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Abstract A rapid progress has been made in the field of
lymphatic research during the last 15 years. This includes
better understanding of the cellular events and molecular
players involved in the lymphatic vessel formation and
remodeling in development. The key players identified in
developmental lymphangiogenesis, including vascular en-
dothelial cell growth factor-C (VEGF-C) / VEGFR-3 and
angiopoietins (ANGPTs)/ TIE pathways, are also crucial for
pathological lymphatic vessel growth. In solid tumor, tumor
cells as well as tumor-associated stromal cells, such as
tumor-infiltrating leukocytes, contribute to intra- and peri-
tumoral lymphangiogenesis via secreting lymphangiogenic
growth factors. Tumor-associated lymphatic endothelial
cells also interact actively with tumor cells and leukocytes
via secreting various chemokines. It has been well estab-
lished that tumor lymphangiogenesis promotes tumor cell
dissemination to regional lymph nodes. Thus manipulation
of lymphangiogenic microenvironment could become an-
other valuable approach in the combat of tumor progression.
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Lymphatic system plays important roles in the maintenance
of tissue homeostasis by regulating fluid balance, cell me-
tabolism and immune function. To fulfill their functions,

initial lymphatics have to acquire some specific structural
characteristics, including overlapping lymphatic endothelial
junctions and discontinuous basement membrane as well as
lack of mural cells, and collecting lymphatics contain valves
and smooth muscle cells (SMC) for propelling lymph
(Wang and Oliver 2010; Norrmen et al. 2011). These fea-
tures facilitate the transportation of fluid and macromole-
cules, and also the leukocyte trafficking between tissues and
blood circulation during immune-surveillance (Kim et al.
2012), and may also be employed by tumor cells during
their metastatic spread to regional lymph nodes and distant
organs (Alitalo 2011).

Mechanism of Lymphatic Vessel Formation
and Remodeling

Initiation of Lymphatic Structure

During embryogenesis in mammals, lymphatic vessel de-
velopment initiates with the specification of lymphatic
endothelial cells (LEC) from a population of venous
endothelial cells in the lateral parts of the anterior cardi-
nal veins. This is followed by the formation of the
primary lymphatic structure, lymph sac. It then undergoes
expansion into the lymphatic plexus by the process of
lymphangiogenesis. The primary lymphatic network is
further remodeled into a mature lymphatic system com-
posed of lymphatic capillaries and collecting lymphatics
(Fig. 1). The molecular and cellular mechanisms are
emerging, resulting from the great effort invested in the
field over the last two decades. A number of key factors
have been identified to participate in the process, includ-
ing lymphangiogenic growth factors and receptors, extra-
cellular matrix proteins and cell junction molecules,
intracellular signal mediators and transcription factors.
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The key transcription factors involved in the regulation of
LEC differentiation include PROX1 (Prospero homeobox
protein 1) (Wigle et al. 1999), SOX18 (sex determining
region Y, SRY-box 18) (Francois et al. 2008) and COUP-
TFII (Chicken ovalbumin upstream promoter transcription
factor II) (Lin et al. 2010). Mice deficient of Prox1 failed to
develop lymph sac due to the disruption of the LEC differ-
entiation (Wigle and Oliver 1999; Wigle et al. 2002). Endo-
thelial cell-specific overexpression of PROX1 in mice

resulted in the embryonic lethality at E13.5 (embryonic
day 13.5) due to the reprogramming of gene expression in
blood vascular endothelial cells (BEC) to a LEC signature
(Kim et al. 2010a). This phenomenae has also been ob-
served with in vitro cultured endothelial cells, where over-
expression of PROX1 delivered by an adenoviral vector
suppressed the expression of a number of BEC-specific
genes with the simultaneous induction of LEC-specific
genes (Hong et al. 2002; Petrova et al. 2002). Intriguingly,
it was found recently that exposure of lymphatic vessels to
blood flow down-regulated LEC expression of PROX1 and
converted lympatics to blood vessels (Chen et al. 2012).
PROX1 expression is controlled by SOX18 (Francois et al.
2008). SOX18 is a member of SOX family of transcription
factors defined by the presence of the highly conserved
HMG box (a protein domain with a signature sequence
RPMNAFMVW) responsible for DNA binding to the hep-
tameric motif (A/T)(A/T)CAA(A/T)G (Wegner 1999;
Bowles et al. 2000; Schepers et al. 2002). In vascular
system, SOX18 can be detected in endothelial cells lining
the dorso-lateral sector of the cardinal vein prior to PROX1
expression and the emergence of lymphatic vessels (Pennisi
et al. 2000; Francois et al. 2008). Mice null for Sox18 or
with the Ragged mutation displayed subcutaneous oedema
and embryonic lethality due to the lack of lymphatic vessel
development (Francois et al. 2008). Furthermore, COUP-
TFII has also been shown to interact with PROX1 to main-
tain LEC phenotype (Srinivasan et al. 2010). COUP-TFII is
an orphan nuclear receptor encoded by Nr2f2, and is neces-
sary for the activation of PROX1 in embryonic veins by
directly binding to a conserved DNA sequence in the regu-
latory region of PROX1. Deletion of Couptf2 at the early
stage of embryonic development disrupts lymphatic vessel
formation due to the failure of LEC differentiation (Lin,
Chen et al. 2010).

LEC differentiation is followed by the formation of
lymph sacs, which need to be separated from blood vessels.
Platelets, small cell fragments without nuclei derived from
megakaryocytes, play crucial roles in hemostasis through
blood clot formation. In mice deficient of Meis1 (myeloid
ecotropic viral integration site 1), the lymphatic-blood ves-
sel separation was disrupted due to the lack of megakaryo-
cytes (Carramolino et al. 2010). It has been revealed
recently that the lymphatic-blood vessel separation involves
a distinct pathway, Podoplanin-CLEC-2-mediated signaling,
for platelet activation (Bertozzi et al. 2010; Suzuki-Inoue et
al. 2010; Uhrin et al. 2010). CLEC-2, the c-type lectin
receptor, is expressed by platelets. It has been demonstrated
that deletion of Clec2 leads to embryonic or neonatal lethal-
ity, resulting from misconnections between blood and
lymphatic vessels and also impairs thrombus formation
(Suzuki-Inoue et al. 2010). Podoplanin, expressed on the
surface of LECs, is an endogenous ligand for CLEC-2. Mice

Fig. 1 Key events and molecular regulators during lymphatic network
formation and remodeling. a. A schematic illustration to show the differ-
entiation of LECs from the cardinal vein and the formation of lymph sac.
b. Sections from mouse embryos (E13.5) were immunostained with
LYVE-1 (red, lymph sac and sprouting lymphatics) and PECAM-1
(green, blood vessels; a, artery), to show the separation of lymphatic-
blood vascular circulation. c. Whole-mount immunostaining of mouse
skin (E15.5) with LYVE-1 (red) to show the primary lymphatic network.
Lymphatic vessels at this stage are still immature and do not have valves.
d. Primary lymphatic network undergoes further remodeling to form
collecting lymphatic vessels containing valves (white arrows) and SMCs
(red), and factors indentified to participate in this process have been
described in the text. Images shown in the figure are from mouse ear
skin immunostained with PECAM-1 (green) and α-smooth muscle actin
(αSMA, red) to visualize a collecting lymphatic vessel (blood vessels also
stained green). Scale bar, 100 μm in b, 200 μm in c, 50 μm in d
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deficient in Pdpn (podoplanin) showed the abnormal con-
nection between blood and lymphatic vessels (Uhrin et al.
2010). In addition, Podoplanin is a highly o-glycosylated
protein. Mice null for C1galt1 gene, which lacked T-
synthase required for the biosynthesis of O-glycans, dis-
played defects in the lymphatic-blood vessel separation, a
phenotype similar to that of Pdpn knockout mice (Fu et al.
2008). The capacity of podoplanin to induce platelet activa-
tion was further demonstrated in a transgenic model where
overexpression of a soluble podoplanin-Fc fusion protein
under the K14 promoter led to the formation of micro-
thrombi in various organs (Cueni et al. 2010). The hemato-
poietic signaling proteins SYK (spleen tyrosine kinase) and
SLP76 (Src-homology 2 domain-containing leukocyte pro-
tein of 76 kDa) have been discovered as downstream medi-
ators of Podoplanin-CLEC2 pathway, and the phenotype of
mice deficiency of Syk or Slp76 resemble that of mice with
Clec2 or Pdpn deletion (Abtahian et al. 2003). Furthermore,
phospholipase Cγ2 (PLCγ2) acts downstream of SYK and
SLP76. Mice with a loss of function point mutation in exon
2 of Plcg2 were found to develop the lymphatic-blood
vessel shunts (Ichise, Ichise et al. 2009). Interestingly, mice
null for Fiaf (fasting-induced adipose factor) or Spred-1/
Spred-2 (encoding Spred/Sprouty family proteins) also dis-
played abnormal partition of lymphatic and blood vessels.
The mechanism underlying the biological functions of FIAF
and Spreads in the lymphatic-blood vessel separation is still
to be elucidated (Backhed et al. 2007; Taniguchi et al.
2007).

Expansion of Lymphatic Vessels

Among the factors responsible for the regulation of lym-
phatic vessel development, vascular endothelial growth
factor-C (VEGF-C) / VEGFR-3-mediated signaling serves
as a key pathway. In addition to the secretion of VEGF-C
from mesenchymal cells, blood vascular cells including
vascular SMCs and BECs also contribute to VEGF-C ex-
pression (Hong et al. 2002; Karkkainen et al. 2004). Al-
though both VEGF-C and VEGF-D can bind to and activate
VEGFR-3, only VEGF-C is critically required for lymphan-
giogenesis during embryonic development. Mice null for
Vegfc died before birth due to the failure of lymphatic
network formation (Karkkainen et al. 2004). Heterozygous
Vegfc knockout mice also developed chylous fluid in the
abdomen after birth, indicating haploinsufficiency of
VEGF-C for lymphangiogenesis (Karkkainen et al. 2004).
However, deletion of Vegfd did not affect lymphatic vessel
development (Baldwin et al. 2005).

VEGFR-3, also known as Fms-related tyrosine kinase
(FLT4) (Pajusola et al. 1992), mediates a critical pathway
for lymphatic vessel growth and maintenance (Karkkainen
et al. 2000; Karkkainen et al. 2001; Makinen et al. 2001;

Zhang, Zhou et al. 2010). It is also crucial for pathological
lymphangiogenesis, such as in tumor (He et al. 2004a; He et
al. 2005). While VEGFR-3 is initially expressed by all the
endothelial cells of primary vascular network in mice during
the embryonic development, its expression is primarily in
LECs at the later stage of embryogenesis and persists in
adult lymphatic vessels (Kaipainen et al. 1995; Zhang, Zhou
et al. 2010). It has been found that TBX-1 activates
VEGFR-3 transcription in endothelial cells (ECs) by bind-
ing to an enhancer element in the Vegfr3 gene (Chen et al.
2010). Mice null for Vegfr3 died at midgestation resulting
from the blood vascular defects (Dumont et al. 1998;
Hamada et al. 2000). To further investigate biological func-
tions of VEGFR-3, we generated a conditional knockout
mouse model targeting its ligand binding domain (LBD)
(Zhang, Zhou et al. 2010). Mice homozygous for the LBD
deletion (Vegfr3ΔLBD/ΔLBD) showed only disruption of lym-
phatic vessel growth, but blood vascular development in
both embryo and yolk sac was not affected. Consistently,
similar phenotypes were also observed in an independent
mutant mouse model in which the kinase activity of
VEGFR-3 was ablated by a missense mutation in the tyro-
sine kinase catalytic domain. Blood vascular development
proceeded normally while lymphangiogenesis was disrupted
in Vegfr3TKmut/TKmut mice (Zhang, Zhou et al. 2010). Inter-
estingly, in Vegfr3ΔLBD/ΔLBD mice, lymph sac formation
occurred but without lymphatic vessel sprouting due to the
loss of ligand sensing ability by LEC expressing the trun-
cated VEGFR-3 (VEGFR-3ΔLBD). It is possible that
VEGFR-3ΔLBD could still be activated and transduces sig-
nals for LEC proliferation and survival via VEGFR-3 inter-
acting factors, which may include neuropilin-2 (NRP-2)
(Karpanen et al. 2006; Xu et al. 2010), integrin β1 (Zhang
et al. 2005), or VEGFR-2 (Nilsson et al. 2010). However,
lymph sac was not observed in Vegfr3TKmut/TKmut mice,
indicateing that the VEGFR-3 tyrosine kinase activity is
indeed required for the lymph sac formation. Although
extracellular matrix protein such as collagen-1, via the
association with β1 integrin, has been shown to induce c-
Src-mediated VEGFR-3 phosphorylation independent of its
kinase activity in cultured endothelial cells, further investi-
gation is warranted to demonstrate whether this occurs in
vivo and what would be the biological significance of the
event. Furthermore, inhibition of NRP-2, a co-receptor of
VEGFR-3, using a function-blocking anti-NRP-2 antibody
(Xu et al. 2010) or via genetic deletion of Nrp2, suppressed
lymphangiogenesis, resulting in hypoplasia of lymphatic
vessels (Yuan et al. 2002). In addition, several factors have
also been found to modulate VEGFR-3-mediated signals
and therefore participate in the regulation of lymphatic
vessel development. Soluble VEGFR-2 (sVEGFR-2) has
been identified as an endogenous lymphangiogenic inhibitor
to suppress VEGFR-3-mediated signals by blocking VEGF-
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C function (Albuquerque et al. 2009). In contrast, CCBE1
(collagen and calcium-binding EGF domain-containing pro-
tein 1) is required for lymphangiogenesis by enhancing
VEGF-C function (Hogan et al. 2009; Bos et al. 2011).
Furthermore, SPREAD-1 and SPREAD-2 have been shown
to suppress VEGFR-3-mediated ERK activation (Taniguchi
et al. 2007). While TGF-β negatively regulates VEGFR-3
signaling (Clavin et al. 2008; Oka et al. 2008), ALK-1
mediated signals were found to be required for the lymphat-
ic vessel remodeling at the early postnatal stage in mice
(Niessen et al. 2010). RASA1 (RasGTPase-activating pro-
tein) was also shown to negatively regulate LEC prolifera-
tion via suppressing Ras signal transduction initiated by
VEGFR-3 (Lapinski et al. 2012). DLL4 (delta-like 4)- and
NOTCH-1-mediated signaling, a crucial pathway for the
control of artery specification and angiogenic sprouting of
blood vessels, was found to be essential for lymphatic vessel
growth by regulating EphrinB2 expression and VFGFR-3-
mediated signals (Geudens et al. 2010; Niessen et al. 2011).
EphrinB2 was also reported to control VEGFR-3 internali-
zation and its downstream signals (Wang et al. 2010).

Remodeling and Maturation of Lymphatic Network

Smooth Muscle Cell Recruitment with Collecting Lymphatics

In addition to the lymphatic capillary network and lymph
nodes, a mature lympahtic system includes collecting
lymphatics invested with SMCs for contraction to propel
lymph and also valves to prevent lymph backflow. The
mechanism underlying the remodeling process has
attracted intensive studies during the past few years.
ANGPT / TIE-2 signaling, a crucial pathway for blood
vascular maturation, is also implicated in lymphatic vessel
remodeling (Augustin et al. 2009). Defects with lymphatic
vessel maturation have been observed in mice null for
Angpt2 or Tie1 (our unpublished observation) (Gale et
al. 2002; Shimoda et al. 2007; Dellinger et al. 2008).
However, the underlying mechanism of ANGPT2 and
TIE-1 in lymphatic vessel development is not fully under-
stood. Although it was suggested that ANGPT2 might
function via TIE-2, deletion of Tie2 in zebrafish did not
affect vascular development due to the compensatory role
of TIE-1 (Gjini et al. 2011). In mammals, the role of TIE-
2, particularly the interaction of TIE-1 and TIE-2 in the
process of lymphatic network formation and remodeling,
warrants further investigation. Besides this pathway, a
number of other factors have been shown to participate
in the regulation of SMC recruitment with collecting
lymphatic vessels, including FOXC2, EphrinB2, CLP24
(claudin-like protein of 24 kDa) and AKT1. There was
an increase of SMC coverage with lymphatic capillaries in
Foxc2 deficient mice (Petrova et al. 2004). Interestingly, it

was found that FOXC2 and NFATc1 (nuclear factor of
activated T cell) controlled SMC recruitment to the ma-
turing lymphatic vessels via repressing ANGPT2 and
PDGF-B expression (Petrova et al. 2004; Norrmen et al.
2009). EphrinB2 is expressed by collecting lymphatic
endothelium, and mutant mice lacking its C-terminal
PDZ interaction site were shown to have abnormal cover-
age of SMCs with capillary lymphatics (Makinen et al.
2005). Furthermore, mice null for Clp24 were shown to
develop dilated collecting lymphatic vessels with in-
creased SMC clusters (Saharinen et al. 2010). Inhibition
of semaphorin-3A (SEMA3A)/ neuropilin-1 (NRP-1) was
also shown to result in enhanced perivascular cell cover-
age with lymphatic vessels and abnormal valve morphol-
ogy (Jurisic et al. 2012). It is unknown whether there is
any direct connection among these distinct signaling path-
ways. The serine/threonine protein kinase AKT is a major
signal transducer (Shiojima and Walsh 2006; Dummler
and Hemmings 2007), and is downstream of various re-
ceptor protein kinases involved in the regulation of vas-
cular remodeling and maturation, including TIE-2,
VEGFR-3, PDGFR-β and EphB4 (Suri et al. 1996; Wang
et al. 1998; Adams et al. 1999; Hellstrom et al. 1999; Kim
et al. 2000; Papapetropoulos et al. 2000; Kumar et al.
2006; Zhou et al. 2010). We showed that there was
insufficient coverage of collecting lymphatic vessels by
SMCs in Akt1 deficient mice, but not in Akt2 or Akt3
knockouts (Zhou et al. 2010). It is therefore plausible that
AKT1 may coordinate signals from the different pathways
during lymphatic vessel remodeling and maturation.

Lymphatic Valve Development

Lymphatic valves are semilunar structures and the valve
leaflet is composed of an extracellular matrix core covered
by LECs on both sides (Bazigou et al. 2009). Recent studies
using genetic mouse models have revealed that several
genes play important roles in lymphatic valve development.
Defects with lymphatic valve formation have been shown in
mice upon suppression of calcineurin/NFATc1 signaling
(Norrmen et al. 2009), or with genetic deletion / mutation
of the following genes, including Foxc2 (Petrova et al.
2004), Ephrinb2 (Makinen et al. 2005), Itga9 and Fn-EIIIA
(Bazigou et al. 2009), Pik3r1 (Mouta-Bellum et al. 2009)
and Akt1 (Zhou et al. 2010). Mice deficient in Cx37 (con-
nexin-37), a downstream target of FOXC2, were recently
shown to display abnormal valve formation (Kanady et al.
2011; Sabine et al. 2012). GATA2, a zinc finger transcrip-
tion factor, has also been implicated in lymphatic valve
development via regulating the expression of PROX1,
FOXC2 and NFATc1 (Kazenwadel et al. 2012). In spite of
the new findings, a complete picture of the cellular and
molecular cascades in this process is still missing. One
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needs to employ combined approaches, including genetic
mouse models, in vitro 3D cell culture model and imaging
technology, for elucidating the mechanism underlying lym-
phatic valve formation.

Lymphangiogenesis and Tumor Microenvironment

LEC-Leukocyte Interaction in Tumor Microenvironment

Tumor is a complex disease, which involves not only tumor
cell per se but also various tumor-associated stromal cells.
Tumor-associated LECs recruit leukocytes via secreting
various chemokines. Tumor-infiltrating leukocytes can con-
tribute to tumor progression via secreting lymphangoigenic
and angiogenic factors to modulate tumor-associated vascu-
lar growth (Mantovani et al. 2008; Alitalo 2011; Hanahan
and Weinberg 2011). Therefore, there is an active interaction
between LECs and immune cells, which forms an important
basis for establishing a tumor microenvironment.

Lymphatic Function in Leukocyte Recruitment

LECs secrete a number of chemokines that regulate leuko-
cyte trafficking, including CCL21 (C-C motif ligand 21,
also known as secondary lymphoid-tissue chemokine,
SLC) and CXCL12. CCL21 is a ligand of CCR7 (also
named CD197) expressed by dendritic cells, T and B cells
in lymphoid tissues (Hedrick and Zlotnik 1997; Hromas et
al. 1997; Nagira et al. 1997). CCL21 expression in LECs
was shown to be upregulated by VEGF-C or enhanced fluid
flow (Issa et al. 2009; Miteva et al. 2010). Genetic studies
showed that the migration of lymphocytes and dendritic
cells (DCs) to lymph nodes was defective in mice lack of
CCR7 or its ligands (CCL21 and CCL19) (Forster et al.
1999; Luther et al. 2000). CXCL12 is another chemokine
expressed by LECs, and its expression can be upregulated
by hypoxia (Irigoyen et al. 2007). CXCL12 acts via its
receptor CXCR4 for the lymphatic trans-migration of den-
dritic cells, as evidenced by the partial inhibition of cutane-
ous DCs to lymph nodes by the CXCR4 antagonist (4-F-
benzoyl-TN14003) (Kabashima et al. 2007). LECs also
secrete sphingosine-1-phosphate (S1P), a bioactive lipid
synthesized by sphingosine kinases, to guide the migration
of lymphocytes expressing S1P receptor S1P1 (also named
EDG-1) (Schwab and Cyster 2007; Ledgerwood et al.
2008). Interestingly, it has been found that LECs constitu-
tively express NF-κB (Saban et al. 2004), which can be
activated by lipopolysaccharides binding to Toll-like recep-
tor 4 expressed in LECs (Kang et al. 2009). Activation of
NF-κB pathway up-regulated LEC expression of PROX1
and VEGFR-3, as well as the secretion of several chemo-
attractants such as CCL2, CCL5 and CX3CL1 from LECs

(Flister et al. 2010). This led to an increase in lymphatic
vessel growth in inflammatory sites, which could promote
leukocyte mobilization, such as dendritic cells and macro-
phages (Kataru et al. 2009).

In addition, leukocyte trans-lymphatic migration is a
dynamically regulated event, involving various junctional
adhesion molecules (Johnson and Jackson 2008). LECs
express several adhesion molecules, which are the same as
those used by leukocyte diapedesis across blood vascular
endothelium. Although undetectable or lowly expressed in
quiescent LECs, both ICAM-1 and VCAM-1 were marked-
ly upregulated in response to TNFα treatment (Johnson et
al. 2006). Adhesion of dendritic cells to activated LECs and
trans-lymphatic migration were suppressed by neutralizing
antibodies against ICAM-1 or VCAM-1 (Johnson et al.
2006). E-selectin (also named CD62E or ELAM-1, endo-
thelial leukocyte adhesion molecule-1), could also be rapid-
ly upregulated by pro-inflammatory cytokines in LECs
(Wyble et al. 1997). E-selectin mediates a reversible tether-
ing of leukocytes to vascular endothelial cells via interaction
with PSGL-1 (P-selectin glycoprotein ligand-1) for the ini-
tial capture. This interaction can be converted to a tighter
adhesion via VCAM-1 and ICAM-1 to facilitate leukocyte
transmigration (Hidalgo et al. 2007). Furthermore, LECs
can express some specific receptors mediating leukocyte
migration, including CLEVER-1 (Prevo et al. 2004; Salmi
et al. 2004), mannose receptor (Irjala et al. 2001), Podopla-
nin (Kerjaschki et al. 2004), and LYVE-1 (Baluk et al.
2007).

Leukocyte Contribution to Lymphangiogenic Vessel Growth

It has been well recognized that there is active lymphangio-
genesis at sites of tissue inflammation (Baluk et al. 2005).
Hematopoietic cells can be recruited to most tumors, and
macrophages are a major component of infiltrating leuko-
cytes in tumor mass (Pollard 2004). Macrophages facilitate
tumor progression via the remodeling of intratumor extra-
cellular matrix and induction of intratumor angiogenesis and
lymphangiogenesis (Kerjaschki 2005; Condeelis and
Pollard 2006). It has been found that macrophages and also
granulocytes produce high amount of VEGF-C and VEGF-
D (Baluk, Tammela et al. 2005; Kataru et al. 2009). VEGF-
C expression can be induced by pro-inflammatory cytokines
such as TNFα via the activation of NF-κB pathway
(Ristimaki et al. 1998; Baluk et al. 2009). Blockage of
VEGFR-1+ macrophage recruitment or inhibition of
cyclooxygenase-2 (Cox-2) activity was shown to reduce
the level of VEGF-C expression in tumor and therefore
suppressed lymph node metastasis (Fischer et al. 2007;
Iwata et al. 2007). In addition to the crucial role of
VEGFR-3-mediated pathway, integrin α5β1-mediated sig-
naling has been shown to actively participate in

Lymphangiogenesis in Development and Tumor 253



inflammatory lymphangiogenesis (Okazaki et al. 2009).
There is also evidence showing that a proportion of macro-
phages could trans-differentiate into LECs in inflamed cor-
nea (Maruyama et al. 2005). In addition, T and B
lymphocytes have also been shown to secrete lymphangio-
genic regulators, and this is to be discussed in the next
section.

LEC-Tumor Interaction in Lymphatic Metastasis

Distinct Features of Tumor-Associated Lymphangiogenesis

Firstly, although the molecular cascade responsible for lym-
phatic vessel growth is similar in development and tumor,
there are distinct characteristics of tumor-associated lym-
phangiogenesis. During embryogenesis, mesenchymal cells
and blood vascular cells secrete lymphangiogenic factors
including VEGF-C to guide lymphatic vessel formation in
a highly organized manner. In the case of solid tumor, in
addition to BECs and SMCs, tumor cells and tumor-
infiltrating leukocytes as well as other tumor-associated
stromal cells could secrete lymphangiogenic factors (Alitalo
2011). Therefore, there is no proper formation of lymphan-
giogenic growth factor gradient in tumor, and tumor-
associated lymphatic vessels are disorganized without a
hierarchical vascular pattern (He et al. 2005). Secondly,
tumor-associated lymphatics are patchy and not homoge-
nously distributed within tumors. Lymphatic vessel growth
often occurs in necrotic areas or tumor peripheral regions
(Karpanen et al. 2001; Beasley et al. 2002; He et al. 2002).
Although most malignant solid tumors express lymphangio-
genesis factors including VEGF-C and VEGF-D, only sev-
eral types of human cancer have been shown to contain
lymphatic vessels, including squamous cell carcinomas of
the head and neck (HNSCC) (Beasley et al. 2002), primary
melanomas (Oliver and Detmar 2002; Straume et al. 2003),
and breast cancer (Schoppmann et al. 2001), renal cell
carcinoma (Horiguchi et al. 2008), gastric cancer (Lee et
al. 2010). Also tumor-associated lymphangiogenesis occurs
later than angiogenesis, at least one week behind as shown
in animal tumor models (He et al. 2005). The later occur-
rence of lymphangiogenesis in comparison with angiogene-
sis was also observed in wound healing (Paavonen et al.
2000). These findings indicate that tumor lymphangiogene-
sis is regulated not only by lymphangiogenic growth sig-
nals, but also by tumor specific microenvironmental factors,
which may include hydrostatic pressure due to leaky tumor
vessels and mechanical stress exerted by the proliferating
tumor cells (Fukumura et al. 2010; Alitalo 2011).

Furthermore, the origin of tumor lymphatic vessels has
also attracted a lot of attention. There is evidence showing
that bone-marrow (BM) derived cells could participate in
lymphangiogenic vessel growth after differentiation into

LECs (Maruyama et al. 2005; Jiang et al. 2008; Zumsteg
et al. 2009). In tumor-associated lymphangiogenesis, the
contribution of BM-derived cells in lymphatic vessels was
reported to be approximately 3 % (Jiang et al. 2008;
Zumsteg et al. 2009). However, we showed previously that
most tumor lymphatics were within 1 mm from tumor
margin in an animal tumor model. Tumor-associated lym-
phatics formed mainly by direct vessel co-option, sprouting
and/or splitting from preexisting lymphatic vessels in sur-
rounding tissues (He et al. 2004b).

Finally it is still arguable whether intra-tumoral lymphat-
ic vessels are functional. Tumor-associated lymphatic ves-
sels are only present in some regions (He et al. 2002), and
therefore the traditional lymphatic function assay by dye
uptake may not be appropriate to address the problem
(Padera et al. 2002). Fluid drainage via lymphatics is mainly
controlled by interstitial pressure in physiological conditions
(Schmid-Schonbein 1990; Swartz et al. 1999), and tumor
cell could employ mechanism similar to that of leukocytes
during metastatic dissemination (Kozaki et al. 2001). As
tumor-associated lymphatic vessel growth is a crucial step
during lymphatic metastasis (He et al. 2005), a proportion of
intratumoral lymphatics, if not all, have to be functional
(Alitalo 2011). Otherwise tumor cells would not have a
route to enter into lymphatic vessels and further spread to
lymph nodes.

Interaction of Tumor Cells and LECs During Tumor Invasion

To spread from primary tumors and establish metastases in
lymph nodes, tumor cells have to detach from tumor mass,
interact with LECs to enter lymphatic vessels, survive dur-
ing the transit in lymphatic vessels, and escape from im-
mune surveillance to form metastatic foci. In spite of the late
occurrence of tumor-associated lymphangiogenesis in com-
parison with angiogenesis, tumor cell spread to regional
lymph nodes occurs at early stages of tumor progression
as shown in various types of solid tumors (Stacker et al.
2002). A number of factors contribute to the early lymphatic
metastasis. First of all, tumor cell per se is one of the major
resources of lymphangiogenic factors. LECs respond active-
ly to tumor cells upon their release of lymphangiogenic
factors (He et al. 2005). This leads to the activation of LECs
in the surrounding tissues and induction of lymphatic vessel
growth towards tumor, which facilitates tumor invasion into
lymphatics (He et al. 2005). Tumor could also induce the
enlargement of collecting lymphatic vessels, which facili-
tates the transit of tumor cells or emboli to lymph nodes (He
et al. 2005). Inhibition of tumor lymphangiogenesis blocked
tumor cell entry into lymphatic system and lymphatic me-
tastasis to occur, but did not have any observable effect on
tumor growth in lymph nodes (He et al. 2002; He et al.
2005). This further validates the active role of LECs in
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lymphatic tumor invasion (Fig. 2). However, it should be
emphasized that although newly formed lymphatic vessels
are necessary for lymphatic metastasis, lymphangiogenesis
alone is not sufficient to promote this event (He et al. 2002).

Secondly, in comparison with the low survival rate of
tumor cells in blood circulation, it seems that tumor cells are
readily to survive and proliferate in lymph nodes or even in
lymphatic vessels when the flow is blocked (Karpanen et al.
2001; He et al. 2005). Lymph node microenvironment may
foster tumor metastasis after tumor cells escape immune
surveillance, as observed in clinic long time ago (Willis
1973). Although the underlying mechanism is poorly un-
derstood, tumor cells become highly invasive, especially
with tumor invasion and dissemination via lymphatic ves-
sels, after in vivo selection followed by further propagation
of tumor cells from lymph node metastasis (Kozaki et al.
2000). It seems that tumor cells could acquire some capacity

of leukocytes for vascular invasion (Kraizer et al. 2001).
Expression of CCR7 and CXCR4 has been demonstrated in
human cancer cells, and LECs in metastasis-favorite organs
express their ligands (CCL21 and CXCL12), which could
attract metastatic tumor cells (Gunn et al. 1998; Muller et al.
2001; Kim et al. 2010b). Animal studies further demonstrated
that overexpression of CCR7 by B16 murine melanoma cells
enhanced the incidence of lymph node metastasis and this
increase could be suppressed by treatment with neutralizing
anti-CCL21 antibodies (Wiley et al. 2001). CCL21 secreted
from lymphatics and also tumor cells has also been suggested
to participate in the modulation of tumor microenvironment to
be immunotolerant (Shields et al. 2010).

Another contributing factor for lymphatic metastasis is
the increased lymphangiogenesis in sentinel lymph nodes
draining a tumor (Hirakawa et al. 2005; Van den Eynden et
al. 2007; Rinderknecht and Detmar 2008; Ruddell et al.
2008). Besides the lymphangiogenic factors transported
with lymph from tumor, lymphocytes in lymph nodes also
actively participate in the regulation of lymph node-
associated lymphatic vessel growth. The follicular B cells
could produce VEGF to stimulate sinusoidal lymphangio-
genesis in lymph nodes that drain the inflamed tissues
(Angeli et al. 2006; Shrestha et al. 2010). Lymphangiogen-
esis was decreased in B cell-deficient mice in the trachea of
M. pulmonis infected animal model (Baluk, Tammela et al.
2005). Interestingly, T cells have been found to modulate
lymphangiogenesis in a negative manner via secreting IFN-
γ (Kataru et al. 2011). These findings indicate that multiple
cells could contribute to the activation of LECs via secreting
lymphangiogenic regulators, and actively participate in lym-
phatic tumor metastasis.

Targeting LECs to Suppress Tumor Metastasis

In spite of the different cellular sources, the key molecular
players in tumor lymphangiogenesis are the same as those
revealed from genetic studies. The VEGF-C / VEGFR-3
signaling pathway is essential for tumor-associated lym-
phangiogenesis, and lymphatic tumor metastasis can be
efficiently suppressed when VEGFR-3 signaling pathway
is blocked. This has been demonstrated in several studies by
employing exogenous reagents, including the use of soluble
VEGFR-3-Ig to trap its ligands (Karpanen et al. 2001; He et
al. 2002; Krishnan et al. 2003), or the blocking antibodies
against VEGFR-3 (Roberts et al. 2006; Tammela et al.
2008) or its co-receptor NRP-2 (Caunt et al. 2008)
(Fig. 2). The crucial role of VEGFR-3-mediated signaling
in tumor lymphangiogenesis was also demonstrated using
a genetic mouse model with an inactivation point mutation
in VEGFR-3 kinase domain (Vegfr3TKmut/WT) (He et al.
2004b; Zhang et al. 2010). There was no lymphatic vessel
growth detected in tumors when they were implanted

Fig. 2 Mechanism of lymphatic metastasis and its inhibition. a. Tumor
cells invade into the surrounding tissues and co-opt pre-existing lym-
phatic vessels. Two important events are required for lymphatic me-
tastasis, which are lymphatic vessel sprouting and dilation of collecting
vessel diameter. These events facilitates tumor invasion and spread via
lymphatic vessels. Shown in panel a is a representative lymph node
with metastatic tumor cells overexpressing luciferase, performed using
the in vivo bioluminescence imaging system (Caliper Xenogen). b.
Inhibition of lymphatic metastasis can be achieved by employing
reagents such as soluble receptors against VEGFR-3 and TIE-2 signal-
ing pathways. In the case of VEGFR-3 blockade, tumor lymphangio-
genesis, including lymphatic vessel sprouting and vessel dilation, is
inhibited. This results in the efficient suppression of tumor cell entry
into lymphatic vessels. Interestingly, suppression of TIE-2-mediated
pathway could also efficiently block lymphatic metastasis, but do not
have appreciable effects on tumor-associated lymphangiogenesis. The
mechanism of TIE-2-mediated signaling in tumor metastasis is still to
be investigated. Tu, tumor; Ne, necrosis
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subcutaneously in Vegfr3TKmut/WT mice due to the dominant
negative effect of the mutant VEGFR-3 (He et al. 2004b).

Furthermore, we have recently revealed an important role
of ANGPT1/TIE-2 signaling pathway in lymphatic metas-
tasis (Holopainen et al. 2009). The involvement of ANGPT1
in lymphatic vessel growth was first demonstrated in a
genetic model (Gale et al. 2002). Mice deficient of Angpt2
displayed defects in lymphatic organization, and this could
be rescued when a cDNA encoding ANGPT1 was placed in
the Angpt2 locus (Gale et al. 2002; Dellinger et al. 2008).
Consistently, recombinant ANGPT1 protein and adeno-
viral vector-mediated overexpression of ANGPT1 were
shown to induce lymphatic vessel sprouting and hyper-
plasia (Morisada et al. 2005; Tammela et al. 2005). The
lymphangiogenic effect of ANGPT1 was also shown in
a transgenic mouse model, where overexpression of
ANGPT1 or ANGPT2 in pancreatic β-cells was shown
to induce peri-insular lymphangiogenesis (Fagiani et al.
2011). Both ANGPT1 and ANGPT2 bind to TIE-2, and
TIE-2-mediated signaling is crucial for blood vascular
maturation and the maintenance of its integrity (Augustin et al.
2009). We showed that tumor cells could secrete ANGPT1
and systemic treatment using ANGPT1 delivered via an ade-
noviral vector increased the rate of lymph node metastasis
(Holopainen et al. 2009). Inhibition of TIE-2-mediated sig-
naling via systemic delivery of soluble TIE-2 suppressed
lymphatic and hematogenous tumor metastasis (Holopainen
et al. 2009). However, tumor associated lymphangiogenesis
was not affected by blocking TIE-2 signaling. This is different
from that of VEGFR-3 signaling inhibition, where tumor-
associated lymphangiogenesis could be suppressed (He et al.
2002; He et al. 2005). The detailed mechanism of ANGPT1/
TIE-2 signaling in lymphatic metastasis is yet to be investi-
gated. It is possible that activation of TIE-2 signaling
pathway by ANGPT1 promotes the normalization of
tumor-associated lymphatic vessels so that tumor cell
could spread efficiently via lymphatics and establish meta-
static foci in lymph nodes. Furthmore, ANGPT2 was also
shown to promote tumor lymphangiogenesis and lymphatic
metastasis (Schulz et al. 2011). ANGPT2-blocking anti-
bodies were shown to suppress tumor lymphangiogenesis
and lymph node metastasis (Holopainen et al. 2012).
Interestingly, ANGPT2 was also shown to promote glioma
cell invasion (Hu et al. 2003; Hu et al. 2006) and breast
cancer metastasis (Imanishi et al. 2007; Imanishi et al.
2011) by up-regulation and activation of matrix metallo-
protease 2 (MMP-2), which was mediated via αvβ1inte-
grin pathway but independent of TIE-2 signaling.

To summarize, in addition to BECs, there is accumu-
lating evidence pointing to LECs as another type of
tumor-associated stromal cells for targeting. At least in
animal tumor models, it is achievable to target the key
molecular players for blocking lymphatic tumor metastasis.

Translation of these findings into clinical applications
requires more in-depth studies. One needs to develop meth-
ods for the early detection of tumor initiation before its
spread, as inhibition of lymphangiogenesis may not have
much benefit when tumor metastasis has already occurred.
For preventative purpose, one also needs to have better
understanding of the effect of lymphangiogenic inhibition
on the physiological functions of lymphatic vessels.
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