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Interaction of tumor cells and lymphatic vessels in cancer
progression
A Alitalo and M Detmar

Metastatic spread of cancer through the lymphatic system affects hundreds of thousands of patients yearly. Growth of new
lymphatic vessels, lymphangiogenesis, is activated in cancer and inflammation, but is largely inactive in normal physiology, and
therefore offers therapeutic potential. Key mediators of lymphangiogenesis have been identified in developmental studies.
During embryonic development, lymphatic endothelial cells derive from the blood vascular endothelium and differentiate
under the guidance of lymphatic-specific regulators, such as the prospero homeobox 1 transcription factor. Vascular endothelial
growth factor-C (VEGF-C) and VEGF receptor 3 signaling are essential for the further development of lymphatic vessels and
therefore they provide a promising target for inhibition of tumor lymphangiogenesis. Lymphangiogenesis is important for the
progression of solid tumors as shown for melanoma and breast cancer. Tumor cells may use chemokine gradients as guidance
cues and enter lymphatic vessels through intercellular openings between endothelial cell junctions or, possibly, by inducing
larger discontinuities in the endothelial cell layer. Tumor-draining sentinel lymph nodes show enhanced lymphangiogenesis
even before cancer metastasis and they may function as a permissive ‘lymphovascular niche’ for the survival of metastatic cells.
Although our current knowledge indicates that the development of anti-lymphangiogenic therapies may be beneficial for the
treatment of cancer patients, several open questions remain with regard to the frequency, mechanisms and biological
importance of lymphatic metastases.
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INTRODUCTION
The role of the lymphatic vascular system in promoting cancer
metastasis has received increased research effort and clinical
attention in the past 15 years. In 2007, an estimated 12 million
people were diagnosed with cancer which is the second most
common cause of death after only heart disease.1 In 2011, more
than 300 000 patients in the United States and more than 400 000
patients in Europe will likely be diagnosed with breast cancer or
melanoma, for which spread through the lymphatic system has
been studied most.2,3

The growth of new lymphatic vessels, called lymphangiogen-
esis, is largely absent in adults, but can be induced in
pathological processes, such as inflammation, wound healing
and cancer. Significant progress in our understanding of
lymphatic metastasis has been achieved through the use of
lymphatic-specific markers in clinical studies of primary tumors
and lymph node material, and through proof-of-principle
preclinical studies employing lymphangiogenic growth factors
and their inhibitors.

This review highlights the development of the lymphatic system
and discusses the major molecules involved, as a potential source
of anti-lymphangiogenic drug targets, as well as research on
lymphatic metastasis and key elements of anti-lymphangiogenic
therapy. Research into the lymphatic system is currently under-
going another revolution with new emerging concepts on the role
of the tumor microenvironment and with the real-time imaging of
lymphatic metastasis.

FUNCTIONAL ANATOMY OF THE LYMPHATIC SYSTEM
The lymphatic vessels, first described by the Milanese surgeon
GaspareAselli in 1622, consist of one-way endothelium-lined conduits
from the peripheral tissues to the blood circulation. Excess tissue fluid
extravasated from the blood circulation is drained by lymphatic
vessels and returned to the blood circulation. In addition to fluid and
solutes, the lymphatic vessels also transport cells---under physiological
conditions immune cells and in pathological conditions also
infectious agents or cancer cells---to lymphoid tissues. The lymphatic
vasculature begins as blind-ended capillaries in the peripheral tissues.
Under conditions of high interstitial tissue pressure, the lymphatic
capillaries are kept open by forces applied through anchoring
filaments that link the vessels to the extracellular matrix. The
capillaries drain to pre-collecting vessels and thereafter to collecting
lymphatic vessels. These are coated by a periendothelial smooth
muscle cell layer and contain valves to prevent backflow. The
collecting vessels connect as afferent vessels to sentinel lymph
nodes, which are the first organs to receive cells and fluid that have
entered lymphatic vessels in peripheral tissues. The efferent vessels
of the sentinel lymph node further transfer cells and fluid to distal
lymph nodes. The main lymphatic vessel trunks connect to the blood
vasculature by draining into the subclavian veins.

LYMPHATIC VESSEL DEVELOPMENT
During the past 15 years, the lymphatic endothelium has been
found to express specific markers, enabling its reliable identifica-
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tion and distinction from blood vascular endothelium in clinical
samples and mouse disease models. In several species, including
human, mouse and zebrafish, developmental lymphangiogenesis,
that is, the growth of lymphatic vessels within the embryo, is
regulated by a plethora of molecules. These molecules are also
likely to play an important role in tumor lymphangiogenesis and
are investigated as potential targets for blocking tumor lymphan-
giogenesis and metastasis.

Development of the lymphatic system has been studied
extensively in mouse embryos in which it follows a general
mammalian scheme. During embryogenesis, the blood circulatory
system is first to evolve, followed by specification of lymphatic
endothelial progenitor cells from blood vascular endothelial cells
and budding of these cells from the cardinal veins. This occurs on
the dorsolateral sides of the cardinal veins, particularly in the neck
area. The primary effectors altering transcription factor profiles
and thus the fate of the endothelial cells in this region are still
unknown. In the cells committing to lymphatic endothelial fate, a
transcription factor cascade, including the paired box factor Sox18,
leads to the expression of the master regulator of lymphatic cell
specification, the prospero homeobox 1 (Prox-1). Prox-1 expres-
sion is critical as in Prox-1-deficient knockout mice; the specifica-
tion and budding of lymphatic endothelial cells is blocked, leading
to absence of lymphatic vessels and edema (so-called lymphede-
ma).4 During early steps of lymphatic endothelial cell specification,
Ets-family transcription factors are also abundantly expressed in
blood vascular endothelial cells and, when co-expressed with
Prox-1, enhance the transcriptional activator activities of Prox-1.5

Prox-1, with or without Ets and the later expressed transcription
factor COUP-TFII, upregulates the expression of further lymphan-
giogenic signaling molecules such as vascular endothelial growth
factor receptor 3 (VEGFR-3) and integrin a9. Lymphatic endothelial
progenitor cells expressing Prox-1 migrate from the cardinal veins
into the adjacent mesenchyme, where they form the primary
lymphatic plexus.4 This budding and migration of lymphatic
endothelial progenitor cells is mediated by VEGF-C signals and is
critically modulated by collagen- and calcium-binding EGF domain
1 protein.6,7 COUP-TFII and Prox-1 are essential for the main-
tenance of the identity of the lymphatic endothelial cells following
their differentiation.8 The primary lymphatic networks then

enlarge by sprouting lymphangiogenesis induced by the VEGFR-
3 ligand VEGF-C. By upregulation of VEGFR-3 expression
independently of Prox-1, T-box transcription factor 1 supports
the growth and maintenance of the gastrointestinal lymphatic
vessel network.9

Lymphatic vessel subtypes are specialized and patterned by a
remodeling program. Upon the expression of the transcription
factors Foxc2 and NFATc1, the collecting vessels acquire basement
membranes, smooth muscle cell coverage and valves.10 The
sialoglycoprotein podoplanin, used as a marker to distinguish the
lymphatic endothelium in both experimental mouse models and
in clinical samples, is expressed at high levels in lymphatic
capillaries and at lower levels in precollector vessels.11 Podoplanin
is essential for the correct maturation of the vessels, and
podoplanin-deficient mouse embryos show a blood -- lymphatic
vascular mixing phenotype with blood-filled lymphatic vessels.
The functions of podoplanin on lymphatic endothelial cells
include binding to CLEC-2 receptors expressed on platelets in
the circulating blood. CLEC-2 -- podoplanin interaction leads to
SLP-76 adaptor---SYK tyrosine kinase signaling in platelets and
formation of platelet aggregates at points of contact between
blood and lymphatic vasculature. These aggregates seal off the
embryonic connections between the blood and lymphatic
vessels.12 -- 15

The in vivo function of the hyaluronan receptor LYVE-1,
expressed by the lymphatic endothelial cells, is currently
unknown.16 Augmented by retinoic acid-induced signaling,
LYVE-1 is expressed early on in the cardinal vein lymphatic
progenitor cells.17,18 Since its discovery, LYVE-1 has been used
extensively in clinical and experimental models as a lymphatic
vessel marker despite its low expression levels in mature
collecting vessels.19 LYVE-1 expression has also been reported in
the pulmonary blood microvasculature, liver blood sinusoids and
in a so-called M2 subpopulation of macrophages active in tissue
remodeling.20 -- 24

THE ROLE OF VEGFS IN LYMPHANGIOGENESIS
In addition to the above-mentioned lymphatic vessel-specific
effectors, members of the VEGF family play major roles in

Figure 1. Once viewed as a simple signaling system, the VEGF receptors are now known to involve several co-receptors, receptor and ligand
modifications, competing interactions and receptor heterodimerization. Although VEGR-2 signaling strongly promotes angiogenesis and
VEGFR-3 signaling lymphangiogenesis, both receptors may be involved in both processes. PlGF, placental growth factor; HSPG, heparin sulfate
proteoglycan.
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lymphangiogenesis. VEGFs were originally characterized as factors
that promote either angiogenesis or lymphangiogenesis without
major overlaps between the two processes (Figure 1). During
subsequent studies, however, this view has become more
complex as various forms of VEGFs and several co-receptors have
been discovered.

During early embryonic development, the main lymphangio-
genic receptor VEGFR-3 is widely expressed in the blood vessels
and is essential for the development of the blood circulatory
system. Once developmental angiogenesis is brought to completion,
VEGFR-3 expression is restricted to the lymphatic endothelium.25

However, upon reactivation of angiogenesis, VEGFR-3 expression
may be upregulated, most prominently in angiogenic vessel
sprouts.26,27 VEGFR-3 may function differentially on blood and
lymphatic endothelial cells. VEGF ligand-induced activation of
VEGFR-3 is indispensable for the development of the lymphatic
vascular system, but not for blood vascular development.
Mutation of the VEGFR-3 kinase domain, deletion of the ligands
VEGF-C and VEGF-D or of their binding domain in VEGFR-3 all lead
to the development of hypoplastic lymphatic vessels, but the
blood vascular system is less affected and functional.28 -- 30

However, VEGFR-3 expression is required for blood vascular
development as VEGFR-3-deficient mice die owing to cardiovas-
cular defects.31 VEGFR-3 may function to limit excessive angio-
genic signaling through VEGFR-2 on blood vascular endothelial
cells.32 This effect of VEGFR-3 seems to be independent of the
intrinsic kinase activity of the receptor. Upon cell attachment to
the extracellular matrix component collagen I and activation of
integrin b1 expressed on the cell membrane, VEGFR-3 can be
phosphorylated by Src kinase independently of VEGF ligand
binding or activity of the VEGFR-3 kinase domain.32,33 Recent
studies have also shown that both VEGFR-2 and VEGFR-3 are
expressed by the blood vascular endothelial cells, where VEGF-C
may induce VEGFR-2/VEGFR-3 heterodimerization and down-
stream signaling in part explaining the redundancy of VEGFR-3
ligands in blood vascular development.34

VEGF-C and VEGF-D may also function in monocyte and
macrophage recruitment as VEGFR-3 expression has been found
on some of these cells.35 -- 38 Macrophages may orchestrate
different aspects of lymphangiogenesis in development and in
inflammation.39 -- 41

VEGFR-2 is a potent mediator of angiogenic signaling. The first
target of an anti-angiogenic therapy was its ligand VEGF-A.
However, VEGF-A was also shown to promote lymphangiogenesis
in tumor, contact-induced hypersensitivity and wound healing
models and after adeno-viral delivery to mouse ear skin.42 -- 46 The
expression levels of VEGFR-2 on lymphatic endothelial cells and
thus the response to VEGF-A seem to vary depending on the
tissue microenvironment.42,43,45,47 -- 49 Recently, studies indicate
that VEGF-A mainly induces enlargement of lymphatic vessels, but
induces only little lymphatic vessel sprouting unless Notch
receptor signals are inhibited.47,50 VEGF-A may also induce
inflammation, including leukocyte recruitment that contributes
to lymphangiogenesis.51,52

Further complexity is added to the interactions of VEGF-C and
VEGF-D with putative receptors by processing proteases and co-
receptor binding (Figure 1). Proteolytic cleavage of the VEGF-C
and VEGF-D at their N and C termini modulates the affinities of the
factors to VEGFR-2 and VEGFR-3, as well as to neuropilin (NRP) co-
receptors.35,53 -- 55 NRP-2 binds class III semaphorins, VEGFR-3 and
VEGFs. The importance of NRP-2 during the initiation of new
lymphatic vessel sprouts is evident from the hypoplastic lymphatic
vessels observed in NRP-2 gene targeted mice.56 Among other
structures, NRP-2 is expressed on veins and upregulated in tumor-
associated lymphatic vessels, where it binds VEGF-C and VEGF-A,
in addition to partially processed VEGF-D.57 -- 59 Anti-lymphangio-
genic therapy targeting NRP-2 reduced metastasis in a mammary
tumor model.57 A complex of NRP-2 and VEGFR-3 may include

integrin b1 and possibly simultaneously interact with semaphorin
3 components for correct lymphangiogenic signaling.33,60

A continuously growing number of additional factors are
studied as potential modulators of lymphangiogenesis, including
integrin a9 expressed specifically by lymphatic valve endothelial
cells, hepatocyte growth factor,61 the Tie-2 -- angiopoietin signaling
system,27 fibroblast growth factor 262 and platelet-derived growth
factor BB.63 The selection of the most promising anti-lymphangio-
genic targets is based on previous experiences of, for example,
blocking tumor angiogenesis. But how targetable is the lymphatic
system in cancer and what would be the utility of blocking
lymphangiogenesis?

LYMPHATIC SYSTEM AND CANCER METASTASIS
The discovery of the lymphatic growth factors, VEGF-C and VEGF-
D, and lymphatic vessel markers, VEGFR-3, LYVE-1, podoplanin and
Prox-1, has enabled detailed studies on the role of the lymphatic
system in human cancer. According to the classical view of
metastasis, malignant cells reaching the sentinel lymph node may
disseminate further to distal lymph nodes, reach systemic
circulation and subsequently form organ metastases. Thus,
together with excision of the primary tumor, lymph node
dissection or, more recently, sentinel lymph node excision is
commonly carried out in, for example, breast cancer and
melanoma therapy. The excised primary tumor and lymph node
material are used for the analysis of tumor blood and lymphatic
vasculature and the occurrence of intralymphatic tumor cells
serves as a negative prognostic parameter. To further develop
prognostic markers, long-term studies are required to correlate
patient survival and incidence of metastasis with the expression of
lymphangiogenic molecules. Metastatic cells may also adopt a
dormant phenotype on their way to clinically apparent metastasis,
thus ceasing to proliferate for an undefined time. Such quiescent
cells are resistant to chemotherapy targeting proliferating cell
populations. Therefore, potential anti-lymphangiogenic therapies
should target the lymphatic dissemination and survival of
malignant cells. Several questions need to be clarified to develop
and use such therapeutics successfully (Figure 2), namely:

(1) What is the significance of lymphatic metastasis for tumor
progression?

(2) How is tumor lymphangiogenesis induced?
(3) Do intra- or peritumoral lymphatic vessels transport tumor

cells?
(4) How do tumor cells gain access to lymphatic vessels?
(5) How do tumor cells reach lymph nodes?
(6) Do lymph nodes act as barriers for metastasis?

What is the significance of lymphatic metastasis for tumor
progression?
It has been estimated that 80% of metastasis of solid cancers, such
as breast cancer and melanoma, disseminate through the
lymphatic system, while 20% of metastases may occur through
the blood vasculature or by direct seeding.64 In fact, lymph node
metastasis is the first sign of tumor progression in the majority of
epithelial malignancies. Malignant cells disseminating through
lymphatic vessels may also produce locoregional metastasis
(so-called in transit or satellite lesions) by proliferation in situ
inside the vessel.65,66 Metastatic cells reaching lymph nodes may
survive and proliferate there or they may enter a dormant stage of
variable duration. Current knowledge on the prognostic signifi-
cance of individual metastatic cells, small metastatic cell clusters
or micrometastases (0.2 -- 2 mm in diameter) in lymph nodes varies
depending on tumor type.64 In the case of melanoma, treatment
follow-up studies indicate that metastases under 0.1 mm in
diameter might not have an impact on prognosis.67 However,
larger size metastatic melanoma lesions in lymph nodes correlate

Tumor cells and lymphatic vessels in cancer progression
A Alitalo and M Detmar

4501

Oncogene (2012) 4499 -- 4508& 2012 Macmillan Publishers Limited



with shorter progression-free survival (reviewed in Leong et al.64).
Thus, lymphatic metastasis is common, at least in selected cancer
types, and is associated with increased lethality.

How is tumor lymphangiogenesis induced?
If tumor cells utilize pre-existing vessels for metastasis, anti-
lymphangiogenic therapies might not be sufficient for the
prevention of tumor metastasis. Increased density of peritumoral
lymphatic vessels and the existence of intratumoral lymphatic
vessels indicate activation of lymphangiogenesis within the tumor.
It has long been debated whether tumor cells play an active role
in tumor lymphangiogenesis. Recently, the role of the tumor
microenvironment also has been emphasized by description of
tumor-associated macrophages that may function as a second
source of lymphangiogenic factors.68,69 In the majority of clinical
studies, a significant correlation has been observed between
lymphatic vessel density and lymph node and organ metastasis
(see meta-analyses in refs 70 -- 72). This has led to the concept that
the denser the lymphatic vasculature is within or close to the
tumor, the more potential entry sites the tumor cells have to
vessels that could be used as highways for metastatic spread.

High expression levels of the lymphangiogenic factor VEGF-C in
patient samples correlate with lymph node metastasis in a
number of tumor types (see meta-analysis in refs 72, 73). Using
mouse models, overexpression of VEGF-C or VEGF-D has been
shown to increase lymphatic vessel density, vessel diameter and
lymph node and organ metastasis of many cancer types.74 -- 78 The
effects of VEGF-C have been described in detail in a lung cancer
model (LNM35). VEGF-C caused dilation of peritumoral lymphatic
vessels and sprouting of new lymphatic vessels to closely
surround the malignant cells.74 VEGF-C-induced dilation of
collecting vessels around tumors may allow the entry of clusters
of metastatic tumor cells.78,79 Even tumors that rarely metastasize
through the lymphatic vessels, for example, the fibrosarcoma T241
and the prostate cancer cell line LAPC9, have been observed to do
so when manipulated to overexpress VEGF-C.20,65,75 Although
VEGF-D overexpression in mouse models resulted in increased
lymphangiogenesis and metastasis,72,80 correlation between
VEGF-D expression levels and lymph node metastasis in patients
has been found only in less than half of the studies.73 VEGF-D may
play a limited role in tumor lymphangiogenesis, as low expression
levels have been found in most patient-derived cell lines and

Figure 2. Possible paths of metastatic tumor cells in the lymphatic system. Questions marked 1--6 in the figure are discussed in detail in
the text. According to the classical view, metastatic cells enter tumor draining lymphatic vessels and are passively drained to sentinel lymph
nodes, from where further dissemination may occur to distal lymph nodes, the blood circulation and distant organs. Tumors may activate
lymphangiogenesis in the tumor periphery or inside the tumor mass. It seems possible that tumor cells induce holes in endothelial cell layers
or pass between endothelial cells to enter through the vessel wall. Alternative drainage pathways bypassing the sentinel lymph nodes and
draining directly to a distal lymph node may exist. It is currently unclear where tumor cells engaged in the metastatic process enter the blood
circulation. Possibilities include direct entry in the primary tumor, entry into the high endothelial blood venules in the lymph nodes or
lymphatic drainage to subclavian veins.
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tumors.26 Inhibition of the VEGF-C and VEGF-D receptor VEGFR-3,
either by blocking antibodies or by a soluble receptor acting as a
ligand trap, has been shown to inhibit lymphangiogenesis, and to
a moderate degree angiogenesis, and is also found to restrict
lymph node metastasis without effects on mature vessels in
surrounding tissues.26,74,75,81

In addition to VEGF-C and VEGF-D, overexpression of VEGF-A
may also lead to the activation of lymphangiogenesis. We have
observed intratumoral lymphatic vessels and enlargement of
peritumoral lymphatic vessels in VEGF-C- or VEGF-A-overexpres-
sing squamous cell carcinomas.43,82

Do intra- or peritumoral lymphatic vessels transport tumor cells?
Controversy has prevailed on the presence and significance of
intratumoral lymphatic vessels. In patient material, intratumoral
lymphatic vessels have been observed in at least head and neck
squamous cell carcinomas and melanoma.83,84 Variable results on
intratumoral vessels may be due to different staining methods,
tumor types or due to inconsistency in their definition, such as
whether lymphatic vessel within stromal structures inside the
tumor mass is regarded as intratumoral.85 When vessels in
intratumoral stromal structures were considered intratumoral,
they were observed in 80% of breast cancer cases,86 whereas
when vessels in stromal structures were not included, intratumoral
vessels were observed in only 10% of ductal breast carcinomas.87

Invasively growing tumors could co-opt pre-existing lymphatic
vessels, whereas expansive growth could recruit lymphangiogen-
esis.86 In clinical samples, intravasated tumor cells, called
lymphovascular invasion, have been observed in both peritumoral
and intratumoral lymphatic vessels.88

Intratumoral lymphatic vessels and increased metastasis have
been observed in VEGF-C-overexpressing tumors implanted to
mice.76,78,86 Use of different prostate cancer models has shown a
VEGF-C dependency of intratumoral lymphatic vessels.75,89

Furthermore, in a VEGF-C-expressing prostate cancer model
(PC3), ablation of intratumoral vessels by a VEGF-C and VEGF-D
binding decoy receptor did not decrease metastasis, suggesting
that peritumoral lymphatic vessels were sufficient for tumor
metastasis in this model.89

Some imaging studies have shown that intratumorally injected
tracers may be deposited in tumors instead of being cleared by
lymphatic drainage.20,90 A high interstitial pressure within tumors
may cause intratumoral vessels to collapse to a non-functional
state.91 Thus, the lymphatic vessels observed inside a tumor, are
not necessarily functional with regard to fluid drainage or
transport of tumor cells, at least in some experimental models.
In support of this interpretation, although intratumoral lymphatic
vessels were found more frequently in patients with lymph node
metastasis than nodal metastasis-negative patients, the extent of
peritumoral lymphangiogenesis was concluded to be the most
important prognostic factor for the metastasis of melanoma.84 Yet,
intratumoral lymphatic vessels may serve as an indication of an
aggressive, poorly differentiated tumor type that is more likely to
metastasize.83

How do tumor cells gain access to lymphatic vessels?
It is poorly known how tumor cells enter the lymphatic vessels
(Figure 2). Suggestions include envelopment of tumor cells by the
lymphangiogenic sprouts and transmigration through the en-
dothelium, similar to leukocyte transmigration, in channels that
were recently shown to lie between button-like intercellular
junctions of lymphatic capillaries.19,74,92 One recent study has
indicated that breast cancer cells can actively invade lymphangio-
genic vessels inside the lymph nodes by inducing the formation of
holes in the endothelial cell layer. This mechanism may also be
active in vivo as the knockdown of a key enzyme, 15-lipoxygenase-
1, in xenografted cells blocked metastasis. Furthermore, in breast

cancer patients, the expression level of 15-lipoxygenase-1 in
sentinel lymph node metastasis correlated with metastasis-free
survival.88 Whether other malignant cell types also induce holes in
the lymphatic endothelium remains to be determined. Tumor cell
aggregates were observed in transit through breaches in the
lymphatic vessel wall, and also within the vessel.88 In contrast, in
an experimental tumor model in mice, fluorescently labeled breast
cancer cells have been found to enter lymphatic vessels initially as
single cells and later to occur as cell aggregates within the
vessel.93 However, a consistent cohesive migration pattern does
not seem to impede metastasis through lymphatic vessels.94

Transforming growth factor b signaling may be essential in the
selection of cohesive or single-cell migration pattern by metastatic
cells.95

To reach the lymphatic vessel, the migrating cells need to sense
direction in the extracellular environment. The coming together of
the cells and the vessel may occur owing to their migration or
growth toward each other. The lymphatic vessel endothelium may
express CXCL12 (stromal-derived factor 1) and CCL21 chemokines,
which when bound to CXCR4 or CCR7 receptors on malignant cells
lead to chemoattraction.96,97 This chemoattraction mechanism is
used in leukocyte homing. Thus, cancer cells, when expressing
receptors for lymphatic-derived factors, may use such chemokine
gradients to sense direction in the tumor microenvironment. High
CXCL12 expression has been shown in proximity of the malignant
cells in lymphatic vessels, in lymph nodes and distant organs.
Simultaneously, the malignant cells induced lymphangiogenesis in
their vicinity by secretion of VEGF-A and VEGF-C.97 Thus, a
crosstalk seems to exist between the lymphatic vessel expressing
the chemoattractant CXCL12 and malignant cells expressing its
receptor CXCR4 in addition to lymphangiogenic factors. Impor-
tantly, antagonists or neutralizing antibodies to these chemokines
or their receptors have been shown to reduce metastasis of breast
cancer and melanoma cells.97 -- 99 For a more detailed review on
the chemoattraction of tumor cells and the immunomodulatory
effects of lymphatic factors and lymphatic endothelium, the
reader is referred to a recent review by Christiansen and
Detmar.100

How do tumor cells reach lymph nodes?
Increased interstitial pressure within tumors has been proposed to
be the driving force for movement of the cells and fluid within the
lymphatic drainage pathway.93 This suggests passive translocation
of the tumor cells toward sentinel lymph nodes once inside the
vessel lumen. Therefore, the flow patterns in tumor draining
lymphatic vessels are relevant for the transport of tumor cells.
In a melanoma mouse model, fluid drainage was increased in the
legs bearing tumors in the footpad compared with contralateral
legs.101,102 Abnormal multidirectional flow has been observed in
lymphatic vessels draining VEGF-C-overexpressing melanomas
implanted in dorsal back skin of mice, suggesting insufficient func-
tion of lymphatic valves in that model.65,90 However, valve
function in tumor draining lymphatic vessels may not be
insufficient in all tumors, as we have observed functional
lymphatic valves by in vivo imaging of lymphatic vessels in
footpad melanoma and subcutaneous breast cancer models
(Proulx S et al., unpublished data). Upon progression, the arrival
of metastatic cells into the lymph node may block the lymphatic
sinuses, decreasing fluid flow from the tumor.93,102

Abnormal flow patterns may permit transient stagnation of flow
and the observed growth of tumor cells in situ in the vessel.65,79

These tumor cell aggregates may grow to the critical size limit of
passive oxygen diffusion and induce growth of blood vessels
within the metastatic foci. Such regional metastasis bears the risk
of recurrent cancer after excision of the primary tumor with or
without lymph nodes. It was recently shown that destroying
tumor draining lymphatic vessels by photodynamic activation of a
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phototoxic compound taken up by draining lymphatic vessels
efficiently removed tumor cell aggregates also from within the
vessels.79

Do lymph nodes act as barriers for metastasis?
Changes in the receiving sentinel lymph nodes may precede
arrival of metastatic cells. Tumor-secreted factors arrive in the
sentinel lymph node through drainage of fluid and solutes from
the periphery. These factors promote enlargement of the
lymphatic networks inside the node, known as sinusoidal
hyperplasia,43,82 and possibly also affect blood vasculature in
some models.43,103 These changes have been suggested to
‘prepare the soil’ for successful metastasis at a later stage. Lymph
node metastases themselves are very rarely harmful, but what
happens to tumor cells within lymph nodes? The lymph node
could be rapidly transited by the tumor cells, leaving some cells
behind, or it could be used as an in-transit amplifier, a selective
launch pad for further metastasis or as a site for tumor dormancy.

The primary tumor or its lymph node metastasis may influence
not only regional but also distant sites of metastasis. For example,
the chemokine CXCL12 was found highly expressed by the
lymphatic endothelium in the lungs of mice bearing cutaneous
melanomas, but not in non-tumor-bearing mice.97 We and others
have shown that VEGF-C-overexpressing tumors send metastasis
more frequently not only to the sentinel lymph nodes, but also to
distal lymph nodes and distant organs, and that at least in some
models, this can be inhibited by blocking VEGFR-3.43,75 VEGF-C-
induced lymphangiogenesis in sentinel lymph nodes may provide
tumor cells numerous enlarged entry sites to efferent lymphatic
conduits and may improve tumor cell survival inside the lymph
node. Tumor draining lymph nodes may also act as a conductive
‘lymphovascular niche’ for ‘cancer stem cell’ survival.104

Another view of lymph node metastasis is that it indicates a
tumor type capable of dissemination through lymphatic vessels and
survival in lymphatic tissue. Concurrent metastasis of primary tumor
to other sites could occur independently of lymphatic spread. As
lymph node metastasis rarely causes major morbidity, leaving

lymph node metastasis in situ would be an option if the cells would
not survive elsewhere in the body.105 Such an approach seems risk
prone as the triggers of further dissemination of metastatic cells are
not well established. Sentinel lymph node excision is routinely
performed and seems to provide local control of metastasis in
breast cancer patients without clinical metastasis.106 In these
patients, excision of all regional lymph nodes from the axilla
compared with excision of sentinel lymph node alone did not result
in additional benefit.107,108 Therefore, it was concluded that removal
of the sentinel lymph node might be sufficient and more extensive
removal of axillary nodes was not recommended in patients
without sentinel lymph node metastasis.

At present, the stepwise progression of malignant cells from
tumor to sentinel lymph node and from thereon to distal lymph
nodes and organs has not been shown conclusively, as clinicians
and researchers have not been able to observe what happens after
the tumor cells arrive in the sentinel lymph node. Although we
know that lymph node metastasis is a prognostic factor for organ
metastasis in many, but not all, cancers,109,110 the precise route the
metastatic cells exit from lymph nodes needs to be investigated.
This has been called ‘the black box’ phenomenon, where we can
only observe the end result (distant organ metastasis), but not the
process itself.94 In the near future, inducible labeling of cells as they
transit the lymph node holds great promise to enlighten the
malicious path used by metastatic cells.

DEVELOPMENT OF ANTI-LYMPHANGIOGENIC THERAPIES FOR
CANCER
At present, solid cancers are mainly treated using stage-
dependent combinations of surgery and radiation and chemother-
apy (Figure 3). Anti-angiogenic therapy using the VEGF-A blocking
antibody bevacizumab can be used for selected cancers in
combination with chemotherapy. Over 15 years of research into
the factors inducing lymphatic vessel growth in development,
cancer and inflammatory diseases have now led to the first clinical
trial testing anti-lymphangiogenic therapy.111

Figure 3. Anti-lymphangiogenic therapies may provide non-invasive options to inhibit tumor metastasis in addition to established cancer
therapies. Anti-lymphangiogenic treatment may reduce further lymphatic metastasis by inhibiting the growth of new lymphatic vessels at the
primary tumor site, in lymph nodes and at metastatic sites. Photodynamic therapy may eliminate tumor draining lymphatic vessels and,
possibly, intralymphatic tumor cells.
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Who will benefit from anti-lymphangiogenic cancer therapy?
In light of our current knowledge, we believe that to prevent
lymphatic dissemination of tumor cells, anti-lymphangiogenic
therapy should ideally be administered before lymph node
metastasis (Figure 3). Whether metastatic cells disseminate through
a blood or lymph vascular route from the metastatic lymph node is
of interest considering treatment of patients with already estab-
lished metastasis in lymph nodes. In addition, lymphatic metastasis
may continue from the remaining foci of malignant cells after
excision of primary tumor and possibly affected lymph nodes.

Can a suitable target molecule be identified so as to block
lymphangiogenesis efficiently?
Furthest advances in this regard have been made in targeting
VEGFR-3 signaling. VEGFR-3 was the earliest molecule identified as
essentially required for lymphangiogenesis. This target has
provided promise of efficacy, although not complete blockage
of metastasis, in several pre-clinical models.69,74,75,81,112 Thus,
there is a need to identify additional mediators of pathological
lymphangiogenesis.

What are the risks of adverse side effects?
As an advantage of using biomolecular targeting, off-target effects
are less likely than with most small molecular inhibitors. For
example, VEGFR-3 signaling has been targeted by receptor
blocking antibodies, a ligand trap, ligand blocking antibodies
and by blocking translation of mRNA. The advantageous diffusion
efficiency and oral uptake of small molecular kinase inhibitors are
counterweighed by their ‘off-targets’, for example, blockage of
many tyrosine kinases. Regardless of the type of inhibitory
molecule, on-target side effects are possible. Such would include
cells other than lymphatic endothelium expressing the target.
VEGFR-3 may provide a reasonably specific target, although blood
monocytes, tissue macrophages and possibly cells in the bone
marrow may be also affected.37,38,76 More research needs to be
carried out to investigate the role of these cells in tumor
progression and the effects of inhibition of VEGFR-3 signaling
on these cells. Recently, NRP-2 blocking antibodies have proven
efficacy in blocking lymph node metastasis in a pre-clinical model,
but one concern in their use is the wide NRP-2 expression outside
the lymphatic system.57

Lymphatic vessels are largely quiescent in adults, and thus
lymphangiogenesis could provide a safe target. However,
lymphangiogenesis appears to play a role in promoting wound
healing.112 In the case of invasive surgery to remove the primary
tumor or metastases, concurrent inhibition of lymphangiogenesis
at wound sites might delay wound closure in susceptible
patients.37 Thus, targeting tumor-associated lymphatic vessels
specifically may provide advantages. This necessitates the
identification of tumor lymphatic vessel-specific markers. Lym-
phatic vessels may provide more resistance to regression than
blood vessels, as shown after adenoviral delivery of VEGF-A,42 and
in an inflammation model where spontaneous regression of blood
vessels, but not lymphatic vessels, was observed after resolution of
tracheal Mycoplasma pulmonis infection.48 Lymphatic endothelial
cells may also sustain commonly used doses of radiation
therapy.114 Therefore, anti-lymphangiogenic and radiotherapy
might be combined to inhibit lymphatic metastasis of potentially
remaining tumor cells postoperatively in cases not complicated by
postoperative lymphedema (Figure 3).

Selection of anti-lymphangiogenic therapy, dosing, duration and
follow-up
Some controversy remains with regard to the correlation between
lymphatic vessel density and organ metastasis. It remains to be
tested if patients for anti-lymphangiogenic therapy should first be

tested for activated lymphangiogenesis. Screening tests for
biomarkers of activated lymphangiogenesis, for example, levels
of lymphangiogenic factors in blood samples, have limited
promise as many of the factors involved seem to act in a
paracrine manner and low levels are found in the systemic
circulation. On the basis of our recent results, imaging techniques
may prove a solution for targeting anti-lymphangiogenic therapy
to the right patients at the right time. We have shown that
activated lymphangiogenesis can be visualized using labeled
antibodies recognizing the lymphatic endothelial marker LYVE-1
in positron emission tomography.115 Also, using this non-invasive
method, lymph node excision can be avoided in cases where
there is no indication of activated lymphatic expansion at the
lymph node. This would limit surgical trauma and risk of post-
surgical lymphedema due to ablation of lymphatic drainage
pathways. In an anti-lymphangiogenic treatment trial, dose
selection has to be extrapolated from animal studies. However,
highly specific targeting, such as therapies based on the epitope
recognition sites of antibodies, would reduce concerns of off-
target effects and provide a broader therapeutic window.
Eventually, it has to be considered whether the initiated therapy
should be discontinued or whether life-long treatment would be
required in fear of dormant cancer cells somewhere in the body.
Molecular imaging techniques may provide a non-invasive
method for screening reactivation of lymphangiogenesis after
successful remission.

OUTLOOK
Our increased understanding of the role of the lymphatic vascular
system in cancer metastasis allowed us to advance in anti-
lymphangiogenic cancer therapy. Studies on developmental
lymphangiogenesis have led to the identification of strong
regulators of lymphangiogenesis that have been studied further
in mouse models of cancer. Identification of the vessels
conducting metastasis from the primary tumor and beyond
lymph nodes seems within reach, enabling a better understanding
of the metastatic process. Inducible gene expression and cell
tracing systems provide a technical opportunity to overcome the
challenge of imaging tumor cells undergoing the metastasis
process. Analysis of tumor-induced changes and intralymphatic
invasion of tumor cells within lymph nodes offer prognostic
potential. It seems that malignant cells may interact with
lymphatic vessels to induce a conductive microenvironment for
their survival in lymph nodes and at sites of distant metastasis.
A further understanding of such a ‘lymphovascular niche’ should
be obtained to target dormant chemoresistant cancer cells that
maintain a risk of recurrent disease. Successful anti-lymphangio-
genic therapy should be administered to selected cancer patients
in risk of lymphatic metastasis, at a therapeutic dosage, duration
and formulation and, most likely, as a combination therapy.
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