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Abstract

The past two decades have significantly improved our understanding of the

mechanisms of lymphangiogenesis. Identification of lymphatic endothelial spe-

cific immunohistochemical markers and development of new experimental

animal models have been instrumental in the identification of a number of

molecular players regulating growth and remodeling of the lymphatic vascula-

ture during embryonic development. Studies with different models of geneti-

cally deficient mice identified also a spectrum of primary lymphedema

phenotypes. Recent findings have highlighted the role of lymphangiogenesis in

various pathological conditions. It was clearly demonstrated that lymph vessels

are active participants in acute and chronic inflammation, organ transplant

rejection, metastatic tumor dissemination, and hypertension. Therefore, the

specific targeting of the lymphatic vasculature could be a promising approach

for pro- or anti-lymphangiogenic treatment in inflammatory disorders, graft

rejection, lymphedema, and cancer.
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2.1 Developmental and Physiological Lymphangiogenesis

Lymphangiogenesis means the growth and formation of new lymphatic vessels. It is

an important biological process which is essential in both, physiological and in

pathological processes. In adults, physiological lymphangiogenesis occurs only in

corpus luteum formation during luteal phase of the menstrual cycle and in the

endometrium during pregnancy [1, 2]. Except for these situations, under normal

physiological conditions and similarly to blood system, lymphatic vessels remain in

inactive state. Pathological lymphangiogenesis, defined as the abnormal formation

of new lymphatic vessels from preexisting ones, is known to occur upon inflamma-

tory and tumor-related stimulations. It occurs in processes of wound healing, tissue

and organ regeneration, in acute and chronic inflammation, autoimmunity, allograft

rejection, and tumor growth and tumor metastasis [1, 3, 4].

During embryogenesis lymphatic vascular system starts to develop significantly

later than the blood vascular system. It arises when the embryonic cardiovascular

system is already established and functional. In mice, blood vessels start to develop

at embryonic day 7.5 (E 7.5) [5], whereas molecular markers of lymphatics can be

seen in the jugular region at approximately E 9.5 [6]. In humans embryos, lym-

phatic vessels development starts at about gestation week 6–7, and this is 3–4 weeks

after the development of the first blood vessels [7]. At that time, distinct

subpopulations of endothelial cells in the lateral parts of the anterior cardinal

primitive veins commit to the lymphatic lineage and then sprout laterally to form

the first morphological structures of developing lymphatics—primary lymph sacs

[1, 6]. Research on human embryos revealed that there are six sacs in humans and
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eight sacs in mice [8, 9]. In human embryos, the lymph sacs consist of paired

jugulo-axillary lymph sacs, located in the area of the junction of the subclavian vein

and the internal jugular vein, paired lumbo-iliac lymph sacs, which give the origin

of the lymph vessels of the inferior part of the body, the single retroperitoneal

lymph sac, and the single cisterna chyli [10, 11].

The peripheral lymphatic vessels grow from the primary lymph sacs by endo-

thelial budding and then by sprouting and forming capillaries surrounding tissues

and organs, except for the central nervous system, bone marrow, and retina, which

remain free of lymphatics [12, 13]. The lymphatic vasculature growth resembles

that of blood vascular system development—new lymphatic vessels integrate into

primitive lymphatic capillary network, which is followed by remodeling and

maturation to form an established lymphatic system.

Lymphatic vasculature is formed by lymphatic endothelial cells (LECs), which

are highly related to blood endothelial cells (BECs). The origin of LECs during

embryogenesis has been controversial and the object of debate for the last century.

Recent experiments using genetically engineered mouse models and in vivo fluo-

rescent, dynamic imaging of embryonic lymphangiogenesis in zebrafish strongly

confirmed the venous origin of mammalian lymphatic vasculature [6, 14–17]. This

is in accordance to “centrifugal” theory, first proposed by Florence Sabin (1902),

the American anatomist, who postulated that lymph sacs are venous derivatives

[12]. The alternative, “centripetal” theory, first postulated by Huntington and

McClure (1910), proposes that primary lymphatic endothelial cells develop directly

from mesenchymal progenitor cells, which are called lymphangioblasts [18].

Even though the venous origin of mammalian lymphatic vasculature is now

established, other mechanisms of LECs differentiation are still possible. It was

showed that lymphatic vascular system of birds has dual origin—from embryonic

veins and mesenchymal lymphoblasts. The deep parts of the jugular lymph sacs are

derived from the jugular segments of the cardinal veins and the superficial/dermal

lymphatics are derived from local lymphangioblasts. The two compartments fuse

then to form the whole lymphatic system [19]. Lymphangioblasts have also been

revealed in murine embryos in which scattered mesenchymal cells expressed both

lymphoendothelial (e.g., LYVE-1—lymphatic vessel endothelial hyaluronan recep-

tor 1, PROX1—Prospero homeobox protein 1) and leukocyte (e.g., CD45) markers.

These cells seem to form peripheral parts of the lymphatic vessels during develop-

ment [20, 21]. At present, it is not known whether similar resident mesenchymal

precursors contribute to the lymphatic vasculature during normal development in

humans. However, it was demonstrated that circulating bone marrow-derived

endothelial precursor cells may be the source of LECs during pathological

lymphangiogenesis. These cells express both myeloid progenitor markers (e.g.,

CD68, CD11b) and LECs markers (e.g., LYVE-1, PROX1, podoplanin) and are

capable of undergoing lymphatic differentiation upon inflammatory stimulation.

Although LECs can be derived from several progenitor types, CD11b+ monocytes

have been identified as the main source [22]. Transdifferentiation of macrophages

into LECs was observed in vivo [23] and has been described in human transplanted

kidney [24], in a mouse corneal injury model [25], and in peritumoral lymphatic

vessels of fibrosarcoma in irradiated mice [24]. Nevertheless, incorporation of bone
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marrow-derived progenitor cells into the endothelium of newly formed lymphatic

vessels seems to be at the level of few percent of all LECs [26]. Growing body of

evidence suggest that they rather support growth of lymphatic vessels via locally

secreting pro-angiogenic activities than by transforming into LECs [27].

2.2 Molecular Mechanisms of Lymphangiogenesis

Our knowledge of the molecular mechanisms of lymphangiogenesis has improved

significantly in recent years, mostly thanks to progress in the identification of a

number of regulators and markers specific to the crucial stages of lymphatic

vascular development (Table 2.1).

Studies with various models of genetically deficient mice identified also a

spectrum of lymphedema phenotypes, ranging from edematous embryos with

chylous ascites and severe vascular defects associated with perinatal lethality to

more subtle manifestations of lymphatic function defects [28].

The crucial steps of mammalian developmental lymphangiogenesis are

presented in Fig. 2.1 and are described below.

2.2.1 Commitment to Lymphatic Endothelium Cell Identity

Shortly after the separation of arteries and veins, at E 9.0 in mice and gestation

week 6 in humans, distinct population of VEGFR-3+ cells of the anterior cardinal

vein start to lose blood endothelial characteristics and acquire LECs identity. The

first indicator of lymphatic endothelial competence among subset of VEGFR-3+

endothelial cells in the cardinal vein is an integral membrane glycoprotein—

LYVE-1 [17]. Physiological function of LYVE-1, especially during embryogene-

sis, has remained unclear. It has been suggested that LYVE-1 is involved in both

cell adhesion/transmigration and as a scavenger for hyaluronan turnover [29].

However, LYVE-1 has been found not to be obligatory for normal lymphatic

development and function. Lyve-1-knockout mice develop normal lymphatic sys-

tem [30].

In contrast to LYVE-1, homeobox transcription factor PROX1 is essential in

lymphangiogenesis [6]. It regulates expression of the lymphatic phenotype genes of

Lyve-1 and podoplanin in VEGFR-3+/LYVE-1+ cells. PROX1 expression in the

VEGFR-3+/LYVE-1+ cells of the cardinal vein is followed by the budding and

sprouting migration in a polarized manner, and finally formation of primary lym-

phatic sacs [6, 17]. Prox1-knockout mice embryos fail to develop primary lym-

phatic sacs and consequently lymphatic vessels. They develop edema and die

before birth at E13.5 [31].

The regulation of Prox1 in differentiating LECs is currently poorly understood.

Recent experiments on genetically deficient mice demonstrated that Prox1 gene

expression is directly induced by the transcription factor SOX18 (sex determining

region Y, SRY-box 18) and by orphan member of the nuclear receptor superfamily,

COUP-TFII (Chicken ovalbumin upstream promoter transcription factor II)
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Table 2.1 Key molecular factors during developmental lymphangiogenesis

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

Transcription factors

SOX18 � Direct induction

of expression of

PROX1

(�/�) Mice

embryos develop

edema and die

before birth due to

lack of lymphatic

vasculature

Recessive and dominant forms of

hypotrichosis–lymphedema–telangiectasia

COUP-

TFII

� Interacts with

PROX1 to

maintain LEC

phenotype

(�/�) at an early

embryonic stage

results in failed

formation of pre-

LECs;

(�/�) at a later

developmental

stage results in loss

of LEC identity,

gain of blood ECs

fate, and impaired

lymphatic vessel

sprouting

PROX1 � Master regulator

that determines

LECs identity

� Regulator of

LYVE-1 and

podoplanin gene

expression

(�/�) Mice

embryos develop

edema and die

before birth due to

lack of lymphatic

vasculature

FOXC2 � Major regulator

of lymphatic

capillaries versus

collecting

lymphatic vessels

phenotype

specification

(�/�) Mice show

loss of valves in

the collecting

vessels and

impaired

patterning of

capillaries

Lymphedema-distichiasis (LD) syndrome

Receptors/transmembrane proteins

LYVE-1 � Mediates cell

adhesion and

transmigration

� Scavenger for

hyaluronan

turnover

(�/�) Mice

develop normal

lymphatic system

VEGFR-3 � Mediates a

critical pathway
for lymphatic

vessel growth

(�/�) Mice die

during early

embryonic

development,

before emergence

of lymphatic

vessels, due to

Heterozygous missense point mutation

have been found in several families with

Milroy’s disease

(continued)
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Table 2.1 (continued)

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

defective

remodeling and

maturation of large

blood vessels

(�/+)

Heterozygous

missense point

mutation (Chy

mutant mice)

results in

hypoplasia of

cutaneous

lymphatic

capillaries and

lymphedema of

posterior limbs

Nrp2 � Co-receptor of

VEGFR-3

(�/�) Mice

develop transient

hypoplasia of

lymphatic

capillaries;

surviving Nrp2-
deficient mice

regenerate

lymphatic

capillaries starting

at 7th day after

birth

Podoplanin � Transmembrane

glycoprotein

� Essential in

lymphovascular

separation

(�/�) Mice

develop abnormal

lympho-venous

connections,

dilated and

dysfunctional

lymphatic vessels,

lymphedema, and

die perinatally due

to respiratory

failure

Ephβ2 � Role in

remodeling and

maturation of

lymphatic

vasculature

(�/�) Mice

develop major

lymphatic defects,

including lack of

hierarchically

organized network,

ectopic SMCs

coverage in

(continued)
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Table 2.1 (continued)

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

lymphatic

capillaries, lack of

luminal valve

formation and

chylothorax; they

die 3 weeks after

birth

Integrin

α9β1
� Adhesion

receptor

� Directly binds

VEGF-C and -D

and promotes

LECs adhesion and

migration

(�/�) Mice

embryos display

dysplastic

lymphatic valves

and die 6–12 days

after birth because

of bilateral

chylothorax

Missense mutation is associated with

congenital chylothorax in fetuses

Growth factors

VEGF-C � Critical for the

development of the

lymphatic

vasculature

� Major

chemotactic and

survival factor for

LECs

� Essential for the

formation of

lymph sacs from

embryonic veins

(�/�) Mice

embryos develop

edema and die

before birth due to

complete absence

of lymphatic

vasculature

(�/+) Newborn

mice have

hypoplasia of the

lymphatic vessels

and develop severe

lymphedema in

adulthood

VEGF-D � Promotes

migration and

proliferation of

LECs

(�/�) Newborn

mice develop

slight lymphatic

dysfunction as a

decrease in the

abundance of

lymphatic vessels

in the lungs

AM � Vasodilator and

diuretic peptide

� Necessary in

early stages of

lymphatic vascular

development

(�/�) Mice

embryos display

decreased LECs

proliferation,

hypoplastic

lymphatic sacs,

interstitial

lymphedema, and

die in mid-

gestation

(continued)
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Table 2.1 (continued)

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

Ang2 � Context-

dependent agonist

or antagonist of

Tie2 receptor;

� Essential during

remodeling and

maturation of

lymphatic vessels

(�/�) Mice have

abnormal postnatal

lymphatic network

due to defective

remodeling and

develop

subcutaneous

edema and chylous

ascites shortly after

birth

Others

Spred1/2 � Cytoplasmic

adaptor proteins

� Negative

regulation of

VEGF-C-VEGFR-

3 signaling

pathway

(�/�) Mice

embryos display

subcutaneous

hemorrhage,

edema, blood-

filled dilated

lymphatic vessels,

and die in utero

Aspp1 � Cytoplasmic

adaptor protein

� Important for

the initial

assembly of

lymphatic vessels

during

embryogenesis

(�/�) Mice

embryos display

subcutaneous

edema and

disorganized

lymphatic

vasculature;

(�/�) Adult mice

have resolved

impaired function

of cutaneous

lymphatic

drainage, but still

had abnormal

patterns in

collecting

lymphatic vessels

SYK and

SLP-76

� Tyrosine kinase

(Syk) and adaptor

protein (SLP-76)

� Role in the

process of

lymphovascular

separation

(�/�) Mice

embryos develop

abnormal arterio-

venous shunts,

manifested as

blood filled

lymphatic vessels

with mosaic

expression of

LYVE-1

(continued)
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Table 2.1 (continued)

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

Fiaf � Regulates

separation of

lymphatic and

blood vessels in

the intestine

(�/�) Mice

develop normally

until birth but

postnatally have

blood-filled

intestinal

lymphatic vessels

with decreased

PROX1 expression

Akt1 � Erine/threonine

protein kinase that

probably

coordinates signals

from different

pathways during

lymphatic vessel

remodeling and

maturation

(�/�) Mice

develop

insufficient

coverage of

collecting

lymphatic vessels

by SMCs

Emilin-1 � Component of

the anchoring

filaments in

lymphatic vessels

(�/�) Mice

develop various

lymphatic defects,

including

hyperplasia,

irregular pattern of

lymphatic vessels,

dysfunctional

junctions,

reduction of

anchoring

filaments, and mild

lymphedema

CCBE1 � Binds to

collagen and

vitronectin in the

extracellular

matrix

� Essential

regulator of

lymphatic vessel

formation

(�/�) Zebrafish

completely lacks

lymphatic

vasculature

One of the form of autosomal recessive

hereditary lymphedema (Hennekam

syndrome)
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Fig. 2.1 Embryonic development of the mammalian lymphatic vasculature
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[32, 33]. Sox18-knockout mice, similarly to Prox1-knockout mice, develop edema

and die before birth [32]. In humans, mutations in the transcription factor SOX18

were recently identified in recessive and dominant forms of hypotrichosis–lymphe-

dema–telangiectasia [34]. Coup-tf2 deficiency at an early embryonic stage results in

failed formation of pre-lymphatic ECs (pre-LECs). Coup-tf2 deficiency at a later

developmental stage results in loss of LEC identity, gain of blood ECs fate, and

impaired lymphatic vessel sprouting [35]. Nevertheless, the signals leading to

SOX18 and COUP-TFII expression in VEGFR-3+/LYVE-1+ cells remain

unknown.

2.2.2 Lymphatic Endothelial Cell Proliferation and Migration

During early embryonic development of vascular endothelial growth factor recep-

tor 3 (VEGFR-3), a cell surface tyrosine kinase receptor (also known as Flt4) is

expressed at similar levels in BECs and LECs. As embryonic development

progresses, its expression is decreasing in BECs and becomes restricted to the

endothelium of lymphatic vessels [36, 37].

VEGFR-3 mediates a critical pathway for lymphatic vessel growth and mainte-

nance. Mutant mice deficient for Vegfr-3 die during early embryonic development

(at E 9.5), before emergence of lymphatic vessels, due to defective remodeling and

maturation of large blood vessels [37]. Heterozygous missense mutations in Vegfr-3
gene that inactivate tyrosine kinase in the encoded protein in mice (Chy mutant

mice) results in hypoplasia of cutaneous lymphatic capillaries and lymphedema of

posterior limbs. Chy mutant mice are used as a useful model for studies of heredi-

tary lymphedema and its therapy [38]. In humans, similar heterozygous missense

point mutations in the gene encoding VEGFR-3 were found in several families with

Milroy’s disease, a rare autosomal dominant lymphedema, characterized by hypo-

plastic lymphatic capillaries in the skin [39].

VEGFR-3 is exclusively activated by two ligands—vascular endothelial growth

factor-C (VEGF-C) and vascular endothelial growth factor-D (VEGF-D). They are

homodimeric glycoproteins closely related in structure and secreted during

embryogenesis by mesenchymal cells surrounding cardinal veins, vascular smooth

muscle cells (SMCs), and BECs [3, 4, 40]. In humans, both VEGF-C and VEGF-D

bind to not only VEGFR-3 but also to VEGFR-2 (also known as Flk-1/KDR).

VEGFR-2 is a blood vessel receptor [41], implicated in signaling for angiogenesis

[42]. Therefore, in humans, VEGF-C and VEGF-D induce not only

lymphangiogenesis but also blood vessel growth, the latter through VEGFR-2

activation in BECs [43–45]. In mice, VEGF-C activates both receptors [46],

whereas VEGF-D activates only VEGFR-3 [41].

VEGF-C, like VEGFR-3, is critical for the development of the lymphatic

vasculature. Sprouting and growing lymphatic vessels contain specialized tip

cells at their leading edge, which sense and respond to chemoattractants. VEGF-

C is a major chemotactic and survival factor for LECs [16, 46]. It is essential for the

formation of lymph sacs from embryonic veins. Homozygous Vegfc(�/�) mice die
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before birth due to fluid accumulation in tissues as a result of a complete absence of

lymphatic vasculature [16]. Heterozygous Vegfc(+/�) newborn mice have hypo-

plasia of the lymphatic vessels and develop severe lymphedema in adulthood [16].

VEGF-D promotes migration and proliferation of LECs like VEGF-C [47].

However, surprisingly, mice with targeted inactivation of Vegf-d develop only a

slight lymphatic dysfunction as a decrease in the abundance of lymphatic vessels in

the lungs, suggesting that VEGF-D is dispensable for lymphangiogenesis [48].

An integral part of VEGF-C/D-VEGFR-3 signaling pathway is the interaction of

VEGF-C and VEGF-D with neuropilin-2 (Nrp2). Neuropilin-1 (Nrp1) is expressed

by arterial BECs, while Nrp2 is expressed by venous BECs and by LECs. Nrps do

not have their own enzymatic signaling activity, but they act as co-receptors of

VEGF receptors. Both, VEGF-C and VEGF-D, bind to Nrp2 and this way increase

the affinity of LECs toward VEGF-C/D [49]. Nrp2 is associated with VEGFR-3

only in visceral and deep lymphatics, but not in cutaneous ones. Nrp2 binds VEGF-

C and enables lymphangiogenesis in visceral organs in VEGFR-3 mutant mouse

(Chy mouse). Similar mechanism may explain normal development of visceral

lymphatics and dysplasia of cutaneous lymphatics in patients with Milroy’s disease

[38]. Nrp2-deficient mice develop hypoplasia of lymphatic capillaries, but the

development of collecting vessels, such as the thoracic duct, is not affected.

These defects are transient, and surviving Nrp2-deficient mice regenerate lymphatic

capillaries starting at 7th day after birth [50, 51]. It was also shown that Nrp1-
deficient mice survive only until around E13.5, whereas Nrp1/Nrp2 double-

deficient mice die around E8.5 [52]. Therefore, it was suggested that Nrp1 com-

pensate for the loss of Nrp2, which may explain the mild consequences observed in

Nrp2-deficient mice [53].

VEGF-C-VEGFR-3 signaling pathway was shown to be negatively regulated by

the action of Spred (Sprouty-related) proteins, which suppress the phosphorylation

of growth factor-induced MAP kinase signaling. Spred1/2 double-knockout mice

develop subcutaneous hemorrhages, edema, blood-filled dilated lymphatic vessels

and die by E15.5 [54]. This phenotype closely resembles the one observed in

Syk(�/�) or slp-76(�/�) mice with defects in the separation of lymphatic vessels

from blood vessels (see below) [55].

Adrenomedullin (AM) signaling is another transduction pathway necessary in

early stages of lymphatic vascular development. AM is a multifunctional vasodila-

tor and diuretic peptide, which was shown to be under the control of the PROX1.

Genetic blockade of AM signaling in mice results in decreased LECs proliferation,

occurrence of hypoplastic lymphatic sacs, development of interstitial lymphedema,

and death in mid-gestation [56].

Defects in lymphatic vessel development have been also reported in apoptosis-

stimulating protein of p53 (Aspp1)-knockout mice [57]. Aspp1(�/�) mice embryos

showed subcutaneous edema and disorganized lymphatic vasculature. However,

Aspp1(�/�) adult mice was shown to have resolved impaired function of cutaneous

lymphatic drainage seen during embryogenesis, but still had abnormal patterns in

collecting lymphatic vessels [57]. The lymphatic vascular function of Aspp1 was
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demonstrated to be independent of p53 and may be linked instead to C-terminal Src

kinase (Csk) [57, 58].

Additionally, sphingosine-1-phosphate (S1P), known to be implicated in a

variety of biologic processes, such as inflammatory responses and angiogenesis,

recently was also reported to be the first identified bioactive lipid which plays a role

during lymphangiogenesis. S1P induces migration and capillary-like tube forma-

tion, but not proliferation of human LECs in vitro, and promotes the outgrowth of

new lymphatic vessels in vivo. S1P promotes lymphangiogenesis by stimulating

S1P/Gi/phospholipase C/Ca
2+ signaling pathways [59].

Finally, there is a number of other growth factors which also were revealed to

regulate early stages of lymphangiogenesis, including transforming growth factor-β
1 (TGF-β1) [60], platelet-derived growth factor - β (PDGF-β) [61], fibroblast

growth factor 1 (FGF-1), FGF-2 [44, 62], insulin-like growth factor 1 (IGF-1),

IGF-2 [63], hepatocyte growth factor (HGF) [64], and growth hormone (GH) [65].

However, because global effects of these growth factors gene targeting result in

other early-onset phenotypes, it is not known whether they directly contribute to the

development of the lymphatic vascular system [1, 4].

2.2.3 Lymphovascular Separation

There are only two sites where lymph mixes with the blood in the subclavian veins.

This suggests the existence of molecular mechanisms underlying the process of

lymphovascular separation during embryonic development.

One such mechanism involve the function of podoplanin, transmembrane

mucin-like protein, which is expressed at E11.5 in the cardinal vein and later in

PROX1-positive LECs [66, 67]. Targeted inactivation of podoplanin results in

abnormal lung development, abnormal lympho-venous connections, dilated and

dysfunctional lymphatic vessels, lymphedema, and perinatal lethality due to respi-

ratory failure [67]. The defect in lympho-venous separation in these mice is a result

of deficiency of platelet activation by podoplanin. Platelet aggregation is required

for constriction of the opening between the cardinal vein and the lymphatic sacs. It

is induced by binding of podoplanin to C-type lectin receptor 2 (CLEC-2) expressed

on the surface of platelets. CLEC-2 activation by podoplanin leads to activation of

hematopoietic signaling proteins SYK (spleen tyrosine kinase) via its substrate

adaptor protein SLP-76 (Src-homology 2 domain-containing leukocyte protein of

76 kDa) in the platelets [68]. Mice with homozygous mutations in either Syk or slp-
76 develop abnormal arterio-venous shunts, manifested as blood filled lymphatic

vessels with mosaic expression of LYVE-1 [55, 69].

Fasting-induced adipose factor (Fiaf), also known as angiopoietin-like protein 4

(Angptl4), is the other molecular player that regulates separation of lymphatic and

blood vessels, but only in the intestine. Fiaf-knockout mice develop normally until

birth but postnatally have blood-filled intestinal lymphatic vessels with decreased

PROX1 expression [70].
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2.2.4 Remodeling and Maturation of Primitive Lymphatic Vessels

Remodeling and maturation of lymphatic vessels begins around E14.5 and lasts

until birth. These processes are less understood than earlier events of

lymphangiogenesis. They include the transformation of primitive lymphatic plexus

into a hierarchical network of lymph vessels, composed of collecting lymphatic

vessels and lymphatic capillaries.

Collecting lymphatic vessels contain intraluminal valves, basement membrane,

and are covered with SMCs. Lymphatic capillaries consist of basement membrane

and pericytes. Remodeling of collecting lymphatic vessels involves formation of

intraluminal valves and recruitment of SMCs. New capillaries arise by sprouting

from preexisting vasculature.

During these processes interactions between LECs and surrounding extracellular

matrix are essential. Maturation steps are accompanied by reduced expression of

LECs markers that were implicated in actively growing vessels, including VEGFR-

3, LYVE-1, and PROX1 [4, 71, 72].

FOXC2, the forkhead transcription factor, is the major molecular regulator

responsible for the specification of lymphatic capillaries versus collecting lym-

phatic vessels phenotype. Early steps of developmental lymphangiogenesis proceed

normally in the absence of FOXC2. Its expression is upregulated in all developing

lymphatic vessels between E14.5 and E15.5, and in adults the highest expression is

observed in the endothelial cells of lymphatic valves [73, 74]. The nuclear factor of

activated T cells (NFATc1), which expression is controlled by VEGF-C-VEGFR-3

signaling, cooperates with FoxC2 to generate the genetic program involved in the

maturation process [75]. Mutations in the human FoxC2 gene are the cause for the

hereditary lymphedema-distichiasis syndrome (LD), an autosomal dominant dis-

ease characterized by late onset leg lymphedema and metaplasia of meibomian

glands [76]. In contrast to Milroy’s disease, lymphatic vasculature in LD is normal

or hyperplastic, but lymphatic vessels are insufficient, most probably due to lack of

lymphatic valves abnormal patterning and the presence of ectopic SMCs [73].

Inactivation of FoxC2 in mice has similar consequences like in LD syndrome—

collecting lymphatic vessels lack valves, the lymphatic capillaries acquire an

excessive sheath with basal lamina components and SMCs, and they begin to

express blood vascular endothelial cell markers such as endoglin and PDGF-β [73].
Angiopoietins and Tie receptors are also essential during remodeling and matu-

ration of lymphatic vessels. There are three members of the angiopoietin family:

Ang1, Ang2, and Ang3 (in mouse)/4 (in human). They bind to the Tie1/Tie2

endothelial-specific receptors tyrosine kinase, which are expressed at low levels

in LECs and regulate interactions between endothelial cells and mural cells [77].

Ang1 can activate both Tie1 and Tie2 [78, 79], Ang2 is suggested to be a context-

dependent agonist or antagonist of Tie2 signaling [80], and Ang3 (from mouse) and

Ang4 (from human) are interspecies orthologs that both act as Tie2 agonists [81].

Ang1 and Ang2 were shown to be indispensable in remodeling and maturation of

blood vessels and normal development of heart, whereas in lymphatic vessel

development activation of Ang2 seems to be crucial [80, 82]. Ang2-deficient
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mice have defective postnatal blood and lymphatic vessel structures, such as

incomplete regression of hyaloid artery, and distorted leaky lymphatic vessels—

irregularly patterned hypoplastic lymphatic capillaries and collecting vessels

lacking proper smooth muscle cell coverage. They present subcutaneous edema

and chylous ascites shortly after birth [80]. Ang2 also seems to prevent premature

coverage of lymphatic vessels with SMCs [80]. FoxC2 and NFATc1, by repressing

Ang2 expression, initiate the recruitment of pericytes and SMCs to the maturing

lymphatic vessels [75]. Lack of Ang2 can be largely corrected by replacing it with

Ang1. However, abnormal persistence of the hyaloid artery cannot be rescued,

indicating that although Ang1 and Ang2 have redundant roles in the development of

the lymphatics, they do not have that in the development of blood vessels [80].

EphrinB2, one of the transmembrane ligands of the Eph group, and its receptor,

Ephβ4, regulate lymphatic endothelial cell sprouting during the remodeling process

[83]. In mice, genetic deficiency in the cytoplasmic PDZ-interaction domain of

Ephrinβ2 results in lack of hierarchically organized lymphatic vessel network

consisting of lymphatic capillaries and collecting vessels and lead to postnatal

lethality 3 weeks after birth [83].

The serine/threonine protein kinase AKT1 is a major signal transducer and is

downstream of various receptor protein kinases involved in the regulation of

lymphatic development, including VEGFR-3, TIE-2, PDGFR-β, and Ephβ4. It is
therefore plausible that AKT1 may coordinate signals from the different pathways

during lymphatic vessel remodeling and maturation. Akt1-deficient mice showed

insufficient coverage of collecting lymphatic vessels by SMCs [84].

2.2.5 Interactions Between LECs and Surrounding Extracellular
Matrix

Recent studies have highlighted the importance of the extracellular matrix (ECM)

in the generation of new lymphatic vessels. However, the molecular mechanisms

underlying interactions between LECs and surrounding ECM remain largely

unknown.

Unlike BECs, LECs do not adhere to continuous basement membrane and form

an intimate association with adjacent interstitial tissue. Instead of adhering to basal

lamina, capillary LECs are attached to anchoring filaments composed of fibrillin

and emilin-1, which anchor the LECs cytoskeleton with the fibrous components of

ECM (i.e., collagen, fibronectin, tenascin C, vitronectin, laminin) through the

transmembrane integrin and FAK molecule [85, 86]. Anchoring filaments are the

characteristic feature of initial lymphatic vessels. Forces applied through these

anchoring filaments enhance lymphatic permeability and promote tissue drainage

[85].

ECM provides important growth-promoting signals for lymphatic vessels. In

addition, proteins of extracellular matrix, like collagen and fibronectin, were shown

to enhance tyrosine phosphorylation of VEGFR-3 through activation of integrin

α9β1 [85].
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LECs express multiple integrins other than α9β1, including α1β1, α2β1, α3β1,
α4β1, α5β1, α6β1, and αvβ3, but their importance in developmental

lymphangiogenesis remain unclear, since majority of integrin-deficient mice

show no apparent developmental defects in lymphangiogenesis or in lymphatic

function [85].

So far, only one of the integrins expressed by LECs, α9β1, was shown to be

essential in embryogenic lymphangiogenesis. α9β1 directly binds VEGF-C and

VEGF-D and promotes LECs adhesion and migration [87]. Integrin α9β1-deficient
mice die 6–12 days after birth because of bilateral chylothorax. This mouse

embryos display dysplastic lymphatic valves, characterized by disorganized fibro-

nectin matrix and short cusps, which results in retrograde lymphatic flow [88]. In

humans, missense mutation in the α9 integrin gene is associated with congenital

chylothorax in fetuses [89]. Among several extracellular matrix ligands for α9β1
(fibronectin, tenascin-C, fibronectin, osteopontin), fibronectin seems to be the most

important. Mice deficient for the EIIIA domain of fibronectin exhibit similar defects

in lymphatic valves like those deficient for α9β1 [88].

Emilin-1, an ECM glycoprotein associated with elastic fibers, is a component of

the anchoring filaments in lymphatic vessels [90]. Emilin1-deficient mice have

hyperplastic and disorganized lymphatic vessels with a reduced number of anchor-

ing filaments and dysfunctional junctions, and they show impaired lymphatic

drainage function resulted in mild lymphedema [90].

Recent studies demonstrated also important function of extracellular collagen in

the regulation of developmental lymphangiogenesis. In the in vitro study LECs

incorporated into collagen type I scaffolds exhibited a significantly higher survival

rate than BECs [91]. In the experiment using zebrafish and mouse models, CCBE1

(collagen and calcium-binding EGF domain-containing protein 1) was identified as

an essential regulator of lymphatic vessel formation [92]. CCBE1 binds to collagen

and vitronectin in ECM. Lack of CCBE1 expression prevents the budding of new

lymphatic endothelial cells from the cardinal vein [92]. Ccbe1-targeted zebrafish

completely lacks lymphatic vasculature [92]. In humans, mutations in CCBE1 were
found to cause one of a form of autosomal recessive hereditary lymphedema—

Hennekam syndrome, in which patients have lymphedema, lymphangiectasias, and

other cardiovascular anomalies [93]. However, whether CCBE1 acts as only a

guiding molecule for growing lymphatics or whether it also promotes LECs prolif-

eration warrants further studies.

Apart from the influence of various growth factors and ECM elements on

lymphangiogenesis, it has become increasingly clear that the biophysical microen-

vironment may also influence the growth of lymph vessels. Changes in blood flow,

which are the mechanical stimuli in the form of shear stress [94] were shown to be

sufficient to induce blood vessel growth and remodeling of ECM [95]. Recent

in vitro and in vivo studies point either to a role of a slow flow of interstitial fluid

through the interstitium as an important morphoregulator and lymphangiogenic

factor [96]. Interstitial flow was found to regulate the generation of VEGF-C in the

tissue [97] and to induce lymphatic capillary formation [98].
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2.2.6 Postnatal Maturation of Lymphatic Vessels

Recent data reveal that postnatal maturation of lymphatic vessels differs from

embryonic one. VEGF-C-VEGFR-3 signaling pathway is absolutely required for

the maintenance of lymphatic vasculature only during the first 2 weeks after birth.

After that time postnatal lymphatic vascular mechanism of lymphatic vessels

maturation becomes independent of VEGF-C, VEGF-D, and VEGFR-3 [99]. How-

ever, although the VEGF-C-VEGFR-3 pathway is not needed for the growth of the

lymphatic vessels after 2 weeks after birth, it is functional, because

lymphangiogenesis can be stimulated by VEGF-C [100].

Possible postnatal factors responsible for the VEGF-C/VEGF-D-VEGFR-3-

independent pathway of maturation of lymphatic vessels include VEGF-A, HGF,

angiopoietins, and integrins [99].

Furthermore, it was shown that whereas transgenic overexpression of VEGF-C

induces lymphangiogenesis during embryogenesis, after birth lymphatic vessel

growth predominantly is stimulated by VEGF-D. That indicates additional, still

unrecognized, maturation signals in postnatal lymphatic maturation [99].

2.3 Lymphangiogenesis in Human Diseases

2.3.1 Inflammatory Lymphangiogenesis

Inflammation is the major cause of lymphangiogenesis in adults. There is increasing

evidence that lymphatic vessels have an active role in acute and chronic inflamma-

tion and contribute to the pathophysiology of these conditions.

Increased lymphatic vessel density (LVD) has been documented in both clinical

studies and experimental models of acute and chronic inflammation, including

chronic airway infection [101], inflammatory bowel disease [102], rheumatoid

arthritis [103], psoriasis [104, 105], corneal injury [25], UVB skin inflammation

[106], skin irradiation [107], and rejecting renal transplants [108].

In acute inflammation, like in wound healing, new lymphatic vessels appear in

the area of inflammation concurrently with blood vessels but regress earlier [109,

110]. In wound healing of the pig’s skin lymphatic vessels were observed from day

5 after injury. Only few lymphatic vessels persisted on day 9, and none was found

on day 14 [110]. In acute inflammation, unlike in chronic one, lymphatic vessels

rather enlarge than sprout [109]. In chronic inflammation, newly formed lymphatic

vessels persist for at least 12 weeks after recovery [101, 111].

Inflammatory lymphangiogenesis facilitates the absorption of tissue edema from

inflammatory site [101, 112]. Inhibition of VEGF-C/VEGF-D–VEGFR-3 signaling

pathway, by blocking lymphangiogenesis, increases edema and inflammation, e.g.,

exacerbates pulmonary edema in a mouse model ofMycoplasma pulmonis infection
[101] or leads to prolonged edema and inflammation after UVB irradiation [113].

Lymphatic vessels serve also as the principal conduit for microbial and self-

antigens, antigen-presenting cells, and leukocytes from inflamed tissues to the
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lymph nodes (LNs) and other secondary lymphoid organs. They also contribute to

inflammation resolution. Thus, lymphangiogenesis enhances immune responses

during inflammation and help to clear the sites of resolving inflammation.

Lymphatic vessels may actively participate in the inflammatory process locally

by secreting number of chemokines that enhance trafficking of immune cells to

LNs, including CCL21 (also known as secondary lymphoid chemokine, SLC),

CXCL12, and CCL27. CCL21 is a ligand for CCR7 receptor, expressed on mature

dendritic cells, CCR7+ T, and B cells [114]. CCL21 expression in LECs was shown

to be upregulated by VEGF-C or enhanced fluid flow [115]. CXCL12 is a chemo-

kine, the expression of which is upregulated by hypoxia and which acts via its

CXCR4 receptor located on dendritic cells [116]. CCL27 is a ligand for CCR10

receptor, located on CCR10-positive T cells [117].

LECs secret also sphingosine-1-phosphate (S1P), a bioactive lipid synthesized

by sphingosine kinases, which guide migration of lymphocytes expressing S1P1

receptor [118]. In addition, LECs can express some specific adhesion molecules

mediating leukocyte adhesion to the lymphatics, including ICAM-1 and VCAM-1

[119], E-selectin (also named CD62E or ELAM-1, endothelial leukocyte adhesion

molecule-1) [120], CLEVER-1 (Common Lymphatic Endothelial and Vascular

Receptor-1) [121], Mannose receptor 1 [122], podoplanin [108], and LYVE-1

[123].

The most important signaling pathway for inflammatory lymphangiogenesis,

like in the developmental one, is VEGF-C–VEGFR-3 axis. VEGF-D has a similar

but less potent effect than that of VEGF-C [109]. VEGF-C and VEGF-D are

elevated during inflammation and are produced by a variety of cells residing at

inflamed sites, including macrophages, dendritic cells, neutrophils, mast cells, and

fibroblasts [1].

VEGF-A is also elevated at the sites of various inflammatory conditions. It is the

major driver of angiogenesis, blood vessel remodeling, and hyperpermeability in

inflamed tissue, leading to edema formation, but also plays an important role in

inflammatory lymphangiogenesis [124]. VEGF-A mediates process of

lymphangiogenesis directly, by binding to its receptor, VEGFR-2. VEGFR-2 is

predominantly located on vascular endothelium but has also been demonstrated in

LECs. Binding to this receptor has been shown to promote proliferation and

migration of VEGFR-2-positive LECs in vitro [125], but only hypertrophy and

enlargement of lymphatic vessels without inducing sprouting of LECs in vivo

[126]. Indirect VEGF-A effect on lymphangiogenesis include activation of

macrophages that produce high levels of VEGF-C/-D [127] and increasing of

VEGFR-3 expression in LECs [128].

Expression of VEGF-A is strongly upregulated by activation of NF-κB (nuclear

factor kappa-light-chain-enhancer of activated B cells) during inflammation [124].

NF-κB is constitutively expressed in LECs. It also upregulates expression of

PROX-1 and VEGFR-3 in them [129] and stimulates secretion of several

chemoattractants, such as CCL2, CCL5, and CX3CL1 [130]. It results in greater

sensitivity of lymphatic vessels to VEGF-C and VEGF-D produced by immune
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cells [130] and in increased mobilization of dendritic cells and macrophages at

inflammatory sites [112].

Other stimulators of inflammatory lymphangiogenesis at the sites of tissue

inflammation are several proinflammatory cytokines and growth factors produced

mainly by immune cells, including TNF-α [1], IL-3 [130], IL-7 [131], FGF-2 [44],

PDGF-β [61], IGF-1, IGF-2 [63], HGF [132], GH [65], Fiaf [70], and S1P [59].

Some of these factors promote lymphangogenesis directly, independently of

VEGR-3 signaling, e.g. PDGF-β [61], IGF-1, IGF-2 [63], and GH [65], while

others—indirectly, i.e., via upregulation of VEGF-C.

Inflammatory lymphangiogenesis can be observed not only in inflamed periph-

eral tissue (extranodal lymphangiogenesis) but also in its draining LNs (intranodal

lymphangiogensis) and even in uninvolved peripheral tissue that drains to the same

lymph node [126]. Moreover, chronic inflammation in autoimmunity, graft rejec-

tion, or chronic infection induces accumulation of lymphoid cells that resemble

LNs and are termed “tertiary lymphoid organs.” They occur, e.g., in thyroiditis,

sialitis, rheumatoid arthritis, and chronic kidney graft rejection, and are the sites of

locally perpetuating autoimmune reactions that support autoantigenic epitope

spreading [133]. Lymphangiogenesis within these “tertiary lymphoid organs” is

also known to take place [28].

Pathophysiology of lymphangiogenesis at these different sites largely overlaps.

Nevertheless, because of the structure and function of LNs, intranodal

lymphangiogenesis mechanisms appear to be more complicated than in inflamed

peripheral tissue. LNs collect lymph flowing from multiple areas, heavily populated

with various immune cells and, consequently, are the site of tense microenviron-

ment where vigorous immune reactions take place. Like in extranodal

lymphangiogenesis, during inflammation in LNs the main signaling pathways are

VEGF-C/VEGF-D-VEGFR-3, and VEGF-A-VEGFR-2. The main source of these

cytokines are follicular B cells [126, 134], CD11b macrophages (migrated from the

peripheral tissue) [112, 135], and fibroblast-type reticular stromal cells [136].

Several key TNF family members, lymphotoxin λ and LIGHT (homologous to

lymphotoxins), have also been shown to play significant roles in intranodal

lymphangiogenesis [28, 137, 138]. In addition, intranodal lymphangiogenesis can

be regulated not only by the local intranodal signals but also by remote inflamma-

tory factors transported via lymphatics from inflamed tissue into the draining LNs

[126].

The most unique features of intranodal lymphangiogenesis are the strong nega-

tive regulatory mechanisms. VEGF-A, which initially promotes lymphangiogenesis

and angiogenesis within LNs, was demonstrated to suppress certain aspects of the

ensuing immune responses at the later phase of lymphangiogenesis within LNs

[134]. T cells, which constitutionally reside in large quantities inside LNs, appear to

antagonize B cell-driven lymphangiogenesis in the lymph node via interferon-γ
signals [139]. TGF-β inhibits lymphangiogenesis, either in cultured human LECs,

as well as in inflammatory settings and tumors [60, 140, 141]. This negative

regulation indicates that lymphangogenesis in LNs is determined by the balance

between pro-lymphangiogenic and anti-lymphangiogenic molecules, produced
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locally in lymph node and drained from the peripheral tissue [112, 142]. That

explains, e.g., that LPS injection promotes intranodal lymphangiogenesis, whereas

concanavalin-A, as T cell mitogen, does not, although both agents induce potent

inflammatory reactions in the skin [142]. Negative regulation of lymphangogenesis

within LNs also comprises mechanisms for regression of inflammation-induced

lymphangiogenesis during resolution of inflammation [143]. Indeed, when inflam-

mation in lymph node resolves, newly formed intranodal lymphatic vessels readily

regress [142, 144]. It is in contrast to newly formed lymphatic vessels in peripheral

tissues, which may persist after the resolution of chronic inflammation for at least

12 weeks [101, 111]. This relative stability of newly formed lymphatic vessels in

chronic inflammation within peripheral tissues also clearly differs from the

corresponding changes in newly formed blood vessels which rapidly regress after

inflammation is resolved [101]. The mechanism and biological significance of this

difference is unknown. Possibly, it may reflect long-term microenvironment

remodeling of peripheral tissue that prepares more efficiently the immune system

for potentially repeatable inflammatory episodes [143].

2.3.2 Lymphangiogenesis in Cancer

Lymphatic metastases represent the first site of tumor dissemination in many solid

tumors. Haematogenous metastasis can occur without sentinel lymph node (SLN)

metastasis, but likely in a minority of cases [75, 145]. Status of LNs metastasis

plays a major role in cancer staging, prognosis, and applied therapy in most human

malignancies.

Historically, lymphatic vessels were regarded as a passive contributor in tumor

pathophysiology that simply provides channels for tumor cells to transit to LNs.

Recent studies have highlighted a much more complex, active role of the lymphatic

vasculature in tumor spread. Tumor-associated lymphatics are not only routes for

cancer cells, but they directly facilitate tumor spreading and also comprise an active

link between tumor and immunological system [146]. Lymphangiogenesis and

tumor metastatic process are mediated by a complex series of interactions between

tumor cells, inflammatory cells, endothelial cells, extracellular matrix components

and multiple growth factors, chemokines, cytokines, and stromal molecules

secreted by them [146].

Studies of several types of cancers overwhelmingly show that lymphovascular

invasion of the tumor and lymphatic vessel density (LVD) detected by immunohis-

tochemistry correlate with LNs and distant metastasis and with poor prognosis

[147].

The most important signaling pathway in tumor-induced lymphangiogenesis is,

like in developmental lymphangiogenesis, VEGF-C–VEGFR-3 axis. VEGF-D is

also overexpressed in tumors and its acting resembles that of VEGF-C, but it has

been much less studied than VEGF-C [148]. The main sources of VEGF-C are

tumor cells and tumor macrophages [149]; however, it may be also produced by

many other inflammatory cells that infiltrate tumor site [1].

46 A. Chachaj and A. Szuba



Studies in mouse tumor models showed that stimulation by VEGF-C results in

lymphatic vessel growth and sprouting, both within the tumor and peripherally

around the tumor [150]. VEGF-C also promotes formation of intercellular gaps,

which facilitate tumor cell entry into the lymphatic vessels, and circumferential

dilation of collecting vessels, leading to increased flow rates of lymph and enhanced

passage of clusters of tumor cells to the sentinel LNs [1, 151]. Forced expression of

VEGF-C or VEGF-D in tumor results in lymphangiogenesis and increased tumor

dissemination to regional LNs, even in tumors that normally do not metastasize [3,

150]. Conversely, inhibiting the VEGF-C/VEGF-D–VEGFR-3 pathway results in

decreasing by approximately 60–70 % of LNs metastasis in a variety of experimen-

tal tumor models, including melanoma, fibrosarcoma, breast cancer, lung cancer,

and gastric cancer [152]. An increasing number of studies in human cancers,

including prostate, gastric, thyroid, colorectal, esophageal, and lung carcinoma

also have shown a strong correlation between the expression of VEGF-C (or

VEGF-D), tumor lymphangiogenesis, lymph node and distant organ metastasis,

and poor prognosis of survival [1, 3, 151, 153].

VEGF-A is also expressed in tumors, and its overexpression has also been shown

to strongly promote lymphangiogenesis within primary tumor and sentinel LNs,

and to endorse lymph node metastasis [154].

Lymphangiogenesis within tumor begins at least 1 week after the beginning of

angiogenesis [151]. That indicates that tumor lymphangiogenesis is regulated not

only by lymphangiogenic growth signals but also by tumor-specific microenviron-

mental factors. They may include interstitial pressure due to leaky tumor blood

vessels and mechanical pressure due to the proliferating tumor cells [155]. Tumor-

associated lymphatics are formed mainly by sprouting and splitting from

preexisting lymphatic vessels in surrounding tissues [156]. There is also evidence

that bone marrow-derived cells have ability to differentiate into LECs [25]; how-

ever, it was demonstrated that this contribution of LECs within tumor-associated

lymphatics amounts to approximately 3 % [26].

Although the main molecular pathways of lymphangiogenesis during develop-

ment and in cancer are similar, there are several characteristic features of tumor-

associated lymphangiogenesis. During embryogenesis, prolymphangiogenic

factors, including VEGF-C, are secreted by BECs and SMCs to induce lymphatic

vessel development in a highly organized manner. Tumor site is the area of acting

of multiple cytokines, growth factors, proteinases that affect lymphangiogenesis,

and are produced not only by BECs and SMCs, but also by tumor cells, tumor

infiltrating immune cells, and tumor stromal cells [146, 155]. These

lymphangiogenic factors are not secreted in the specific, accurate order, like during

embryogenesis, but totally in a chaotic manner. That causes that the tumor-

associated lymphatic vessels are disorganised and without hierarchical vascular

arrangement. Lymphatics within tumor are also patchy and not homogenously

distributed within tumors. They rather grow in necrotic areas or peripheral regions

of tumor mass. Therefore, it is still controversial whether intratumoral lymphatics

are functional and vital for lymphatic metastasis [147, 155]. Especially, mechanis-

tic studies have elucidated that intratumoral lymphatic vessels may be poorly

2 Developmental and Pathological Lymphangiogenesis 47



functional due to high intratumoral pressure [152]. Conversely, lymphatic vessels

in the tumor periphery are functional and can drain colloids from the tumor site [1,

151, 152].

To spread from the primary tumor and establish metastases in LNs, tumor cells

have to disconnect from the tumor mass, enter lymphatic vessels by interaction with

LECs, survive during the passage in lymphatic vessels, and escape from immune

surveillance to form metastatic foci [139].

Immune cells that infiltrate tumor stroma facilitate tumor progression via the

remodeling of intratumoral ECM and induction of intratumoral angiogenesis and

lymphangiogenesis [157]. Macrophages are the major components of infiltrating

inflammatory cells in tumor mass [158]. They are attracted by VEGF-C secreted by

tumor cells and then, in turn, secrete prolymphangiogenic factors which stimulate

the process of tumor lymphangiogenesis [157]. Other immune cells are also

recruited to most tumors and contribute to lymphangiogenesis, e.g., tumor-

associated LECs recruit leukocytes via secreting various chemokines. Infiltrating

leukocytes modulate tumor-associated vascular growth and tumor progression, e.g.,

by secreting angiogenic and lymphangiogenic factors [155]. Tumor-associated

fibroblasts produce high quantities of hyaluronan that promotes tumor

lymphangiogenesis, presumably by stimulating malignant cells to secrete specific

lymphangiogenic factors [159].

Lymphatic vessels themselves also may facilitate tumor cell recruitment into

lymphatic vessels. LECs activated by factors produced by tumors, such as VEGF-

C, produce chemokines that can guide tumor cells toward the lymphatic vessels,

utilizing similar mechanisms as in inflammation. For example, CCL21 and

CXCL12, produced by LECs, appear to attract some tumor cells that express their

receptors, accordingly CCR7 and CXCR4 [115, 160, 161]. These chemokines and

their receptors play a critical role in mediating lymphatic cancer metastasis. CCL21

secreted by LECs, but also by tumor cells, has also been suggested to participate in

the modulation of tumor microenvironment to be immunotolerant [160]. Moreover,

alterations of the lymphatic endothelial junctions and expression of cell adhesion

molecules by LECs, like CLEVER-1, may also play a role in tumor-induced

metastasis via lymphatics [162].

In comparison with the low survival rate of tumor cells in blood circulation, it

seems that tumor cells are ready to survive and proliferate in LNs and even in

lymphatic vessels when the flow is blocked [151, 163]. It was shown that tumor

cells become highly invasive after they spread further from LNs [164]. That

indicates that tumor cells could acquire some capacity of leukocytes for vascular

invasion [165].

Recent studies have demonstrated that lymphangiogenesis occurs not only at the

primary site but also within draining LNs, even before tumor cells colonize the

nodes [166, 167]. This “seed-and-soil” theory suggests that “the seed” (cancer) can

remotely modify “the soil” (lymph node) to prepare it for its later arrival. The

expansion of lymphatic network in the sentinel LNs is mediated mainly by remote

secretion of VEGF-C and VEGF-A at the primary tumor site, from which they are

transported via lymphatic vessels [167]. The induction of lymphangiogenesis
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within LNs strongly promotes cancer metastasis to distant LNs and organs. Arrival

of metastatic cells further enhances lymphangiogenesis in lymph nodes [167].

Increased levels of lymphangiogenic growth factors are found in blood of cancer

patients and they correlate with reduced survival. It indicates that tumor-derived

prolymphangiogenic factors can act not only within sentinel LNs but more gener-

ally [168]. VEGF-A, for example, was shown to mobilize bone marrow precursor

cells at concentrations typically found in the blood of cancer patients [169]. Thus,

there might be the mechanisms by which tumor cells prepare distant organs for their

metastases; however, this remains to be further investigated [168].

The scheme of lymphangiogenesis in cancer is presented in Fig. 2.2.

2.3.3 Lymphangiogenesis in Hypertension

Recent experimental studies on rats (DSS—Dahl’s salt sensitive rats) have

demonstrated that lymphatic vessels may play a crucial role in the pathogenesis

of hypertension.

A high salt diet in DSS rats induces hypertension and sodium accumulation

within skin glycosaminoglycans. The local hypertonicity in the skin interstitium

promotes macrophages infiltration [170, 171]. They express tonicity-responsive

enhancer binding protein (TonEBP), a transcription factor of vascular endothelial

growth factor-C (VEGF-C) [171]. VEGF-C, secreted by macrophages, stimulates

not only lymphangiogenesis but also induces endothelial nitric oxide synthase

(eNOS) expression. Lymphangiogenesis in the skin of rats on high salt diet was

displayed by both increased number of lymph capillaries and also by its increased

diameters, reflecting hyperplasia of the preexisting lymph capillary network in

response to dietary salt loading [171]. Macrophages infiltration into the skin in

response to osmotic stress induces the TonEBP/VEGF-C regulatory axis without

concomitant TNFλ expression. It proves that skin lymphangiogenesis in response to

osmotic stress differs from inflammatory lymphangiogenesis [172].

Macrophages-driven lymphangiogenesis and increased nitric oxide (NO) pro-

duction are like buffering system to maintain blood pressure in the states of high salt

load. New, hyperplastic, and dilated lymph vessels are enabled to efficiently drain

increased interstitial fluid. Inhibition of these buffering mechanisms in the skin of

rats on high salt diet (by macrophages depletion or inhibition of VEGF-C signaling)

aggravates salt-sensitive hypertension. Further researches should elucidate if these

mechanisms can lead to additional regulation of blood pressure in humans.

2.4 Therapeutic Modulation of Lymphangiogenesis

Pro- and anti-lymphangiogenic therapies are still in experimental phase. Studies on

therapeutic modulation of lymphangiogenesis are currently conducted on animal

models (Table 2.2). However, as more insights on the molecular pathways of

lymphatic differentiation emerge, novel potential targeted therapies might be

established.
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Fig. 2.2 Lymphangiogenesis in cancer
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2.4.1 Pro- and Anti-lymphangiogenic Therapy in Inflammatory
Disorders

Anti-lymphangiogenic therapies using monoclonal antibodies against VEGFR-

2 (anti-VEGFR-2 Ab) inhibit angiogenesis and lymphangiogenesis in animal

models of psoriasis [173, 174] and chronic skin inflammation [175] and have

produced promising results in preclinical studies. Similarly, treatment with

anti-VEGFR-2 Ab in mouse model of rheumatoid arthritis impeded both

lymphangiogenesis and joint inflammation [176].

Conversely, therapy with monoclonal antibodies against VEGFR-3

(anti-VEGFR-3 Ab) in the same model of rheumatoid arthritis resulted in the

intensification of inflammation, despite inhibition of lymphangiogenesis [176].

Anti-VEGFR-3 Ab was also used in mouse model of chronic skin inflammation

and the results were similar. This therapy prolonged inflammatory edema formation

regardless of inhibition of lymphangiogenesis. In contrast, increased production of

VEGF-C or VEGF-D reduced severity of both chronic and acute skin inflammation

and diminished dermal edema, by enhanced lymphatic drainage from the area of

inflammation [109, 175].

Pro-lymphangiogenic therapy was also successfully applied in mouse model of

acute UVB-induced inflammation of the skin. UVB irradiation of the skin causes

enlargement of lymphatic vessels with impairment of their clearance function and

inflammatory macrophage infiltration in the cutis. These symptoms were associated

with downregulation of VEGF-C expression. Activation of VEGF-C-VEGFR-3

Table 2.2 Therapeutic modulation of lymphangiogenesis established in different diseases on

animal models

Pro-lymphangiogenic

therapies Anti-lymphangiogenic therapies

Therapy in inflammation

VEGF-C, VEGF-D Anti-VEGF-2 Ab

� In acute UVB-induced

inflammation

� In chronic skin

inflammation

� In psoriasis

� In rheumatoid arthritis

� In chronic skin inflammation

Therapy in graft rejection

Anti-VEGFR-3 Ab

Inhibitor of Ang2 (?)

Therapy in secondary lymphedema

VEGF-C, VEGF-D

Therapy in cancer

1. Inhibitors of VEGF-C—VEGFR-3 axis (anti-VEGR-3 Ab,

soluble VEGFR-3, anti Nrp2, indoline (MAZ51), enediynyl peptide

inhibitor celecoxib)

2. Hyperforin, aristoforin

3. Antagonists of integrin α4β1
4. Inhibitors of VEGF-A pathway
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signaling pathway via injection of VEGF-C reversed the effects caused by UVB

irradiation and might represent a strategy to treat or prevent cutaneous

photodamage [106].

Although pro-lymphangiogenic therapies seem to be beneficial in acute and

chronic inflammatory disorders, they also have their risks. Endorsement of lym-

phatic drainage theoretically may result in increased systemic exposure to unfiltered

pathogens and inflammatory mediators. In addition, stimulation of lymphatic vessel

growth in cancer patients may enhance metastatic spread and modulation of the

immune system.

2.4.2 Anti-lymphangiogenic Therapy in Graft Rejection

Another major application of anti-lymphangiogenic treatments has been attempted

to control allogenic immune response in organ transplantation.

Increased lymphangiogenesis after organ transplantation enhances delivery of

antigen-presenting cells to draining LNs and provokes unwanted immune responses

[177, 178].

Preventing graft rejection after transplantation were investigated by application

of anti-VEGFR-3 Ab in animal models of transplanted cornea [179] and pancreas

islet cells [177]. Suppression of lymphangiogenesis in these experimentally

designed transplantations improves survival of cornea and pancreatic islet cells

[177]. It has been suggested that short-term selective inhibition of

lymphangiogenesis before transplantation might help prevent early postoperative

access of inflammatory cells to the lymphatic system and in this manner improve

overall graft survival [178]. In addition, the novel anti-lymphangiogenic

candidate—inhibitor of Ang-2—may prevent graft rejection [180].

2.4.3 Pro-lymphangiogenic Therapy in Secondary Lymphedema

VEGF-C gene transfer via adenoviruses, adeno-associated viruses, or naked

plasmids, as well as the application of recombinant VEGF-C protein represent

novel promising therapies for lymphedema. Accordingly, VEGF-C gene therapies

were shown to stimulate formation of new lymphatic capillaries and alleviated

edema in preclinical animal models of primary or secondary lymphedema [1, 181].

Pro-lymphagiogenic therapy was also used as a part of experimental LNs

transplantation in mouse model of axillary lymphadenectomy. It was demonstrated

that collecting lymphatic vessels can be regenerated and fused to LNs transplants

after LNs removal. Treatment with adenovirally delivered VEGF-C or VEGF-D

induced robust growth of the lymphatic capillaries, which matured and became

functional. VEGF-C therapy improved also the success of LNs survival. Without

application of VEGF-C the transplantation would lead to atrophy of LNs structure.

LNs transplantation associated with VEGF-C therapy provides thus a working

model for treating individuals with secondary lymphedema due to cancer [182].
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2.4.4 Anti-lymphangiogenic Therapy in Cancer

Blocking tumor-induced lymphangiogenesis has emerged as an attractive therapeu-

tic goal in cancer treatment. Although over the past two decades many key factors

have been identified as important regulators for tumor lymphangiogenesis, the

major focus in anti-lymphangiogenic therapy has been targeting VEGF-C/

D–VEGFR-3 signaling pathway [183]. Many experimental mouse models of

tumor lymphangiogenesis have been employed to test different approaches for

repressing this signaling pathway. Preclinical and clinical trials on animal models

of many types of cancer using antibodies to neutralize lymphatic growth factors,

anti-VEGFR-3 Ab or soluble VEGFR-3, demonstrated reduction of tumor

lymphangiogenesis and, to varying degrees, metastasis to LNs and distant organs

[151, 184–187]. Experiments using indirect approaches to inhibit VEGF-

C–VEGFR-3 signaling axis, e.g., with antibodies against the Nrp-2 [188], with

enediynyl peptide inhibitor, that has been developed to block the furin-mediated

processing of pro-VEGF-C to mature VEGF-C [189], with indoline (MAZ51), that

is able to inhibit activation of VEGFR-3 in response to ligands [190, 191], or with

celecoxib (COX-2 inhibitor), that causes downregulation of VEGF-C expression

[192], showed similar results.

Beyond inhibiting VEGF-C/D—VEGFR-3 signaling pathway, a variety of other

lymphangiogenesis inhibitors have been defined and developed. Among them is

hyperforin, and his synthetic form—aristoforin. Both of them have potent

antitumor, anti-angiogenesis, and anti-lymphangiogenesis properties [193]. At

low concentrations of both substances, LECs enter cell-cycle arrest, whereas higher

concentrations induce apoptosis of LECs [193]. Antagonists of integrin α4β1 were

also demonstrated to significantly inhibit lymphangiogenesis in wound healing and

pathologic lymphangiogenesis in skin tumor models [194].

Although these anti-lymphangiogenic therapies in cancer have encouraging

results tested in animal models, they may cause possible significant side effects in

humans [168]. Fluid homeostasis requires an intact lymphatic system and inhibition

of lymphangiogenesis may increase the risk of lymphedema. Theoretically,

therapies that inhibit VEGF-C/D—VEGFR-3 signaling should be safe for

preexisting lymphatic vessels in the adults, because VEGF-C/D—VEGFR-3 sig-

naling is not required for the maintenance of preexisting lymphatic vasculature

[186]. Indeed, inhibition of the VEGFR-3 pathway in adult mice did not affect

normal lymphatic vessels [99]. Nevertheless, the risk of lymphedema during

such therapies have to be taken into account. In addition, inhibition of

lymphangiogenesis may interfere with physiological processes such as wound

healing or tissue regeneration, and preexisting vessels that will be not affected

by targeted therapy may serve as potential routes for cancer cell dissemination

[168, 195].

Tyrosine kinase inhibitors of the VEGF-A pathway, as inhibitors of angiogenesis

and lymphangiogenesis, are being evaluated in clinical trials in advanced colorectal

cancer, renal cell, breast, and non-small-cell lung cancer. Although they have some

anti-lymphangiogenic properties, they are focused on anti-angiogenic and
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anti-tumor growth effects, and not anti-lymphangiogenic ones [183]. It was

demonstrated that these inhibitors are well tolerated, display low toxicity, and

have beneficial effects on overall and regression-free survival. However, there are

also observations that they inhibit only tumor growth and angiogenesis but not LNs

metastasis. Therefore, applying a combination of inhibitors of both, VEGF-A and

VEGF-C, possibly may be more effective in inhibition of tumor progression [196].
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