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Abstract Lymphatic metastasis of tumor cells represents a
series of extremely complex and sequential processes that
include dissemination and invasion into surrounding stro-
mal tissues from primary tumors, penetration into lymphatic
walls and implantation in regional lymph nodes, and
extravasation or proliferation in parenchyma of target
organs. Recent developments in lymphatic biology and
research, especially the application of unique molecular
markers specific for lymphatic endothelial cells (LECs),
LYVE-1, Prox-1 and podoplanin have provided exciting
new insights into the tumor microenvironment and LEC–
tumor cell interface. To date, established factors for
determining the behavior and prognosis of primary tumors
have been emphasized morphologically and physiologically,
i.e., lymphatic impairment and vessel density, dysfunction of
lymphatic valves, interstitial fluid pressure, as well as a series
of lymphangiogenic growth factors including VEGF-C/-D,
and other cytokines and chemokines. Increasing knowledge
of the tumor biological significance in lymphatics within the
tumors (intratumoral lymphatics, ITLs) and at the tumor
periphery (peritumoral lymphatics, PTLs) has greatly pro-
moted understanding of tumor access into the lymphatic
system by inducing lymphangiogenesis or by co-opting
preexisting lymphatics. Therefore, the targeting PTLs and
ITLs, which have been proposed as an important route for
antimetastatic approach, are deemed worthy of further study
in various animal tumor models and human tumors.
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1 Introduction

Lymphatic metastasis was believed to be a passive process
involving tumor spread via preexisting afferent lymphatic
channels that follows natural routes of lymph drainage,
especially wide open intercellular junction of lymphatic
endothelial cells (LECs) [1]. In the past few years, it has
become apparent that lymphangiogenesis, the formation of
new lymphatics, ultimately controlled by a complex
network of growth factors, cytokines and chemokines [2–
6] can contribute actively to tumor metastasis. The
prevailingly established view that lymphangiogenesis does
not occur within the tumor tissues is being challenged by
the observations demonstrated by reverse transcriptase–
polymerase chain reaction, in situ hybridization, immuno-
histochemistry and other functional analyses [7–9]. Several
experiments in genetic and xenotransplant tumor models
have suggested that tumor-associated lymphatics may
promote cancer spread to lymph nodes [10–14]. An
increasing number of clinicopathological studies have
shown a direct relationship between tumor expression of
the vascular endothelial growth factors (VEGF-C/-D) and
metastatic tumor spread in human tumors [15–17]. Further-
more, tumor lymphangiogenesis has been identified as a
new prognostic parameter for the risk of lymph node
metastasis (LNM) in human cutaneous melanomas and
head and neck squamous cell carcinomas [8, 18]. Efforts
are being made recently to expound dynamic interactions
between tumor tissues and intratumoral lymphatics (ITLs)
or peritumoral lymphatics (PTLs), which are evidently
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necessary for the invasion, intravasation, and extravasation
of malignant cells. However, some important issues still
have remained controversial, (1) Which of the ITLs or
PTLs serves as a decisive route for indicating tumor
progression and prognosis; (2) Whether intratumoral or
peritumoral lymphatic vessel density (LVD) actively corre-
lates with LNM; and (3) Does the absence of functional
ITLs preclude their importance for tumor dissemination.

This review might enable us to better understand the
process of tumor lymphangiogenesis and the matrix
environment in affecting LEC–tumor biology, to identify
and differentiate the characteristics of tumor-associated
lymphatics in function and structure, and to address
biological significance of ITLs and PTLs in tumor
metastasis.

2 Tumor lymphangiogenesis

Lymphangiogenesis has gained wide interest for its impor-
tant role in tumor metastasis, lymphedema and other
lymphatic-associated diseases and treatments including
organ transplants [4, 19, 20]. An essential prerequisite for
the formation of LNM is the entry of cancer cells into
lymphatics. However, the role of active lymphangiogenesis
in tumor growth has been questioned, as it has been
proposed that tumor-associated lymphatics might rely on
preexisting lymphatics within or surrounding tumor xeno-
transplants [21]. Recent studies have indicated that the
lymphatics undergo dramatic lymphangiogenic changes in
response to rapid tumor growth, e.g., LEC sprouting and
dilation of initial and collecting lymphatics adjacent to
tumor tissues [22]. The close interaction between the tumor
cells and LECs may promote tumor cell entry and spread
via lymphatics.

2.1 VEGF-C/-D and other cytokines or chemokines

Molecular cross-talk links LEC survival, proliferation and
remodeling, several major players including VEGF-C/-D/
VEGFR-3 are not only required for embryonic and
postnatal lymphatic development, but also linked to
pathophysiological demand in lymphangiogenesis. The
majority of studies have found positive correlation between
lymphangiogenic factors, VEGF-C/-D expression and lym-
phatic invasion, lymph node involvement and distant
metastasis and, in some instances, poor clinical outcomes
[23, 24]. VEGF-C/-D can facilitate metastasis by increasing
the surface area of tumor cells in contact with LECs, by
increasing vascular permeability, and/or by changing LEC
adhesive properties or cytokine/chemokine expression [25].
Cancer affects the adjacent host tissue directly and
indirectly via a network of epigenetic alterations induced

by tumor-produced growth factors and cytokines which
generate a microenvironment favorable to tumor growth
and metastasis. If the activated interstitial–lymphatic inter-
face is destroyed and initial lymphatics cannot function, no
lymph will be drained from the local region despite the
baseline systemic drainage forces [26] and tumor cell
migration will be inhibited through the lymphatic walls.
Excess cell-derived VEGF-C induces early but transient
hyperplasia without altering the rate of LEC migration and
eventual lymphatic size, density, organization, and function
in regenerating skin [27]. Although growth factors can alter
interstitial fluid pressure to affect tumor cell spread, a
complex mechanism in the interaction of intratumoral and
peritumoral interstitial fluid pressure, up-regulation or
down-regulation of cell adhesion molecules, and specific
ultrastructures of initial lymphatics will directly force the
lymph that carries tumor cells into regional lymph nodes
[28]. The study examining the short-term effects of VEGF-
C-overexpressing tumors on lymphangiogenesis has shown
that the hyperplastic lymphatics induced at the tumor
periphery are immature and have poorly developed valves
[29]. Tumors may co-opt a preexisting lymphatic network,
from which new lymphatics originate with little, if any,
incorporation of bone marrow-derived endothelial progen-
itor cells [30] and tumor lymphangiogenesis lags behind
angiogenesis due to lack of lymphatics surrounding the
tumor tissues at the early stage [22]. VEGF-C holds
potential for lymphangiogenic therapy in diseases lacking
adequate lymph drainage, although its ability to enhance
sustainable, functional lymphatic growth in proliferating
tissues is still uncertain.

Some evidences have indicated that the overexpression
of VEGF-C/-D and the associated de novo lymphatic
formation (lymphangiogenesis) are necessary, but not
sufficient, for the metastatic dissemination of tumor cells
to lymph nodes. Other cytokines or chemokines in addition
to VEGF-C/-D are apparently required for metastatic
spread. The hepatocyte growth factor secreted by tumor
cells has shown an ability to stimulate PTL growth via
VEGFR-3-mediated signaling pathway [31]. The platelet-
derived growth factor-BB, which can activate the Akt
kinase for promoting antiapoptotic signals, has been
implicated to be a pleiotropically controlling survival factor
as potent as VEGF-C in vivo in inducing intratumoral
lymphangiogenesis without mediation via the VEGF-C/-D/
VEGFR-3 pathway and in leading to enhanced LNM in a
mouse fibrosarcoma model [32]. LECs actively participate
in metastatic formation by secreting chemokines, such as
CCL21 (SLC, 6Ckine and Exodus), whose receptor
(CCR7) is expressed on some tumor cells [33]. The
attraction of CCR7-positive tumor cells to CCL21-express-
ing lymphatic endothelium activates tumor–LEC interface
and enhances lymphatic dissemination [34]. Migration of
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dendritic cells is mediated by the chemokine receptor
CCR7, whereas lymphatics express the ligand CCL21 [5,
35–38]. Lymphatics participate in the regulation of inflam-
matory response through their role in transport of lympho-
cytes to the lymph nodes, which may be a key event in
cancer development and metastatic formation.

Activation of lymphatic-related growth factors, cyto-
kines and chemokines may mediate the tumor-LEC
interaction and increase the interactive surface area due to
increased LVD, facilitating dissemination of tumor cells.
More details on VEGF-C/-D/VEGFR-3 factors will appear
in the following section on biological significance of ITLs
and PTLs.

2.2 Extracellular matrix and macrophages

The formation of functional and mature lymphatics is
involved in multiply molecular pathways. Lymphangio-
genesis is controlled by the endothelial extracellular matrix,
which synergistically acts with growth factors to modulate
cell functions and contribute to lymphatic growth and
development [39, 40]. The relative role of tumor-derived
exogenous VEGF-C versus matrix proteolysis and fluid
channel formation in inducing LEC and tumor cell
migration is critical for tumor lymphangiogenesis and
LNM [4, 5]. Matrix remodeling in the proliferating region
may be important in early fluid channel formation and LEC
migration in vivo. Interestingly, VEGF-C does not enhance
LEC migration through a proteolytically sensitive extracel-
lular matrix in vitro, although in vivo it does so indirectly
through the recruitment of proteolytically active macro-
phages [11, 41]. Neutralization of VEGFR-3 with antago-
nistic antibodies fails to prevent the formation of fluid
channels, but completely inhibits LEC migration and
functional lymphatic proliferation in both physiologically
normal and excess VEGF-C induced lymphangiogenesis
without affecting preexisting lymphatics [42]. Tumor cells
within draining PTLs bind hyaluronan, a complex of the
cartilage proteoglycans Aggrecan and Link protein, indi-
cating a possible role for the lymphatic endothelial
hyaluronan receptor 1 (LYVE-1)/hyaluronan interactions
in lymphatic invasion or metastasis [43]. In addition, the
reduced ITL number in pancreatic ductal adenocarcinomas
has indicated that chronic inflammation is the reason for the
low rate of lymphangiogenesis, thus lymphatic metastasis
takes place predominantly via proliferating lymphatics in
peritumoral regions [44]. Changes in environment and
composition of lymphangiogenic extracellular matrix, which
is actively involved in tumor cell chemotaxis, may affect the
function of both preexisting and newly formed lymphatics,
promoting tumor cell invasion and dissemination.

The interrelation between VEGF-C-expressing tumor-
associated macrophages, lymphangiogenesis and subse-

quent tumor dissemination is an interesting topic in
lymphatic biology. In a mouse model, activated macro-
phages were found to express VEGFR-3 and chemotacti-
cally attracted by VEGF-C in vitro [11]. Subsequently,
VEGF-C-producing macrophages were found to participate
in lymphangiogenesis in human renal transplant rejection
[45] and in the mouse trachea after induction of inflamma-
tion by inoculation with tubercle bacteria [46]. In human
uterine cervical carcinoma, VEGF-C expression in a
subpopulation of peritumoral-activated macrophages is
presumed to involve in PTL expansion [15]. The macro-
phages may actively involve in pathological lymphangio-
genesis in two different ways, either by transdifferentiating
and directly incorporating into the endothelial layer or by
stimulating proliferation of preexisting local LECs [47].
However, tumoral VEGF-C status, but not the status of
VEGF-C in stromal macrophages, is a significant prognos-
tic factor in primary human lung cancer [48]. It still needs
to study whether or not the macrophage is reprogrammed to
produce sufficient VEGF-C/-D and induce sprouting of
intratumoral LECs or initiate lymphangiogenesis to bridge
ITLs and PTLs in tumor tissues.

3 Morphological characteristics in tumor lymphatics

Lymphatic system performs its most important physiolog-
ical function to return extravasated protein-rich fluid from
interstitium back to the blood circulation, and to transport
biological macromolecules, pathogens, and migrating cells
away from tissue space to regional lymph nodes. The
lymph formation and modification is mostly concerned
with LEC intactness, lymphatic permeability, and interstitial
protein concentration and fluid pressure. These functions
are not caused by a passive process, but involve rapid and
highly efficient transport. The initial lymphatics are thin-
walled, relatively large and irregular vessels composed of a
single layer of endothelial cells. Their blind-ends originate
from the interstitial extracellular matrix and continue to
form superficial or/and deeper lymphatic networks in
different organs [49, 50]. As compared with collecting
lymphatics, initial lymphatics show typical structural
features in end-to-end, overlapping and interdigitating
junctions and anchoring filaments, and in lacking pericytes
and continuous basal laminae [49, 51, 52]. Newly formed
initial lymphatics with slender wall and simple intercellular
junctions may be optimally suited for tumor cell migration,
although the developing lymphatic networks have fewer
blind-ends and branches than the mature networks [52].
These lymphatics are deficient in adjacent supporting
structures and easily influenced by the change of interstitial
fluid pressure. It is generally presumed that the high
interstitial fluid pressure generated within tumors by rapidly
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proliferating cells or vascular leakage would prevent the
infiltration of new lymphatics [53]. The intraendothelial
channel of tumor-associated absorbing initial lymphatics
represents main passage of the tumor cell through the
endothelial wall [54, 55]. Initial lymphatics converge into
collecting lymphatics that possess smooth muscles, inter-
mittent one-way valves and rich nerve supply to aid in
lymph propulsion and prevent retrograde flow [54]. The
lymphatics represented in some tumor tissues, sometimes,
have similar morphological features to the lymphatics of
normal tissues and do not show budding/sprouting or
enlargement in size, and contain no dividing nuclei
assessed by pKi67 despite active proliferation of tumor
blood vessels and carcinoma cells [56]. The prerequisite of
tumor cell invasion into lymphatic lumen is certainly the
physical contact of LEC–tumor cell, and determined by the
structural intact and functionality of lymphatic networks
and the migration and progression of tumor cells. The
morphological comparison of initial lymphatics and blood
capillaries might enable us to further understand the LEC–
tumor interface and relating pathological changes in tumors
(Table 1).

Tumor-secreted cytokines, such as VEGF-C/-D, bind to
VEGFR-3 on LECs and induce proliferation and growth of
new lymphatics. The issues of tumor lymphatic biology are
being histochemically resolved by using specific molecular
LEC markers, e.g., VEGFR-3, LYVE-1, the prospero-
related hemeobox gene 1 (Prox-1) and the glomerular
podocyte membrane mucoprotein (podoplanin) in lymphat-
ic identification, origination and effect on LNM in human
and experimental models (Table 2) [25, 39, 52, 57–74].
Coupled with functional analysis, e.g., radioisotope navi-
gation and ferritin absorption, the histochemical techniques

will undoubtedly reveal additional possibilities for diagnos-
tic and therapeutic intervention in lymphatic-associated
diseases. In the process of tumor lymphangiogenesis, LECs
send long filopodia towards the VEGF-C-producing tumor
tissues and form tumor-directed vascular sprouts [3]. The
lymphatic formation induced by platelet-derived growth
factor-BB and a maximal response for further remodeling
like branches occur at days 5 and 14 after tumor
implantation, respectively. Similar to tumor angiogenesis,
these premature tumor lymphatics seem to be leaky and
result from fusion of initial lymphatics into large lumens
[32]. The leaky tumor lymphatics may allow facilitated
access of tumor cell invasion into the lymphatic lumen
through a vulnerable structural basis or destabilization of
the endothelial wall induced by tumor-secreted VEGF-C.
Lymphatic morphological changes stimulated by lymphan-
giogenic growth factor also contribute to the lymphatic
dilation, which may increase its capacity to support tumor
cell transport as single cells or cell clumps [22]. According
to our observations in a hybridoma-induced tumor model,
the LYVE-1/podoplanin-expressing ITLs are quite small,
flat or irregular, and occasionally filled with a few tumor
cells in the lumen. In contrast, the PTLs are relatively
enlarged, disorganized and tortuous, and frequently packed
with numerous tumor cells, and the lymphatic wall seems to
be extremely extended and dilated. Occasionally, two-flap
valves can be detected in the PTL lumen. The LECs show
strong expression for VEGFR-3 and Prox-1 in different
tumor tissues (Figs. 1, 2, 3 and 4, unpublished data).
Lymphatics usually penetrate the tumor stroma to form a
network, suggesting that the thin-walled lymphatics offer
less resistance and more contact area for penetration of
tumor cells into the lymphatic system than blood vessels.

Table 1 Morphological and
structural differences between
blood capillaries and initial
lymphatics

Blood capillaries Initial lymphatics

Size (diameter) Even (7–9 μm) Uneven (20–120 μm)
Lumen (section) Regular (elliptical) Irregular
Network organization Dense (10–40 μm) Loose (100–800 μm)
Cell outline (boundary) Spindle-shaped (straight-shaped) Oak-leaf-like (wavelike)
Marginal fold Absent Present
Cytoplasmic vesicles Scant Abundant
Invaginations Scant Abundant
Fenestration Present None
Intercellular junctions Zonula occludens (tight) Zonula adherens (loose)
Overlapping junctions Absent Present
End-to-end junctions Scant Present
Interdigitating junctions Scant Present
Weibel–Palade body Present Infrequent
Basal lamina Developed (continued) Absent or undeveloped
Pericytes Present None
Anchoring filament Absent Present
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Concerning nonfunctional lymphatics in tumor tissues, the
prevention of effective fluid uptake and lymph transport
may be resulted from primary valve-structure failure [75].
Indeed, the lymphatic collapse caused by the mechanical
forces of growing tumors [76] or the high interstitial fluid
pressure in the tumor environment, and the destruction of
lymphatic network by invaded tumor cells [7] should not be
neglected. Tumor lymphangiogenesis is an important
phenomenon for the frequent LNM both in human and
animal tumors [2, 25].

3.1 ITLs are essential to facilitate dissemination
of tumor cells

Although the significance of preexisting PTLs as conduits
for tumor cell metastasis has been well recognized,
controversial issues in the structural and functional differ-
ences of preexisting and newly formed lymphatics in
promoting tumor cell dissemination remain to be deter-
mined. VEGFR-3-positive ITLs are very small or collapsed
that have morphological characteristics of lymphatics and
stained positively using the LEC marker D2-40 [77]. In
human pancreatic endocrine tumors, ITLs without hotspots
are randomly dispersed in connective tissues next to blood
vessels or in close contact with tumor cells, and often

similar in shape and size to normal pancreatic lymphatics
[16]. Morphological studies have supported that ITLs are
newly proliferating rather than trapped preexisting lym-
phatics. The immature ITLs usually comprise two to three
individual LECs with proliferating nuclei and multiple
lumina, the reminiscent of newly angiogenic blood vessels
[78]. ITLs in head and neck squamous cell carcinomas
often have a distinctive reticular architecture with numerous
tiny or ill-defined lumina that differ markedly from the
larger and more conventional architecture of lymphatics at
the tumor margin or within normal tissue areas. These
lymphatics are concentrated in discrete hotspots both within
sheets of tumor cells in carcinomas with a pushing margin
and in areas containing leukocyte infiltration in carcinomas
with an invasive margin [79]. In neural cell adhesion
molecule-deficient Rip1Tag2 transgenic mice, the majority
of ITLs are “collapsed”, sometimes, noncollapsed lym-
phatics with open lumen occur within tumors [80]. Our
recent study has indicated that some open ITLs appear within
hybridoma-induced tumor tissues, where low tumor cell
density contrasts with wide extracellular space and malig-
nant cells may easily pass through the slender endothelial
walls (Figs. 1 and 3, unpublished data). Structurally, ITLs,
if exist, would provide more direct route and extensive
interface for lymphatic invasion than PTLs.

Table 2 Specific molecular markers for distinguishing endothelial cells of lymphatics and blood vessels

Markers Function Lymphatics Blood
vessels

References

LYVE-1 A lymphatic endothelial receptor for extracellular matrix/lymph fluid
glycosaminoglycan hyaluronan

+ – [39]

Podoplanin A glomerular podocyte membrane mucoprotein + – [57]
Prox-1 A homeobox gene for embryologic lymphatic development + – [58]
VEGFR-3 A transmembrane tyrosine kinase receptor for VEGF-C and VEGF-D ++ ± [59]
5′-nucleotidase A membrane-bounded sialoglycoprotein for cell maturation and

cell–matrix interaction
++ ± [60, 52]

CCL21/SLC Secondary lymphoid–tissue chemokine ++ ± [61]
LyP-1 Molecular marker of tumor lymphatics + – [62]
Nrp2 Coreceptor of VEGF-C + – [25]
Integrinα9β1 Embryologic development of lymphatics + – [25]
Ang2/Tie2 Tie receptor family members for lymphatic patterning and function + ++ [63]
CD31
(PECAM-1)

Platelet integral membrane glycoprotein for transendothelial migration
of leukocytes

+ ++ [64]

CD34 A surface glycophosphoprotein expressed on developmentally early
lymphohematopoietic stem

– + [65, 66]

PAL-E An antigen as a secreted form of vimentin – + [67]
D2-40 A monoclonal antibody for detecting lymphatic invasion + – [68]
Desmoplakin A membrane-bounded calcium-dependent glycoprotein adhering to

V-cadherin and cadherin 5
+ – [69]

ICAM-1/CD54 A ligand for leucocyte β2-integrin receptors – + [70]
VCAM-1 A ligand for α4β1-integrin receptors – + [70]
FOXC2 A member of forkhead, or ‘winged-helix’ family of transcription factors + – [71, 72]
VWF Factor VIII-related antigen + ++ [73, 74]
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Compared with PTLs, however, ITLs are more easily
destroyed or compressed and collapsed with proliferating
cells and high intratumoral pressure. In a diphtheria-toxin-
treated tumor, ITLs rarely adjacent to smooth-muscle α-
actin-expressing cells do not become functional, as judged
by fluorescence or ferritin microlymphangiography [7]. In
VEGF-C-expressing melanoma, tumor cells have certainly
induced development of a nonfunctional lymphatic system,
although a high density of Prox-1-positive lymphatics was
observed within the tumors and in peritumoral location
[81]. The solid tumor is largely devoid of functional initial
lymphatics but evidently surrounded by functional lym-
phatics in the tumor periphery. Therefore, ITLs are not
considered as a critical factor for enhanced LNM in some
primary tumors although they are essential to promote
lymphatic dissemination.

3.2 PTLs critically decide unidirectional transport of tumor
cells to regional lymph nodes

A majority of studies in human and experimental models
have indicated that PTLs are more important than ITLs for
spreading tumor cells, through the LEC sprouting process
under the influence of interstitial fluid hypertension and
tumor-secreted VEGF-A/-C/-D [14, 15, 82, 83]. Intradermal
implantation of sarcoma cells has shown dilated lymphatics
near the tumor border, but the deeper lymphatics within the
tumor mass were not detected by direct intratumoral
injection of ferritin [21]. The existence of dilated PTLs
suggests increased drainage activity of the functional
lymphatics in the tumor periphery. A potential role of high
peritumoral LVD may lead to lymphatic invasion and
metastatic spread [17, 84]. VEGF-A-expressing corneal

Fig. 1 Photomicrographs in the monkey (a) and hybridoma-induced
mouse model (b–d). (a) The typical lymphatic networks with 5′-
Nase staining in the peritoneum show numerous blind-ends and
valves. (b) The podoplanin-positive lymphatics are tortuous and
enlarged and filled with a cluster of tumor cells in the pancreas. (c)

The podoplanin-expressing lymphatics within the hepatic tumor are
quite small and flat, and do not contain any tumor cells. (d) The
lymphatic vessel within the stroma of tumor tissues expresses
LYVE-1 and is filled with a few tumor cells. L: lymphatic vessel;
Arrows: intratumoral lymphatics. Bars, a=300 μm; b–d=50 μm
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tumors have a honeycomb-like network composed by
gigantic PTLs extending throughout the entire tumor tissue
[85]. The new “giant” lymphangiogenesis generated by
VEGF-A is structurally and functionally abnormal with
greatly enlarged with incompetent valves, sluggish flow,
and delayed lymph clearance [86]. It is possible that tumors
permanently damage lymphatic structures, such as LEC
microvalves, or that the lack of pulsatile blood flow in
tumors inhibits lymph formation [87]. Lymphangiography
has also shown a greater number of functional lymphatics
in the peritumoral tissue in a melanoma model, however,
these new, functional lymphatics display a retrograde
draining pattern [29], indicating possible dysfunction of
the intraluminal valves of these vessels. The nonfunction-
ality of PTLs is mainly evident by the fact that edema
formation seems prominent around the tumor tissues. The
formation of new yet functionally aberrant lymphatics
induced by overexpressed VEGF-C calls for further
research into the processes of lymphatic maturation.

4 Biological significance of ITLs and PTLs

The extravasation of tumor cells via intratumoral and
peritumoral lymphangiogenesis is thought to play a role in
tumor dissemination. Lymphangiography by intravital
microscopy after injection of dyes has revealed that PTLs
are enlarged and perfused, as compared with collapsed and
nonfunctional ITLs [88]. The absence of functional ITLs
may contribute to high interstitial fluid pressure caused by
expanding tumor cell masses and growing neoplastic cells in
a confined interstitial space. The generated mechanical stress
compresses or restrains the lymphatic proliferation and
development to constitute a functional channel inside the
tumor [22], while at the peripheral tissues, overexpressed
VEGF-C/-D cause lymphatics to enlarge. These enlarged
PTLs may collect interstitial fluid and metastatic cancer
cells from the tumor surface, and thus facilitate lymphatic
metastasis [25]. PTLs and ITLs have represented unique but
different biological and oncological features in genetic or
implanted and spontaneously arising animal tumors and in
primary human tumors. The summarization of peritumoral
or intratumoral lymphatics in experimental models (Table 3)
[7, 9–14, 21, 22, 29, 31, 32, 80–82, 85, 89] and human
(Table 4) [8, 15–18, 24, 43, 44, 77, 79, 84, 90–99] would
provide valuable insights as to the mechanistic aspects
favoring tumorigenesis and metastasis, and the possible
clinical relevance in prognosis and therapeutics.

4.1 Animal tumor tissues

Malignant tumors may give rise to LNM via several
mechanisms, including invasion into lymphatics within
the tumor stroma or preexisting lymphatics located at the
tumor periphery [23, 100]. Whether lymphangiogenesis is
required for LNM partly depends on the innate aggressive-
ness of the tumor in question. In experimental models, the
relative importance of metastatic mechanisms is still
unclear and varies in different types of tumors. However,
the higher number of functional lymphatics is speculated to
result in an enhanced lymph drainage and blood perfusion,
and a reduced interstitial fluid pressure.

4.1.1 Nonfunctional ITL growth may not contribute to LNM

The functional state of tumor-associated lymphatics with
respect to the efficient transport of fluids and macro-
molecules is of great importance for overall tumor
physiology and drug delivery. Obviously, the association
of lymphangiogenesis with an increased incidence of
regional LNM, no matter it occurs in peritumoral or
intratumoral tissues, has mainly depended on whether the
newly formed lymphatics are functional or not. A highly
debated and unresolved question nowadays is whether there

Fig. 2 The immunogold reactive particles of specific endothelial
markers, JC815 (a, 5′-Nase antibody) in BALB/c mouse and
desmoplakin (b) in rat tongue, are scattered in the lymphatic
endothelial cells, especially in the intercellular junction (b, arrows).
Bars=0.5 μm
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Fig. 4 Analysis of reverse transcription–polymerase chain reaction in
the hybridoma-induced tumor tissues. VEGFR-3 (788 bp) forward and
reverse are 5′-TTG GCATCA ATA AAG GCA G-3′ and 5′-CTG CGT
GGTGTACACCTTA-3′;Prox-1 (674 bp) forward and reverse are 5′-

GTG TGC AGATGC CTA GTT CCA CA-3′ and 5′-TAC TGG TGA
CTC CAT CAT TGA TG-3′. Both the VEGFR-3 and Prox-1 are
expressed in the different tumor tissues

Fig. 3 Electron micrographs showing lymphatics in hybridoma-induced
mouse models. (a) The tumor cells form quite a loose mass within which
the lymphatic vessel seems uncollapsed. (b) The diaphragmatic lymphatic
vessel with low 5′-Nase cerium activity is enlarged and filled with
numerous tumor cells. (c) The lymphatic wall shows an open junction

(asterisk) beneath it there is a proliferating tumor cell. (d) The lymphatic
vessel in the tumor periphery shows a two-flap valve (arrows). 5′-Nase
cerium particulate is not only detached in the luminal and abluminal
sides but also in the surfaces of the valves. A tumor cell can be seen in
the lymphatic lumen. L: lymphatic vessel. Bars=2 μm
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are functional lymphatics inside tumors, and what kind of
roles ITLs play in metastatic tumor dissemination [25, 88,
101]. The overexpression of VEGF-C by orthotopically
transplanted human breast carcinomas is closely correlated
with intratumoral lymphangiogenesis, increased intratu-
moral LVD and a high frequency of regional LNM [13,
102]. LYVE-1- and VEGFR-3-positive structures often
form a cluster of vessels in one region of the tumor and
occasionally throughout the entire tumor mass. The
expression of lymphangiogenic factors alone is sufficient
to induce the formation of lymphatics in the center of a
tumor and facilitate metastatic spread to the lymph nodes
[12]. In the intratumoral area, fluid transport is regulated by
gradients in interstitial fluid pressure, whereas cell migra-
tion characteristically involves a set of specific molecular
cell–matrix or cell–cell interactions. A number of specific
adhesion interactions have been identified between meta-

static tumor cells and lymphatic endothelium [103]. Tumor
cells may be able to utilize any intratumoral LECs,
regardless of structure, as a substrate for migration [53].
These experiments have provided proof of principle that
lymphatics may proliferate within tumors and serve as a
conduit for lymphogenic dissemination.

Although all growth factors necessary to induce lym-
phangiogenesis have been present, experimental melanoma,
sarcomas and breast cancer xenografts, and spontaneous
pancreatic β-cell tumors in transgenic mice are deemed to
lack functional ITLs by using assays for microlymphan-
giography [9, 14, 21]. Tumor compression of ITLs or high
intratumoral pressure may be responsible for the absence of
function, although tumor-induced lymphatics have inher-
ently been physiologically abnormal [7, 21]. Nonfunctional
ITLs have implied that lymphangiogenesis plays little role
in facilitating primary tumor dissemination, whereas PTLs

Table 3 Peritumoral or intratumoral lymphatics in experimental models and tumor metastasis

Animal models (animal/cell line et al.) PTLs ITLs LNM Biological features (cytokine/chemokine/growth
factor) and others

References

Nude mice/A375 melanoma cells + + + VEGF-C overexpressing tumor cells induce
nonfunctional ITL growth

[81]

Nude mice/fibrosarcoma cells (FSaII) + – × Microlymphography (FITC-dextrand ferritin) reveals
nonfunctional ITLs

[21]

SCID mice/293EBNA tumor + + + VEGF-D drives ITL lymphangiogenesis and promotes
LNM

[12]

Nude mice/MeWo melanomas + + × VEGF-C overexpression results in ITL growth and PTL
enlargement

[10]

Nude mice/MDA-MB-435
human breast cancer

+ + + VEGF-C increases ITL lymphangiogenesis and LNM [11]

Transgenic mice/Rip VEGF-C×
Rip1Tag2 pancreatic β cell tumor

+ – + VEGF-C-mediated PTL lymphangiogenesis promotes
LNM

[14]

SCID mice/MCF7 human breast carcinoma + + + VEGF-C facilitating ITL growth is inhibited by VEGFR-
3 fusion protein

[13]

Nude mice/murine T-241 fibrosarcoma and
B16-F10 melanoma

+ – + VEGF-C increases diameter of functional PTLs that
induces LNM

[7]

Wistar rats/rat NM-081 mammary
carcinoma

+ – + VEGF-C/Cys152Ser overexpression does not induce ITL
growth

[9]

SCID mice/B16-F10 melanoma + – × VEGF-C-induced PTLs display dysfunction of
intraluminal valves

[29]

NCAM-deficient transgenic mice/Rip1
Tag2 pancreatic β cell tumor

× + + Loss of neural cell adhesion molecule causes LNM via
VEGF-C/-D-mediated lymphangiogenesis

[80]

C57Bl/6 mice/murine fibrosarcoma × + + PDGF-BB-induced lymphangiogenesis is not mediated
via VEGF-C/-D

[32]

SCID mice/LNM35-EGFP human
lung cancer

+ + + VEGF-C-mediated lymphangiogenesis occurs later than
angiogenesis

[22]

K14-GFP-VEGF-A transgenic mice/
squamous cell carcinogenesis regimen

+ + + VEGF-A induces lymph node lymphangiogenesis and
promotes LNM

[82]

TRAMP mice/PC-3 prostate
adenocarcinoma

+ – + ITL growth is induced by VEGF-C but is unnecessary for
LNM

[89]

C57BL/6 Mice/murine T-241 fibrosarcoma + – + VEGF-A promotes PTL lymphangiogenesis in the
absence of angiogenesis

[85]

FVB/N transgenic mice/breast tumor cells + – × Hepatocyte growth factor induce PTL grow via VEGFR-
3 pathway

[31]
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that constitute partly from preexisting lymphatics and even
have abnormal function are sufficient for promoting
metastasis by offering a larger area for tumor cell escape
[7]. Apparently, the undetectable perfusion of tumor
lymphatics does not necessarily indicate absence of
anatomically distinguishable lymphatics in tumor tissues.
The ITL formation whether fully functional in fluid
transport or not, may provide the most suitable route and
excellent opportunity for tumor cells to leave the primary
tumor site [11]. The absence of functional ITLs by no
means precludes its importance for tumor dissemination.

4.1.2 VEGF-C/-D and VEGF-A are involved in ITL
or PTL growth and LNM

The potential importance of lymphangiogenesis by cyto-
kines that are secreted by tumor cells or by host cells and
stroma has been concentrated on not only peritumoral but

also intratumoral tissues [10, 11, 104]. So far the roles of
VEGF-C/-D have been highlighted in inducing tumor
lymphangiogenesis, lymphatic hyperplasia and expansion,
and in mediating tumor dissemination and LNM formation.
An increased number of functional and draining PTLs and
ITLs has been associated with VEGF-C-overexpressing
tumors, indicating that VEGF-C strongly promotes tumor-
associated lymphangiogenesis by proliferation of preexisting
LECs [13]. In melanoma, the endothelial cells associated
with nearly 40% of functional lymphatics are proliferating,
suggesting that active lymphangiogenesis can occur in the
peritumoral tissue [29]. In breast carcinoma, LVD was found
to correlate highly with metastasis and depth of invasion into
the tumor [11]. In a lung cancer model, VEGF-C was
documented to induce extensive lymphatic sprouting towards
the tumor cells as well as dilation of the draining lymphatics,
suggesting an active role of LECs in LNM [22]. The
abundant lymphatics at the tumor–stromal interface were

Table 4 Peritumoral or intratumoral lymphatics in human tissues and tumor metastasis

Human tumor tissues PTLs ITLs LNM Biological features (cytokine/chemokine/growth factor)
and others

References

Carcinoma of oral cavity,
oropharynx, larynx

+ + + No relationship between weak VEGF-C expression and ITL
proliferation

[79]

Uterine cervical squamous cell
carcinoma

+ × + VEGF-C-expressing peritumoral macrophages are related to
PTL growth

[15]

Papillary thyroid carcinoma × + + ITLs are significantly associated with LNM [90]
Head and neck squamous cell
carcinomas

+ + + LYVE-1+ ITLs in 13% of samples are related to prognosis [18]

Breast carcinomas + – + No LYVE-1+/pKi67+ LV; LNM proceeds via preexisting PTLs [43]
Cutaneous melanoma + + + Low-level VEGF-C expression; lymphangiogenesis is a

prognostic indicator
[8]

Cutaneous melanoma + + × No correlation between bFGF-stimulated ITLs and VEGF-C/
VEGFR-3

[91]

Cutaneous melanoma + + + No change of VEGF-C/-D expression; LVD is correlated with
LNM

[84]

Oral carcinoma × + × ITLs are associated with locoregional disease recurrence [92]
Prostate cancer + + + Correlation between VEGFR-3-expressing LECs and LNM [77]
Breast cancer + + + No association between VEGF-C expression and lymphatic

numbers
[93]

Breast cancer + − × ITL absence probably is caused by lack of lymphangiogenesis [94]
Pancreatic endocrine tumors + + + VEGF-C expression is correlated with intratumoral LVD and

LNM
[16, 95]

Head and neck squamous cell
carcinoma

+ + + High correlation between PTLs and LNM, and iNOS
overexpression

[96, 97]

Head and neck squamous cell
carcinoma

+ + + ITL lymphangiogenesis and density may represent a useful
prognostic factor

[24]

Pancreatic ductal adenocarcinoma + + + No VEGF-C/-D overexpression and correlation between LVD
and LNM

[44]

Uterine cervical squamous cell
carcinoma

+ + + VEGF-C expression is correlated with peritumoral LVD [17]

Lung/breast/colon tumor and
melanoma

+ + × CD34/LYVE-1 coexpression in tumor-associated LECs [98]

Endometrial carcinoma + + + VEGF-A but not VEGF-C/-D is significantly associated with
LVD

[99]
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observed in an orthotopic implantation model of human
prostate cancer for selectively inhibiting ITL growth. These
PTLs that have preexisted before tumor development are
unchanged in number and shape and sufficient for dissemi-
nating tumor cells to local and more distal lymph nodes,
suggesting that tumor-secreted VEGF-C and, to a lesser
extent, VEGF-A, are important for inducing intratumoral
lymphangiogenesis [89]. The expression of VEGF-D in
tumor cells has also shown great ability to induce ITL
formation in solid tumor mass and might determine the route
of metastatic spread to lymph nodes [12]. The activation of
VEGF-C/-D-mediated VEGFR-3 is sufficient to promote
tumor-induced lymphangiogenesis and metastasis. Thus,
blockade of VEGF-C/-D/VEGFR-3 signaling pathway will
be useful as a novel form of cancer therapy [9, 42, 80, 81],
although the intervention may be unnecessary for the
maintenance of preexisting lymphatics.

VEGF-Awas previously thought to act as a specific blood
angiogenic factor through activation of VEGFR-1 and
VEGFR-2. Interestingly, a couple of recent studies have
shown that VEGF-A seems less potent to stimulate lymphatic
sprouting than VEGF-C in the peritumoral and intratumoral

areas [105]. In xenograft fibrosarcomas, VEGF-A has induced
PTL growth in avascular cornea, where the involvement of
any preexisting lymphatics or blood vessels can be excluded,
and promoted LNM via a VEGF-C/-D/VEGFR-3-indepen-
dent pathway, suggesting that the lymphangiogenesis is not
entirely dependent on the blood vessels [85]. In an orthotopic
cutaneous carcinoma, VEGF-A has not only strongly
promoted multistep skin carcinogenesis, but also induced
active proliferation of tumor-associated lymphatics and
sentinel lymph node lymphangiogenesis even before metas-
tasizing [82]. The newly identified phenomenon of “lymph
node lymphangiogenesis” might further facilitate metastatic
tumor spread throughout the lymphatic system.

Successful lymphatic metastasis requires a complex series
of interrelated steps, the details of which remain to be
identified clearly. Directional movement of tumor cells that
express certain types of chemokine receptors, e.g., CCL21/
CCR7 signaling, toward lymphatics and regional lymph
nodes appears to follow a chemokine gradient. Chemotactic
or chemokinetic stimulation of tumor cells to enter the
lymphatics may contribute to LNM. As targeting lymphatics
have been proposed as an antimetastatic approach for

Fig. 5 Schematic diagram illustrates the predictive factors possibly involving in lymph node metastasis, in which intratumoral/peritumoral
lymphatics (ITLs/PTLs) and lymphangiogenesis are strongly stressed
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preventing primary tumor spread [2], biological significance
and phenotype of ITLs and PTLs including functional
evaluation of interacted ligand–receptor binding and signal-
ing should be emphasized in the future experimental tumors.

4.2 Human tumor tissues

The process of lymphatic invasion by tumor cells relies on
molecular interactions between tumor cells and LECs. In
primary human tumors, malignant cells at the invasive front of
solid tumors may have some biological properties that
distinguish them from those in the central portions of the
tumor and play a key role in tumor progression [17]. Cancer
progression would cause lymphatic destruction to signifi-
cantly reduce the number of ITLs and PTLs and make them
indiscernible. In recent years, the application of specific LEC
markers, including VEGFR-3, LYVE-1 and podoplanin, and
Prox-1 has provided valuable data for illustrating tumor
lymphangiogenesis and aggressiveness, and common regu-
larity of LEC–tumor cell interface in various human tumors.
However, this conclusion needs to be taken into account
when proposing lymphatic markers as a method to identify
cancer patients at higher risk of lymphatic metastasis [83].

4.2.1 VEGF-C and VEGF-D are inconsistent factors
for lymphangiogenesis in human tumors

Evidence for the de novo lymphatic formation has raised
the possibility that cells within primary tumors can
contribute actively to lymphatic dissemination through the
induction of a lymphangiogenic process. VEGF-C activates
VEGFR-3 expressed on adjacent LECs via a paracrine
mechanism to enhance cancer cell dissemination via
lymphatics, possibly by modifying vascular permeability
in some human tumors [106, 107]. Because VEGF-D
shares 61% sequence with VEGF-C [108], it is conceivable
that VEGF-D has similar functional roles to those of
VEGF-C. Increased VEGF-C and VEGF-D concern the
presence and functionality of lymphatics within the tumor
mass. Recently, the study of uterine cervical cancers has
revealed that high VEGF-C expression by tumor cells at the
invasive edge induces lymphangiogenesis and contributes
to high peritumoral LVD, leading to increased lymphatic
invasion [17]. VEGF-D and VEGFR-3 expression levels
are significantly elevated in primary tumors with sentinel
lymph node involvement compared to those lacking lymph
node involvement [77, 109]. Intratumoral lymphangio-
genesis in pancreatic endocrine tumors is, at least in part,
mediated by VEGF-C expression and seems to be inde-
pendent of other lymphangiogenic factors such as VEGF-D,
VEGF, and bFGF [95]. The head and neck squamous cell
carcinoma has shown a strong direct correlation between
iNOS activity, LNM and parameters of lymphangiogenesis

in the tumor periphery, where increased iNOS activity is
associated with both higher LVD and lymphatic area [97].
NO is able to up-regulate VEGF-C gene expression,
suggesting that the iNOS activity may promote lymphan-
giogenesis and spread to lymph nodes, with the possible
involvement of VEGF-C.

In some human tumors, it remains a possibility that, in vivo,
VEGF-C and VEGF-D influence nodal metastasis inde-
pendently of lymphangiogenesis. In naturally occurring
breast carcinomas, LNM may proceed via preexisting
lymphatics that are invaded and destroyed, implying that
lymphangiogenesis is not necessarily be involved [43]. In
head and neck squamous cell carcinoma, a large number of
ITLs comparatively contain proliferating nuclei detected by
pKi67 histochemical staining. In contrast, no dividing nuclei
appear in LECs either in the normal or VEGF-C-expressing
peritumoral tissues, suggesting that the ITLs are proliferating
new vessels rather than preexisting lymphatics that have
merely been surrounded and entrapped by aggressive tumor
mass [79]. The overexpression of VEGF-C/-D has shown no
relationship with any of the biological features of cutaneous
melanoma [84] and pancreatic ductal tumors [16, 44].
Obviously, the functionality of tumor lymphatics and the
contribution of lymphangiogenesis versus lymphatic coop-
tion, especially the relationship of specific molecular LEC
factors to nodal metastasis and prognosis, are still contro-
versial in human tumors,.

4.2.2 ITL lymphangiogenesis is a risk factor
for LNM and prognosis

Tumor cell migration into nearby interstitial tissue is
persistent and gradually leads to local dissemination,
followed by penetration of lymphatics and eventual
production of distant metastasis [110]. During metastasis,
intimate tumor–endothelial adhesive interactions occur at
the site where tumor cells traverse the lymphatic wall and
intercellular junctions are retracted. Intravascular circulat-
ing tumor cells attach to endothelium in the target organ
and are stimulated to grow as colonies inside the vessel.
Tumor cells seem to be captured by LECs during entry and
exit from the lymph circulation [111, 112]. Because most
carcinomas metastasize via lymphatic invasion, LNM is an
important prognostic factor for the clinical outcome.

Although ITLs have been proposed to be nonfunctional
in numerous experimental tumor models, intratumoral
lymphangiogenesis does appear at a relatively high inci-
dence, working as an increased risk factor for LNM
development and correlating with poor disease-free survival
in various human tumors. The patients with lymphatic
invasion of cervical cancer even in the early stage have
shown a significantly shortened disease-free survival [113].
The presence of proliferating ITLs has been reported in
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head and neck cancer [18, 24, 79, 92, 96, 97], cutaneous
melanoma [8, 84, 91], uterine carcinoma [17], papillary
thyroid carcinoma [90], and pancreatic endocrine and
ductal tumors [44, 95]. The de novo growth of newly
formed lymphatics induced by intratumoral or inflammato-
ry cells can provide a possible route for the tumor cell
spread to local lymph nodes. In head and neck squamous
cell carcinoma, LYVE-1-positive ITLs in large tumors or in
the tumors that have already spread to the regional lymph
nodes are clearly associated with a higher risk for local
relapse as well as with poor disease-specific prognosis,
although lymphatics are predominantly located as clusters
in the inflammatory front between the tumor tissue and the
surrounding normal tissue [18]. Discrete “hotspots” of
intratumoral small proliferating lymphatics have occurred
in oropharyngeal carcinoma, the high intratumoral LVD
correlates with neck node metastasis and lends credence to
the possibility that the ITLs act as a conduit for LNM and
functionally interconnect PTLs [79]. The intratumoral LVD
might be used as a criterion to separate patients at higher
risk of an adverse clinical outcome or as a discriminator in
predicting the outcome of patients with absence of LNM
[24, 92]. In pancreatic endocrine tumors, the observations
that high intratumoral LVD was associated with lymphatic
invasion and with angioinvasive/metastatic tumor charac-
teristics have indicated that intratumoral lymphangiogenesis
promotes the malignant progression [95]. In the cutaneous
melanoma, ITLs might represent an extension or recruit-
ment of dermal lymphatics, playing an active role of
lymphangiogenesis evidenced by hotspots of lymphatics
within and surrounding metastatic tumor tissues [8, 91].
The detectable ITLs in human colon, breast, lung and skin
tumors have shown an exclusive CD34 expression in
combined with coexpression of LYVE-1/podoplanin/Prox-
1-positive tumor-associated LECs [98], suggesting multiply
cytokines may feature the tumor cell–LEC or tumor cell–
stroma interfaces. Evidently, not only do ITLs have
occurred at a significantly higher incidence in some
metastatic tumors, but their presence has been related to a
notably increased LNM risk. LECs and tumor cells are
dependent upon the extracellular matrix for survival and
proliferation. The dimension of tumor–endothelial interface
is mainly reflected by LVD (the number of ITLs or PTLs)
and theoretically, increased tumor-related LVD facilitates
the access of tumor cells to the lymphatics. The more the
lymphatic vessels, the greater probability is that tumor cells
invade the lymphatic bed and escape from the original site
of tumors.

4.2.3 PTLs may offer a better survival capacity

The multivariate analysis has, interestingly, indicated a
correlation between PTL density and positive prognosis or

longer overall survival of patients. Although a role for ITLs in
tumor dissemination seems important in some primary tumors
in which lymphatics are easily invaded and destroyed, high
peritumoral LVD has offered a markedly better survival
capacity for the patient with head and neck squamous cell
carcinoma. The presence of LYVE-1-positive lymphatics in
the peritumoral area is more favorable for the patient than
absence of LYVE-1-positive lymphatics [18]. Increased LVD
in the peritumoral areas of cutaneous melanoma, usually
accompanied by increased lymphocyte infiltration, has been
significantly associated with improved patient survival,
whereas decreased LVD has been present in thicker and
more proliferating tumors and predictive of poor prognosis
[91]. In an immunogenic tumor like melanomas, the
presence of a large and functional lymphatic network has
indicated an increased T cell-mediated immune response to
tumor cells [113, 114]. The rationale behind this would also
depend on enhanced antigen presentation by blood monocyte-
derived dendritic cells. PTLs facilitate recruitment of antigen-
presenting cells, e.g., dendritic cells, which then cross-prime
cytotoxic T cells in draining lymph nodes [18]. In addition,
tumor-associated macrophages might support lymphatic
network development in the peritumoral region by switching
on de novo synthesis of VEGF-C/-D and launch antitumoral
immune responses by providing conduits for antigen-present-
ing cells towards the secondary lymphatic organs [15].
Therefore, the tumor-infiltrating lymphocytes and extralym-
phatic environment including activity of matrix metallopro-
teinases might be predictive prognostic factors [5, 115].

4.2.4 Intratumoral and peritumoral LVD
is not an independent prognostic factor

In primary tumors, the presence and extent of intratumoral
and peritumoral lymphangiogenesis might be related to the
risk of LNM, and peritumoral LVD might serve as a novel
prognostic indicator for the risk of patient survival. Indeed,
there is a positive correlation between a high LVD and
LNM in head and neck squamous cell carcinomas [79, 96],
cutaneous melanomas [8, 84], gastric carcinomas [116],
pancreatic tumors [16, 95], uterine cervical carcinoma [15],
and endometrial carcinomas [99]. Lymphangiogenic factors
may induce proliferation and dilatation of PTLs, as well as
proliferation of ITLs, favoring the metastatic spread.
However, the biologic relevance of peritumoral and intra-
tumoral lymphangiogenesis might be different, and the
presence of proliferating ITLs could merely be a sign of the
active formation of tumoral lymphatics even if these
structures are not involved in tumor spread directly.

In breast cancer, lack of association between the
presence of down-regulated LYVE-1 expressing ITLs and
axillary nodal status or patient survival suggests that the
ITLs have little clinical significance and not be fully
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functional [93]. Multivariate analysis has demonstrated that
high peritumoral lymphangiogenesis is associated with an
increased risk of developing LNM and may be an indicator
of the risk of LNM in the patients with head and neck
squamous cell carcinoma [24, 96]. Other clinical studies
have indicated no correlation or even a trend between LVD
and any tumor parameter, including lymphatic invasion,
lymph node status and patient survival in hepatocellular
carcinoma [117] and pancreatic ductal adenocarcinoma
[44]. Furthermore, no convincing evidence of ITLs has
been verified in hepatic tumor [117], breast cancer [43, 94],
uterine cervical carcinomas [15] and prostate carcinomas
[118]. Clearly, the absence of a newly dividing and
potentially leaky intratumoral lymphatic network does not
impede dissemination of tumor cells to draining lymph
nodes. Preexisting lymphatics are a frequent target for
lymphatic invasion, as evidenced by the fact that PTLs are
filled tumor cell emboli in numerous samples [93]. The
complete absence of ITLs in most invasive breast cancers
has been supposed to be the result of a destructive growth
pattern, where the preexisting stroma is destroyed and
replaced by newly formed tumor stroma lacking lymphatics
[94]. Likewise, decreased LVD in thicker breast carcinomas
with high proliferating rate may be the reason that the large
and aggressive melanomas incompletely destroy and
compress the lymphatics and make them less detectable
[104, 113]. During breast carcinogenesis, tumors have
shown marginally raised intratumoral pressure, which may
bring about the collapse of lymphatics or failure to induce
lymphangiogenesis in vivo as a result of other inhibitors
released by the tumor cells themselves [43, 94]. In contrast,
tumor mass in view of the absence of a functional
intratumoral lymphatic network, has not shown extremely
high interstitial fluid pressures, interstitial fluid may find its
way to the lymphatics through tissue spaces driven by the
pressure gradient [119]. This process might in part be
mediated by the activity of matrix metalloproteinases,
which is associated with lymphatic function and tumor
progression [5, 120]. Therefore, in human tumors, the
association between LVD and the presence of nodal
metastases and aggressive behavior is still inconsistent.
The controversial issues about the role of LVD in tumor
progression are due to differences in patient selection and
methodology included in the analyses. It might also reflect
the fact that tumor lymphangiogenesis and lymphatic
metastasis are complex mechanisms that can differ signif-
icantly in tumors of different types or anatomical locations.

5 Conclusions and perspectives

The lymphatic invasion of tumor cells to regional lymph
nodes is a common feature of many human cancers and

animal tumor models. The discovery of specific LEC
markers, LYVE-1, podoplanin, Prox-1, and in vivo func-
tional assays, in the last decade, has greatly stimulated the
study of lymphatic biology including lymphangiogenesis
and its wide clinical implication, especially for revealing
tumor development, growth and metastasis via active
molecular mechanisms. Tumor dissemination seems to
depend on both preexisting lymphatics and VEGF-C/-D/
VEGFR-3-mediated lymphangiogenesis within the tumor or
at the tumor periphery. Established factors influencing tumor
behavior and prognosis are morphological criteria, i.e.,
tumor thickness, location and type, tumor cell density, lymph
node status, destruction of lymphatics and LVD, and the
physiological criteria, i.e., dysfunction of lymphatic valves,
functional interactions of ITLs and PTLs, interstitial fluid
pressure, as well as a series of growth factors, cytokines, and
chemokines (Fig. 5). Great efforts should be made to
illustrate the functional relationship between ITLs/PTLs
and metastasis progression and to inquire their possible
biological relevance in prognosis and therapeutics.

References

1. Carmeliet, P., & Jain, R. K. (2000). Angiogenesis in cancer and
other diseases. Nature, 407, 249–257.

2. Achen, M. G., McColl, B. K., & Stacker, S. A. (2005). Focus on
lymphangiogenesis in tumor metastasis. Cancer Cells, 7, 121–127.

3. Alitalo, K., Tammela, T., & Petrova, T. V. (2005). Lymphangio-
genesis in development and human disease. Nature, 438, 946–953.

4. Ji, R. C. (2005). Characteristics of lymphatic endothelial cells in
physiological and pathological conditions. Histology and Histo-
pathology, 20, 155–175.

5. Ji, R. C. (2006). Lymphatic endothelial cells, lymphangio-
genesis, and extracellular matrix. Lymphatic Research and
Biology, 4, 83–100.

6. Kato, S., Shimoda, H., Ji, R. C., & Miura, M. (2006).
Lymphangiogenesis and expression of specific molecules as
lymphatic endothelial cell markers. Anatomical Science Interna-
tional, 81, 71–83.

7. Padera, T. P., Kadambi, A., di Tomaso, E., Carreira, C. M.,
Brown, E. B., Boucher, Y., et al. (2002). Lymphatic metastasis in
the absence of functional intratumor lymphatics. Science, 296,
1883–1886.

8. Dadras, S. S., Paul, T., Bertoncini, J., Brown, L. F., Muzikansky,
A., Jackson, D. G., et al. (2003). Tumor lymphangiogenesis: A
novel prognostic indicator for cutaneous melanoma metastasis
and survival. American Journal of Pathology, 162, 1951–1960.

9. Krishnan, J., Kirkin, V., Steffen, A., Hegen, M., Weih, D.,
Tomarev, S., et al. (2003). Differential in vivo and in vitro
expression of vascular endothelial growth factor (VEGF)-C and
VEGF-D in tumors and its relationship to lymphatic metastasis
in immunocompetent rats. Cancer Research, 63, 713–722.

10. Skobe, M., Hamberg, L. M., Hawighorst, T., Schirner, M., Wolf,
G. L., Alitalo, K., et al. (2001). Concurrent induction of
lymphangiogenesis, angiogenesis, and macrophage recruitment
by vascular endothelial growth factor-C in melanoma. American
Journal of Pathology, 159, 893–903.

11. Skobe, M., Hawighorst, T., Jackson, D. G., Prevo, R., Janes, L.,
Velasco, P., et al. (2001). Induction of tumor lymphangiogenesis

690 Cancer Metastasis Rev (2006) 25:677–694



by VEGF-C promotes breast cancer metastasis. Nature Medicine,
7, 192–198.

12. Stacker, S. A., Caesar, C., Baldwin, M. E., Thornton, G. E.,
Williams, R. A., Prevo, R., et al. (2001). VEGF-D promotes the
metastatic spread of tumor cells via the lymphatics. Nature
Medicine, 7, 186–191.

13. Karpanen, T., Egeblad, M., Karkkainen, M. J., Kubo, H., Yla-
Herttuala, S., Jaattela, M., et al. (2001). Vascular endothelial
growth factor C promotes tumor lymphangiogenesis and intra-
lymphatic tumor growth. Cancer Research, 61, 1786–1790.

14. Mandriota, S. J., Jussila, L., Jeltsch, M., Compagni, A., Baetens,
D., Prevo, R., et al. (2001). Vascular endothelial growth factor-
C-mediated lymphangiogenesis promotes tumour metastasis.
EMBO Journal, 20, 672–682.

15. Schoppmann, S. F., Birner, P., Stockl, J., Kalt, R., Ullrich, R.,
Caucig, C., et al. (2002). Tumor-associated macrophages express
lymphatic endothelial growth factors and are related to peritu-
moral lymphangiogenesis. American Journal of Pathology, 161,
947–956.

16. Rubbia-Brandt, L., Terris, B., Giostra, E., Dousset, B., Morel, P.,
& Pepper, M. S. (2004). Lymphatic vessel density and vascular
endothelial growth factor-C expression correlate with malignant
behavior in human pancreatic endocrine tumors. Clinical Cancer
Research, 10, 6919–6928.

17. Gombos, Z., Xu, X., Chu, C. S., Zhang, P. J., & Acs, G. (2005).
Peritumoral lymphatic vessel density and vascular endothelial
growth factor C expression in early-stage squamous cell
carcinoma of the uterine cervix. Clinical Cancer Research, 11,
8364–8371.

18. Maula, S. M., Luukkaa, M., Grenman, R., Jackson, D., Jalkanen,
S., & Ristamaki, R. (2003). Intratumoral lymphatics are essential
for the metastatic spread and prognosis in squamous cell
carcinomas of the head and neck region. Cancer Research, 63,
1920–1926.

19. Cursiefen, C., Ikeda, S., Nishina, P. M., Smith, R. S., Ikeda, A.,
Jackson, D., et al. (2005). Spontaneous corneal hem- and
lymphangiogenesis in mice with destrin-mutation depend on
VEGFR3 signaling. American Journal of Pathology, 166,
1367–1377.

20. Witte, M. H., Jones, K., Wilting, J., Dictor, M., Selg, M.,
McHale, N., et al. (2006). Structure function relationships in the
lymphatic system and implications for cancer biology. Cancer
Metastasis Reviews, 25, 159–184.

21. Leu, A. J., Berk, D. A., Lymboussaki, A., Alitalo, K., & Jain, R. K.
(2000). Absence of functional lymphatics within a murine
sarcoma: A molecular and functional evaluation. Cancer Re-
search, 60, 4324–4327.

22. He, Y., Rajantie, I., Pajusola, K., Jeltsch, M., Holopainen, T.,
Yla-Herttuala, S., et al. (2005). Vascular endothelial cell growth
factor receptor 3-mediated activation of lymphatic endothelium
is crucial for tumor cell entry and spread via lymphatic vessels.
Cancer Research, 65, 4739–4746.

23. Stacker, S. A., Achen, M. G., Jussila, L., Baldwin, M. E., &
Alitalo, K. (2002). Lymphangiogenesis and cancer metastasis.
Nature Reviews. Cancer, 2, 573–583.

24. Kyzas, P. A., Geleff, S., Batistatou, A., Agnantis, N. J., &
Stefanou, D. (2005). Evidence for lymphangiogenesis and its
prognostic implications in head and neck squamous cell
carcinoma. Journal of Pathology, 206, 170–177.

25. Alitalo, K., & Carmeliet, P. (2002). Molecular mechanisms of
lymphangiogenesis in health and disease.Cancer Cells, 1, 219–227.

26. Swartz, M. A., & Skobe, M. (2001). Lymphatic function,
lymphangiogenesis, and cancer metastasis. Microscopy Research
and Technique, 55, 92–99.

27. Goldman, J., Le, T. X., Skobe, M., & Swartz, M. A. (2005).
Overexpression of VEGF-C causes transient lymphatic hyper-

plasia but not increased lymphangiogenesis in regenerating skin.
Circulation Research, 96, 1193–1199.

28. Nathanson, S. D. (2003). Insights into the mechanisms of lymph
node metastasis. Cancer, 98, 413–423.

29. Isaka, N., Padera, T. P., Hagendoorn, J., Fukumura, D., & Jain,
R. K. (2004). Peritumor lymphatics induced by vascular
endothelial growth factor-C exhibit abnormal function. Cancer
Research, 64, 4400–4404.

30. He, Y., Rajantie, I., Ilmonen, M., Makinen, T., Karkkainen, M. J.,
Haiko, P., et al. (2004). Preexisting lymphatic endothelium but not
endothelial progenitor cells are essential for tumor lymphan-
giogenesis and lymphatic metastasis. Cancer Research, 64,
3737–3740.

31. Cao, R., Bjorndahl, M. A., Gallego, M. I., Chen, S., Religa, P.,
Hansen, A. J., et al. (2006). Hepatocyte growth factor is a
lymphangiogenic factor with an indirect mechanism of action.
Blood, 107, 3531–3536.

32. Cao, R., Bjorndahl, M. A., Religa, P., Clasper, S., Garvin, S.,
Galter, D., et al. (2004). PDGF-BB induces intratumoral
lymphangiogenesis and promotes lymphatic metastasis. Cancer
Cells, 6, 333–345.

33. Zlotnik, A. (2004). Chemokines in neoplastic progression.
Seminars in Cancer Biology, 14, 181–185.

34. Muller, A., Homey, B., Soto, H., Ge, N., Catron, D., Buchanan,
M. E., et al. (2001). Involvement of chemokine receptors in
breast cancer metastasis. Nature, 410, 50–56.

35. Ohl, L., Mohaupt, M., Czeloth, N., Hintzen, G., Kiafard, Z.,
Zwirner, J., et al. (2004). CCR7 governs skin dendritic cell
migration under inflammatory and steady-state conditions.
Immunity, 21, 279–288.

36. Qu, P., Ji, R. C., & Kato, S. (2003). Histochemical analysis of
lymphatic endothelial cells in the pancreas of non-obese diabetic
mice. Journal of Anatomy, 203, 523–530.

37. Qu, P., Ji, R. C., Shimoda, H., Miura, M., & Kato, S. (2004).
Study on pancreatic lymphatics in nonobese diabetic mouse with
prevention of insulitis and diabetes by adjuvant immunotherapy.
The Anatomical Record. Part A, Discoveries in Molecular,
Cellular and Evolutionary Biology, 281, 1326–1336.

38. Qu, P., Ji, R. C., & Kato, S. (2005). Expression of CCL21 and 5′-
Nase on pancreatic lymphatics in nonobese diabetic mice.
Pancreas, 31, 148–155.

39. Banerji, S., Ni, J., Wang, S. X., Clasper, S., Su, J., Tammi, R., et al.
(1999). LYVE-1, a new homologue of the CD44 glycoprotein, is a
lymph-specific receptor for hyaluronan. Journal of Cell Biology,
144, 789–801.

40. Jackson, D. G. (2003). The lymphatics revisited: New perspec-
tives from the hyaluronan receptor LYVE-1. Trends in Cardio-
vascular Medicine, 13, 1–7.

41. Moldovan, N. I., Goldschmidt-Clermont, P. J., Parker-
Thornburg, J., Shapiro, S. D., & Kolattukudy, P. E. (2000).
Contribution of monocytes/macrophages to compensatory neo-
vascularization: The drilling of metalloelastase-positive tunnels
in ischemic myocardium. Circulation Research, 87, 378–384.

42. Pytowski, B., Goldman, J., Persaud, K., Wu, Y., Witte, L.,
Hicklin, D. J., et al. (2005). Complete and specific inhibition
of adult lymphatic regeneration by a novel VEGFR-3
neutralizing antibody. Journal of the National Cancer Institute,
97, 14–21.

43. Williams, C. S., Leek, R. D., Robson, A. M., Banerji, S., Prevo,
R., Harris, A. L., et al. (2003). Absence of lymphangiogenesis
and intratumoural lymph vessels in human metastatic breast
cancer. Journal of Pathology, 200, 195–206.

44. Sipos, B., Kojima, M., Tiemann, K., Klapper, W., Kruse, M. L.,
Kalthoff, H., et al. (2005). Lymphatic spread of ductal pancreatic
adenocarcinoma is independent of lymphangiogenesis. Journal
of Pathology, 207, 301–312.

Cancer Metastasis Rev (2006) 25:677–694 691



45. Kerjaschki, D., Regele, H. M., Moosberger, I., Nagy-Bojarski,
K., Watschinger, B., et al. (2004). Lymphatic neoangiogenesis in
human kidney transplants is associated with immunologically
active lymphocytic infiltrates. Journal of the American Society of
Nephrology, 15, 603–612.

46. Baluk, P., Tammela, T., Ator, E., Lyubynska, N., Achen, M. G.,
Hicklin, D. J., et al. (2005). Pathogenesis of persistent lymphatic
vessel hyperplasia in chronic airway inflammation. Journal of
Clinical Investigation, 115, 247–257.

47. Kerjaschki, D. (2005). The crucial role of macrophages in
lymphangiogenesis. Journal of Clinical Investigation, 115,
2316–2319.

48. Ogawa, E., Takenaka, K., Yanagihara, K., Kurozumi, M., Manabe,
T., Wada, H., et al. (2004). Clinical significance of VEGF-C status
in tumour cells and stromal macrophages in non-small cell lung
cancer patients. British Journal of Cancer, 91, 498–503.

49. Ji, R. C., Qu, P., & Kato, S. (2003). Application of a new 5′-Nase
monoclonal antibody specific for lymphatic endothelial cells.
Laboratory Investigation, 83, 1681–1683.

50. Ji, R. C., Miura, M., Qu, P., & Kato, S. (2004). Expression of
VEGFR-3 and 5′-Nase in regenerating lymphatic vessels of the
cutaneous wound healing. Microscopy Research and Technique,
64, 279–286.

51. Ji, R. C., & Kato, S. (2001). Histochemical analysis of lymphatic
endothelial cells in lymphostasis. Microscopy Research and
Technique, 55, 70–80.

52. Ji, R. C., & Kato, S. (2003). Lymphatic network and lymphan-
giogenesis in the gastric wall. Journal of Histochemistry and
Cytochemistry, 51, 331–338.

53. Farnsworth, R. H., Achen, M. G., & Stacker, S. A. (2006).
Lymphatic endothelium: An important interactive surface for
malignant cells. Pulmonary Pharmacology & Therapeutics, 19,
51–60.

54. Ji, R. C., & Kato, S. (2000). Intrinsic interrelation of lymphatic
endothelia with nerve elements in the monkey urinary bladder.
Anatomical Record, 259, 86–96.

55. Azzali, G. (2006). On the transendothelial passage of tumor cell
from extravasal matrix into the lumen of absorbing lymphatic
vessel. Microvascular Research, 72, 74–85.

56. Djonov, V., Andres, A. C., & Ziemiecki, A. (2001).
Vascular remodelling during the normal and malignant life
cycle of the mammary gland. Microscopy Research and
Technique, 52, 182–189.

57. Breiteneder-Geleff, S., Soleiman, A., Kowalski, H., Horvat, R.,
Amann, G., Kriehuber, E., et al. (1999). Angiosarcomas express
mixed endothelial phenotypes of blood and lymphatic capillaries:
Podoplanin as a specific marker for lymphatic endothelium.
American Journal of Pathology, 154, 385–394.

58. Wigle, J. T., & Oliver, G. (1999). Prox1 function is required
for the development of the murine lymphatic system. Cell, 98,
769–778.

59. Kaipainen, A., Korhonen, J., Mustonen, T., van Hinsbergh, V. W.,
Fang, G. H., Dumont, D., et al. (1995). Expression of the fms-
like tyrosine kinase 4 gene becomes restricted to lymphatic
endothelium during development. Proceedings of the National
Academy of Sciences of the United States of America, 92,
3566–3570.

60. Kato, S., & Miyauchi, R. (1989). Enzyme–histochemical
visualization of lymphatic capillaries in the mouse tongue: Light
and electron microscopic study. Okajimas Folia Anatomica
Japonica, 65, 391–403.

61. Gunn, M. D., Tangemann, K., Tam, C., Cyster, J. G., Rosen, S. D.,
Williams, L. T. (1998). A chemokine expressed in lymphoid high
endothelial venules promotes the adhesion and chemotaxis of
naive T lymphocytes. Proceedings of the National Academy of
Sciences of the United States of America, 95, 258–263.

62. Laakkonen, P., Porkka, K., Hoffman, J. A., & Ruoslahti, E.
(2002). A tumor-homing peptide with a targeting specificity
related to lymphatic vessels. Nature Medicine, 8, 751–755.

63. Gale, N. W., Thurston, G., Hackett, S. F., Renard, R., Wang,
Q., McClain, J., et al. (2002). Angiopoietin-2 is required for
postnatal angiogenesis and lymphatic patterning, and only the
latter role is rescued by Angiopoietin-1. Developmental Cell, 3,
411–423.

64. Albelda, S. M., Muller, W. A., Buck, C. A., & Newman, P. J.
(1991). Molecular and cellular properties of PECAM-1 (endo-
CAM/CD31): A novel vascular cell–cell adhesion molecule.
Journal of Cell Biology, 114, 1059–1068.

65. Krause, D. S., Fackler, M. J., Civin, C. I., & May, W. S. (1996).
CD34: Structure, biology, and clinical utility. Blood, 87, 1–13.

66. Sauter, B., Foedinger, D., Sterniczky, B., Wolff, K., &
Rappersberger, K. (1998). Immunoelectron microscopic char-
acterization of human dermal lymphatic microvascular endo-
thelial cells. Differential expression of CD31, CD34, and type
IV collagen with lymphatic endothelial cells vs blood capillary
endothelial cells in normal human skin, lymphangioma, and
hemangioma in situ. Journal of Histochemistry and Cytochem-
istry, 46, 165–176.

67. Schlingemann, R. O., Dingjan, G. M., Emeis, J. J., Blok, J.,
Warnaar, S. O., & Ruiter, D. J. (1985). Monoclonal antibody
PAL-E specific for endothelium. Laboratory Investigation, 52,
71–76.

68. Kahn, H. J., & Marks, A. (2002). A new monoclonal antibody,
D2-40, for detection of lymphatic invasion in primary tumors.
Laboratory Investigation, 82, 1255–1257.

69. Schmelz, M., Moll, R., Kuhn, C., & Franke, W. W. (1994).
Complexus adhaerentes, a new group of desmoplakin-containing
junctions in endothelial cells: II. Different types of lymphatic
vessels. Differentiation, 57, 97–117.

70. Erhard, H., Rietveld, F. J., Brocker, E. B., de Waal, R. M., &
Ruiter, D. J. (1996). Phenotype of normal cutaneous microvas-
culature. Immunoelectron microscopic observations with empha-
sis on the differences between blood vessels and lymphatics.
Journal of Investigative Dermatology, 106, 135–140.

71. Dagenais, S. L., Hartsough, R. L., Erickson, R. P., Witte, M. H.,
Butler, M. G., & Glover, T. W. (2004). Foxc2 is expressed in
developing lymphatic vessels and other tissues associated with
lymphedema–distichiasis syndrome. Gene Expression Patterns,
4, 611–619.

72. Petrova, T. V., Karpanen, T., Norrmen, C., Mellor, R.,
Tamakoshi, T., Finegold, D., et al. (2004). Defective valves
and abnormal mural cell recruitment underlie lymphatic
vascular failure in lymphedema distichiasis. Nature Medicine,
10, 974–981.

73. Wagner, D. D., Olmsted, J. B., & Marder, V. J. (1982).
Immunolocalization of von Willebrand protein in Weibel–Palade
bodies of human endothelial cells. Journal of Cell Biology, 95,
355–360.

74. Miettinen, M., Lindenmayer, A. E., & Chaubal, A. (1994).
Endothelial cell markers CD31, CD34, and BNH9 antibody to
H- and Y-antigens—evaluation of their specificity and sensitivity
in the diagnosis of vascular tumors and comparison with von
Willebrand factor. Modern Pathology, 7, 82–90.

75. Trzewik, J., Mallipattu, S. K., Artmann, G. M., Delano, F. A., &
Schmid-Schonbein, G. W. (2001). Evidence for a second valve
system in lymphatics: Endothelial microvalves. FASEB Journal,
15, 1711–1717.

76. Helmlinger, G., Netti, P. A., Lichtenbeld, H. C., Melder, R. J., &
Jain, R. K. (1997). Solid stress inhibits the growth of multicellular
tumor spheroids. Nature Biotechnology, 15, 778–783.

77. Zeng, Y., Opeskin, K., Baldwin, M. E., Horvath, L. G., Achen,
M. G., Stacker, S. A., et al. (2004). Expression of vascular

692 Cancer Metastasis Rev (2006) 25:677–694



endothelial growth factor receptor-3 by lymphatic endothelial
cells is associated with lymph node metastasis in prostate cancer.
Clinical Cancer Research, 10, 5137–5144.

78. Pettersson, A., Nagy, J. A., Brown, L. F., Sundberg, C., Morgan,
E., Jungles, S., et al. (2000). Heterogeneity of the angiogenic
response induced in different normal adult tissues by vascular
permeability factor/vascular endothelial growth factor. Labora-
tory Investigation, 80, 99–115.

79. Beasley, N. J., Prevo, R., Banerji, S., Leek, R. D., Moore, J., van
Trappen, P., et al. (2002). Intratumoral lymphangiogenesis and
lymph node metastasis in head and neck cancer. Cancer
Research, 62, 1315–1320.

80. Crnic, I., Strittmatter, K., Cavallaro, U., Kopfstein, L., Jussila,
L., Alitalo, K., et al. (2004). Loss of neural cell adhesion
molecule induces tumor metastasis by up-regulating lymphan-
giogenesis. Cancer Research, 64, 8630–8638.

81. Papoutsi, M., Siemeister, G., Weindel, K., Tomarev, S. I., Kurz,
H., Schachtele, C., et al. (2000). Active interaction of human
A375 melanoma cells with the lymphatics in vivo. Histochem-
istry and Cell Biology, 114, 373–385.

82. Hirakawa, S., Kodama, S., Kunstfeld, R., Kajiya, K., Brown, L. F.,
& Detmar, M. (2005). VEGF-A induces tumor and sentinel lymph
node lymphangiogenesis and promotes lymphatic metastasis.
Journal of Experimental Medicine, 201, 1089–1099.

83. Hoon, D. S., Kitago, M., Kim, J., Mori, T., Piris, A., Szyfelbein,
K., et al. (2006). Molecular mechanisms of metastasis. Cancer
Metastasis Reviews, 25, 203–220.

84. Shields, J. D., Borsetti, M., Rigby, H., Harper, S. J.,
Mortimer, P. S., Levick, J. R., et al. (2004). Lymphatic density
and metastatic spread in human malignant melanoma. British
Journal of Cancer, 90, 693–700.

85. Bjorndahl, M. A., Cao, R., Burton, J. B., Brakenhielm, E.,
Religa, P., Galter, D., et al. (2005). Vascular endothelial growth
factor-a promotes peritumoral lymphangiogenesis and lymphatic
metastasis. Cancer Research, 65, 9261–9268.

86. Nagy, J. A., Vasile, E., Feng, D., Sundberg, C., Brown, L. F.,
Detmar, M. J., et al. (2002). Vascular permeability factor/
vascular endothelial growth factor induces lymphangiogenesis
as well as angiogenesis. Journal of Experimental Medicine, 196,
1497–1506.

87. Schmid-Schonbein, G. W. (2003). The second valve system in
lymphatics. Lymphatic Research and Biology, 1, 25–29.

88. Jain, R. K., & Fenton, B. T. (2002). Intratumoral lymphatic
vessels: A case of mistaken identity or malfunction? Journal of
National Cancer Institute, 94, 417–421.

89. Wong, S. Y., Haack, H., Crowley, D., Barry, M., Bronson, R. T.,
& Hynes, R. O. (2005). Tumor-secreted vascular endothelial
growth factor-C is necessary for prostate cancer lymphangio-
genesis, but lymphangiogenesis is unnecessary for lymph node
metastasis. Cancer Research, 65, 9789–9798.

90. Hall, F. T., Freeman, J. L., Asa, S. L., Jackson, D. G., & Beasley,
N. J. (2003). Intratumoral lymphatics and lymph node metastases
in papillary thyroid carcinoma. Archives of Otolaryngology—
Head & Neck Surgery, 129, 716–719.

91. Straume, O., Jackson, D. G., & Akslen, L. A. (2003).
Independent prognostic impact of lymphatic vessel density and
presence of low-grade lymphangiogenesis in cutaneous melano-
ma. Clinical Cancer Research, 9, 250–256.

92. Munoz-Guerra, M. F., Marazuela, E. G., Martin-Villar, E.,
Quintanilla, M., & Gamallo, C. (2004). Prognostic significance
of intratumoral lymphangiogenesis in squamous cell carcinoma
of the oral cavity. Cancer, 100, 553–560.

93. Bono, P., Wasenius, V. M., Heikkila, P., Lundin, J., Jackson, D. G.,
& Joensuu, H. (2004). High LYVE-1-positive lymphatic vessel
numbers are associated with poor outcome in breast cancer.
Clinical Cancer Research, 10, 7144–7149.

94. Vleugel, M. M., Bos, R., van der Groep, P., Greijer, A. E., Shvarts,
A., Stel, H. V., et al. (2004). Lack of lymphangiogenesis during
breast carcinogenesis. Journal of Clinical Pathology, 57, 746–751.

95. Sipos, B., Klapper, W., Kruse, M. L., Kalthoff, H., Kerjaschki,
D., & Kloppel, G. (2004). Expression of lymphangiogenic
factors and evidence of intratumoral lymphangiogenesis in
pancreatic endocrine tumors. American Journal of Pathology,
165, 1187–1197.

96. Franchi, A., Gallo, O., Massi, D., Baroni, G., & Santucci, M.
(2004). Tumor lymphangiogenesis in head and neck squamous
cell carcinoma: A morphometric study with clinical correlations.
Cancer, 101, 973–978.

97. Franchi, A., Massi, D., Santucci, M., Masini, E., Degl’Innocenti,
D. R., Magnelli, L., et al. (2006). Inducible nitric oxide synthase
activity correlates with lymphangiogenesis and vascular endo-
thelial growth factor-C expression in head and neck squamous
cell carcinoma. Journal of Pathology, 208, 439–445.

98. Fiedler, U., Christian, S., Koidl, S., Kerjaschki, D., Emmett, M. S.,
Bates, D. O., et al. (2006). The sialomucin CD34 is a marker of
lymphatic endothelial cells in human tumors. American Journal
of Pathology, 168, 1045–1053.

99. Stefansson, I. M., Salvesen, H. B., & Akslen, L. A. (2006).
Vascular proliferation is important for clinical progress of
endometrial cancer. Cancer Research, 66, 3303–3309.

100. Pepper, M. S., & Skobe, M. (2003). Lymphatic endothelium:
Morphological, molecular and functional properties. Journal of
Cell Biology, 163, 209–213.

101. Cassella, M., & Skobe, M. (2002). Lymphatic vessel activation
in cancer. Annals of the New York Academy of Sciences, 979,
120–130.

102. Mattila, M. M., Ruohola, J. K., Karpanen, T., Jackson, D. G.,
Alitalo, K., & Harkonen, P. L. (2002). VEGF-C induced lymphan-
giogenesis is associated with lymph node metastasis in orthotopic
MCF-7 tumors. International Journal of Cancer, 98, 946–951.

103. Allan, A. L., George, R., Vantyghem, S. A., Lee, M. W.,
Hodgson, N. C., Engel, C. J., et al. (2006). Role of the integrin-
binding protein osteopontin in lymphatic metastasis of breast
cancer. American Journal of Pathology, 169, 233–246.

104. Clarijs, R., Ruiter, D. J., & de Waal, R. M. (2001). Lymphangio-
genesis in malignant tumours: Does it occur? Journal of
Pathology, 193, 143–146.

105. Cursiefen, C., Chen, L., Borges, L. P., Jackson, D., Cao, J.,
Radziejewski, C., et al. (2004). VEGF-A stimulates lymphangio-
genesis and hemangiogenesis in inflammatory neovasculariza-
tion via macrophage recruitment. Journal of the Clinical
Investigation, 113, 1040–1050.

106. Valtola, R., Salven, P., Heikkila, P., Taipale, J., Joensuu, H.,
Rehn, M., et al. (1999). VEGFR-3 and its ligand VEGF-C are
associated with angiogenesis in breast cancer. American Journal
of Pathology, 154, 1381–1390.

107. Niki, T., Iba, S., Tokunou, M., Yamada, T., Matsuno, Y., &
Hirohashi, S. (2000). Expression of vascular endothelial growth
factors A, B, C, and D and their relationships to lymph node
status in lung adenocarcinoma. Clinical Cancer Research, 6,
2431–2439.

108. Achen, M. G., Jeltsch, M., Kukk, E., Makinen, T., Vitali, A.,
Wilks, A. F., et al. (1998). Vascular endothelial growth factor
D (VEGF-D) is a ligand for the tyrosine kinases VEGF
receptor 2 (Flk1) and VEGF receptor 3 (Flt4). Proceedings of
the National Academy of Sciences of the United States of
America, 95, 548–553.

109. Stearns, M. E., Wang, M., Hu, Y., Kim, G., & Garcia, F. U.
(2004). Expression of a flt-4 (VEGFR3) splicing variant in
primary human prostate tumors. VEGF D and flt-4t (Delta773-
1081) overexpression is diagnostic for sentinel lymph node
metastasis. Laboratory Investigation, 84, 785–795.

Cancer Metastasis Rev (2006) 25:677–694 693



110. Kramer, R. H., Shen, X., & Zhou, H. (2005). Tumor cell
invasion and survival in head and neck cancer. Cancer
Metastasis Reviews, 24, 35–45.

111. Al-Mehdi, A. B., Tozawa, K., Fisher, A. B., Shientag, L., Lee,
A., & Muschel, R. J. (2000). Intravascular origin of metastasis
from the proliferation of endothelium-attached tumor cells: A
new model for metastasis. Nature Medicine, 6, 100–102.

112. Liotta, L. A., & Kohn, E. C. (2001). The microenvironment of
the tumour–host interface. Nature, 411, 375–379.

113. Birner, P., Schindl, M., Obermair, A., Breitenecker, G.,
Kowalski, H., & Oberhuber, G. (2001). Lymphatic micro-
vessel density as a novel prognostic factor in early-stage
invasive cervical cancer. International Journal of Cancer, 95,
29–33.

114. Cuenca, A., Cheng, F., Wang, H., Brayer, J., Horna, P., Gu, L.,
et al. (2003). Extra-lymphatic solid tumor growth is not
immunologically ignored and results in early induction of
antigen-specific T-cell anergy: Dominant role of cross-tolerance
to tumor antigens. Cancer Research, 63, 9007–9015.

115. Clark, W. H. Jr, Elder, D. E., Guerry, D. 4th, Braitman, L. E.,
Trock, B. J., Schultz, D., et al. (1989). Model predicting survival
in stage I melanoma based on tumor progression. Journal of
National Cancer Institute, 81, 1893–1904.

116. Kitadai, Y., Kodama, M., Cho, S., Kuroda, T., Ochiumi, T.,
Kimura, S., et al. (2005). Quantitative analysis of lymphangio-
genic markers for predicting metastasis of human gastric
carcinoma to lymph nodes. International Journal of Cancer,
115, 388–392.

117. Mouta Carreira, C., Nasser, S. M., di Tomaso, E., Padera, T. P.,
Boucher, Y., Tomarev, S. I., et al. (2001). LYVE-1 is not
restricted to the lymph vessels: Expression in normal liver blood
sinusoids and down-regulation in human liver cancer and
cirrhosis. Cancer Research, 61, 8079–8084.

118. Trojan, L., Michel, M. S., Rensch, F., Jackson, D. G., Alken, P., &
Grobholz, R. (2004). Lymph and blood vessel architecture in
benign and malignant prostatic tissue: Lack of lymphangiogenesis
in prostate carcinoma assessed with novel lymphatic marker
lymphatic vessel endothelial hyaluronan receptor (LYVE-1).
Journal of Urology, 172, 103–107.

119. Borgstein, P. J., Pijpers, R., Comans, E. F., van Diest, P. J., Boom,
R. P., &Meijer, S. (1998). Sentinel lymph node biopsy in breast cancer:
Guidelines and pitfalls of lymphoscintigraphy and gamma probe de-
tection. Journal of the American College of Surgeons, 186, 275–283.

120. Hofmann, U. B., Westphal, J. R., Van Muijen, G. N., & Ruiter,
D. J. (2000). Matrix metalloproteinases in human melanoma.
Journal of Investigative Dermatology, 115, 337–344.

694 Cancer Metastasis Rev (2006) 25:677–694


	Lymphatic...
	Abstract
	Introduction
	Tumor lymphangiogenesis
	VEGF-C/-D and other cytokines or chemokines
	Extracellular matrix and macrophages

	Morphological characteristics in tumor lymphatics
	ITLs are essential to facilitate dissemination of tumor cells
	PTLs critically decide unidirectional transport of tumor cells to regional lymph nodes

	Biological significance of ITLs and PTLs
	Animal tumor tissues
	Nonfunctional ITL growth may not contribute to LNM
	VEGF-C/-D and VEGF-A are involved in ITL or PTL growth and LNM

	Human tumor tissues
	VEGF-C and VEGF-D are inconsistent factors for lymphangiogenesis in human tumors
	ITL lymphangiogenesis is a risk factor for LNM and prognosis
	PTLs may offer a better survival capacity
	Intratumoral and peritumoral LVD is not an independent prognostic factor


	Conclusions and perspectives
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


