoupTFlI, a transcription factor required for venous
endothelial cell fate, has been found in LEC (Yamazaki et al., 2009; You et al., 2005).
COUPTFII was shown to physically interact with PROX1 to control transcription of CCNE1
(CYCLIN E1), and was required to maintain expression of VEGFR3 (YYamazaki, 2009).
CoupTFII also regulates lymphatic proliferation and migration by modulating Vegfc
signaling. Misexpression of both PROX1 and COUPTFII in LECs causes a reduction in
PROX1-mediated cell proliferation by reducing CCNE1 (CYCLINE1) expression
(YYamazaki et al., 2009). The reduced expression of CCNE1 was shown to result from
physical interaction of PROX1 and COUPTFII with the CCNE1 promoter (Yamazaki et al.,
2009). COUPTFII also limited migration towards VEGFC by reducing expression of
VEGFR3 (Yamazaki et al., 2009). Interesting, knockdown of endogenous COUPTFII caused
a reduction in migration towards VEGFC and a reduction in VEGFR3 expression
(YYamazaki et al., 2009). Therefore, precise dosage of COUPTFII seems to be required in
LECs.

In the zebrafish, characterization of the full of fluid mutant has implicated ccbel (collagen
and calcium binding EGF domain 1), a matrix-associated protein, in sprouting and
migration of LECs (Hogan et al., 2009). A conservative amino acid change in the calcium
EGF binding domain of the secreted (predicted) ccbel protein leads to the absence of the
thoracic duct (Hogan et al., 2009). The ccbel gene is not expressed in endothelium,
indicating that it functions non-autonomously (Hogan et al., 2009). The mechanism by
which ccbel promotes migration of LECs remains to be determined.

of the Nascent Lymphatic Plexus

The initial lymphatic vascular plexus undergoes extensive expansion and remodeling prior
to and during postnatal life. VVarious genes have been shown to play important roles in this
remodeling. The forkhead transcription factor, FOXC2 (formerly MFH1), was implicated in
lymphatic vessel formation by the identification of FOXC2 mutations in humans as the
cause of lymphedema-distichiasis syndrome (LD) (Fang et al., 2000). Unlike in Milroy
disease, LD syndrome is characterized by onset of lymphedema at puberty, resulting from
lymphatic reflux as indicated by lymphangioscintigraphy. Most FOXC2 mutations are
frameshift mutations that likely result in null alleles showing that haploinsufficiency of
FOXC?2 causes lymphedema in humans (Bell et al., 2001; Erickson et al., 2001; Fang et al.,
2000; Finegold et al., 2001). Like in humans, Foxc2*/~ mice have abnormal lymphatic
function indicated by lymphatic reflux of Evans blue dye (Kriederman et al., 2003). Despite
being expressed in LECs in the lymph sac, lymphatic vessels are specified correctly in
Foxc2~/~ mice (Dagenais et al., 2004). Further study demonstrated that the absence of
Foxc2 causes abnormal recruitment of smooth muscle cells to lymphatic capillaries as well
as agenesis of lymphatic valves (Petrova et al., 2004). Recently, Foxc2 has been shown to
play an integral role in the formation of mature lymphatic collectors (Norrmen et al., 2009).
Using murine mesenteric lymphatic vessels as a model, a primitive capillary-like network of
lymphatic vessels was shown to undergo morphological changes including the formation of
valves, recruitment of mural cells and smooth muscle, and pruning of branches to form
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colleting lymphatics (Norrmen et al., 2009). These morphological changes were absent in
Foxc2~/~ mice, which maintained a primitive capillary-like plexus (Norrmen et al., 2009).
Furthermore, analysis of genes involved in cardiac valve formation found that the
transcription factor, Nfatcl, played a synergistic role with Foxc2 in this process (Norrmen et
al., 2009). Nfatcl is expressed in LECs throughout lymphatic development, and reduction of
Nfatcl nuclear localization due to cyclosporin A treatment caused poor organization of
jugular lymph sacs and reduction of some LEC markers like podoplanin (Kulkarni et al.,
2009).

A number of other genes have also been implicated in lymphatic remodeling and maturation.
Like Foxc2, EphrinB2 (Efnb2) ligand is necessary for the maturation of lymphatic vessels
(Makinen et al., 2005). EphrinB2 is differentially expressed in lymphatic collectors
compared to lymphatic capillaries (Makinen et al., 2005). Efnb2 PDZ domain mutant mice
have defects in lymphatic remodeling, unlike mice with complete deletion of Efnb2.
Deletion of Aspp51 (apoptosis stimulating protein of p53) in mice caused subcutaneous
edema resulting from impaired lymph drainage caused by dysmorphic lymphatic vessels
(Hirashima et al., 2008). Proliferation and cell fate specification were normal, but the cell
morphology was markedly different (Hirashima et al., 2008). Interestingly, absence of p53
had no effect on Aspp51 mutants, suggesting a yet unknown function for Aspp51 (Hirashima
et al., 2008). With the exception of larger lymphatic channels, like the thoracic duct, LECs
normally make direct contact with the extracellular matrix. Analysis of Emilinl, an
extracellular matrix glycoprotein associated with elastic fibers, demonstrated that disrupting
the attachments of LECs to the extracellular matrix leads to abnormal lymphatic vessels and
lymphatic function (Danussi et al., 2008). Emilin1 knockout mice had more lymphatic
vessels and abnormal vessel morphology that ultimately caused hindlimb edema (Danussi et
al., 2008).

Separation of the Blood Vessels and Lymphatics

The lymphatic vasculature returns lymph into the blood vasculature via anastamoses
between the thoracic duct and right lymphatic duct with the left and right subclavian veins,
respectively. The study of SIp76 (SRC homology 2-domain-containing leukocyte protein of
76 kDa) and Syk (spleen tyrosine kinase) mutant mice provided the first insight into the
mechanisms that prevent abnormal shunting between the lymphatics and blood vessels
(Abtahian et al., 2003). In both SIp76 and Syk knockout mice, abnormal connections
between blood vessels and lymphatics cause lymphatic vessels to fill with blood as early as
E11.5, as demonstrated by blood-filled jugular lymph sacs (Abtahian et al., 2003). Using
bone marrow transplant rescue experiments, gata promoter—driven transgenic hematopoietic
expression of SIp76, and other methods, a number of studies have suggested that the absence
of SIp76/Syk signaling, in a yet to be identified circulating cell type, is responsible for the
lymphangiogenic defects (Abtahian et al., 2003) More recently, abnormal blood-filled
lymphatics were observed in a spontaneous mutant of Plcg2 (Phospholipase Cy2), termed
abnormal lymphatics (ab) (Ichise et al., 2009). A Plcg2EGFP/EGFP knockin mouse model
was utilized to identify abnormal anastomoses between the lymphatic and blood vessels
causing the lymphatics to fill with blood (Ichise et al., 2009). Bone marrow transplantation
from Plcg2ECFP/EGFP tg lethally irradiated wild type mice was sufficient to generate
shunting between lymphatics and blood vessels, but wild type bone marrow did not rescue
all shunting when transferred to Plcg2EGFP/EGFP mice (Ichise et al., 2009). Consequently,
the cell type requirement for Plcg2 function remains to be fully elucidated.

CONCLUSIONS

The application of modern molecular techniques has reinvigorated the investigation of the
lymphatic system. Classic studies of the ontogenesis of lymphatic vessels proposed the
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centrifugal and centripetal models. Roughly a century later, the use of lymphatic-specific
markers in model organisms has provided evidence for both models. Definitive evidence for
the centrifugal model has been provided by the study of Prox1, as well as live imaging in
zebrafish of the establishment of the thoracic duct by lymphatic endothelial precursors from
the cardinal vein. Studies of lymphatic development in chick and frog support both the
centrifugal and centripetal models. Likewise, the study of human genetic disease and murine
knockout models has provided insight into some of the molecular mechanisms required for
lymphatic specification, lymphangiogenesis, and lymphatic maturation. The establishment
of zebrafish as a model for lymphatic development will allow forward genetic screens to
identify additional genes involved in each of these processes. This will increase the number
of candidate genes for genetic testing in cases of idiopathic forms of lymphedema, such as
Meige disease, in addition to sporadic cases of lymphedema. Similarly, a better
understanding of each of these processes will eventually lead to effective treatments for
disorders of the lymphatic system.
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Figure 1.

Characteristics of the lymphatic vasculature. (A) An overview of the human lymphatic
system, including lymphatic vessels, lymph nodes, and lymphoid tissue (s-spleen, t-thymus).
Major veins into which the lymphatics drain are shown in blue. (B) The lymphatic
endothelial cells attach directly to the extracellular matrix and surrounding cells via
anchoring filaments (red). Valves (blue) prevent lymph reflux to promote unidirectional
lymph propulsion. Note the extensive overlap of adjacent endothelial cells in lymphatic
capillaries. (C) Surface view of a lymphatic capillary emphasizing the loose, button-like
intercellular junctions (blue).
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Figure 2.

Anatomical and functional characterization of zebrafish lymphatic vessels. (A, B) Diagram
of the superficial (A) and major conserved superficial (blue) and deeper (green) lymphatics
(B) of the salamander, including lateral (L) and vertebral (Vt) superficial, and spinal (S) and
collateral cardinal (C) deeper lymphatics. (C) 5 week old Tg(flil:EGFP)Y! zebrafish (green
vessels) with fluorescent microspheres injected into the lymphatic vascular system (red
lymphatics), showing major trunk superficial (small arrows) and deeper (large arrows)
lymphatics similar to those in panel A. (D, E) Berlin blue dye injected into the lymphatic
vascular system of a 5 week zebrafish (D) with explanatory diagram (E). As in other
vertebrates, longitudinal lateral lymphatic (LL), pectoral lymphatic (PL), and facial
lymphatic (FL) vessels come together to drain into the common cardinal vein (CCV). (F-H)
Confocal imaging of an 18 dpf Tg(flil:EGFP)Y! zebrafish (green) injected subcutaneously
with 2 Md rhodamine-dextran (red). (F) Subcutaneously injected rhodamine-dextran is taken
up by lymphatic vessels and drains into the thoracic duct (small arrow), but does not label
the adjacent dorsal aorta (large arrow). (G) Numerous rhodamine-dextran labeled vessels
(red) are visible between the blood vessels (green). (H) Higher magnification image of
blind-ended (arrows) rhodamine-dextran labeled vessels. Scale bars = 100 um (C), 20 um
(F), 50 pm (G), or 100 um (H). Images from Yaniv et al., Nature Medicine 12,711-716
(2006).
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Figure 3.

Assembly and origins of the zebrafish lymphatic thoracic duct visualized directly in the
zebrafish. (A, B) Two-photon time-lapse imaging of formation of the trunk thoracic duct,
collected from 2-4 dpf Tg(flil:EGFP)Y! zebrafish. Diagrams of the areas imaged (red box) at
time zero are shown at top. Selected frames from the time-lapse sequences are shown below,
with the lymphatic sprouts highlighted in red. (A) A lymphatic sprout for the thoracic duct
emerging and then growing rostrally and caudally ventral to the dorsal aorta. (B) Lymphatic
vessel sprouts growing across the trunk and merging ventral to the dorsal aorta. (C-E) Two-
photon time-lapse imaging of EGFP-positive endothelial cell nuclei migrating to and
incorporating into the thoracic duct in the trunk of a 2—4 dpf Tg(flil:nEGFP)Y zebrafish.
(C) Explanatory diagram showing that two cells (yellow and red) migrate ventrally from the
parachordal vessel to contribute to the lymphatic thoracic duct. The diagram shows the
location of the cells and their daughters at different time points (in hours). (D, E) Actual
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images from the time-lapse sequence showing the positions of lymphatic progenitor cells (1,
2) and their daughters (1a, 1b, 2a, 2b) at time zero (D) and 30.5 hr after the start of the time
lapse sequence (E). Scale bars = 25 um (A, B), 50 um (D, E). Images from Yaniv et al.,
Nature Medicine 12,711-716 (2006).
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Figure 4.
Simplified speculative upstream and downstream Prox1 (A) and Vegfr3 (B) signaling
pathways in lymphatic endothelium. Solid arrows show activation and perpendicular lines
show inhibition. Solid arrows show direct interactions, whereas dashed arrows show
undefined interactions. The pathways shown are not comprehensive, nor are their functional
outputs as discrete as presented (e.g., VegfC promotes both survival and migration of
Vegfr3 expressing LRC).
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