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The lymphatic system serves as the primary route for the metastasis of many

cancers and the extent of lymph node involvement is the most important indicator of tumor
aggressiveness. Despite the apparent importance of the lymphatic vessels for tumor dissemination,
it has remained unclear whether activation of lymphatic endothelial cells may affect tumor
progression and metastasis and the molecular mechanisms of lymphangiogenesis are just begin-
ning to be elucidated. This overview describes the unique structural and functional characteristics
of the lymphatic vessels that render them particularly suitable for invasion by tumor cells and for
their efficient transport to lymph nodes. Recent evidence indicates occurrence of tumor lymphangio-
genesis and its correlation with metastasis. Molecular regulation of tumor lymphangiogenesis, its
significance for tumor metastasis, and implications for cancer therapy are discussed. Microsc. Res.

Tech. 55:92-99, 2001,

o 2001 Wiley-Liss, Inc.

INTRODUCTION

The lymphatic and blood vascular system, although
structurally two distinct systems, are functionally in-
terconnected and act in concert to maintain tissue ho-
meostasis. The lymphatic system in many ways com-
plements functions of the blood vascular system by
regulating tissue fluid balance, facilitating interstitial
protein transport, and serving iminunological func-
tions. Whereas mechanisms of angiogenesis involving
blood vessels have been studied extensively over the
past years, mostly due to the importance of angiogen-
esis in tumor growth and metastasis, little effort has
heen directed toward understanding regulatory mech-
anisms of lymphatic vessel growth and function in
physiological and pathological conditions. Meanwhile,
the lymphatic system is the primary route for the dis-
semination of many cancers and the extent of lymph
node involvement is a key prognostic factor for the
outcomne of the disease; despite this, the major issues
regarding the involvement of lymphatic vessels in tu-
mor progression have remained unresolved.

The lymphatic vessels comprise a one-way transport
system for fluid and proteins by collecting them from
the interstitial space and returning to the blood circu-
lation. As blood travels into the capillaries, plasma
fluid and proteins extravasate into the interstitial
space according to hydrostatic and osmotic pressure
gradients. Most of this fluid gets reabsorbed into post-
capillary venules, but osmotic forces resulting from the
extravasated proteins cause a small net fluid flux into
the tissue. The lymphatic capillaries drain this net
exudate and therefore facilitate convective protein
transport through the interstitium (Aukland and Reed,
1993; Schmid-Schénbein, 1990b). If the lymphatics be-
come blocked or dysfunctional, interstitial protein ac-
cumulates, leading to continual increase of osmotic
pressure and thus fluid accumnulation (edema) ensues.
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The net fluid efflux from the blood, and therefore the
net flow rate of Iymph, is about two to three orders of
magnitude less than the flow rate of the blood. Because
of the high permeability of the lymphatic capillaries,
the composition of lymph is nearly equivalent to that of
interstitial fluid, which in turn is similar to, but less
concentrated than, that of blood plasma. Intestinal
lymph, in addition, contains a high amount of lipids
resorbed directly from the intestine. The simplified re-
lation between blood, interstitium, and lymph is de-
picted in Figure L.

Lymphatic vessels and the lymph nodes are also
important components of the immune system. Lym-
phatic vessels direct antigen-presenting cells to the
lymph nodes and are thus essential for the develop-
ment of cellular immunity. In the skin, for example,
lymphatic vessels are an exit path for Langerhans
cells. Impairment of lymphatic functioning, e.g., inad-
equate transport of fluid, macromolecules, or cells from
the interstitium, leads to a number of diseases that are
characterized by edema, impaired iinmunity, and fibro-
sis (Mortimer et al., 1990).

ORGANIZATION AND STRUCTURAL
CHARACTERISTICS OF THE
LYMPHATIC SYSTEM

There are five main categories of conduits in the
lymphatic system: the lymphatic capillaries, collecting
vessels, lymph nodes, lymphatic trunks, and ducts,
whose sizes range from 10 pm to 2 mm in diameter.
Lymph forms when interstitial fluid moves into the
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Fig. 1.

lymphatic capillaries. From the capillaries it drains
into the collecting vessels, which pass through at least
one but usually through several clusters of lymph
nodes. Collecting vessels drain into larger trunks,
which lead into the lymphatic ducts. Finally, the lym-
phatic ducts return the lymph back into the blood-
stream, completing the circuit of fluid transport.

Lymphatic capillaries (also called initial or terminal
lymphatics) are blind-ended structures that are opti-
mally suited for fluid and particle uptake. Similar to
blood capillaries, lymphatics are comprised of a single
nonfenestrated endothelial cell layer, but the structure
of lymphatic capillaries is different from that of blood
capillaries in several important aspects (Casley-Smith
and Florey, 1961; Daroczy, 1988; Leak, 1970). They
generally possess a more irregular and wider lumen
(10-60 pm in diameter) than blood capillaries and
their endothelium is typically characterized by an ex-
tremely attenuated cytoplasm, except in the perinu-
clear region. In contrast to blood vessels, lymphatic
capillaries have absent or poorly developed basal lam-
ina and they are not encircled by pericytes. Tight junc-
tions and adherens junctions, the major types of inter-
cellular junctions in blood vessels, are not as frequently
seen in lymphatics. While these junctions in blood ves-
sels are typically implicated in maintaining firm cell-
cell adhesion to connect adjacent endothelial cells over
entire cell boundaries, in lymphatics they represent
focal points of adhesion instead. Finally, one of the
most striking features of lymphatic capillaries is their
intimate association with the adjacent interstitial ar-
eas, Lymphatic endothelial cells are closely connected
to the surrounding tissue by fine strands of elastic
fibers (Gerli et al., 1991; Pullinger and Florey, 1935).
These anchoring filaments are attached to the ablumi-
nal surface of the cells and extend deeply into the
connective tissue, thereby firmly attaching lymphatic
endothelium to extracellular matrix fibers. Lymphatic
endothelial cells are also characterized by numerous
invaginations and cytoplasmic vesicles on both luminal
and abluminal surfaces that are involved in transen-
dothelial transport of molecules into the lumen (Corn-
ford and Oldendorf, 1993; Leak, 1976; Marchetti et al.,
1991).

From the lymphatic capillaries, lymph drains into
the collecting lymphatics. Unlike the initial lymphat-
ics, the collecting vessels are generally not tethered to
the extracellular matrix, but instead contain smooth
muscle and thus may support a circumferential hoop
stress (Aukland and Reed, 1993; Schmid-Schénbein,
1990b). They also contain one-way valves that aid in
lymph propulsion and prevent retrograde flow. Seg-
ments of collecting lymphatics between valves are
termed lymphangions; each lymphangion serves as a
contractile compartment that propels lymph into the
next compartment. All collecting lymphatics pass
through the lymph nodes and can be further classified
as prenodal (afferent) or postnodal (efferent), to specify
whether they carry lymph to or froin the lymph nodes.
Lymph nodes are compartmentalized into narrow fluid
crevices where blood and lymphatic compartments op-
pose each other for fluid exchange and cell transport
(Schmid-Schénbein, 1990b). From the final set of
lymph nodes, lymphatic trunks drain lymph into the
lymphatic ducts. The thoracic duct is the final branch
of the lymphatic system that enters the lower region of
the chest by passing through the aortic opening of the
diaphragm; it drains into blood via the junction of the
left jugular and subclavian veins.

Although lymphatic vessels are often found in prox-
imity to blood vessels in tissues, the density of lym-
phatic plexus does not always match the abundance of
blood supply. For example, there are no lymphatic ves-
sels in the central nervous system and lymphatic ves-
sels do not penetrate as far as blood vessels in several
other well-vascularized tissues. In lobular organs such
as the liver and mammary glands, lymphatic capillar-
ies do not penetrate the lobules but instead surround
their periphery. In skeletal muscle they are confined
only to the fascial planes. Other tissues, such as the
cornea of the eye and cartilage, are devoid of both blood
and lymphatic vessels. Lymphatic-rich tissues include
the skin, lung, and gastrointestinal tract. (Yoffey and
Courtice, 1970).

MECHANISMS OF LYMPH FORMATION

Mammalian lymphatic capillaries contain no smooth
muscle and are generally observed in a partially or
fully collapsed state (Aukland and Reed, 1993; Schmid-
Schonbein, 1990a). To function, they are critically de-
pendent on their connections to the extracellular ma-
trix by anchoring filaments. These fibers, 6-10 nm in
diameter, are composed of elastin similar to that found
in the extracellular matrix (Gerli et al., 1990) and
tether the endothelium to adjacent collagen fibers
(Leak and Burke, 1966). Thus, they are highly sensi-
tive to interstitial stresses. An increase in the intersti-
tial fluid volume (i.e., strain or swelling of the extra-
cellular matrix) causes the anchoring filaments to exert
radial tension on the lymphatic capillary to ‘pull it
open’ or increase its luminal volume (Aukland and
Nicolaysen, 1981; Aukland and Reed, 1993; Bert et al.,
1988; Hogan and Unthank, 1988) (Fig. 2). This creates
a “tissue pump,” or a small oscillating pressure gradi-
ent, which facilitates lymph formation (Ikomi and
Schmid-Schoénbein, 1996; Schmid-Schonbein, 1990a).
The concept of anchoring filaments helps to explain
why venules are often compressed in inflammation and
other conditions associated with tissue edema, while
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Fig. 2. The “tissue pump” that enables lymph formation: stress
within the interstitium creates radial tension on the anchoring fila-
ments, locally increasing the luminal volume of the lymphatic capil-
lary. This creates a slight and temporary pressure difference, driving
interstitial fluid into the lymphatic vessel through the passages
formed by opening of overlapping endothelial cell junctions.

lymphatic capillaries are typically dilated (Pullinger
and Florey, 1935). However, the dependence of lymph
formation rates on local tissue pressure or volume di-
minishes at high interstitial fluid volumes (Guyton,
1965; Taylor et al., 1973) and 1s most likely limited by
systemic forces that drive lymph propulsion. Overall,
the functional state of lymphatic vessels cannot be
necessarily determined by the vessel morphology, since
an open lumen can indicate vessels both with dysfunc-
tion as well as normal function but increased load.

Lymph drainage is also accommodated by the open-
ing of the intercellular junctions. Overlapping intercel-
lular junctions formed by extensive superimposing of
adjacent endothelial cells are a property unique to lym-
phatic vessels. By being loosely apposed to each other
over long distances, lymphatic endothelial cells cast
intercellular clefts. As the interstitium swells, anchor-
ing filaments not only increase the vessel lumen, but
also pull open the intercellular junctions to permit easy
passage of fluids and particles into the vessel (Fig. 2).
As fluid enters the lumen and decreases the pressure
difference across the vessel wall the junctions begin to
close, thereby preventing retrograde flow back into the
interstitium (Ikomi and Schmid-Schonbein, 1996;
Schmid-Schonbein, 1990b).

The extracellular matrix therefore plays an integral
role in lymphatic function, as fluid equilibrium is con-
troiled by the cooperation of both lymphatic function
and the extracellular matrix. The elasticity and hydra-
tion of a tissue is determined by the composition and
organization of the extracellular matrix; e.g., collagen
provides structural framework and proteoglycans
largely determine water content and resistance to fluid
transport. Extensive and chronic degradation of the
extracellular matrix eventually renders lymphatic ves-
sels nonresponsive to the changes in the interstitium
and therefore causes dysfunction (Negrini et al., 1996).
In light of its importance in lymphatic function (i.e., the
interstitial-lymphatic interface most clearly differenti-
ates lymphatic from blood vascular capillaries), the
composition and architecture of the ECM are likely to
play a eritical role in lymphangiogenesis and should be
taken into consideration when studying the biology and
pathology of the lymphatic system.

LYMPH TRANSPORT THROUGH
THE LYMPHATICS

Transport of lymph through the lymphatic system
(lymph propulsion) is coupled to lymph formation and
both components contribute to the net flow rate in the
lymphatics. The term “formation” describes fluid trans-
port from the interstitium into the initial lymphatics
and “propulsion” refers to the systemic forces that drive
lymph from the initial capillaries to the larger vessels
and eventually back to the blood. If there is blockage in
the systemic route (e.g., removal of a lymph node),
interstitial fluid may enter the initial lymphatics but
will eventually “back up” as fluid is not drained from
them, causing edema. Likewise, if the interstitial-lym-
phatic interface is destroyed and lymphatic capillaries
cannot function, no lymph will be drained from that
local region despite the baseline systemic drainage
forces.

The driving forces for lymph formation are local:
namely, interstitial fluid pressure and strain of the
extracellular matrix and can be affected by skeletal
motion and massage as well as the slight strains asso-
citated with pressure oscillations caused by arterial
pressure pulsations and vasomotion of neighboring ar-
terioles. The forces that drive lymph propulsion
through the lymphatics, on the other hand, include
systemic forces such as respiration (Negrini et al.,,
1994; Schad et al., 1978; Schmid-Schénbein, 1990b;
Swartz et al., 1996), blood pressure (Parsons and Mc-
Master, 1938), exercise (Olszewski et al., 1977), and
massage (Ikomi and Schmid-Schonbein, 1996; Mec-
Geown et al., 1988; Mortimer et al., 1990), and are
largely independent of the lymph formation rate.

The measurements of lymph flow velocity that have
been reported in the literature are linited to superficial
vessels in organs that can be visualized by in vive
microscopy. In the human skin lymph flow velocity
averages 10 pm/s (Fischer et al., 1994); in the tail skin
of anesthetized mice 3 pm/s (Berk et al., 1996; Swartz
et al,, 1996). However, lymph flow seems to fluctuate
and oscillate, with a broad range of velocities of up to
*+20 times the mean (Berk et al.,, 1996). Anesthesia
decreases overall lymph flow since it reduces the sys-
temic driving forces for lymph propulsion such as the
respiration rate, blood flow and pressure, and skeletal
movements (Colantuoni et al.,, 1984; McHale and
Thornbury, 1989; Schad et al., 1976).

To transport lymph through the lymphatic system,
collecting vessels possess smooth muscle and valves
(Lauweryns et al., 1976; Leak and Burke, 1966). The
smooth muscle exhibits spontaneous contractions in
the form of peristaltic waves between lymphangions at
approximately 5 mm/s (Hall et al., 1965; Hargens and
Zweifach, 1977; Ohhashi et al., 1980; Olszewski and
Engeset, 1980; Zawieja et al., 1993). The valves facili-
tate this peristaltic propulsion of lymph by allowing
emptying and filling of each lymphangion—two neigh-
boring valves are never open at the same time
(Ohhashi et al., 1980)—which results in stepwise pres-
sure changes from one lymphangion to the next. Since
the spontaneous contractions can be evoked by disten-
sion (Mislin, 1976; Reddy and Staub, 1981), the pres-
ence of the valves is essential to contraction because
they allow a lymphangion to distend before emptying
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into the next segment. This results in a net pressure
drop along the length of the collecting vessels and
lymph flow ceases when rhythmic contractions stop
(Ohhashi et al., 1980).

Lymphatic function is often characterized by a tissue
clearance rate, which describes the removal of injected
molecules or particles in terms of amount per unit time
per unit tissue volume. Lymph formation can be ob-
served in skin and mesentery by injecting an optical
contrast agent such as mercury, radiolabeled particles,
or fluorescently labeled macromolecules (Bollinger et
al., 1981; McNeill et al., 1989; Mortimer et al., 1990;
Swartz et al,, 1996). This procedure is commonly
termed ‘microlymphangiography’ and can be used to
diagnose lymphatic dysfunction. Other methods for
evaluating lymphatic function include measurements
of solute concentration ratios between plasma and
Ilymph (Renkin and Wiig, 1994) as well as local mea-
surements of lymphatic capillary pressures (Bates et
al., 1994; Wen et al.,, 1994; Zaugg-Vesti et al., 1993).

LYMPHATIC SYSTEM AND CANCER

The lymphatic system serves as the primary route
for the metastasis of most cancers and the spread of
tumor cells via [ymphatic vessels to the regional lymph
nodes is one of the most important indicators of tumor
aggressiveness for the majority of human malignan-
cies. Whereas lymphatic vessels containing clusters of
tumor cells are frequently observed at the periphery of
malignant tumors, it has been generally accepted that
lymphatic vessels are absent from tumors themselves
(Carmeliet and Jain, 2000; Folkman, 1996; Gilchrist,
1950; Lee and Tilghmanm, 1933; Leu et al., 2000; T'ani-
gawa et al., 1981; Zeidiman et al., 1955). Some early
studies reported intratumoral lymphatic vessels in cer-
tain types of cancer (Evans, 1908; Reichert, 1926}, but
this has been interpreted mainly as co-option of preex-
isting lymphatic vessels by invading tumor cells.
Hence, although the significance of preexisting peritu-
moral lymphatics as conduits for tumor cell dissemina-
tion has been well recognized (Fisher and Fisher,
1968), it has remained unclear whether tumors can
stimulate lymphangiogenesis and whether tumor me-
tastasis necessitates molecular activation of the lym-
phatic system (Folkman, 1996; Leu et al., 2000; Witte
et al,, 1997).

Several studies have failed to identify functional
lymphatics within tumors (Jain, 1987; Leu et al., 2000),
leading to the concept that lymphangiogenesis may not
play a major role in tumor metastasis (Carmeliet and
Jain, 2000). However, the absence of detectable perfu-
sion of lymphatic vessels does not necessarily imply the
absence of anatomically distinguishable lymphatic ves-
sels from tumors. The formation of an intratumoral
lymphatic network, whether fully tunctional in fluid
transport or not, may promote metastatic tumor spread
by creating increased opportunities for metastatic tu-
mor cells to leave the primary tumor site. The presence
and potential function of lymphatic vessels in tumors
have remained controversial mostly due to the lack of
molecular markers to reliably distinguish the lym-
phatic vasculature from blood vessels (Skobe and Det-
mar, 2000). Recently, several novel molecules have
been identified that allow a more precise distinction
between lymphatic and blood vascular endothelium.

These include VEGFR-3 (FLT-4), the receptor for the
vascular endothelial growth factors VEGF-C and
VEGF-D (Veikkola et al., 2000); podoplanin, a glomer-
ular podocyte membrane mucoprotein (Breiteneder-
Geleff et al., 1999; Weninger et al., 1999); and the
homeobox gene product Prox-1 that is involved in reg-
ulating development of the lymphatic system (Wigle
and Oliver, 1999). Most recently, a novel hyaluronan
receptor termed LYVE-1 has been shown to be re-
stricted to lymphatic vessels in normal tissues (Banerji
et al., 1999) and associated with tumors (Mandriota et
al.,, 2001; Skobe et al., 2001a; Stacker et al., 2001).

MOLECULAR REGULATION OF TUMOR
LYMPHANGIOGENESIS AND
LYMPHATIC METASTASIS

Vascular endothelial growth factor-C (VEGF-C), a
novel member of the VEGF family of growth factors
(Joukov et al., 1996; Lee et al., 1996), was the first
growth factor that was demonstrated to stimulate lym-
phangiogenesis in addition to angiogenesis (Jeltsch et
al., 1997; Oh et al., 1997; Witzenbichler et al., 1998).
The specific effects of VEGF-C on lymphangiogenesis
depend on its proteolytic processing. The mature form
of human VEGF-C stimulates both VEGFR-2 and
VEGFR-3 and can therefore stimulate both angiogen-
esis and lymphangiogenesis, whereas the partially pro-
cessed form preferentially binds and activates
VEGFR-3 (Joukov et al., 1997) and specifically stimu-
lates lymphangiogenesis (Skobe ¢t al., 2001a). Struc-
turally, VEGF-C is closely related to vascular endothe-
lial growth factor-D (VEGF-D), which also binds to and
activates VEGFR-2 and VEGFR-3 in a similar manner
(Achen et al,, 1998) and stimulates angiogenesis and
lymphangiogenesis (Stacker et al., 2001).

A number of studies have recently reported VEGF-C
expression in human tumors and its correlation to me-
tastasis to regional lymph nodes. VEGF-C has been
shown to be expressed in breast (Kurebayashi et al.,
1999; Salven et al., 1998), colon (Akagi et al., 2000;
Andre et al., 2000), lung (Niki et al., 2000; Ohta et al.,
2000; Salven et al., 1998), thyroid (Bunone et al., 1999;
Fellmer et al., 1999; Shushanov et al., 2000), gastric
(Yonemura et al., 1999), and squamous cell cancers
(Salven et al., 1998), mesotheliomas (Ohta et al., 1999),
as well as neuroblastomas (Eggert et al., 2000), sarco-
mas (Salven et al., 1998), and melanomas (Salven et
al., 1998). Increased expression of VEGFR-3 has been
detected in lymphatic endothelium adjacent to cancer
cells and in lymph nodes containing carcinoma metas-
tases (Jussila et al., 1998; Kaipainen et al., 1995).
Moreover, correlation between the VEGF-C expression
and the rate of metastasis to lymph nodes has been
found in breast (Kurebayashi et al., 1999), colorectal
(Akagi et al., 2000), gastric (Yonemura ct al., 1999),
thyroid (Bunone et al., 1999; Fellmer et al., 1999), lung
(Ohta et al., 2000), and prostate (Tsurusaki et al.,
1999) cancers.

In addition to the abundant correlative clinical data,
very recently a functional role of VEGF-C in tumor
lymphangiogenesis and metastasis has been demon-
strated (Mandriota et al., 2001; Skobe et al., 2001a).
Overexpression of VEGF-C in genetically fluorescent
human breast cancer cells transplanted onto nude mice
resulted in enlargement of peritumoral lymphatic ves-
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sels and in strikingly increased intratumoral lym-
phangiogenesis, without any obvious effects on tumor
angiogenesis. Increased intratumoral lymphatic vessel
density was associated with a significantly increased
incidence of metastases in regional lymph nodes as
well as with increased lung metastases. In fact, the
extent of intratumoral lymphatic vessel density was
highly correlated with the extent of lung metastases,
implying an important role of the lymphatic system for
the metastatic tumor spread to distant sites (Skobe et
al., 2001a).

VEGF-C-induced lymphangiogenesis has also been
shown to promote metastases to lymph nodes in a
model of pancreatic cancer. Transgenic mice in which
VEGF-C expression is driven by the rat insulin pro-
moter (Rip) were crossed with Rip1Tag2 mice which
spontaneously develop pancreatic B-cell tumors as a
consequence of SV40 large T-antigen expression under
the same promoter (Mandriota et al., 2001). The tu-
mors of the Ripl1Tag2 mice are locally invasive, but are
neither lymphangiogenic nor metastatic (Hanahan,
1985). In the double transgenic model, VEGF-C in-
duced lymphangiogenesis at the periphery, although
not within the pancreatic B-cell tumors, which pro-
moted the metastatic spread to regional lymph nodes
(Mandriota et al., 2001). Taken together, these results
provide a mechanistic explanation for the previously
reported correlation of VEGF-C expression in the pri-
mary tumors with high incidence of lymph node metas-
tases.

Another recent study demonstrated the important
role of VEGF-D in tumor lymphangiogenesis and me-
tastasis. Similar to VEGF-C, VEGF-D overexpressing
epitheloid tumors induced the formation of intratu-
moral lymphatic vessels and promoted lymph node me-
tastases in mice. Importantly, lymphatic spread in-
duced by VEGF-D could be blocked with a neutralizing
anti-VEGF-D antibody, suggesting inhibition of lym-
phangiogenesis as a useful strategy to inhibit meta-
static spread of cancer (Stacker et al., 2001). While
VEGF-D promoted tumor dissemination to lymph
nodes, VEGF overexpression in the same experimental
model did not, implying differential roles of VEGF fam-
ily members in determining the route of metastases. In
analogy with these findings, VEGF-C expression was
detected only in node-positive human breast cancers,
whereas expression of VEGF was detected in both
node-positive and node-negative tumors (Kurebayashi
et al.,, 1999).

Evidence for the existence of intratumoral lym-
phangiogenesis using molecular markers of the Iym-
phatic vessels has so far been obtained only in experi-
mental tumor models. In addition to VEGF-C overex-
pressing breast cancer (Skobe et al., 200la) and
VEGF-D overexpressing epitheloid tumors (Stacker et
al., 2001), intratumoral lymphatic vessels were also
frequently detectable within experimental cutaneous
squamous cell carcinomas and VEGF-C overexpressing
malignant melanomas (Skobe et al., 2001b). Further-
more, intratumoral lymphangiogenesis has been ob-
served within human melanomas with high endoge-
nous expression of VEGF-C transplanted onto avian
chorioallantoic membrane (CAM) (Papoutsi et al,
2000). Moreover, in a breast cancer model lymphangio-
genesis was induced not only within VEGF-C express-

ing tumors but also within nontransfected, control tu-
mors, suggesting the production of lymphangiogenic
factors other then VEGF-C in these tumors (Skobe et
al., 2001a). The presence of intratumoral lymphangio-
genesis in spontaneously developing human tumors
and its potential prognostic significance remains to be
determined.

Production of lymphangiogenic factors in tumors
may promote the incidence of lymphatic metastases by
increasing the number of lymphatic vessels in the vi-
cinity of tumor cells and therefore creating increased
opportunities for tumor cells to leave the primary tu-
mor site. It is also possible, however, that the activa-
tion of lymphatics by VEGF-C, VEGF-D, or related
growth factors could promote molecular interactions of
tumor cells with lymphatic endothelial cells, thereby
facilitating tumor cell entry into the lymphatics. There-
fore, even when the tumor itself lacks lymphatic ves-
sels, as in the VEGF-C-expressing pancreatic cancer
(Mandriota et al., 2001), an increase and/or activation
of peritumoral lymphatics might promote tumor me-
tastasis. Finally, the physiology of the lymphatic sys-
tem is optimally suited for the entry and transport of
cells (i.e., immune cells) (Witte et al., 1997} and there-
fore has many advantages over the blood circulation as
a transport route for a metastasizing tumor cell or
embolism. The smallest lymphatic vessels are still
much larger than blood capillaries and flow velocities
are orders of magnitude slower. Lymph fluid is nearly
identical to interstitial fluid and promotes cell viability.
In contrast, tumor cells in the bloodstream experience
serum toxicity, high shear stresses, and mechanical
deformation leading to an extremely low success rate
for metastasis (Liotta et al., 1991; Weiss and Schmid-
Schénbein, 1989). The preferential metastasis via lymn-
phatics, due to expression of lymphangiogenic factors
in tumors, might therefore promote survival of dissem-
inating tumor cells and consequently increase their
metastatic efficiency. Nearly all investigations of the
details of metastatic process, such as intravasation,
survival, and extravasation, have focused on tumor cell
behavior in the bloodstream (Liotta et al., 1991; Zetter,
1993) and there is currently a great need for clarifying
the interactions between tumor cells and lymphatics
and to develop a paradigm for lymphatic metastasis
similar to that of hematogenous metastasis.

PERSPECTIVES

Recent findings that demonstrate the occurrence of
peri- and intratumoral lymphangiogenesis in cancer
and its relationship to cancer metastasis (Mandriota et
al.,, 2001; Skobe et al., 2001a; Stacker et al., 2001) have
created a basis for exploring new strategies in cancer
diagnosis and therapy. However, a large amount of
work 1is still required to evaluate the significance of
tumor lymphangiogenesis in spontaneously arising hu-
man tumors and its relevance for distinet tumor types.
Although correlations between expression of the lym-
phangiogenic factor (VEGF-C) and lymph node metas-
tases in human tumors have been reported (Akagi et
al., 2000; Bunone et al., 1999; Fellmer et al., 1999;
Kurebayashi et al., 1999; Ohta et al., 2000; Tsurusaki
et al., 1999; Yonemura et al., 1999), the relationship
between lymphangiogenesis and metastasis in these
tumors remains to be established. Preliminary evi-
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dence from experimental models suggests that Iym-
phangiogenesis might be of particular importance in
tumor types that preferentially metastasize through
the lymphatic system, such as breast carcinoma (Skobe
et al., 2001a), melanoma (Skobe et al., 2001b), and
squamous cell carcinoma (Skobe et al., unpublished
data); therefore, targeting lymphangiogenesis may be
therapeutically significant, in particular for certain tu-
mor types. Clearly, targeting VEGF-C, VEGF-D, and
VEGFR-3 requires further evaluation as a strategy to
inhibit tumor metastases. In addition to being poten-
tial targets for inhibiting tumor metastasis, factors
implicated in tumor lymphangiogenesis and specific
molecules found on the activated lymphatic endothe-
lium may prove valuable in diagnosis of particularly
aggressive, metastatic cancers.

Finally, common treatments of many cancers, such
as lymph node resection and radiation therapy, are
frequently associated with lymphedema, a chronic con-
dition that is a major clinical problem. Edema is char-
acterized both by changes in the extracellular matrix
and alterations of lymphatic vessels and the interplay
between these two factors remains to be elucidated. It
is possible that therapy aimed at promoting lymphatic
regeneration may lead to an overall increase in lym-
phatic function in edematous tissue; however, it re-
mains to be determined whether this can be achieved
by application of lymphangiogenic growth factors
alone. The continued discovery and characterization of
factors that regulate lymphangiogenesis, as well as
understanding the role of the extracellular matrix in
lymphangiogenesis, will be essential for creating ratio-
nal therapies for secondary edema associated with can-
cer and for the development of new therapeutic strat-
egies for limiting cancer spread.

REFERENCES

Achen MG, Jeltsech M, Kukk E, Makinen T, Vitali A, Wilks AF, Alitalo
K, Stacker SA. 1998. Vascular endothelial growth factor D
(VEGF-I)) is a ligand for the tyrosine kinases VEGF receptor 2
(Flk1) and VEGK receptor 3 (FLT-4). Proc Natl Acad Sci USA
95:548--553.

Akagt K, Tkeda Y, Miyazaki M, Abe T, Kinoshita J, Machara Y,
Sugimachi K, 2000. Vascular endothelial growth factor-C(VEGF-C)
expression in human colorectal cancer tissues. Br J Cancer 83:887-
891.

Andre T, Kotelevets L, Vaillant JC, Coudray AM, Weber L, Prevot S,
Parc R. Gespach C, Chastre E. 2000. VEGF, VEGF-B, VEGF-C and
their receptors KDR, FLT-1 and FLT-4 during the neoplastic pro-
gression of human colonic mucosa. Int J Cancer 86:174-181.

Aukland K, Nicolaysen G. 1981. Interstitial fluid volume: local regu-
latory mechanisms. Physiol Rev 61:556-643.

Aukland K, Reed RK. 1993. Interstitial-lymphatic mechanisms in the
control of extracellular fluid volume. Physiol Rev 73:1-78.

Banerji 8, Ni J, Wang SX, Clasper S, Su J, Tammi R, Jones M,
Jackson DG. 1999. LYVE-1, a new homologue of the CD-4 glyco-
proiein, is a lymph-specific receptor for hyaluronan. J Cell Biol
144:789-801.

Bates DO, Levick JR. Mortimer PS. 1994. Starling pressures in the
human arm and their alteration in postmastectomy oedema.
J Physiol (Lond) 477:355-363.

Berk DA, Swartz MA, Leu AJ, Jain RK. 1996. Transport in lymphatic
capillaries. II. Microscopic velocity measurement with fluorescence
recovery after photobleaching. Am J Physiol 270:H330-337.

Bert JL, Bowen BD, Reed RK. 1988. Microvascular exchange and
interstitial volume regulation in the rat: model validation. Am .J
Physiol 254:H384-399.

Bollinger A, Jager K, Sgier F, Scglias J. 1981. Fluorescence micro-
lymphangiography. Circulation 64:1195-1200.

Breiteneder-GelefT' S, Soleiman A, Kowalski H, Horvat R, Amann G,
Krichuber E, Diem K, Weninger W, Tschachler E, Alitalo K. Ker-
jaschki D. 1999. Angiosarcomas express mixed endothelial pheno-

types of blood and lymphatic capillaries: podoplanin as a specific
marker for lymphatic endothelium. Am J Pathol 154:385-39-1.

Bunone G, Vigneri P, Mariani L, Buto S, Collini I, Pilotti S, Picrotti
MA, Bongarzone 1. 1999. Expression of angiogenesis stimulators
and inhibitors in human thyroid tumors and correlation with clin-
ical pathological features. Am J Pathol 155:1967-1976.

Carmeliet P, Jain RK. 2000. Angiogenesis in cancer and other dis-
cases. Nature 407:249-257.

Casley-Smith JR, Florey HW. 1961. The structure of normal small
lymphatics. Q J Exp Physiol 46:101.

Colantuoni A, Bertuglia S, Intaglietta M. 1984, Effecls of anesthesia
on the spontaneous activity of the microvasculature, Int J Microcire
Clin Exp 3:13-28.

Cornford ME, Oldendorf WH. 1993. Terminal endothelial cells of
lvmph capillaries as aclive transport structures involved in the
formation of lymph in rat skin. Lymphology 26:67-78.

Daroczy J. 1988. The dermal lymphatic capillaries.
Heidelberg: Springer-Verlag.

Eggert A, Tkegaki N, Kwiatkowski J, Zhao H, Brodeur GM, Himel-
stein BP, 2000. High-level expression of angiogenic factors is asso-
ciated with advanced tumor stage in human neuroblastomas. Clin
Cancer Res 6:1900-1908.

Evans HM. 1908. On the occeurrence of newly-formed lymphatic ves-
sels in malignant growths. Johns Hopkins Med J 19:232.

Fellmer PT, Sato K, Tanaka R, Okamoto T, Kato Y, Kobayvashi M,
Shibuya M, Obara T. 1999. Vascular endothelial growth factor-C
gene expression in papillary and follicular thyroid carcinomas. Sur-
gery 126:1056-1061.

Fischer M, Herrig I, Costanzo U, Wen S, Schiesser M, Franzeck UK,
Hoffmann U, Bollinger A. 1994. Flow velocity in single lymphatic
human skin capillaries of healthy controls. Rome: 18th Annual
European Conference on Microcireulation.

Fisher B, Fisher ER. 1968. Role of the lymphatie system in dissemi-
nation of tumor. In: Mayerson HS, editor. Lymph and the lymphatic
system. Springfield, IL: Charles C. Thomas. p 324.

Folkman J. 1996. Angiogenesis and tumor growth. N Engl J Med
334:921.

Gerli R, Ibba L, Fruschelli C. 1990. A fibrillar elaslic apparatus
around human lymph capillaries. Anat Embryol 181:281-286.

Gerli R, Ibba L. Fruschelli C. 1991. Ultrastructural eytochemistry of
anchoring filaments of human lymphatic capillaries and their rcla-
tion to clastic fibers. Lymphology 24:105--112.

Gilehrist RK. 1950, Surgical management of advanced cancer of the
breast. Arch Surg 61:913--929,

Guyton AC. 1965. Pressure-volume relationships in the interstitial
spaces. Invest Ophthalmol 4:1075-10844.

Hall JG. Morris B, Woollev G. 1965. Intrinsic rhythmic propulsion of
lymph in the unanesthetized sheep. J Physiol Lond 180:336-349.
Hanahan D. 1985. Heritable formation of pancreatic beta-cell tu-
mours in transgenic mice expressing recombinant insulin/simian

virus 40 oncogenes. Nature 315:115-22.

Hargens AR, Zweifach BW. 1977, Contractile stimuli in collecting
lymph vessels. Am J Physiol 233:H57-H65.

logan RD, Unthank JL. 1986. The initial lymphatics as sensors of
interstitial fluid volume, Microvasc Res 31:317-324.

Ikomi F, Schmid-Schonbein GW. 1996. Lymph pump mechanics in the
rabbit hind leg. Am J Physiol 271:H173-183.

Jain RI. 1987. Transport of molecules in the tumor mterstitium: a
review. Cancer Res 47:3039-3051.

Jeltsch M, Kaipainen A, Joukov V. Kukk E, Lymbousssaki A, Lakso
M, Alitalo K. 1997. Hyperplasia of lymphatic vessels in VEGF-C
transgenic mice. Science 276:1423-1.425.

Joukov V, Pajusola K, Kaipainen A, Chilov D, Lahtinen I, Kukk E,
Saksela O, Kalkkinen N, Alitalo K. 1996. A novel vascular endo-
thelial growth factor, VEGF-C, is a ligand for the Fli4 (VEGFR-3}
and KDR (VEGFR-2) receptor tyrosine kinases. EMBO .J 15:1751.

Joukov V, Sorsa T, Kumar V. Jeltsch M, Claesson WL, Cao Y. Sakscla
O, Kalkkinen N, Alitalo K. 1997. Proteolytic processing regulates
receplor specificity and activity of VEGF-C. EMBO J 16:3898-3911.

Jussila L. Valtola R. Partanen TA, Salven P, Heikkila P, Matikainen
MT, Renkonen R, Kaipainen A, Detmar M, Tschachler E, Alitalo R,
Alitalo K. 1998. Lymphatic endothelium and Kaposi’s sarcoma spin-
dle cells detected by antibodies against the vascular endothelial
growth factor receptor-3. Cancer Res 58:1599-1604.

Kaipainen A, Korhonen J, Mustonen T, van HV, Fang GII, Dumont D,
Breitman M, Alitalo K. 1995, Expression of the fms-like tyrosine
kinase 4 gene becomes restricted to lymphatic endothelium during
development. Proe Natl Acad Sei USA 92:3566-3570.

Kurebayashi J, Otsuki T, Kunisue H, Mikami Y, Tanaka K,
Yamamoto S, Sonoo 1. 1999. Expression of vascular endothelial

Berlin,



98 M.A. SWARTZ AND M. SKOBE

growth factor (VEGF) family members in breast cancer. Jpn J
Cancer Res 90:977-981.

Lauweryns JM, Baert J, de Loecker W, 1976. 'ine filaments in lym-
phatic endothelial cells. J Cell Biol 88:163-167.

Leak LV. 1970. Electron microscopic observations on lymphatic cap-
illaries and the structural eomponents of the connective tissue-
lymph interface. Microvase Res 2:361-391.

Leak LV. 1976. The structure of lymphatic capillaries in lymph for-
mation. Fed Proc 35:1863-1871.

Leak LV, Burke JF. 1966. Fine structure of the lymphaltic capillary
and the adjoining connective tissue area. Am J Anat 118:785-
810.

Lee FC, Tilghmanm RC. 1933. Lymph vessels in rabbit carcinoma,
with a note on the narmal lymph vessel structure of the testis. Arch
Surg 26:602-616.

Lee J, Gray A, Yuan .J, Luoh SM, Avraham H, Wood WI. 1996.
Vascular endothelial growth factor-related protein: a ligand and
specific activator of the tyrosine kinase receptor Fli4. Proc Natl
Acad Sci USA 93:1988-1992.

Leu AJ, Berk DA, Lymboussaki A, Alitalo I, Jain RK. 2000. Absence
of functional lymphatics within a murine sarcoma: a molecular and
functional evaluation. Cancer Res 60:4324-4327.

Liotta LA, Steeg PS, Stetler-Stevenson WG. 1991, Cancer melastasis
and angiogenesis: an imbalance of positive and negative regulation.
Cell 64:327~-336.

Mandriota SJ, -Jussila L, Jeltsch M, Compagni A, Baetens D, Prevo R,
Banerji S, Huarte J, Montesano R, Jackson DG, Orei L, Alitalo K,
Christofori G, Pepper MS. 2001. Vascular endothelial growth fac-
tor-C-mediated lymphaugiogenesis promotes tumouwr metastasis.
EMBO J 20:672-682.

Marchetti C, Poggi P, Piacentini C, Calligaro A. 1991. Scanning and
transmission electron microscopy of rabbit heart lymphatic capil-
laries. Lymphology 24:26-31.

McGeown JG, McHale NG, Thornbury KD. 1988. Effects of varying
palterns of external compression on lyvmph flow in the hindlimb of
the anaesthetized sheep. J Physiol Lond 397:449-457.

McHale NG, Thombury KD. 1989. The effect of anesthetics on lym-
phatic contractility. Microvase Res 37:70-76.

McNeill GC, Witle MH, Witte CL, Williams WH, Hall JN, Patton DD,
Pond GD, Wool{enden JM. 1989. Whole-body lymphangioscintigraphy:
preferred method of initial assessment of the peripheral lymphatic
system. Radiology 172:495-502.

Mislin H. 1976. Active contractility of the lymphangion and coor-
dination of lympbangion chains. Experimentia Basel 32:820-
8322,

Mortimer PS, Simmonds R, Rezvani M, Robbins M, Hopewell JW,
Ryan TJ. 1990. The measurenient of skin lymph flow by isotope
clearance—reliability, reproducibility, injection dynamics, and the
effect of massage. J Invest Dermatol 95:677-682,

Negrini D, Ballard ST, Benoit JN. 1994. Contribution of lymphatic
myogenic activity and respiratory movements to pleural lymph
flow. J Appl Physial 76:2267-2274.

Negrini D, Passi A, DeLuca G, Miserocchi G. 1996. Pulmonary inter-
stitial pressure and proteoglycans during development of pulmo-
nary edema. Am J Physiol 270:H2000-2007.

Niki T. Iba S, Tokunou M, Yamada T, Matsune Y, Hirohashi S. 2000.
Expression of vascular endothelial growth factors A, B. C, and D
and their relationships to lymph node status in lung adenocarci-
noma. Clin Cancer Res 6:2431-2439.

Oh SJ, Jeltsch MM, Birkenhager R, MeCarthy JE, Weich HA, Christ
B, Alitalo K, Wiliing J. 1997. VEGF and VEGF-C: specific induction
of angiogenesis and lymphangiogenesis in the differentiated avian
chorioallantoic membrane. Dev Biol 188:96-109.

Ohhashi T, Azuma T. Sakaguchi M. 1980. Active and passive mechan-
ical characteristics of bovine mesenteric lymphaties. Am J Physiol
239:H88-93.

Ohta Y, Shridhar V, Bright RK, Kalemkerian GP, Du W, Carbone M,
Watanabe Y, Pass HI. 1999. VEGF and VEGF type C play an
important role in angiogenesis and lymphangiogenesis in human
malignani mesothelioma tumours. Br J Cancer 81:54-61.

Ohta Y, Nozawa H, Tanaka Y, Oda M, Watanabe Y. 2000, Increased
vascular endothelial growth factor and vascular endothelial growth
factor-¢ and decreased nm23 expression associated with microdis-
semination in the lvimph nodes in stage I non-small cell lung cancer.
J Thorac Cardiovasce Surg 119:804--813.

Qlszewski WL, Engeset A, 1980. Intrinsic contractility of prenodal
lvmph vessels and lymph flow in human leg. Am J Physial 239:
H775-H783.

Olszewski WL, Engesel A, Jaeger M, Sokolowski J, Theodorsen L.
1977. Flow and composition of Jeg lymph in normal men during

venous stasis, muscular activity and local hyperthermia. Acta
Physiol Scand 99:149-155.

Papoutsi M, Siemeister G, Weindel K, Tomarev SI, Kurz I1, Schach-
tele C, Martiny-Baron G, Christ B, Marme D, Wilting J. 2000.
Active interaction of human A375 melanoma cells with the lym-
phaties in vive. Histochem Cell Biol 114:373-385.

Parsons RJ, McMaster PD. 1938. The effect of the pulse upon the
formation and flow of lymph. JJ Exp Med 68:353--376.

Pullinger BD, Florey HW. 1935. Some observations on the structure
and functions of lymphatics: their behavior in local edema. BrJ Exp
Pathol 16:49.

Reddy NP, Staub NC. 1981. Intrinsic propulsive activily of tharacic
duct perfused in anesthetized dogs. Microvasc Res 21:183--192.

Reichert FL. 1926. The regeneration of the Iymphatics. Arch Surg
13:871~881.

Renkin EM, Wiig H. 1994. Limits to steady-state lymph {low rates
derived from plasma-to-tissue uplake measurements. Microvase
Res 47:318-328.

Salven P, Lymboussaki A, Heikkila P, Jaaskela-Saari H, Enhoim B,
Aase K, von Euler G, Eriksson U, Alitalo K, Joensuu H. 1998.
Vascular endothehal growth factors VEGF-B and VEGF-C are ex-
pressed in human tumors. Am J Pathol 153:103-108.

Schad H, Breehtelsbauer H, Kramer K. 1976. Effcet of anesthesia
(Halothane) on thoracic duct lymph flow and lymph composition in
dogs. Ergeb Angiol 12:185-189.

Schad H, Flowaczny H, Brechtelsbauer H, Birkenfeld G. 1978. The
significance of respiration for thoracic duct flow in relation Lo other
driving forces of lymph flow. Pilucgers Arch 378:121-125.

Schmid-Schonbein GW. 1990a. Mechanisms causing initial lymphat-
ics to expand and compress to promote lymiph flow. Arch Histol
Cytol 53 Suppl:107-114.

Schmid-Schénbein GW. 1990b. Microlymphaties and lymph tlow.
Physiol Rev 70:987-1028.

Shushanov S, Bronstein M, Adelaide J, Jussila L, Tchipysheva T,
Jacquemier J, Stavrovskaya A, Birnbaum D, Karamysheva A. 2000,
VEGF-C and VEGFR3 expression in human thyroid pathologics.
Int .J Cancer 86:47-52.

Skobe M, Detmar M. 2000. Structure, function and molecular controf
of the skin lymphatic system. Rev J Invest Dermatol Symp Proceed
5:14-19.

Skobe M, Hawighorst T, Jackson DG, Prevo R, Janes L, Velaseo P,
Riccardi L, Alitalo K, Claffey K, Detmar M. 2001a. Induction of
tumor lymphangiogenesis by VEGF-C promotes breast cancer me-
tastasis. Nat Med 7:192--198.

Skobe M, Hamberg LM, Hawighorst T, Schirner M, Woll GL, Alitalo
K, Detmar M. 2001b. Concurrent induction of lymphangiogenests,
angiogenesis and macrophage recruitment by VEGF-C in mela-
noma. Am J Pathol, in press.

Stacker SA, Caesar C, Baldwin ME, Thornton GE, Williams RA,
Prevo R, Jackson DG, Nishikawa S, Kubo H, Achen MG. 2001.
VEGF-D promotes the metastatic spread of tumor cells via the
Iymphatics. Nat Med 7:186-191.

Swartz MA, Berk DA, Jain RK. 1996. Transport in lymphatic capii-
laries. I. Macroscopic measurement using residence time distribu-
tion analysis. Am J Physiol 270:H324-329.

Tanigawa N, Kanazawa T, Satomura K., Hikasa Y, Hashida M, Mu-
ranishi S, Sezaki H. 1981. Experimental study on lymphatic vascu-
lar changes in the development of cancer. Lymphology 14:149-154.

Taylor AE, Gibson WH, Granger HJ, Guyton AC. 1973. The interac-
tion between intracapillary and tissue forces in the overall regula-
tion of interstitial fluid volume. Lymphology 6:192-208.

Tsurusaki T, Kanda S, Sakai Fl, Kanetake H, Saito Y, Alitalo K, Koji
T. 1999. Vascular endothelial growth factor-C expression in human
prostatic carcinoma and its relationship te lymph node metastasis.
Br J Cancer 80:309-313.

Veikkola T, Karkkainen M. Claesson-Welsh L. Alitalo K. 2000. Reg-
ulation of angiogenesis via vascular endothelial growth factor re-
ceptlors. Cancer Res 60:203-212.

Weiss L, Schmid-Schonbein GW. 1989. Biomechanical interactions of
cancer cells with the microvasculature during metastasis. Cell Bio-
phys 14:187-215.

Wen S, Dorffler-Melly .J, Herrig I, Schiesser M, Franzeck UK,
Bollinger A. 1994. Fluctuation of skin lymphatic capillary pressure
in controls and in palients with primary lymphedema. Int.J Micro-
cire Clin Exp 14:139--143.

Weninger W, Partanen TA, Breitencder-Geleff' S, Mayer C, Kowalski
H, Mildner M, Pammer J, Sturzl M. Kerjaschki D, Alitalo K,
Tschachler E. 1999. Expression of vascular endothelial growth fac-
Lor receplor-3 and podoplanin suggests a lvmphatic endothelial cell
origin of Kaposi's sarcoma tumor cells, Lab Invest 79:243-251.



LYMPHATIC SYSTEM AND CANCER METASTASIS 99

Wigle JT, Oliver G. 1999. Prox1 function is required for the develop-
ment of the murine lymphatic system. Cell 98:769-778.

Witte MH, Way DL, Witte CL, Bernas M. 1997. Lymphangiogenesis:
mechanisms, significance and clinical implications. EXS 79:65-112.

Witzenbichler B, Asahara T, Murohara T, Silver M, Spyridopoulos I,
Magner M, Principe N, Kearney M, Hu J8, Isner JM. 1998. Vascu-
lar endothelial growth factor-C (VEGF-C/VEGF-2) promotes angio-
genesis in the setting of tissue ischemia. Am J Pathol 153:381-394.

Yoffey JM, Courtice FC. 1970. Lymphatics, lymph and the lympho-
myeloid complex. London: Academic Press.

Yonemura Y, Endo Y, Fyjita H, Fushida S, Ninomiya I, Bandou E,
Taniguchi K, Miwa K, Ohoyama S, Sugiyama K, Sasaki T. 1999.
Role of vascular endothelial growth factor C expression in the

development of lymph node metastasis in gastric cancer. Clin Can-
cer Res 5:1823-1829.

Zaugg-Vesti B, Dorffler-Melly J, Spiegel M, Wen S, Franzeck UK.
Bollinger A. 1993. Lymphatic capillary pressure in patients with
primary lymphedema. Microvasc Res 46:128--134,

Zawieja DC, Davis KL, Schuster R, Hinds WM, Granger HJ. 1993,
Distribution, propagation, and coordination of contractile activity in
lymphatics. Am J Physiol 264:H1283-1291.

Zeidman I, Copeland BE, Warren S. 1955. Experimental studies on
the spread of cancer in the lymphatic system. II. Absence of a
lymphatic supply in carcinomas. Cancer 8:123-127.

Zetter BR. 1993. Adhesion molecules in tumor metastasis. Semin
Cancer Res 4:219-229.





