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Metastasis in sentinel lymph nodes indicates the initial spread of
tumors from a primary site. The recent discovery of tumor-associated
growth of lymphatic vessels clarified that tumor lymphangiogenesis
actively promotes enhanced draining/sentinel lymph node metastasis.
Studies of experimental carcinogenesis have further established that
tumors continue to induce lymphangiogenesis in metastatic foci
such as draining lymph nodes. Lymphangiogenesis within draining
lymph nodes probably contributes to enhanced distant lymph node
and distant organ metastases. Lymph node lymphangiogenesis has
recently been identified in several human malignancies, such as
cutaneous malignant melanoma. Tumor-associated lymphangiogenesis
thus has potential significance not only at the primary site, but
also in lymph nodes. Primary tumors induce new lymphatic vessel
growth in draining lymph nodes before metastasis. The remarkable
enlargement of sinusoidal lymphatic endothelium might facilitate
tumor cell transport to the lymph nodes, and potentially contribute
to the migration, residence, and/or survival of metastatic tumor
cancer stem cells by inducing a specific tumor microenvironment.
Therefore, the novel concept of ‘lymphvascular niche’ is proposed
herein to explain lymphatic network expansion. This concept might
help to improve understanding of the molecular mechanism of lymph
node metastasis, and change therapeutic approaches to treating
cancer metastasis. (Cancer Sci 2009; 100: 983-989)

Lymphatic vessels comprise an invisible but essential
component of the vascular system

The vascular system comprises two types of vascular structures,
namely blood and lymphatic vessels. Blood vessels form a
closed circulation so that blood can travel from the heart to
peripheral organs such as the skin.’ However, blood must also
provide oxygen and nutrients to cells within tissues, including the
epidermis, which consist of layers of keratinocytes. Therefore,
blood capillaries extravasate plasma so that oxygen and nutrients
can be effectively transported to targeted cells, and homeostasis
is maintained by draining interstitial tissue fluid from the
peripheral tissues. Hence, the lymphatic vessels play essential
roles in absorbing interstitial tissue fluid and macromolecules,
as well as in transporting ‘lymph’ to the bloodstream by way of
the subclavian vein.

Tumors induce new blood vessel formation from pre-existing
vessels in a process called tumor angiogenesis® to obtain
sufficient oxygen and nutrients for growth and survival within
primary sites. However, newly-formed blood vessels play a
pivotal role in promoting enhanced tumor metastasis to distant
organs, the primary cause of poor patient outcomes.”® The
mechanism of tumor angiogenesis has been extensively characterized
based on such clinical and biological significance, however, it is
unknown whether lymphatic vessels remain quiescent in tumors,
or actively promote their lymphatic metastasis.
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Tumor lymphangiogenesis: A potent inducer of tumor
metastasis to sentinel lymph nodes and a novel risk
factor for patient survival

Tumors induce the growth of new lymphatic vessels in experimental
mouse models and in human cancers. Increasing evidence,
particularly regarding lymphatic vessel-specific markers and
lymphangiogenic growth factors, led to the identification of
tumor-associated lymphangiogenesis in 2001“". Pioneering
molecular cloning technologies developed during the 1990s have
identified several genes, such as ProxI,® T1o/podoplanin,® the
lymphatic vessel endothelial hyaluronan receptor (LYVEI),"?
and Fms-related tyrosine kinase 4 (FLT4)/vascular endothelial growth
factor receptor-3 (VEGFR3),'V that are specifically expressed in
lymphatic endothelial cells, and/or play crucial roles in the
development of lymphatic vessels. ProxI is a homeobox transcription
factor that specifies lymphatic vessels from blood vessels during
mouse embryogenesis and postnatal growth.!>!» The origin of the
mammalian lymphatic endothelium is venous during development.!¥
The inactivation of Prox! in mice showed that ProxI null-lymphatic
progenitor cells do not bud off the cardinal vein, leading to a
loss of the lymphatic vascular system, resulting in lymphedema,
a distinct phenotype of defective lymphatic vessels.'® Therefore,
Prox]1 is a key transcription factor in lymphatic vessel development,
and its expression confirms lymphatic identity.

Sox18, a developmental transcription factor in the SRY-
related HMG domain family, has recently been identified as a
novel protein that frans-activates ProxI expression exclusively
in the lymphatic endothelial cells of mice."”

Tlo/podoplanin is a mutin-type glycoprotein that is abundantly
expressed on lymphatic endothelial cells, and that potently
distinguishes lymphatic vessels from blood vessels in the normal
skin.!"® Although expressed in various cell types under both
physiological and pathological conditions, T1o/podoplanin is
widely accepted as a marker of tumor-associated lymphatic
vessels, particularly in human cancers. The monoclonal anti-T1o/
podoplanin antibodies D2-4019 or NZ-1%7 are currently used to
label lymphatic endothelium in paraffin-embedded tumor specimens.
Furthermore, LY VE-1 has been identified as a glycoprotein that
is specifically expressed on lymphatic endothelial cells."” This
glycoprotein is generally accepted as a marker of lymphatic
capillaries"® and of tumor-associated lymphatic vessels in mice,!”
although its precise function remains unclear. Moreover, FLT4/
VEGFR-3, a receptor tyrosine kinase among three VEGF receptors,
was originally identified as a homolog of FLT1,?? the receptor
tyrosine kinase for angiogenesis factors VEGF-A, a placenta
growth factor, and VEGF-B (Fig. 1). VEGF-C®Y and VEGF-D®?
were identified as specific ligands for VEGFR-3 that is expressed
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Fig. 1. Schematic vascular endothelial growth
factor (VEGF) ligand and receptor family members
in lymphangiogenesis and angiogenesis. Both
VEGF-C and VEGF-D, specific ligands for VEGF
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in the normal lymphatic vessels. Targeted VEGF-C or VEGF-D
overexpression in the skin induces the remarkable growth of
new lymphatic vessels,**? leading to the notion that the VEGF-
C,-D-VEGFR-3 pathway plays a key role in promoting lym-
phangiogenesis. Experimental tumor models that overexpress
VEGF-C or VEGF-D obviously induce tumor-associated lymphatic
vessel growth, confirming their roles as tumor-associated
lymphangiogenesis factors. Furthermore, VEGF-C or VEGF-D
overexpression in these experimental tumor studies increased
the frequency of draining lymph node metastasis,®™” suggesting
that tumor lymphangiogenesis promotes enhanced sentinel or
regional lymph node metastasis. Importantly, recent experimental
studies have identified that functional blockade of the VEGF-C,-
D-VEGFR-3 pathway in mouse tumor models results in significant
suppression of tumor lymphangiogensis and of regional lymph
node metastasis using soluble VEGFR-3 — immunoglobulin
chimeric proteins/VEGF-C,-D trap,"'* multikinase inhibitors
targeting VEGFR-3,@% neutralizing antibodies against VEGFR-
32728 or VEGF-D,” or etodolac, a cyclooxygenase-2 inhibitor
that decreases VEGF-C levels by tumor-associated macrophages.®
Moreover, the VEGF-C coreceptor neuropilin-2 is induced in
tumor-associated lymphatic vessels in mice®” (Fig. 1), and
suppression of the VEGF-C,-D-VEGFR-3 or neuropilin-2 pathways
reduces the formation of lymph node metastasis and/or distant
organ metastasis."’? Taken together, increasing evidence reveals
that VEG-C,-D-VEGFR-3 signals could be a therapeutic target
for the prevention of lymph node metastasis, and for monitoring
cancer metastasis through the newly formed tumor-associated
lymphatic vessels.

Tumor lymphangiogenesis and its potential role in promoting
lymph node metastasis in human malignancy were originally
identified in cutaneous malignant melanomas.®" In 37 patients
with melanoma, the formation of tumor-associated lymphatic
vessels increased within the primary sites of those with regional
lymph node metastasis. Importantly, increased tumor lymphang-
iogenesis is significantly associated with reduced patient survival.
Thereafter, increasing evidence generated from studies of human
cancers has confirmed that tumor lymphangiogenesis is a novel risk
factor for patient survival and a feasible target for the prevention
of lymph node metastasis.

Identification of VEGF-A as a potent tumor
lymphangiogenesis factor

Initial experimental studies in vivo emphasized that the VEGF-
C,-D-VEGFR-3 pathway plays a crucial role in physiological
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receptor 3 (VEGFR-3), potently stimulate tumor
lymphangiogenesis. Neuropilin-2, the VEGF-C
coreceptor, is induced in tumor-associated lymp-
hatic endothelial cells, leading to enhanced tumor
lymphangiogenesis. Major ligand VEGF-A for
receptor tyrosine kinases VEGFR-1 and VEGFR-2,
positively mediates angiogenesis, as well as
lymphangiogenesis in experimental tumor models.
PIGF, placenta growth factor.

and tumor-associated lymphangiogenesis.“7>+3? However, the
absence of cultured lymphatic endothelial cells has prevented
elucidation of the molecular mechanisms that regulate multiple
signal transduction pathways and biological functions in the
lymphatic endothelium. Therefore, our research group, along
with others, have developed in vitro technology to isolate
cultured lymphatic endothelial cells from human skin.®*39
Fresh lymphatic endothelial cells maintained a lineage-specific
gene expression profile compared with blood vascular endothelial
cells. This finding indicate that cultured lymphatic endothelial
cells could contribute to elucidating the underlying mechanisms
that regulate lymphatic vessel development, and the biological
functions that play crucial roles in maintaining the fundamental
function of the vasculature under physiological and/or pathological
conditions.

Cultured lymphatic endothelial cells rapidly proliferate in
the presence of VEGF-A under physiological conditions.®¥
Lymphatic endothelial cells express considerable amounts of
VEGFR-2, a functional receptor for VEGF-A, under adenoviral
transduction with VEGF-A in mice®® (Fig. 1). Therefore, the
question arose as to whether VEGF-A promotes tumor lym-
phangiogenesis as well as angiogenesis, and whether it enhances
draining lymph node metastases.®”

Chemically induced multistep skin carcinogenesis is an expe-
dient model that has been applied to investigating consecutive
tumor progression from initial development to distant advanced
metastasis. Squamous cell carcinomas (SCCs) induced by can-
cer initiation and promotion potently induce tumor angiogenesis
and lymphangiogenesis,'” leading to subsequent metastases to
lymph nodes and distant organs in immunocompetent mice
(Fig. 2). We then elucidated the biological effect of VEGF-A on
tumor-associated lymphatic vessel growth and lymphatic metastasis
using transgenic mice under a carcinogenesis regimen.

Targeted VEGF-A overexpression in the skin promotes prominent
tumor angiogenesis and lymphangiogenesis.®® The formation
of highly vascularized tumors is accelerated in VEGF-A trans-
genic, compared with wild-type mice (Fig. 2a). Such enhanced
tumor angiogenesis appears to promote tumor formation, leading
to increased SSC formation in chemically induced skin carcino-
genesis. The active proliferation of tumor-associated lymphatic
endothelial cells induced by VEGF-A, along with the marked
enlargement of lymphatic vessels in SCCs, indicate that VEGF-A
could be a tumor lymphangiogenesis factor (Fig. 2b,c).

An initial observation in experimental tumor models showed
that tumor-associated lymphangiogenesis is potently induced by
VEGF-D, and not by VEGF-A, in immunodeficient mice” and
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Fig. 2. Targeted overexpression of vascular endo-
thelial growth factor A (VEGF-A) promotes tumor
and lymph node lymphangiogenesis in chemically-
induced skin carcinogenesis. (a) The photograph
shows wild-type mice on the left (n =5) and K14-
VEGF-A mice on the right (n = 5) at 12 weeks during
cancer promotion. Targeted overexpression of
VEGF-A induced increased number of red cutaneous
tumors compared to wild-type mice, indicating that
strong induction of tumor angiogenesis by VEGF-A
leads to an accelerated formation of highly
vascularized tumors in the skin. (b) Hematoxylin—
eosin stains showed a representative formation of
cutaneous squamous cell caricinomas (SCCs) in VEGF-
A transgenic mice during carcinogenesis study.
Note that VEGF-A overexpressing SCCs induced
marked tissue edema in tumor-associated stroma
and remarkable vascular enlargement. (c) Immuno-
fluorescence stains with antibodies against CD31
(green) and lymphatic vessel endothelial hyaluronan
receptor (LYVE-1; red) respectively indicate prominent
tumor angiogenesis and lymphangiogenesis in SCCs
of VEGF-A transgenic mice. (d) Routine hematoxylin—
eosin stains show remarkable enlargement of
vasculature within draining lymph nodes in VEGF-A
transgenic mice during skin carcinogenesis regimen.
(e) Immunofluorescence analysis with antibody
against LYVE-1 (red) by serial sections confirmed a
striking formation of new lymphatic vessels within
the lymph nodes even before SCCs metastasized.
Scale bars = 200 um (b-e). Nuclei are labeled blue
(diethylenetriaminepentaacetic acid stain). (f)
Distant lymph node metastases (arrowheads)
were markedly increased in SCC-bearing VEGF-A
transgenic mice.

that VEGF-A actively promotes tumor lymphangiogenesis in
immunocompetent or syngeneic mice.®** Therefore, a sufficient
immune response probably promotes VEGF-A-induced tumor
lymphangiogenesis in mice. Furthermore, targeted VEGF-A
overexpression in the skin of mice promotes enhanced tissue
inflammation in the delayed-type hypersensitivity reaction or
after ultraviolet-B irradiation, leading to the remarkable induc-
tion of lymphangiogenesis.“**Y In accordance with this notion,
VEGF-A silencing combined with VEGF-C inactivation by
short interfering RNA caused a significant reduction of tumor
lymphangiogenesis and subsequent lymph node metastasis in a
syngeneic tumor model.“? In fact, levels of VEGF-C mRNA and
polypeptides are increased in SCCs overexpressing VEGF-A in
mice with chemically induced skin carcinogenesis compared
with SCCs in wild-type mice.®® Therefore, direct and indirect
effects of VEGF-A in tumor lymphangiogenesis might result
in the prominent enlargement of tumor-associated lymphatic
vessels in VEGF-A transgenic mice. Several experimental studies
of the potential effects of VEGF-A upon lymphangiogenesis
found increased VEGF-C levels, revealing that VEGF-A can
spontaneously attract macrophages as a major source of VEGF-
C and VEGF-D towards inflamed tissue,®** or that tumor-
associated macrophages produce abundant VEGF-A, VEGF-C,
and VEGF-D.“*

Tumor-associated lymphangiogenesis in lymph nodes:
A potential mediator of tumor metastasis to distant sites

Tumor lymphangiogenesis induced by VEGF-A enhances draining
lymph node metastasis in the carcinogenesis model.®® Importantly
however, the frequency of distant lymph node and distant
organ metastases was significantly higher in VEGF-A transgenic
mice than in wild-type mice (Fig. 2f). Both tumor-associated
lymphangiogenesis and angiogenesis within draining lymph
nodes are prominently enhanced in VEGF-A transgenic mice
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bearing SCC.®® Furthermore, targeted VEGF-C overexpression
in the skin promotes enhanced intranodal lymphangiogenesis
in the presence of metastatic SCCs in draining lymph nodes,
resulting in a significantly increased frequency of distant lymph
node and distant organ metastases compared with wild-type
mice.“ Therefore, enhanced lymphangiogenesis within draining
lymph nodes likely promotes tumor metastasis to distant sites.

The new concept of lymph node lymphangiogenesis described
herein might alter clinical management and the understanding of
therapeutic targets in efforts to prevent cancer metastasis. Many
of the investigations that have been directed towards tumor
progression and metastasis have focused on the mechanisms of
solid tumor metastasis from primary sites to draining/sentinel
lymph nodes. However, tumors can be removed from primary
lesions and regional lymph nodes by surgical resection and/or by
radiation therapy, and patients can be cured. In contrast, the
presence of distant lymph nodes and/or distant organ metastases
offers the choice of several chemotherapeutic strategies that aim
to prolong the lives of cancer patients rather than to achieve
complete remission. Therefore, the mechanism that promotes
distant metastasis needs to be identified (Fig.3). Thus, lym-
phangiogenesis within regional lymph nodes should receive
more focus in the context of tumor metastasis, as it could be a
novel therapeutic target of strategies aimed at preventing the
spread of cancer to distant sites.

The initial observation of intranodal lymphangiogenesis in
experimental tumor models has led to the finding that cutaneous
malignant melanomas in human patients induce tumor-associated
lymphangiogenesis within sentinel lymph nodes.“® Routine
hematoxylin—eosin staining showed tumor metastases within
sentinel lymph nodes (Fig. 4e), and double immunofluorescence
staining using the monoclonal antibodies HMB-45 for melanoma
cells (Fig. 4f, red) and NZ-1 for podoplanin (Fig. 4f, green)
showed that such metastatic foci are closely associated with
lymphatic vessels that surround tumors, and not adjacent to blood
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Fig. 3.

Lymph node lymphangiogenesis potently mediates tumor metastasis to distant sites. New lymphatic vessel growth is enhanced after tumor

cell metastasis to regional lymph nodes. Tumor-associated lymphangiogenesis within lymph nodes can positively mediate distant lymph nodes and/

or distant organ metastasis.

vessels (Fig. 4g, red), indicating a distinct role of tumor-associated
lymphatic vessels that actively grow (Fig. 4h) in lymph nodes.

Lymphangiogenesis within sentinel lymph nodes induces
enhanced metastasis within non-sentinel/regional/axillary lymph
nodes in patients with inflammatory breast cancer.“” However,
the significance of tumor-associated lymphangiogenesis within
lymph nodes in distant metastases remains unclear, particularly
in patients with cancer. Therefore, further investigation should
address the fundamental question of whether sentinel and/or
regional lymph nodes positively mediate distant lymph node
and/or distant organ metastasis by elucidating a subset of human
malignancies.

Intranodal lymphangiogenesis occurs prior to tumor
metastasis

Experimental carcinogenesis studies have indicated that primary
tumors induce new lymphatic vessel growth within draining lymph
nodes before they metastasize.®** This finding is of particular
importance because it means that primary tumors can actively
modify future metastatic sites for preferential relocation. The
‘seed and soil’ hypothesis proposed by the English surgeon
Stephan Paget in 1889 suggested that specific tumors (seeds)
have preferential sites for metastasis (soil).“® This concept has
become widely accepted, in particular, with respect to understanding
specific microenvironments for cancer metastasis. However,
primary tumors seem to spontaneously alter draining lymph
nodes by inducing lymphangiogenesis. This enlargement of
the lymphatic endothelium likely promotes efficient transport
and migration of metastatic tumor cells within lymph nodes.
Therefore, lymph nodes in terms of clinical relevance could
serve not only as an initial indicator of tumor metastasis, but
also as mediators of lymphatic metastasis.

Lymphvascular niche: A potential microenvironment
for lymph node metastasis

Lymphatic vessels can grow within lymph nodes, and newly-
formed lymphatic endothelium probably promotes the lymphatic
spread of tumors. However, it is still unclear whether nodal
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lymphangiogenesis alters the site-specific microenvironment in
lymph nodes from that of an intrinsic immune system against
tumor metastasis to a preferential site for the expansion of
metastasis. Recent studies on cancer biology directed much
attention to cancer stem cells that represent tumorigenic and
stem-cell like properties in primary and metastatic tumors.“-5?
A cancer stem cell that possesses the capacity to self-renew
within a tumor is capable of causing the heterogeneous lineages
of cancer cells that comprise the tumor.®? Importantly, cancer
stem cells have been identified in leukemia and several types
of human solid tumors including malignant melanoma.®® In
contrast however, it remains unclear whether the tumor-associated
microenvironment might serve a niche that allows growth and
survival of cancer stem cells. Therefore, to better understand the
specific microenvironment, particularly within lymph nodes with
regard to tumor metastasis, the novel concept of a ‘lymphvascular
niche’ that potentially promotes the retention and growth of
cancer stem cells with metastatic potential is required, and
presented herein (Fig. 5).

Lymphatic vessels in the skin originate as blunt-ended
thin-walled capillaries without continuous vascular basement
membranes. This anatomical feature enables lymphatic capillaries
to absorb interstitial tissue fluid, macromolecules, and immune
cells under physiological conditions, but also allows cancer cells to
invade lymphatic vessels associated with tumors. The lymphatic
endothelium of lymph nodes is composed of ‘sinusoids’ that do
not have abundant extracellular matrix components, resulting
in close contact with parenchymal cells. Increasing evidence,
particularly from stem cell biology, indicates that sinusoidal
endothelial cells in the bone marrow form a specialized micro-
environment for the maintenance of hematopoietic stem cells
(HSCs), called the vascular niche.®**® HSCs are located in
sinusoidal perivascular areas, or in the trabecular endosteum of
adult bone marrow (Fig. 5). The structure of the vascular niche
consists of a network of thin-walled and fenestrated sinusoidal
vessels that allow cells in the venous circulation to extravasate
into hematopoietic tissues. The bone marrow vascular niche
is thought to support HSC development,®” proliferation, and
mobilization to the peripheral blood circulation,®® whereas the
endosteal zone (osteoblastic niche) maintains HSC quiescence.®®
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Fig. 4. Tumor and nodal lymphangiogenesis in cutaneous malignant melanoma. (a) Macroscopic appearance of early malignant melanoma in
heel. Pigmented macules with irregular outline and remarkable variation in color illustrate superficial melanocyte spread during tumor
progression. (b) Rounded melanocytes with atypical, hyperchromatic nuclei and abundant cytoplasm are scattered in a pagetoid pattern
throughout epidermis. (c) Dermal invasion of melanoma cells develops tumor nests surrounded by tumor-associated stroma during vertical growth
in malignant progression. (d) Double immunofluorescence staining with anti-von Willebrand factor antibody (red) shows enlarged blood
vasculature. Podoplanin staining (green) shows prominent lymphatic vessel growth in tumor-associated tissue. Tumor lymphangiogenesis can
actively promote sentinel lymph node metastasis by tumorigenic melanoma cells. (e) Regional lymph nodes with metastatic cutaneous malignant
melanoma (hematoxylin-eosin staining). (f) Double immunofluorescence staining using HMB-45, a melanoma-specific marker (red) in the
corresponding area indicates metastatic melanoma cells that are closely associated with tumor-associated podoplanin-positive lymphatic vessels
(green). (g) Vasculature in the corresponding field of Fig. 4f visualized using anti-von Willebrand factor antibody for blood vessels (red), and D2-
40 for lymphatic vessels (green). Striking enlargement of tumor-associated lymphatic vasculature might be associated with further distant spread
of tumors. (h) Podoplanin-positive lymphatic vessels (green) within metastatic lymph nodes stained with Ki-67 (red) indicate active lymphatic
proliferation (arrows). Scale bars, 100 um (b,g); 200 um (c—f); 50 um (h). Nuclei are stained blue (diethylenetriaminepentaacetic acid).

Fig. 5. Specific microenvironment lymphyascular
niche in lymph nodes during tumor metastasis.
Bone marrow vascular niche (left), comprising
specialized sinusoidal endothelium of venous origin
(purple), forms a microenvironment for colonization
with and maintenance of hematopoietic stem cells

L Sinusoidal Sinusoidal
(HSGs). In contrast, tumor-associated lymphan- p('erilfva'scular peri-lymphatic
areas vascular

giogenesis within lymph nodes has induced
remarkable enlargement of lymphatic network
(right, green) composed of sinusoidal lymphatic
endothelium. This specific microenvironment
‘lymphvascular niche’ might contribute to serve
as a sanctuary for residence and survival of
metastatic cancer stem cells in lymph nodes. CSC,
cancer stem cell.

areas

Endosteuml

The structural similarity between the vascular niche in the bone
marrow and the lymphvascular niche in the lymph nodes suggests
that the lymphvascular niche serves as a location where metastatic
cancer stem cells can be retained and/or survive. Furthermore,
recent studies have shown that the bone marrow vascular niche
secretes high levels of CXC chemokine ligand (CXCL) 12,59 a
ligand for the chemokine receptor CXCR4 that is expressed
by HSCs and subsequently required for colonization in bone
marrow.® Importantly, lymph nodes produce abundant CXCL12,
whereas metastatic breast cancer cells express CXCR4,©V
indicating that a CXCL12-rich micoenvironment in lymph nodes
might contribute to the formation of a lymphvascular niche that
attracts and maintains a subset of cancer stem cells that potently
initiates a new tumor in distant sites. Moreover, perivascular
sites during tumor progression recruit myelomonocytic VEGFR-1*
cells derived from bone marrow.® This non-neoplastic cell
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population forms premetastatic niches in distant organs, thus
promoting the establishment of tumor metastasis in mice and in
patients with cancer.®®® Brain tumor stem cells that are rare
fractions of tumor-initiating nestin*CD133* cells reside adjacent
to blood capillaries composing a perivascular niche, leading to
accelerated tumor formation.® Thus, increasing evidence about
the vascular niche and tumor metastasis has facilitated further
investigations of the precise contribution of the lymphvascular
niche in the formation of lymph node metastasis.

Conclusions

The identification of tumor-associated lymphangiogenesis within
lymph nodes will lead to elucidation of its potential role in
human cancers, understanding of the molecular mechanisms of
the lymphvascular niche in promoting lymph node metastasis,
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and the development of therapeutic approaches to prevent lymph
node metastasis. Understanding of the lymphatic vessels and
their potential role in tumor metastasis has historically been
hampered by technological difficulties. However, the recent
identification of lymphatic vessel-specific markers and growth
factors has widened the scope of research and illuminated not only
the development and physiological functions of the lymphatic
vessels, but also the molecular mechanisms of tumor-associated
lymphatic vessel growth. Furthermore, several studies revealed
that previously known angiogenesis factors such as platelet-
derived growth factor-BB,®> hepatocyte growth factor,©®
angiopoietins,“”*® and insulin-like growth factors 1 and 2 are
able to induce lymphangiogenesis in experimental murine models.
Moreover, transforming growth factor-f3 has been shown as a
potent inhibitor of lymphangiogenesis notably in experimental
cancer models,”” indicating that multiple growth factor—
receptor pathways are extensively involved in physiological
and pathological lymphatic vessel growth. Importantly, tumor-
associated lymphangiogenesis actively promotes sentinel lymph
node metastasis in several human cancers. Lymphangiogenesis
in lymph nodes might positively mediate distant lymph node
metastasis. Therefore, studies particularly focusing on genes
expressed in sinusoidal lymphatic endothelial cells might further
reveal the functional roles of the lymphatic endothelium in
tumor metastasis.

Pathological lymphatic vessel growth, including tumor lym-
phangiogenesis, is closely associated with tissue inflammation.
Macrophages potently induce lymphangiogenesis by secreting
VEGF-C. However, numerous types of immune cells such as
lymphocytes are deployed in inflammatory tissue responses. Thus,
other cell types or factors might induce lymphangiogenesis not
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only in inflamed tissue, but also in tumor microenvironments.
Cell—cell interaction is notably active in tumor invasion and/or
metastasis. Based on the finding that a sinusoidal lymphatic
network exists in lymph nodes during the metastatic process, it
is proposed that the lymphvascular niche, described herein, is a
specific location that potentially maintains tumor cell residence
and expansion, resulting in their systemic spread.

Presence of distant lymph node and/or distant organ metastases
presents a therapeutic limitation. Thus, lymph node lymphangio-
genesis could be a crucial mechanism that specifies two clinical
categories of cancer metastasis: one at an early stage in which
surgical resection of regional lymph nodes and primary site can
aim to cure with complete remission; and another at an advanced
stage in which treatment can simply be aimed at prolonging life.
Therefore, this new concept could have considerable impact on
understating the molecular mechanism of lymph node metastasis,
and might change therapeutic approaches to cancer metastasis.
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