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Abstract

The lymphatic vascular system has an important role in the regulation of tissue pressure, immune
surveillance and the absorption of dietary fat in the intestine. There is growing evidence that the
lymphatic system also contributes to a number of diseases, such as lymphedema, cancer metastasis
and different inflammatory disorders. The discovery of various molecular markers allowing the
distinction of blood and lymphatic vessels, together with the availability of a increasing number of
in vitro and /n vivo models to study various aspects of lymphatic biology, has enabled tremendous
progress in research into the development and function of the lymphatic system. This review
discusses recent advances in our understanding of the embryonic development of the lymphatic
vasculature, the molecular mechanisms mediating lymphangiogenesis in the adult, the role of
lymphangiogenesis in chronic inflammation and lymphatic cancer metastasis, and the emerging
importance of the lymphatic vasculature as a therapeutic target.

Introduction

Since its initial description back in the seventeenth century,! the lymphatic system has
probably never received as much scientific attention as during the last decade. Being the
second vascular system found in higher vertebrates in addition to the blood vasculature, it

has several vital functions including the regulation of tissue pressure, immune surveillance
and the absorption of dietary fat in the intestine. Interest in basic lymphatic research was
boosted by the growing evidence that the lymphatic system also contributes to a number of
diseases, such as lymphedema, cancer metastasis and different inflammatory disorders. The
discovery of various molecular markers allowing the distinction of blood and lymphatic
vessels, together with the availability of a increasing number of /n vitroand in vivo models
to study various aspects of lymphatic biology, has enabled tremendous progress in our
understanding of the development and function of the lymphatic system.

Lymphatic capillaries start blind-ended in the tissue, where they take up lymph, a protein-
rich exudate from blood vessels. They are lined by a single layer of overlapping endothelial
cells and lack a continous basement membrane as well as pericyte or smooth muscle cell
coverage. Tissue fluid likely enters these intitial lymphatic vessels in between discontinous
button-like cell junctions.? Via larger collecting lymphatic vessels and ultimately the
thoracic duct, it is returned to the blood vasculature through the lymphatico-venous
connections at the junction of the jugular and subclavian veins. In the intestine, specialized
lymphatic vessels, so-called lacteals, take up dietary fat and fat-soluble vitamins to transport
them to the venous circulation. Unlike the blood vascular system, the lymphatic system does
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not feature a central pump, instead lymph is moved forward by skeletal muscle action,
respiratory movement and contraction of smooth muscle in walls of collecting lymphatic
vessels.

Besides the vessels, which are found in almost all tissues except for avascular structures
such as epidermis, hair, nails, cartilage and cornea, and some vascularized organs including
the brain and the retina, the lymphatic system also comprises the lymphoid organs. These
include lymph nodes, thymus, tonsils, spleen and Peyer’s patches and are crucial for the
immune function of the lymphatic system. Immune cells such as lymphocytes and antigen-
presenting dendritic cells are transported via lymphatic vessels from the skin and other
organs to regional lymph nodes, where specific immune responses are initiated.

Embryonic Development of the Lymphatic Vasculature

Two concepts for lymphatic development in the embryo are controversially discussed up to
date, both of which have been proposed already at the beginning of the 20th century. The
“centrifugal” model, presented in 1902 by Florence Sabin, proposes that primary lymph sacs
arise from endothelial cells budding off the veins during early embryonic development. The
peripheral lymphatic system is subsequently formed by endothelial sprouting from these
lymph sacs into the surrounding tissues and organs.3 The “centripetal” model, introduced by
Huntington and McClure in 1908, alternatively suggests the existence of mesenchymal
precursor cells, so-called lymphangioblasts, from which the lymph sacs originate
independently of the veins.#

Support for Sabin’s centrifugal model was provided by studies in Prox1 deficient mice.>:
Prox1 is a homolog of the Drosophila homeobox transcription factor prospero” and acts as a
master regulator of lymphatic development. Induced by a yet unknown signal, it becomes
expressed in a subset of endothelial cells on one side of the cardinal vein around mouse
embryonic day (E) 9.5-10.5 (Fig. 1). These lymphatically “competent” cells subsequently
become lymphatically committed and specified, and eventually give rise to the lymphatic
vasculature throughout the body. Prox1 null mice completely lack a lymphatic vascular
system, since the budding and sprouting of lymphatically specified endothelial cells from the
embryonic veins halts prematurely at around E 11.5-12.0 6 (Table 1). Corroborating this
evidence, the venous origin of the mammalian lymphatic vasculature has recently been
demonstrated by lineage-tracing experiments 8 and is further supported by studies in
zebrafish, in which lymphatic endothelial cells (LECs) of the thoracic duct arise from
primitive veins.? In avians and Xenopus frogs, however, parts of the lymphatic system are
derived from adjacent veins while others likely originate from local lymphangioblasts,
which provides support for the centripetal model of lymphatic development.10-12 Whether
and how lymphangioblasts might also contribute to embryonic lymphangiogenesis in
mammals remains unknown. Evidence for the existence of lymphangioblasts also in
mammals comes from murine embryoid bodies. In these three-dimensional, embryonic stem
cell-derived structures LECs seem to not only bud off pre-existing blood vessel-like
structures, but were also found away from vascular areas, where they might either have
migrated to, or developed locally from lymphatic progenitors.13:14 Furthermore, scattered
mesenchymal cells expressing the leucocyte marker CD45, the pan-endothelial marker
CD31 and the lymphatic endothelial markers Prox1 and LYVE-1 were recently observed in
mouse embryos and suggested to be lymphendothelial precursors capable of integrating into
growing lymphatics.1®

Studies of knockout mouse models have revealed a number of genes involved in the
embryonic development of the lymphatic system, in addition to Prox1 (Table 1). Among
those, vascular endothelial growth factor (VEGF)-C and— most likely—its receptor
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VEGFR-3 are indispensable for early lymphatic development as revealed by deletion of
VEGF-C in mice, resulting in a complete lack of lymphatic vasculature and prenatal death
due to fluid accumulation in the tissues.18 The VEGF-C signal during embryonic
development is required for the budding and sprouting of the Prox1-positive lymphatically
committed endothelial cells from the veins to form the initial lymph sacs (Fig. 1). The lack
of VEGF-D, however—the only other known ligand of VEGFR-3—does not affect
lymphatic development.16:17 Exogenous, but not endogenous, VEGF-D can rescue the
phenotype of VEGF-C deficient mice, suggesting that VEGF-D is not expressed at the
critical sites of lymph sac formation in the embryo.16:18 Deletion of VEGFR-3 causes
embryonic death due to cardiovascular failure at E 9.5, before the initiation of lymphatic
development,1® which demonstrates its necessity for blood vascular development but
precludes the assessment of its role in lymphatic development. While in normal adult tissues
VEGFR-3 expression is largely restricted to lymphatic endothelium, at this time point in
early embryonic development VEGFR-3 is present on both venous and presumptive
lymphatic endothelia?® (Fig. 1). In fact, the earliest marker of lymphatic competence is
lymphatic vascular endothelial hyaluronan receptor-1 (LYVE-1), a homolog of the blood
vascular endothelium-specific hyaluronan receptor CD44.2 It is expressed on endothelial
cells of the anterior cardinal vein as early as E 9.0-9.5 (Fig. 1) and is one of the most widely
exploited markers for lymphatic endothelium. Nevertheless, LYVE-1 knockout mice have
no or only subtle lymphatic defects,22:22 and the biological function of this protein is yet
unknown.

Once the lymph sacs are formed, the blood and the lymphatic vascular systems continue to
develop separately. Only few connections are maintained to allow the return of lymph to the
blood circulation. Several molecules were found to be involved in controlling the separation
of the two types of vasculature (Fig. 1), including the tyrosine kinase Syk and the adaptor
protein SLP-76. Inactivation of either of these genes in mice results in abnormal blood-
lymphatic connections during embryogenesis 24 (Table 1). Since Syk and SLP-76 expression
is restricted mainly to hematopoietic cells and not detectable in endothelial cells, intact Syk-
and SLP-76-signaling in hematopoietic cells—which might be a potential source of
endothelial precursors during development—appears to be required to prevent blood-
lymphatic vascular mixing.24 2> A similar phenotype, featuring blood-filled lymphatic
vessels in the embryo, was reported for Spred-1/Spred-2 double knockout mice. Spreds
suppress VEGF-C signaling by inhibiting VEGFR-3 mediated ERK activation,28 suggesting
a role for VEGFR-3 signaling in vascular separation. A recent study in angiopoietin-like
protein 4 (Angptl4, also known as fasting-induced adipose factor, Fiaf) knock-out mice
moreover indicates that active mechanisms are required for sustained separation of blood
and lymphatic vessels postnatally.2’ Within a few days after birth, these animals develop
lethal defects in the partitioning of the lymphatic and blood microvasculature in the
intestine, associated with reduced Prox1 expression in the LECs of the small intestine.

The final steps of lymphatic development—the remodelling and maturation of the initial
lymphatic vessel network into lymphatic capillaries and collecting lymphatic vessels—
require the sprouting of new lymphatic capillaries from pre-existing ones, as well as the
aquisition of mural cell coverage around and the formation of valves within collecting
lymphatic vessels (Fig. 1). The transcription factor Foxc2,28 the growth factor
angiopoietin-2,29: 30 the non-kinase receptor neuropilin-2,3 and the Eph receptor ligand
ephrinB232 have been identified as molecular mediators of these processes based on
knockout mice exhibiting corresponding lymphatic phenotypes at late stages of embryonic
development (Table 1). Also the transmembrane glycoprotein podoplanin, which is
expressed on LECs but not blood vascular endothelial cells (BECs) /n vivoand in vitroand
is an established marker for lymphatic endothelium,33-37 appears to be required for correct
formation and function of the mature lymphatic vasculature. Podoplanin knockout mice die
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at birth due to respiratory failure and in addition exhibit various lymphatic defects37:38
(Table 1). Podoplanin is capable of aggregating platelets through interaction with the C-
typelectin-like receptor 2 (CLEC-2) on platelets,3%40 and is involved in the cytoskeletal
organization of endothelial and other cells.374142 |ts exact molecular function, however, has
remained unknown up to date. Given the phenotype of the Syk/SLP-76 knockout mice 24
together with the fact that CLEC-2 signals via Syk and SLP-76 to aggregate platelets,*3 one
might speculate on a potential function of podoplanin in preventing anastomoses between
lymphatic and blood vessels by thrombus formation.

Although the endothelial cells lining lymphatic vessels originate from blood vascular
endothelial cells and hence these two cells types are genetically closely related, in the course
of development LECs increasingly acquire specific expression of diverse genes,
distinguishing them from BECs and reflecting the distinct functions of the two vascular
systems. In addition to the above mentioned markers Prox1, VEGFR-3, LYVE-1 and
podoplanin, these genes include for instance the lymphatic-specific chemokine CCL2144
and neuropilin-2,31 a co-receptor for several growth factors including VEGF-C 4° and
hepatocyte growth factor (HGF).46 Thanks to the possibility of isolating LECs and BECs
from human skin and propagating them in culture for several passages without loss of their
lineage-specific differentiation,34-36:47 the molecular differences between the two cell types
could be explored in great detail on the transciptome34:36 as well as on the proteome level 48
In addition, recent studies comparing freshly isolated and cultured LECs have highlighted
the considerable impact of the /n vivotissue microenvironment on the trancriptional profiles
of endothelial cells.#9:50

A crucial role in the lineage-specification of LECs versus BECs must be assigned to Prox1.
Its ectopic expression in BECs induces the expression of lymphatic marker genes in these
cells,36:51 whereas the acquisition of lymphatic marker expression by budding endothelial
cells during embryonic development is abolished in Prox1 null mice.®> Recently, integrin
ag—which was shown to be involved in the development of the lymphatic system 52 (Table
1) and to be a receptor for VEGF-C and -D>3—and VEGFR-3 have been identified as target
genes of Prox1,%4 contributing to LEC migration towards VEGF-C signals. Corroborative
for this potential novel role of Prox1 in cell migration, we recently found that it promotes the
invasiveness of kaposiform hemangioendothelioma.>®

Lymphangiogenesis in the Adult

In adult organisms, lymphangiogenesis takes place only in certain pathological conditions
such as tissue repair, inflammation and tumor growth. At present, it is unclear whether
lymphatic vessel growth in these settings is exclusively due to proliferation of local
endothelial cells and sprouting of pre-existing vessels, or whether it involves also the
incorporation of circulating endothelial progenitor cells at sites of active lymphangiogenesis.

Putative lymphatic endothelial progenitor cells, co-expressing lymphatic endothelial and
stem cell markers, have been identified in human fetal liver and cord blood.56 Nevertheless,
experiments using sublethally irradiated mice grafted with GFP-expressing bone marrow
suggested that bone marrow-derived endothelial progenitor cells do not contribute to tumor-
or VEGF-C-induced lymphangiogenesis, since no GFP-positive donor cells were observed
in the newly formed lymphatic vessels when growth of lymphatic vasculature was induced
by VEGF-C application or by tumor implants in these mice.>’ In contrast to this, bone
marrow-derived cells were incorporated into growing lymphatic vessels in the inflamed or
fibroblast growth factor (FGF)-2 treated corneas of GFP chimeric mice,58:59 as well as
during inflammation-associated lymphangiogenesis in human renal transplants.6% These
cells have been suggested to be macrophages, which transdifferentiate into LECs,>9:60 and
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their relative contribution to the new vessels appears to be minor. Macrophages and other
inflammatory cells may, however, in addition play an indirect role in neovascularization
through the secretion of lymphangiogenic factors such as VEGF-C or VEGF-D.61.62

VEGEF-C and the structurally closely related VEGF-D are the most important and best
characterized lymphangiogenic growth factors to date. When overexpressed in the skin of
mice, they induce hyperplasia of cutaneous lymphatic vessels®3:64 (Table 1)—in contrast to
VEGF-C, VEGF-D does so mainly postnatally rather than in the embryo.8> VEGF-C
moreover promotes the growth, migration and survival of cultured human LECs.4” The
principal receptor of VEGF-C and -D is VEGFR-3; after proteolytic cleavage, however,
these growth factors can also bind VEGFR-2.66-69 While it has been shown that exclusive
activation of VEGFR-3 signaling is sufficient to promote lymphangiogenesis,® the
contribution of VEGFR-2 signals to lymphangiogenesis is less clear. In this context, several
studies have demonstrated the lymphangiogenic potential of VEGF-A—which is a ligand of
VEGFR-2 but not VEGFR-3—n vitro3* and in vivo.”9-73 Although VEGF-A might act
indirectly by attracting VEGF-C and -D-producing inflammatory cells,51:62.74 at least part of
its effects on lymphatic vessels can be attributed to VEGFR-2, since they can be abolished
by antibodies specifically blocking this receptor.”1:72 A recent study, dissecting VEGFR-3
independent mechanisms of lymphangiogenesis, suggests that VEGFR-2 signals in
lymphatic vessels promote their enlargement but not the formation of new vessel sprouts.’®
In an adult model of lymphangiogenesis in regenerating skin, both VEGFR-2 and VEGFR-3
were required for LEC migration and proliferation, while signaling via either of them alone
appeared to be sufficient for the subsequent organization of LECs into functional
capillaries.”® The question about a possible temporal component of VEGFR-3 dependent
versus independent lymphangiogenesis was recently addressed by application of a soluble
VEGFR-3-1g fusion protein in postnatal and adult mice to block signaling through
VEGFR-3. This study suggests that, postnatally, VEGF-C/D signals via VEGFR-3 are only
required for the maintenance of small lymphatic vessels during the first few weeks of life.
Thereafter, lymphatic vessels regenerate in spite of constant VEGFR-3 inhibition.5° In
agreement with these findings, blockade of VEGFR-3 in adult mice by means of a
neutralizing antibody specifically inhibits the growth of new lymphatics, leaving the
survival and function of pre-existing vessels unaffected.’’ Altogether, this indicates that
other factors might become important for the growth and maintenance of lymphatic vessels
during adult life. Indeed, a multitude of growth factors capable of promoting
lymphangiogenesis have been identified up to date, including angiopoietin (Ang)-1,78:79
hepatocyte growth factor (HGF),80: 81 fibroblast growth factor (FGF)-2,82-84 insulin-like
growth factor (IGF) 1 and 2,85 and platelet derived growth factors (PDGF).86 Some of these
may act on lymphatic vessels indirectly via the VEGF-C/VEGFR-3 signaling pathway or
only in certain pathological situations (reviewed in87).

Newly identified lymphangiogenic factors include the growth hormone (GH),88 and the
multifunctional peptide adrenomedullin (AM), which signals via the calcitonin receptor-like
receptor (calcrl) associated with the receptor activity modifying protein (RAMP) 2. In
addition to AM signaling having a role in lymphatic development as revealed by knockout
mice for either AM itself or calcrl or RAMP2 (Table 1), adrenomedullin treatment promotes
the proliferation of cultured human LECs.8°

The Lymphatic System in Disease

Lymphedema

The principal physiological function of the lymphatic vasculature is to take up fluid, leaking
out of blood capillaries into interstitial spaces in the tissue, and to return it to the blood
circulation. Any failure to effectively do so results in lymphedema, a chronic, disabling and
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disfiguring condition. The accumulation of protein-rich fluid in the tissues causes swelling
of the extremities and is in most patients also associated with inflammatory reactions,
fibrosis, overgrowth of adipose and connective tissue in the affected areas, and other
symptoms.

Based on its cause, lymphedema can be classified into primary (hereditary) and secondary
(acquired) forms. Primary lymphedema is rare and generally characterized by hyper- or
hypoplastic lymphatic vessels and/or insufficient function of lymphatic valves. A variety of
distinct syndromes have been described, for some of which the underlying genetic defects
could be identified. Milroy’s disease, a form of congenital lymphedema with autosomal
dominant inheritance, can be ascribed to kinase-inactivating mutations in the VEGFR-3
gene, found in several affected families, %21 as well as in Chy mice which have hypoplastic
cutaneous lymphatic vessels associated with lymphedema®? (Table 1). Another hereditary
form of lymphedema, with a later onset around puberty, is lymphedema-distichiasis
syndrome—so called because, in addition to edema, patients often have double rows of
eyelashes (distichiasis). This disorder is caused by dominant, inactivating mutations in the
FOXC2 gene,* which encodes a forkhead-related transcription factor required for the
proper formation of lymphatic valves and the regulation of appropriate pericyte recruitment
to lymphatic vessels?8 (Table 1). Finally, mutations in the gene encoding SOX18, a SRY-
related transcription factor, have been described to cause recessive and dominant forms of
hypotrichosis-lymphedema-telangiectasia syndrome.?* SOX18 is known to be important for
blood vascular development, and the phenotype of ragged mice, which have a spontaneous
missense mutation in the SoxI8gene, indicates that SOX18 is also involved in lymphatic
development® (Table 1). In the majority of families with lymphedema, however, none of
the above mentioned mutations occurs, thus several more genes relevant for lymphedema
are still awaiting their discovery.

Secondary lymphedema develops upon obstruction of lymphatic vessels, which—in
industrialized countries—is mostly the result of surgery or radiotherapy for breast cancer,
whereas in tropical countries lymphatic filariasis, a mosquito-borne parasitic infection, is the
most common cause of lymphedema (reviewed in 96).

Up to date, no curative treatment for lymphedema exists, and therapeutic measures are
limited to manual lymph drainage and compression bandaging. Based on its potent
lymphangiogenic effect, VEGF-C has been tested for its ability to improve lymphatic
function in animal models of lymphedema. In Chy mice, virus-mediated VEGF-C gene
therapy stimulated the growth of functional cutaneous lymphatic vessels,%2 and surgically
induced lymphedema in a rabbit ear model could successfully be treated by injection of
recombinant VEGF-C protein.%” The unwanted growth and leakiness of blood vessels,
resulting from activation of VEGFR-2 by VEGF-C, could be circumvented using a
VEGFR-3-specific mutant form of VEGF-C.%8 While these studies have demonstrated the
reconstitution only of lymphatic capillaries, it has recently been shown that by adenoviral
delivery of VEGF-C or -D also functional and mature collecting lymphatic vessels can be
regenerated and connected to lymph node transplants within six months after surgical
removal of the axillary lymph nodes and all of the associated collecting lymphatic vessels in
adult mice.%®

The lymphatic vasculature in lipid homeostasis

Given the role of lymphatic vessels in mediating the uptake of lipids from the intestine, the
accumulation of fat observed in the edematous tissues of lymphedema patients, the close
anatomical association of lymph nodes with adipose tissue, and the ability of lymph to
promote the differentiation of pre-adipocytes to mature adipocytes /in vitro, 100101 one might
suspect a connection between lymphatic function and lipid homeostasis. A recent study in
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adult Prox1 +/- mice— which survive exclusively on the NMRI background and are obese
compared to their wild-type littermates—indeed suggests a link between lymphatic
dysfunction and adult-onset obesity. In these mice, abnormal leakage of lymph mainly from
mesenteric lymphatic vessels appears to promote lipid accumulation in adipocytes as well as
adipogenic differentiation.101

The role of lymphatic vessels in inflammation

Inflammation occurs as a response to tissue injury or infection, in the context of autoimmune
diseases and during tumor growth. The biological role of lymphatic vessels in the
pathogenesis of inflammation is not fully clarified up to date. On the one hand, they might
drain inflammation-associated edema and participate in the removal of immune cells and
inflammatory cytokines from the site of infection—on the other hand, they are crucial for
the establishment of immune responses by serving as exit routes for activated antigen-
presenting cells from the site of infection to regional lymph nodes. Increasing evidence
suggests that lymphatic vessels might actively participate in the inflammatory process.

Lymphatic hyperplasia and/or enhanced lymphangiogenesis was observed in human
psoriatic skin lesions,’2 in the intestinal mucosa of ulcerative colitis patients,102 in the joints
of mice with inflammatory arthritis, 103 as well as during kidney transplant rejection% and
chronic airway inflammation in mice.”*

VEGF-A appears to have a crucial role in inflammation-associated lymphangiogenesis. Its
expression is increased in human psoriatic skin,19% and mice overexpressing VEGF-A in the
epidermis display a prolonged inflammatory response after induction of cutaneous delayed-
type hypersensitivity (DTH) reactions, which is associated with LEC proliferation and
lymphatic hyperplasia and can be inhibited by blockade of VEGFR-1 and -2.72 In fact,
lymphangiogenesis associated with chronic DTH reactions in mice was recently found to
strongly depend on VEGF-A, as it could be prevented by means of a VEGF-A neutralizing
antibody.108 Interestingly, in this study VEGF-A not only induced lymphangiogenesis at the
site of inflammation where it was produced, but also in the draining lymph nodes. Enhanced
lymph node lymphangiogenesis was also observed after immunization; in this case,
however, it appeared to be mediated by B cells producing lymphangiogenic factors within
the lymph node itself.107

VEGF-A-mediated inflammatory lymphangiogenesis might at least partially be the result of
the recruitment of macrophages, supplying VEGF-C and -D.61:62 |n addition, macrophages
were reported to physically contribute to lymphangiogenesis by incorporation into newly
forming lymphatic vessels in the inflamed mouse cornea.>®

Our recent studies of lymphangiogenesis in UVB-irradiated mouse skin suggest that VEGF-
A predominantly induces leaky, nonfunctional lymphatic vessels. Upon UVB-ir-radiation,
an increase in VEGF-A expression goes along with the development of hyperpermeable,
functionally impaired lymphatic vessels in the skin, and these vessel abnormalities could be
prevented by administration of a neutralizing VEGF-A antibody.1%8 Overall, inflammation-
associated lymphangiogenesis induced by VEGF-A appears to have a rather aggravating
effect on the inflammatory process.

VEGF-C-mediated lymphangiogenesis, however, might have a more favorable role in
inflammation. In inflamed tissues, VEGF-C is secreted predominantly by immune cells such
as dendritic cells, macrophages and neutrophils, and its expression is upregulated in
response to proinflammatory cytokines.”4199 High levels of VEGF-C were detected in
arthritic joint synovium of rheumatoid arthritis patients.119 In joints of mice with
inflammatory arthritis, VEGF-C—secreted by TNFa stimulated CD11b-positive cells—
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induced lymphangiogenesis, 193 and enhanced lymphatic drainage appeared to have a
beneficial effect on the resolution of inflammation in these mice.111:112 |n agreement with
these findings, inhibition of VEGFR-3 signaling by soluble VEGFR-3-Ig prevented
lymphangiogenesis in a mouse model of chronic airway inflammation, which in turn
aggravated bronchial edema.”* Blockade of VEGFR-3 also resulted in prolonged
inflammation and edema in response to UVB irradiation.113 Thus, in contrast to VEGF-A,
VEGF-C appears to promote lymphatic flow and contribute to the resolution of
inflammation, suggesting that stimulation of lymphangiogenesis by VEGF-C may be
beneficial for the treatment of certain inflammatory conditions.

Nevertheless, there might be some critical aspects to consider in this regard. In a mouse
model of corneal inflammation, local blockade of VEGFR-3 signaling significantly
suppressed trafficking of VEGFR-3-expressing dendritic cells from the cornea to the
draining lymph nodes, which prevented the induction of delayed-type hypersensitivity
(DTH) and the rejection of corneal transplants. This effect was dependent on dendritic cell
trafficking per se rather than on reduced function of lymphatic vessels, since it occured
earlier than a potential inhibition of lymphangiogenesis one might expect from anti-
VEGFR-3 treatment.114

In the context of kidney transplant rejection, however, the lymphatic endothelium indeed
appeared to actively foster the inflammatory process—through secretion of the chemokine
CCL21 which attracts CCR7 positive immune cells, thereby facilitating their transport to the
lymph node and the generation of adaptive immunity.104

Besides the well-characterized CCL21/CCR?7 pathway and the mannose receptor, which was
reported some years ago to be important for lymphocyte adhesion to lymphatic
endothelium, 115 novel mechanisms of immune cell entry into the afferent lymphatic vessels
are currently being unraveled. Similar to blood vascular endothelium, LECs can be activated
by inflammatory cytokines to expose key leukocyte adhesion receptors, such as intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-
selectin, promoting leukocyte transmigration across lymphatic endothelium.116 Conversely,
LYVE-1, which was suspected to have a role in hyaluronan-mediated leukocyte adhesion to
lymphatic endothelium, is internalized and degraded upon LEC stimulation by
proinflammatory cytokines.117 Finally, sphingosine 1-phosphate (S1P) present in inflamed
peripheral tissues was recently suggested to inhibit T-cell entry into afferent lymphatics
through the S1P receptor 1 expressed on T-lymphocytes.118

The role of lymphatic vessels in cancer

Lymphatic vessels as routes for trafficking through the body are exploited not only by
immune cells but also by cancer cells. Metastasis to regional lymph nodes represents the
first step of tumor dissemination in many cancers and is an important prognostic indicator
for disease progression. A number of studies in animal tumor models have established the
concept that tumors—rather than just accidentally invading pre-existing lymphatic vessels in
their vicinity—can actively induce tumor-associated lymphangiogenesis by secreting
appropriate growth factors such as VEGF-C,119-121 VEGF-D,122 or VEGF-A,’? which
promotes their spread to the draining (sentinel) lymph nodes and beyond. Tumor-derived
factors, which could partially also be contributed by tumor-infiltrating macrophages,®! have
moreover been found to induce expansion of the lymphatic network in the sentinel lymph
nodes, even before the arrival of the metastatic cancer cells, as if to create a favorable
environment for the future metastasis’%119123 (Fig. 2). Once there, metastatic tumor cells
continue to induce lymphatic vessel growth within sentinel lymph nodes, which results in
increased drainage of growth factors to and lymphatic expansion in distant lymph nodes
(Fig. 2). VEGF-C-induced lymph node lymphanigogenesis promoted squamous cell
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carcinoma metastasis to distant lymph nodes and the lung,119 indicating that lymph node
lymphangiogenesis contributes to tumor metastasis beyond the sentinel node. Importantly,
while the correlation between VEGF-C or -D expression and tumor metastasis was
repeatedly confirmed also in human cancers (reviewed in 124) and the extent of tumor-
associated lymphangiogenesis was established as a potent predictor of lymphnode metastasis
in human melanoma, 125126 g significant correlation between sentinel lymph node
lymphangiogenesis and distant lymph node metastasis was recently found in human breast
cancer patients.12” Taken together, these findings indicate that lymphangiogenesis at the site
of the primary tumor as well as in the draining lymph node actively contributes to metastatic
cancer spread and its inhibition might be of interest for preventing tumor metastasis.

To this aim, suppressing the effects of VEGF-C and -D by blocking VEGFR-3 signaling
appears to be most promising, given their crucial importance for lymphatic vessel growth.
Indeed, reduction of tumor lymphangiogenesis and lymph node metastasis has been
achieved by means of neutralizing antibodies against VEGFR-3 or its ligands,122128 soluble
VEGFR-3-Ig fusion protein, 129130 or small interfering RNA (siRNA)-mediated VEGF-C
gene silencing.13! Confidence that inhibition of the VEGF-C/-D/VEGFR-3 pathway could
be a safe anti-lymphangiogenic strategy was provided by the recent finding that it does not
affect normal lymphatic vessels in adult mice.%> Meanwhile, increasing evidence points
towards a role for VEGFR-3 also in tumor angiogenesis. While in normal adult tissues
VEGFR-3 expression is restricted mainly to the lymphatic endothelium, it becomes re-
expressed on angiogenic tumor blood vessels.132-134 Moreover, it has recently been shown
that interfering with VEGFR-3 function by means of a blocking antibody inhibited tumor
angiogenesis and thereby growth of tumor xenografts in mice,13% which might represent an
additional beneficial effect of anti-VEGFR-3 therapy against cancer.

Because VEGF-C and -D can activate VEGFR-2 and VEGF-A promotes tumor
lymphangiogenesis and metastasis, also blockade of VEGFR-2 results in moderate
suppression of lymphangiogenesis and lymphatic metastases—in addition to inhibition of
angiogenesis and tumor growth—and anti-VEGFR-2 and anti-VEGFR-3 antibodies in
combinzastion more potently decrease lymph node and lung metastases than either antibody
alone.l

Another potential target for the inhibition of cancer metastasis via lymphatic vessels might
be the non-kinase receptor neuropilin-2. It was recently reported to be expressed on tumor-
activated but not quiescent adult lymphatic vessels. An antibody blocking its interaction
with VEGF-C inhibited tumor lymphangiogenesis and reduced functional tumor-associated
lymphatic vessels and lymphatic metastasis, while leaving normal, established lymphatics in
adult mice unaffected.36

In addition to tumor cells secreting factors which promote the growth of lymphatic vessels,
LECs might secrete factors which attract tumor cells towards the lymphatic vessels, and
hence might be worth targeting. Since its receptor CCRY7 is expressed by certain cancer cell
lines, one such candidate could be the lymphatic chemokine CCL21, which is known to play
a crucial role in the migration of activated dendritic cells through lymphatic vessels to
regional lymph nodes. Indeed, CCL21 was shown to induce chemotaxis of CCR7-expressing
metastatic human melanoma cells in vitro and in vivo13" and overexpression of CCR7
promoted murine B16 melanoma metastasis to draining lymph nodes.138
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FIG. 1.

Lymphatic vasculature development and growth. During early embryonic development, all
endothelial cells of the cardinal vein display lymphatic competence and express the
lymphatic markers LYVE-1 and VEGFR-3. Induction of Prox1 expression in a subset of
endothelial cells on one side of the vein marks commitment to the lymphatic lineage.
Subsequent budding and migration of these cells to form the primary lymph sacs depends on
VEGF-C signals. Several genes are required for the sustained separation of the developing
lymphatic and blood vasculature, while others become important for the remodeling of the
initial lymphatic network into capillaries and collecting vessels. During these processes,
lymphatic endothelial cells adopt the expression of additional lineage markers. The
relevance of lymphangioblasts and circulating progenitor cells for mammalian lymphatic
development is unclear. Postnatally, lymphatic vessel growth is promoted by humerous
factors. AM, adrenomedullin; Ang, angiopoietin; Angptl/, angiopoietin-like protein; £,
mouse embryonic day; FGF, fibroblast growth factor; GH, growth hormone; HGF,
hepatocyte growth factor; /GF, insulin-like growth factor; ArpZ, neuropilin-2; PDGF,
platelet-derived growth factor; VEGF, vascular endothelial growth factor.
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Tumor and lymph node lymphangiogenesis promotes cancer metastasis. Tumor-derived
VEGF-A and/or VEGF-C/-D induce lymphangiogenesis at the site of the primary tumor and
within sentinel LNs, even before metastasis, possibly preparing the LN for the arrival of
metastatic tumor cells. Once in the sentinel LN, these cells maintain their lymphangiogenic
activity, likely promoting further cancer spread to distant lymph nodes and organs. The
lymphatic endothelial-derived chemokine CCL21 attracts CCR7-expressing cancer cells
towards the lymphatic vessels, facilitating their entry into the lymphatic system. CCR7, CC-

chemokine receptor 7; LN, lymph node; VEGF, vascular endothelial growth factor.
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