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Relatively little is known about direct interactions between tumor cells and

lymphatic endothelial cells (LECs) during lymphatic metastasis. We postulate that

lymphatic endothelial adhesion molecules such as platelet endothelial cell adhesion

molecule (PECAM)-1, vascular cell adhesion molecule (VCAM)-1, and intercellular

adhesion molecule (ICAM)-1 are subject to modulation by the microenvironment, and

that the up-regulation of these adhesion molecules will influence the transport of

metastatic cells in the lymphatic circulation. Our experimental approach was to

"activate" lymphatic vessels in an in vivo model of acute dermatitis. Histological

analysis and quantitative immunofluorescence was used to evaluate experimental

dermatitis as well as the upregulation of adhesion molecules in intradermal LECs.

Cellular infiltration significantly increased (p.O.OOO1, ANOVA) in response to the

application croton oil. Lymphatic PECAM-1 and VCAM-1 expression in the tail

significantly increased (p<0.0001, ANOVA) in response to the application of croton oil.

However, immunofluorescence data from lymphatic PECAM-1 and VCAM-1

expression in the ear showed variable results. ICAM-1 expession showed no

significant change in the either the tail or ear. Unexpectedly, VEGFR-3, a lymphatic

marker, significantly increased (p.O.0OOt, ANOVA) in response to croton oil

application. Differential tumor cell adhesion to LECs in inflamed and normal tissues

could not be demonstrated by the Stampar-Woodruff tissue adhesion assay. The data

in the current study suggest that intradermal lymphatics up-regulate the expression of

their cell surface adhesion molecules and receptors for lymphangiogenic factors in an

i nf lamed microenvironment.
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1.0 lntroduction

The lymphatic system is a network of vessels, functionally distinct from the

blood circulatory system, that ramify extensively throughout most tissues of the body,

The lymphatic system functions to return extravasated fluids and proteins from the

extracellular spaces back into the blood circulation. Also, the lymphatics play an

important role in immuno-surveillance, as lymphocytes and antigen presenting cells

use lymphatic vessels to re-circulate between tissues and lymph nodes. During

malignant disease however, lymphatic vessels provide one of the main conduits by

which metastatic cancer cells disseminate from the primary tumor site. Many clinical

and pathological observations suggest that lymphatic vessels are common pathways

for initial dissemination for many cancers (Pepper, 2001). ln fact, certain cancers,

such as malignant melanoma, have a propensity to metastasize through lymphatics.

However, there is little scientific data that explains these clinical findings. Most of the

experimental work addressing tumor cell dissemination has focused on

hematogenous spread (Oliver and Detmar, 2002): relatively few studies have looked

at lymphatic spread.

Although the relationship between lymphatics and malignant disease has been

recognized for centuries, research in lymphatic metastasis is lagging behind that of

hematogenous metastasis. This lag can be partially attributed to the delay in research

on the anatomy and physiology of the lymphatic system compared to studies on the

blood circulatory system. Additionally, lymphatic vessels are difficult to study under

the microscope since they are often collapsed in tissue sections.
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Until recently, efforts in characterizing lymphatics in sítu have been hindered

due to the lack of lymphatic specific markers. Currently circumstances are improved

since a score of lymphatic specific markers has been discovered over the past

decade, and since then, lymphatic research has gained momentum.

Anatomical features such as the lack of a basement membrane,

interendothelial openings, and intravascular conditions conducive to cell viability

makes the lymphatic system well suited for the trafficking of white blood cells. A

growing body of evidence suggests that tumor cells can co-opt the same mechanisms

used for leukocyte adhesion and migration through endothelia in order to escape into

the bloodstream or lymphatics (Coussens and Werb, 2002). With respect to lymphatic

metastasis however, tumor cell interactions with lymphatic endothelial cells are a

virtual black box to researchers. To shed light on this area, the current work will

examine the adhesive interactions between metastatic melanoma cells and lymphatic

endothelial cells. Before proceeding however, establishing a brief background on the

lymphatics system, metastasis and its clinical relevance to malignant disease will

serve as an important rationalto our hypotheses.
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2.0 The Lymphatic System

2.1 A Historical Perspective

lnitially described as "white blood in the nodes" by Hippocrates, physicians and

natural philosophers dating back to antiquity have recognized components of what is

now known as the lymphatic system (Swartz, 2001).



fn the Common Era, scientific knowledge (proven through the experimental method)

was only burgeoning in the 17th century (Mason, 1962), thus discoveries on the

lymphatics during this time were largely restricted to anatomical observations.

Thomas Bartholin of Denmark (in 1653) was the first to use the term "lymphatics"

derived from the Greek word lympha - meaning clear or pure liquid. lronically, the

latin word lymphaticus meant confounding or confusing, an apt term for these vessel

of which no knew the function. The physiological role of these vessels remained

elusive until the 19e century when Ernest H. Starling demonstrated how lymphatic

vessels were important in maintaining fluid tissue balance by absorbing excess fluid

that had extravasated into the interstitium (Starling 1896).

2.2 Anatomic Organization of l-ymphatic System

The following summary of the lymphatic system draws upon excellent reviews

by Swartz (2001), Witte ef a/. (2001), Swartz and Skobe (2002). The lymphatics are

an entirely separate tree-like system of vessels (apart from the blood vascular system)

that absorbs extravasated fluid and macromolecules (lymph) from the tissues of the

body, and returns it back to the venous stream. Lymphatic vessels also act as

conduits which sentinel leukocytes use to circulate between tissues and lymph nodes.

The lymphatic system has five main categories of vessels: the initial lymphatics,

collecting ducts, lymph nodes, trunks, and ducts. The smallest of these vessels are

the initial lymphatics (Figure 1), which are blind-ended capillary networks that

penetrate most body tissues with the exception of cartilage, bone, and nervous tissue

(Jeltsch et a|.,2003).

14
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The lumen of these capillaries is larger and more irregular than that of blood

capillaries. ln tissue sections, these vessels are often collapsed making it difficult to

identify them under the microscope. The capillaries are composed of one layer of

endothelial cells whose ends can contact each other by three ways: (1) end to end, (2)

overlapping, and (3) interdigitating (Kato, 2000). Furthermore, lymphatic capillaries

are devoid of mural cells, and the basement membrane is either incomplete or absent

all together (Podgrabinska et al., 20OZ). Another unique feature of the initial

lymphatics is that the albuminal surface of endothelial cells is tethered to the

surrounding interstitium by fibers called anchoring filaments (Swartz and Skobe,2001;

Witte ef a\.,2001). This anchorage to the interstitium integrates the lymphatics into the

tissues such that tissue movement propels lymph.

Lymph from the capillaries is passed to the larger collecting ducts. Collecting

ducts are structurally different from capillaries in that they are no longer tethered to

the surrounding tissue by fibers, but instead possess a circular layer of smooth

muscle that aids propulsion. They also contain one-way valves to aid in lymph

propulsion and to prevent retrograde motion of lymph (Swartz, 2001). Lymphatic ducts

can be subcategorized by whether they are taking lymph to the lymph node (afferent)

or draining lymph away from the node (efferent).

Aggregations of lymph tissue, called lymph nodes, are dispersed along the

length of collecting ducts. The lymph node is a highly reticulated tissue that is rich in

lymphocytes of both T cell and B cell lineage. Dendritic cells and other professional

antigen presenting cells are intimately associated with the lymphocytes. Lymph from

afferent ducts is directed into the node, and the lymph is then percolated through the

reticular scaffold supporting the immune cells. Any immunogenic epitope recognized

by the lymphocytes will be regarded as foreign and triggers a humoral or a cellular

immune response.
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Once the lymph has been filtered through the lymph node, the efferent ducts

collect into the larger trunks. The trunks themselves eventually drain into the largest

lymphatic vessel, the thoracic duct, which returns the lymph to the venous circulation

by entering the junction between the jugular and subclavian vein.

2.3 Lymphangiogenesis

Lymphangiogenesis refers to the formation of lymph vessels de novo, a

phenomenon that naturally occurs in the developing embryo, and during wound

healing and repair in the adult.

ln adults, lymphatic function is closely associated with the blood vascular

system to maintain fluid tissue balance; however during embryogenesis, formation of

the lymphatic system and the blood circulatory system is asynchronous (Saharinen ef

al.,2OQ4). Florence Sabin (1902) proposed the theory that the lymphatics arose from

lymph sacs that originated from the venous side of the circulation. Using the pig

embryo as an experimental model, Sabin described the lymph sacs as a plexus of

small veins that coalesce and form a sac that is entirely free from the jugular vein

(Sabin, 1909). Recent molecular studies support Sabin's theory. Wigle and Oliver

(1999) demonstrated that during mouse development (stage E10.5), a subset of

endothelial cells in the anterior cardinal vein express the homeobox gene Prox-l. ln

wild type and Prox-l*/- mice, endothelial cells expressing Prox-l bud and sprout from

the anterior cardinal vein to give rise to the lymphatic vasculature, ln contrast, Prox-1]'

embryos have reduced endothelial cell budding, and failed to develop any lymphatic

vasculature. At a later stage of normal development (E12.5), lymphatic specific

markers such as vascular endothelial growth factor receptor (VEGFR)-3,
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lymphatic vessel endothelial hyaluronan receptor (LWE)-1, secondary lymphoid

chemokine (SLC) co-localize to the Prox-1 positive endothelial cells (Wigle et al.,

2002). From these studies, Prox-1 appears to be essential for committing endothelial

cells to lymphatic differentiation.

Members of the vascular endothelial growth factor family (which includes

VEGF, VEGF-B, VEGF-C, VEGF-D, and placental growth factor) are involved in the

development of the blood circulatory system and lymphatic system. ln particular,

VEGF-C and VEGF-D, have received much attention in lymphatic research due to

their potent mitogenic activity on lymphatic vessels. The two growth factors share 61%

sequence identity, and their mitogenic effect on lymphatic endothelial cells is

mediated through VEGFR-3, (Jussílo and Alitalo,2002).

At developmental stage E8.5, mesenchymal cells dorsal to the anterior

cardinal veins express VEGF-C, which, Ín turn, induces Prox-1 expressing lymphatic

endothelial cells to bud and sprout at stage E10.5.to form the lymph sacs. To confirm

VEGF-C's lymphangiogenic role, Karkkainen and colleagues (2004) demonstrated

how the anterior cardinal veins of Vegfct- mice failed to sprout lymph sacs, whereas

wildtype and Vegffl- mice did form lymph sacs. ln Vegfc*t- mice however, although

they formed lymph sacs, newborn pups were edematous, and exhibited hypoplasia of

the lymphatic vasculature. The authors noted that although endogenous VEGF-D did

not compensate for VEGF-C function in Vegfc*t' and Vegfct- mice, recombinant mouse

VEGF-C and VEGF-D but not VEGF was able to rescue the migration of Prox-1

expressing endothelial cells ln vitro. ln these rescue experiments, agarose beads

soaked with either recombinant mouse VEGF-C or VEGF-D were implanted in the

jugular and retroperitoneal regions of whole-mount explants of Vegfc*t- and Vegfct'

embryos. These beads restored the migration of Prox-l expressing endothelial cells in

the null mice. ln the same rescue experiments, VEGF did not induce the migration of
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endothelial cells. From this study it was determined that VEGF-C expression, but not

VEGF, is necessary for the normal development of the lymphatic system. The exact

physiological role of VEGF-D has yet to be determined.

3.0 The Hallmarks of a Cancer Cell

Multicellular organisms are, in fact, vast communities of cells that cooperate

and function together to make the necessary tissues and organs of the host. lntrinsic

genetic programming and communication with other cells ensures that each individual

cell divides and dies only as needed by the organism. Hanahan and Weinberg (2000)

provides an excellent review that describes a cancer cell as an individualist who no

longer obeys the laws that govern normal cell behavior. The cause of this cellular

transformation is a multi-step process in which the cell's genome accumulates genetic

mutations and epigenetic changes in key regulatory genes. Such genes include

proto-oncogenes, tumor suppressor genes, DNA repair genes, and genes required for

apoptosis. The accumulation of these molecular changes can impart the cancer cell

with tumorigenetic properties which include: (1) genomic instability, (2) deregulated

proliferation, (3) immortalization, (4) evasion of apoptosis, (5) the ability to induce

angiogenesis, (6) the ability to invade local tissues, and (7) the ability to metastasize

and to establish metastases in sites distant from the primary tumor.



4.4 Metastasis

One of the most clinically relevant event during tumor progression occurs

when tumor cells acquire the ability to disseminate from the primary tumor site, and

establish metastases at distant sites in the host. Thus, very often the primary tumor in

the patient does not pose the greatest threat; but rather, it is the metastasis of tumor

cells, which is reported to cause 90% of cancer deaths (Christafori, 2003; Fidler,

2003). ln a recent conference of the American Association of Cancer Research,

prominent researchers in the metastasis field defined a working definition of

metastasis," as a secondary growth nearby or discontinuous from the primary tumor

site in which tumor cells persist in proliferating without fully differentiating," (Welch,

2004).

4.1 Metastasic Cascade

The metastatic cascade is a complex process involving a series of interrelated

steps beginning with: (1) invasion and migration into the local stroma, (2) intravasation

into blood or lymphatic vessels, and survival within the circulation (3) cancer cell

arrest, (4) extravasation of cancer cells into tissues of the secondary site, (5)

establishment of a micrometastasis, (6) neo-vascularization of the secondary growth

(Gershenwald ef. al., 20Q2). The metastatic cascade is illustrated in Figure 2.

Fortunately for the host, metastasis is an inefficient process since each step is rate

limiting, and only a small subset of cancer cells can successfully "seed" themselves in

the microenvironment of the new tissue site and proliferate to form a micrometastasis

(Chambers et al., 20OZ).

20



Figure 2. The metastatíc cascade. The metastatic cascade is a multi-step

process by which individual tumor cells can disseminate from the primary tumor site to

form distant metastases. The process begins when an individual tumor cell acquires

an invasive phenotype and separates itself from the primary tumor mass (1). As tumor

cells invade the local stroma, they eventually will encounter either blood or lymphatic

vessels. Tumor cells can then intravasate into these vessels and circulate within the

blood or lymphatic circulation (2). Tumor cells that have survived in circulation can

arrest in the vascular bed of a distant organ (3). Tumor cell arrest can result from

mechanical restriction or be mediated through adhesive interactions with the cellular

lining of the vessel (Orr ef a/., 2000). Tumor cells can remain dormant at the site of

arrest, or they can continue to extravasate out of the vessel (4). Once tumor cells

extravasate, they must be able to successfully modify the local microenvironment to

permit the formation of a mícrometastasis (5). For example, to maintain growth, the

tumor mass must be able to induce the growth of new blood vessels (6).

2t





4.2 Tumor-Host lnterface

To understand how cancer cells invade into the local stroma, it is important to

discuss the microecology of the tumor-host interface. The interface is divided into

tumor and host compartments that are separated from each other by a basement

membrane. The tumor compartment consists of neoplastic cells whose morphology

relates to function, whereas the host stromal compartment contains fibroblasts,

myofibroblasts, inflammatory cells, and endothelial cells, all of which are supported

within the extracellular matrix (ECM). The ECM itself is made of a complex mixture of

proteins, glycoproteins, and proteoglycans that provide structural and mechanical

support (Pupa et a1.,2001; Radisky et a|,2001, Cunha and Matrisian, 2002). The field

of ECM biology has steadily progressed over recent decades, and researchers have

now realized that ECM molecules have a wider range of biological functions than

initially thought. ECM molecules can bind to neoplastic and stromal cells through their

cognate receptors (ex. aB integrins), and the interaction of these cell receptors with

ECM molecules can modulate a variety of cell behaviours such cell adhesion,

migration, differentiation, survival, and proliferation (Pupa et al., 2002). Thus in a

normal physiological context, ECM-controlled signaling ensures that cells divide and

differentiate only as needed by the organism (Pupa et al., 2002). Conversely,

abnormalities in cell-substratum communication can disrupt host regulatory signals

that govern normal cell behavior, and therefore set the stage for cancer progression

(Liotta and Kohn, 2001; Mueller and Fusenig, 2002).
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4.3 Tumor Cell lnvasion and Migration

One of the hallmarks of malignant cancer cells is their ability to traverse a wide

range of physical barriers that would block untransformed cells. Such barriers include

basement membranes, stromal matrix, and cellular barriers such as endothelíum. To

accomplish this task, cancer cells undergo cycles of cell attachment, local proteolysis,

and cell migration (Siegel and Malmsten, 1997). lnitial adhesion to the substratum is

facilitated by receptors to ECM macromolecules; such receptors include vitronectin

and laminin receptors, collagen receptors. lntegrin receptors, in particular, are

important contributors to the metastatic process because these receptors facilitate

"outside-in" signaling, in which integrin activation can induce cancer cell migration and

invasion, as well as providing pro-survival and proliferative cues (Sung and Chung,

2002).

When tumor cells acquire an invasive phenotype, they begin to constitutively

express extracellular proteases/protease activators at their "invasion front" which

enable them to degrade matrix proteins at the pericelular space, dígest the basement

membrane, and penetrate into the surrounding ECM. The specific proteases

implicated in tumor invasion include secreted and membrane-bound members of the

matrix-metalloproteinase (MMP) family, plasminogen activators (PA) such as tissue-

type plasminogen activator (t-PA) and urokinase plasmínogen activator (u-PA),

adamalysin-related membrane proteases, and bone morphogenic protein type-1

metalloproteinases (Price and Thompson, 2002; Líotta and Kohn, 2001). A growing

body of evidence over recent years has shed light on how certain cancer cells subvert

host stromal cells to provide the proteases necessary for ECM degradation (Johnsen

et a|.,1998).
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For example, in human colorectal cancer, both u-PA protein expression and

mRNA transcripts were localized to fibroblast-like cells surrounding the cancer cells,

while a subpopulation of cancer cells and tumor infiltrating macrophages expressed u-

PAR, the cell surface receptor for u-PA (Pyke et al., 1991; Pyke ef al., 1994).

Similar to tumor cells, stromal fibroblasts, and infiltrating inflammatory cells

degrade the loco-regional ECM, this proteolytic processing of ECM proteins exposes

cryptic adhesion sites to which tumor cells can adhere via integrin adhesÍon molecules

(Boudreau and Bissel, 1998). Furthermore, the activation of certain types of integrin

molecules can transduce survival and proliferation cues. A prime example of how

tumors can accomplish this was demonstrated by the work of Montgomery and

colleagues (1994). They showed how collagenolytic processing of collagen type 1

exposes a cryptic adhesion site to which melanoma cells can bind via crvB3 integrins.

Upon ligand binding, crv-positive melanoma cells had a significant survival advantage,

whereas av-negative melanoma cells had a diminished viability and eventually

underwent apoptosis.

25

4.4 Tumor Cell lnteract¡ons with Vascular Endothelium

Far from being an inert barrier between the intravascular and extravascular

compartments, the endothelial cell layer lining the inner layer of the vascular tree can

be thought of as an organ system regulating several physiological processes including

control of vascular-tone, trafficking of cells and nutrients, maintenance of blood

fluidity, and the growth of new blood vessels (Hill and Whitten, 1997; Aird, 2004;

Cines et al., 1998). On the other hand, endothelial cells are also dynamic in several

pathophysiological mechanisms such as thrombosis, atherosclerosis, and neo-
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vascularization of solid tumors. Superimposing the dynamic role of endothelium on the

metastatic process, one can imagine how the interactions between endothelium and

circulating tumor cells can influence metastatic outcome. lndeed, this has been

proven to be the case in experimental models of metastasis. Using the hepatic

microvasculature in the mouse as a model system to study the interactions between

endothelium and orthotopically injected tumor cells, Orr and colleagues have

demonstrated that endothelial cells have functional properties that are inducible in the

presence of arrested tumor cells and pro-inflammatory mediators such as interleukin-

1a and bacterial lippopolysaccharide (Scherbarth and Orr, 1997; Wang et al., 1999;

Wang et a1.,2000). Such functional properties include the up-regulation of adhesion

molecules (eg. E-selectin, ICAM-1, VCAM-1) and the release of reactive nitrogen

species (Scherbarth and Orr, 1997; Wang et a1.,1999; Wang et a1.,2000). The data

from these studies suggest that the 'activation" of endothelial cells in the

microvasculature can infuence the outcome of experimental metastasis. For example,

the arrest of tumor cells in the liver induces endogenous NO release, leading to

sinusoidal tumor cell kílling in hepatic sinusoids and reduced hepatic metastasis

formation (Wang et a|.,2000).

5.0 Lymphatic Metastasis

Lymphatic vessels provide one of the main anatomical routes by which

invasive tumor cells can disseminate from the primary tumor. Once tumor cells have

intravasated into lymphatic vessels, they can spread to local regional lymph nodes

and form metastases; this is a common clinical observation for solid tumors such as

carcinomas (Stacker et al., 2002a). From a clinical standpoint, the presence of
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lymphatic vessel invasion, and lymph node involvement has both diagnostic and

prognostic value to the clinician. The detection of (micro)metastases in sentinel lymph

nodes is indicative of a malignant phenotype, and the degree of sentinel node

involvement helps determine the appropriate therapeutic regimen for the patient

(Stacker et al., 2002b).

The lymphatics that surrounding the primary tumor drain into loco-regional

lymph nodes, called sentinel lymph nodes. Tumor cells that have disseminated into

afferent lymphatics eventually arrest at the lymph node and potentially form

metastases that can subsequently spread into local blood vessels. The presence of

tumor cells in local-regional lymph nodes is important criteria in Tumor-Node-

Metastasis staging system. Accumulating evidence from clinical and pathological

studies suggest that the spread of cancer cells to regional lymph nodes is an early

event for many solid tumors, and lymphatic vessels serve as the primary route for this

spread (Stacker et al., 2002b). The detection of micrometastasis in lymph nodes is

often associated with poor prognosis. However, the predictive value of lymph node

metastasis is being questioned since there are significant numbers of lymph node-

negative patients who develop metastatic disease (Zehentner, 2OO2). lt is likely that

such patients had occult metastasis at the time of initial presentation. The problem

then is to develop sensitive techniques in detecting occult metastases. Techniques

such as immuno-histochemistry, PCR-based techniques that can detect tumor-

specific nucleotide sequences, in sítu detection of DNA and RNA tumor-specific

sequences are currently being explored and developed.



5.1 TumorLymphangiogenesis

The vascularization of a solid tumor is not only requisite for tumor growth, but

also contributes to the dissemination of tumor cells by increasing the likelihood of

tumor cell intravasation into vessels (Folkman, 1992). Evidence supporting this theory

came from Weidner and associates (1993) in which patients with metastasis had

tumors with significantly higher microvessel densities (a parameter of tumor

angiogenesis) than patients without metastasis. However, the exact role of tumor

lymphangiogenesis and its contributions to the spread of cancer cells is still

controversial. Various reports of high interstitial pressure in tumors have been used

as theoretical bases for assuming a lack of functional intratumoral lymphatics (Stacker

et al.,20O2b; Leu et a\.,2002). Padera and associates (2002) demonstrated how an

experimental tumor was devoid of functional intratumoral lymphatics yet the

lymphatics at the tumor periphery were functional and enlarged.

The question remains as to whether tumors induce the lymphangiogenesis

from pre-existing surrounding lymphatic vessels, or do surrounding lymphatic vessels

become enlarged. Moreover, the question of tumor-cell interactions with lymphatic

endothelial cells has not been investigated. lt would be interesting to ascertain if tumor

cells enter a reciprocal dialogue with lymphatic endothelial cells (Tille ef a|.,2004)
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7.0 ExperimentalApproach

We chose to use the intradermal lymphatics in the tail and ear of Mus

musculus as our system of study. The mouse-tail and ear present attractive models

since the intradermal lymphatics of the skin can be easily visualized and accessed in

a convenient and relatively non-invasive manner.

With the assumption that lymphatic vessels become activated in a similar

fashion to that by which blood vessels are activated at sites of inflammation, we

utilized an in vivo model of acute dermatitis to determine if lymphatic endothelial cells

in the ear-skin can up-regulate the expression of their cell surface adhesion

molecules. Skin inflammation was induced by the topical application of croton oil, a

plant extract known to contain chemical irritants such as phorbol esters. Ear-skin

samples taken at 0, 4, 8, 16, and 24 hours after the induction of inflammation were

snap frozen in liquid nitrogen for immunohistochemical analysis. Two-color

quantitative immunofluorescence was used to simultaneously stain lymphatic vessels

and the adhesion molecules they express. Using vascular endothelial growth factor

receptor 3 (VEGFR3) as our lymphatic specific marker, lymphatic vessels in the skin

were indirectly labelled with green fluorescence whereas the adhesion molecules

PECAM-1, VCAM-1, and ICAM-1 were indirectly labelled with red fluorescence. Co-

localization of red and green fluorescence indicates that lymphatíc vessels express

the above adhesion molecules. MacProbe v 4.4, an image analysis software package,

was used to measure the relative fluorescent intensity of cell adhesion molecule

expression on lymphatic vessels.

To determine if the up-regulation of adhesion molecules in lymphatic vessels can

influence the transport of tumor cells, a modified version of the Stamper-Woodruff
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tissue adhesion assay (Stamper and Woodruff, 1976) will be used. Briefly, inflamed

and non-inflamed frozen ear sections will be incubated with a solution of fluorescently

labeled 816F1 melanoma cells (1x10 6cells/ml). The tissue sections will be observed

under epifluorescence and the number of cells adhering to lymphatic vessels will be

tabulated.

8.0 Methods

8.1 Animals and Materials

18-209 female CS7BUO mice were purchased from Charles River (Montreal

Quebec) and housed according to the University of Manitoba standards. Croton oil

and fluoroscein-isothiocyanate dextran (M.W. 2000000), were obtained from Sigma

(Oakiville, ON). Pyrogen-free steríle saline was from Baxter (Toronto, ON). The

mouse 816F1 melanoma cell line was obtained from American Type Culture

Collection (Rockville, MD). Rat anti-mouse PECAM-1, VCAM-1, and hamster anti-

mouse ICAM-1 monoclonal (primary) antibodies were purchased from Pharmingen

Canada (Mississauga, ON). Rabbit anti-mouse VEGFR-3 polyclonal primary antibody

was purchased from R&D Systems. CY3-conjugated donkey anti-rat secondary

antibodies were purchased from Jackson lmmunoResearch Laboratories, lnc. (West

Grove, PA). Alexa488-conjugated goat anti-rabbit secondary antibodies were

purchased from Molecular Probes (Oregon).

8.2 Cell Culture

816F1 melanoma cells were cultured in Dulbecco's modified essential medium

supplemented with 10o/o fetal calf serum and 1% penicillin-streptomycin. Cultures

were maintained at 37o C in an incubator with 5% COz. Media was changed every two
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days. At confluency, cells were washed with sterile phosphate buffered saline and

detached with trypsin-EDTA. Cells were split 1:20.

8.3 ln vivo Model of Acute lnflammation (Dermatitis)

Prior to the application of the chemical irritant, mice were anesthetized by i.p.

injection of a solution mixture of ketamine (100m9/kg mouse) + xylaline (1Omg/kg

mouse). Acute dermatitis in twenty-five C57l86 mice was induced by the topical

application of 20o/o croton oil (in DMSO) to a 1cm length section of the tail. Twenty-five

mice were divided into five time groups (each containing five mice) that were

designated 0, 4, 8, 16, and 24 hours. ln another experiment, acute dermatitis in

twenty-five C57l86 mice was induced by the topical application of 20o/o croton oil (in a

4:1 solution of olive oil:acetone) to both sides of the right ear. Application of olive oil-

acetone alone to the left ear served as the vehicle control. Twenty-five mice were

divided into five time groups (each containing fìve mice) that were designated 0,6, 12,

24, and 48 hours. At the end of each time point for both experiments, the mice were

anesthetized by lP injection of ketamine/xylaline mixture (dose 100m9/kg:10m9/kg)

and sacrificed by cervical dislocation, and the pinnas of the right and left ears were

harvested.

8.4 Tissue Preparation

For each 0.5cm2 biopsy of normal and inflamed skin tissue, one half portion of

the tissue was fixed in 3.7o/o formaldehyde in 0.1M phosphate buffered saline (0.023M

NaHzPO¿"2H2O + 0.077M Na2HPO4, pH = 7.3) for 16-18 hours, and finally paraffin-

embedded for histomorphological staining with haematoxylin and eosin. The

remaining portion was embedded in Tissue Tek O.C.T. compound and was flash
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lrozen in liquid nitrogen for one minute. Frozen tissues were stored in -750C freezer

until needed. Fresh frozen tissues were used for fluorescent immuno-staining

procedures.

8.5 Hematoxylin and Eosin Staining

5 pm sections were dewaxed twice in xylol, and then rehydrated in a graded

alcohol series (100o/o ethanol, 95% ethanol, water). For nuclear staining, the slides

were placed in Harris' Hematoxylin for 3 minutes. Excess dye was removed by placing

the slides in running tap water for 5 minutes. Afterwards, the slides were quickly

dipped once in 1o/o acidlalcohol solution (1% concentrated HCL in 70% ethanol

solution) to destain further. The slides were placed in running water for 5 minutes. To

blue the haematin-alum dye, the slides were dipped 10 times in Scott's tap water

(basic solution), and then placed in running water for 5 minutes. For proteinaceous

staining, the slides were dipped in Eosin 10 times. Slides were subsequently

dehydrated in 95% ethanol for 2 minutes, then absolute ethanol (twice) for 2 minutes.

The sections were then cleared in xylol prior to mounting in Paramount solution.

8.6 lndirect Two-Color lmmunofluorescent Staining

Fresh frozen Spm sections of normal and inflamed ear were fixed in -20o C

acetone for 2 minutes. Tissue sections were then equilibriated in 0.01M phosphate

buffered saline (pH = 7.0) for five minutes. To prevent non-specific binding of

antibodies, tissue sections were incubated in blocking solution (2% bovine serum

albumin in phosphate buffered saline) for 10 minutes. Prior to applying antibodies to

tissue sections, all primary and secondary antibodies were pre-incubated in blocking

solution for 10 minutes and centrifuged at 10,000 revolutions per minute at room

temperature for 5 minutes to spin down any protein precipitate within solution.
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Sections were incubated with primary antibody solution containing both the lymphatic

specific antibodies against murine VEGFR-3 (1Opg/ml) and one of three antibodies

against PECAM-1(6.3p9/ml), VCAM-1(12.Spg/ml), or ICAM-1(12.5pglml) for t hour at

room temperature. Optimal antibody concentrations were titrated in previous

experiments. After incubation with primary antibodies, the slides were washed with

phosphate buffered saline with 0.01% Tween-20 three times at five minutes each.

Secondary goat anti-rabbit antibodies conjugated to Alexa 488rM (13.3p9/ml) and

donkey anti-rat antibodies conjugated to CY3 (1:150) or rabbit anti-hamster antibodies

conjugated to R-phycoerythrin (1.3pg/ml) were pre-incubated in blocking solution as

previously described.

The secondary antibody solution was applied to the slides for t hour. After

incubation with secondary antibodies, the slides were washed with phosphate

buffered saline with 0.01% Tween-20 three times at five minutes each. For nuclear

staining, a phosphate buffered saline solution containing 2-(4-amidinophenyl)-6-

indolecarbamidine dihydrochloride (1¡rg/ml) was applied to the slides for five minutes.

Excess solution was blotted with tissue paper, and the slides were finally mounted in

aqueous GelMount . Slides were imaged with a Zeiss Axiophot microscope equipped

with fluorescence. Fluorescent images were captured using a Photometrics SenSys

camera and digitized to a G4 Macintosh computer. MacProbe 4.4 software package

from Applied lmaging was used to analyze fluorescent micrographs. Quantitative

measurement of fluorescence was expressed as average fluorescent intensity per

pixel.

8.7 lntravital Videomicroscopy

The intradermal lymphatics of the mouse-ear were visualized as follows. The

mouse was anesthetized with ketamine/xylaline. When a surgical plane of anesthesia
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was reached (checked by pedal reflex) the tail was cleaned with 70o/o ethanol solution

in double distilled water. A 25o/o solution F|TC-dextran (in saline) was intradermally

injected in the tail skin. The mouse was immediately placed on stage of an inverted

epifluorescent microscope. Under low power (16X), green fluorescent emissions were

captured through a 530nm band filter and captured using a Canon 4.0 megapixel

camera. ln similar experiment, the lymphatic vasculature of the ear was visualized.

8.8 Silanization of Glass Coverslips for the Tissue Adhesion

Glass coverlslips were dipped in 2o/o (3-aminopropyl)-triethoxysilane in acetone

for 1 minute. Cover slips were rinsed in acetone for one minute, followed by emersion

in double distilled water. Coverslips were ímmersed in water and agitated and were

then allowed to air dry.

Assay

8.9 Transient Fluorescent Labelling 816F1 Melanoma Cells for

the Tissue Adhesion Assay

816F1 melanoma cells were grown to 80% confluency in complete media prior

to labeling. Cell media was changed and replaced with 10ml of Opti-Mem media.

Mitotracker Red (0.1p9/ml, final concentration 0.2nM) was added to the culture

medium and aspirated. The culture dish was incubated with the dye for 45 minutes.

After incubation, the cells were rinsed with sterile phosphate buffered saline. Cells

were detached from the culture dish with trypsin-EDTA for 1 minute at 37o C.

Detached cells were washed in sterile phosphate þuffered saline, and were placed on

ice prior to use.



8.10 Adhesion of Melanoma Cells to Frozen Sections of Tail-Skin

Five-micron sections of skin from animals were sacrificed at 0 and 4 hrs after

the application of croton oil were placed on silanized circular glass cover slips. The

sections were equilibriated in phosphate buffered saline for 5 minutes. The sections

were incubated for 20 minutes in a Z4-well culture plate in which each well contained

a solution of 816F1 melanoma cells (1 x 106 cells per ml) that were labeled with

MitoTracker Red. Non-adherent cells were removed by dipping the coverslips in

phosphate buffered saline once. The cover slips were then fïxed in neutral buffered

formalin for 12 minutes at room temperature. The sections were then washed once in

phosphate buffered saline. The cover slips were finally mounted in Gel Mount antifade

solution. Slides were viewed with a fluorescent microscope equipped with a 554nm

excitation/568nm emission band pass filter. Fluorescent images were captured using

a Canon 4.0 megapixel camera. Using Adobe Photoshop, a 100 pm2 grid was

calibrated and overlaíd on images of tissue sections. The total number of cells that

had adhered to tissue sections (within a2400pm2 area) was tabulated, and from those

numbers, the percentage of cells that had adhered to endothelium were tabulated.
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8.11 Adhesion of Melanoma Cells to Frozen Sections of Ear-Skin

The methods in the previous sections are the same with the exception of

twenty-micron ear -skin sections from animals sacrificed at 0, 6, 12, 24, and 48 hrs

after the application of croton oilwere used for the tissue adhesion assay. Slides were

viewed with a fluorescent microscope equipped with a 554nm excitation/568nm

emission band pass filter. The total number of cells that had adhered to tissue
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sections (within a 33.2mm2 area) was tabulated, and from those numbers, the

percentage of cells that had adhered to endothelium was tabulated Fluorescence

images were captured using a Canon 4.0 megapixel camera.

9.0 Results

9.1 Normal Histology of the Tail and Ear Skin

ïhe epidermis of the tail skin consisted of stratified squamous keratinizing

epithelium. lmmediately below the epithelium was the dermis, where interwoven

bundles of collagen form dense irregular connective tissue. Within the connective

tissue, flattened nuclei of fibroblasts are interspersed between the collagen bundles.

Occasionally, the lumen of lymphatic vessels could be seen within the dermis (See

Figure 4). Below the dermis was the hypodermis or subcutaneous tissue that contains

fatty tissue, nerve fibers, and larger vascular and lymphatic vessels.

The skin of the mouse ear was much thinner than that of the tail (Figure 5).

Below the epidermis was the dermis that consisted of dense irregular connective

tissue. lntradermal lymphatics were also present in the ear skin. At the tip of the pinna

of the ear, the hypodermis was non-existent, and the dermis completely covered the

ear cartilage. However, as the skin becomes more proximal to the body, the

hypodermis was seen to contain adipocytes, striated muscle bundles, and larger

blood vessels.
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9.2 ln vivo Model of Acute Dermatitis in the Tail and Ear Skin

Figure 6 shows the typical histological changes observed following application

of 20o/o croton oil on the tail. The nuclear morphology of individual cells within the

cellular infiltrate did not allow them to be classified into polymorphonuclear cells or

mononuclear cells, thus absolute identification of the inflammatory cell type was not

possible. lnstead, the number of nuclei within a 50¡rm2 area of dermis was used as a

parameter to quantify the magnitude of the inflammatory response. Table 1 compares

the responses between 0, 4, 8, 16, and 24-hour time groups.

With respect to the inflammation model in the ear, cellular morphology was

well preserved in archived tissue. Polymorphonuclear leukocytes (mainly neutrophils),

and mononuclear leukocytes (lymphocytes and macrophages) were the hematopoietic

cells commonly associated with an inflammatory response (Figure 7). The number of

and polymorphonuclear and mononuclear leukocytes within a defined area (720pm2)

was quantified. Figure I depicts the typical progressive increase in cellular infiltrate

observed over 48 hours following application of 2Ùo/o croton oil onto the ear. The

average of five means (within each group) was found to be significantly different from

their vehicle control as the mice were exposed longer periods of time to the croton oil

(see Figure 9). Each mean was from 13 counts/images that were taken from both the

treated ear, and the contra-lateral vehicle treated control ear.









Figure 8. Progression of experimental acute dermatitis in the mouse ear over a period

of 48 hours (hematoxylin and eosin stain). Panels on the left-hand column represent

the vehicle controls for the treated tissues depicted in the panels of the right-hand

column. Six hours after stimulation with croton oil (panel D) the ear skin was thicker in

cross-section, and polymorphonuclear cells such as neutrophils appeared. Moreover,

the spaces between the collagen fibers were indicative of tissue edema. Margination

of inflammatory cells (not shown) was also evident at 6 hours. These features were

absent in vehicle control (panel C). At 12 hours, tissue edema was still evident (panel

F) and more cellular infiltrate was seen in tissue sections compared to the previous

time point. At 24 hours (panel H) the amount of cellular infiltrate increased from 12

hours, and tissue edema was still present. After 48 hours (panel J) the amount of

inflammatory cells was less compared to 24 hours. lScalebar = 20uml
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Figure 9. Quantification of inflammatory cell type observed over 48 hours after the

application of 20o/o croton oil to the ear. lnflammatory cells were grouped into two

main categories - polymorphonuclear cells (neutrophils, basophils, and eosinophils),

and mononuclear cells (macrophages, and lymphocytes). ln graphs A and B, the

colored bars represent the average of 5 means (each mean calculated from a sample

n=13) from treated tissue at the indicated time point. The error bars represent the

standard error of the mean (SEM). Similarly, the grey shaded bars depict the mean

and S.E.M. from matched vehicle controls. With time, the measurements from treated

tissues became significantly different from their matched vehicle controls. From 0 to 6

hours after application of croton oil, there were no significant differences between the

treated ears and vehicle controls. However, at 12 hours, there was a significant 28-

fold increase in the number of polymorphonuclear cells (p-0.03) from the vehicle

control. At 24 hours, there was an 11-fold increase in polymorphonuclear cells

(p=0.0008) from the vehicle control. At the same time point, there was a 2-fold

increase in mononuclear cells (p=0.01) compared to the vehicle control.
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9.3 Fluorescent Microlymphangiography of the Tail & Ear

The lymphatic microvasculature of the tail and ear were visualized by the

intradermal injection of a fluorescent intravital dye, fluoroscein isothioryanate

conjugated to dextran, which is preferentially absorbed into the lymphatics. The

differences in anatomical arrangement of dermal lymphatics between the tail and ear

are demonstrated in Figure 1.0.

9.4 Adhesion Molecule Expression ln lntradermal Lymphatic

Endothelial Cells in the Tail and Ear Skin.

Quantitative analysis of fluorescent micrographs of intradermal lymphatic

vessels in the tail demonstrated an increase in average fluorescent intensity per pixel

with respect to PECAM-1 expression from 0 hours to 24 hours of inflammation (Figure

1 1, Table 2). Similarly, intradermal lymphatic endothelial cells exhibited an increase

(but to a lesser extent) in average fluorescent intensity due to VCAM-1 expression

(Figure 12,Table 3) from O to 24 hours. ln contrast, intradermal lymphatic endothelial

expression of ICAM-1 did not exhibit any significant changes during inflammation

(Figure 13, Table 4). Conversely, lymphatic PECAM-1 expression in the ear

decreased in response to the application of croton oil (Figure 15, Table 5). With

respect to lymphatic VCAM-1 expression in the ear, there was no significant change

between the 5 time groups (Figure 16, Table 6).
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9.5 VEGRF-3 Protein Expression is lncreased during

lnflammation in lntadermal Lymphatic Endothelial Cells in the

Tail and Ear Skin.

ln the majority of experiments in the tail, immuno-fluorescence due to VEGFR-

3 expression was seen to significantly increase over a time period of 24 hours after

the application of croton oil (p<0.0001, ANOVA, Kruskal-Wallis). The trend was an

increase over a period of 24 hours (see Figure 14). Changes of VEGFR-3 expression

in the ear had a different pattem of expression. Although in both trials, the means in

each time group were found to significantly different from each other (p<0.0001,

ANOVA), there was a decrease in expression from 6 to 24 hours. Aftennrards,

VEGFR-3 expression was seen to increase irom24 to 48 hours (see Figure 17) .



















Figure 14. Change ín expressíon of VEGFR-3 ín taíl skin lymphatic endothelíal cells

during inflammation. Expression of the lymphatic specific marker, VEGFR-3, changed

during the course of experimental acute inflammation in the tail. ln A, there was a

consistent, Z-fold increase (p=0.0001) in fluorescence due to Flt-4 expression. ln

experiment 2, graph B, there was still an increase in fluorescence over time, however,

the change was not as significant in the previous experiment. ln experiment 3, graph

C, there was no significant change in fluorescence over time.
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Figure 17. Change in expression of VEGFR-3 in the ear skin lymphatic

endothelial cells in response to the application of croton oil. ln graph A,

VEGFR-3 levels significantly decreased by 50% (p.O.OOt, Tukey's Multiple

Comparison Test) from 0 to 12 hours. From 12 to 24 hours, VEGFR-3

expression returned to levels comparable at 0 hrs. ln graph B, there was still

an increase in fluorescence over time, however, the change was not as

significant in the previous experiment. ln experiment C, there was no

significant change in fluorescence over time.
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9.6 Adhesion of 816F1 Melanoma Cells to Normal and lnflamed

Tissue Sections of the Tail and Ear

A modified version of the Stampar-Woodruff tissue adhesion assay was used

to determine if activation of lymphatic endothelial cells can influence the transport of

816F1 melanoma cells into lymphatic circulation. ln allthree experiments, there was a

significant increase in the number of cells that have adhered to endothelial cells in

inflamed tissue sections of tail (4 hour time group) compared to normal tissue sections

(0 hour time group). See Figure 17. The quantitative results are summarized in Table

2. ln the ear, however, there was only one instance were the means were significantly

different from each other - tumor cell adherence to blood vessels in experiment 1

(See table 3). ln all other cases, there were no significant changes in tumor cell

adherence to blood or lymphatic vessels. Figure 18 depicts representative pictures of

tumor cell adherence to blood vessels and lymphatic vessels.







10.0 Discussion

The lymphatic system is the branch of the vascular system that is responsible

for returning extravasated fluid and protein into the blood circulatory system via the

thoracic duct. ln addition, lymphatic vessels act as conduits for lymphocytes and

antigen presenting cells, permitting them to circulate between tissues and lymph

nodes (Stacker et al., 2002a). The study of the lymphatic system has been a

historically arduous due to the late discovery of its anatomy and physiology, the

difficulty in recognizing these vessels under the microscope, and lack of lymphatic

specific markers (Stacker et al.,2OO2a). However, the past few years have seen a

renaissance in lymphatic research due to the recent discovery of lymphatic endothelial

markers (Tille ef al., 2OA4). Today, by utilizing these markers, scientists are better

equipped to study lymphatics and lymphangiogenesis in both normal and pathologic

conditions.

Before proceeding to the discussion of lymphatic metastasis, it is important to

define a few basic notions and definitions. A mefasfasr.s is a secondary tumor growth,

nearby or discontinuous from the primary tumor, in which tumor cells persist in

proliferation without fully differentiatíng (Welch, 2004). Mefasfases in distant organs

can grow and disrupt both local tíssue architecture and function, which can lead to

organ dysfunction. Metastasis can occur via blood vessels, and/or lymphatic vessels.

'fhe metastatic cascade is a term that refers to the steps required to form a

metastasis, these include: invasion, intravasation, survival in circulation, tumor cell

arrest, extravasation, formation of a vascularized tumor mass. Each step in the

cascade is rate limiting - if the tumor cell does not express the appropriate genes to

complete one step of the cascade, all subsequent steps will not occur (Welch, 2004\.

Fortunately,
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fewer than 0.1%o of the cells that enter the vasculature survive to form clinically

detectable macroscopic metastases (Fídler, 1970).

The dissemination of tumor cells from the primary site can occur either through

the blood vessels or lymphatic vessels. The former system has been studied quite

extensively in the literature, whereas the latter has received less attention. Although

the association between lymphatics and the spread of malignant disease has long

been recognized. Today, clinical and pathological evidence suggests that lymphatics

are common pathways for the initial spread of tumor cells (Pepper, 2001). The

presence of tumor cells in lymphatic vessels and/or the detection of (micro)

metastasis in the lymph nodes of patents provide both diagnostic and prognostic

information regarding the presence and severity of malignant disease. With this

information the clinician can choose appropriate antí-cancer therapíes for the

individual patient. Usually if the cancer is limited to sentinel lymph nodes, the primary

tumor and local lymph nodes can be resected, followed by local radiation therapy.

Although the association between lymphatics and the spread of tumor cells

have long been recognized, the biology of tumor cell interactions with lymphatic

vessels is virtually unknown. How do invasive tumor cells interact with lymphatic

endothelial cells? Do lymphatic endothelial cells have inducible functional properties

similar to vascular endothelial cells (eg. up-regulation of adhesion molecules)? lf so,

how does the induction of these properties affect the transport of tumor cells in the

Iymphatic circulation? These questions are addressed in the current work under the

general hypothesis that lymphatic endothelial cell adhesion molecules can be

modulated by the microenvironment, and that the change in the adhesive properties of

lymphatic endothelial cells can Ínfluence the transport of tumor cells in lymphatic

circulation. The novelty of this work lies within its attempt to elucidate the nature of the



adhesive interactions between tumor cells and lymphatic endothelial cells, a topic that

has not yet þeen explored in the literature.

10.1 Rationale for Choice of Exper¡mental Model

ln choosing a model to study the properties of the lymphatic endothelial cells,

there were several questions to consider. First, would an in vitro or in vivo model be

appropriate to study the biology of lymphatic endothelial cells, as it pertains to

lymphatic metastasis? Secondly, by what means can lymphatic endothelial cells be

activated? Lastly what approaches can be used to investigate the effects that

"activated" lymphatic endothelial cells have on the adhesive interactions (if any) with

tumor cells?

In vitro studies can provide information at the subcellular and molecular levels,

and are superior when eliminating variables and decreasing intra-experimental

variability (Cahalan et al.,2OO! Welch, 1997,\. Leak and colleagues (1999) have

established a sheep lymphatic endothelial transformed cell lÍne (SLET-1) that

undergoes rapid proliferation in the absence of grovuth factors and reduced

concentrations of serum. More recently, Nisato and colleagues (2004) have

engineered a human lymphatic endothelial cell line that has been transfected with a

retrovirus containing a coding region of human telomerase reverse transcriptase

(hTERT) that apparently expands the life span of the cells. ln addition to established

cells lines, studies have been performed on primary cultures of lymphatic endothelial

cells that have been purified from a heterogeneous population of dei"mal

microvascular cells isolated from human skin (Podgrabinska ef al., 2QO2). Utilizing

primary cultures, or established cell lines would be viable means to determine if
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lymphatic endothelial cells can aciivated by various stimuli. lndeed this approach has

been used to investigate the physiological responses of lymphatic endothelial cells to

pro-inflammatory mediators such as lippopolysaccharide, histamine, and tumor

necrosis factor-q (Leak et al., 1995). ln addition, in vitro studies can also be used to

investigate the interactions between tumor cells and lymphatic endothelial cells. For

example, monolayers of lymphatic endothelial cells can be co-cultured with tumor

cells to study signalling cross-talk, adhesive interactions, changes in cellular

behaviour, and tumor cell migration over lymphatic endothelial cells. This approach

has been used to study the cellular inte¡^actions between lung-derived rat endothelial

cells and mouse sarcoma and adenocarcinoma cells (Líu et a1.,2003).

However, ihe problem wiih data obiained from cultured lymphatic endotheiiel

cells is its limited relevance to the in vivo situation since culture conditions cannot

mirror the complexity of the tissue microenvironment from which the lymphatic

endothelial cells were originally isolated. Moreover, the effects of the physical

separation of lymphatic endothelial cells from their natural substrate could possibly

alter the physiology of the cells. For example, the initial lymphatics in the skin are

integrated into the extracellular matrix by anchoring filaments (Witte et al, 2AO1).

lntegrins and focal adhesion kinases have been immuno-localized in close proximity

to anchoring filaments (Gerli et a|.,2000). The authors propose that the association of

anchoring filaments, integrins, and foca! adhesion kinases suggests thai anchoring

fiiaments can transmit chemical/mechanical stimuli from the extracellulai'mairix to the

cytoskeleton of lymphatic enciothelial cells. Thus, one can imagine how ihe physical

separation of lymphatic endothelial cells from their natural substrate can alter the

physiology of ihe cells. Therefore, can ihe observations obtained from cultured

lymphatic endothelial cells truly mii'ror the behaviour of lymphatic endothelial cells æ

vivo? Considering ihe complexity of lymphaiic meiasias¡s in viva in which iymphatic



endothelial cells are in a melange of various cytokines, host cells, tumor cells, and

extracellular matrix molecules, in vitro assays offer an insufficient level of complexity

to model the native behaviour of lymphatic endothelial cells.

An alternative method in studying lymphatic endothelial cells is through the

use of in vivo models. The ideal in vivo assay offers a model system in which the

lymphatics can be examined within their tissue microenvironment. The advantage of

using in vivo models is that one can observe dynamic processes in real-time by using

intravital microscopy - an optical imaging technique that allows for continuous non-

invasive monitoring of molecular or cellular processes in intact living tissues (Jain ef

al., 2002). For example, this technique has been applied to monitor lymphocyte

homing into the subiliac lymph node in anaesthetized mice (von Andrian, 1996).

lntravital videomicroscopy (lWM), a technique in which the sample is illuminated with

oblique lighting and monitored with a videocamera that is attached to the microscope

which allows for the real-time imaging of circulation pathways in intact animals and

organs (Chambers et a|.,1995). When applying this technique to metastasis research,

intravital microscopy provides the opportunity to observe directly the interactions

between circulating tumor cells and the microvasculature in living animals (Orr et al.,

2000).

ln the past, several authors have used the mouse tail-skin to visualize the

intradermal lymphatics, to investigate lymphatic vessel fluid transport (Swartz et al.,

1996), lymphangiogenesis (Boardman and Swartz, 2003), and tumor-associated

lymphatics (Leu ef al.,2OO0). The mouse ear skin has also been used to visualize the

lymphatics (Karkkainen et al., 2004). The intradermal lymphatics of the mouse skin

offer a model system that is accessible and easily visualized in a non-invasive

manner. ln the current work, the lymphatic microvasculature of the skin was used to
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address the question of whether or not lymphatic endothelial cells express inducible

adhesion molecules, and whether any increase in of lymphatic endothelial cell

adhesion molecules can affect the attachment and transport of tumor cells in the

lymphatic circulation. To study the properties of lymphatic endothelial cells rn sifu, an

experimental in vivo model of acute skin inflammation (dermatitis) was chosen to

"activate" lymphatic endothelial cells and increase their expression of adhesion

molecules.

10.2 ln Vivo Model of Acute Dermatitis - Morphological changes in

Experimental mouse models of skin inflammation have been used to study the

inflammatory response, the effects of pro-inflammatory compounds (Patrick et al.,

1985), as well as immuno-modulatory agents (Nishimuta and lto, 2003). Such models

have also been used to study cytokine-inducible endothelial cell-adhesion molecules

such as E-selectin (Henseleit et al., 1996), and vascular cell adhesion molecule-1

(Henseleit et a|.,1995), and intercellular adhesion molecule-1 (Goebeler ef a/., 1990).

The current study utilizes a well-established model of acute dermatitis

chemically induced by the topical application of croton oil. The most active ingredient

in croton oil is 12-0-tetradecanoyl-phorbol-13-acetate, a phorbol ester that is a

powerful irritant and tumor-promoting agent (Zucker et al., 1974). Upon application of

croton oil to the tail skin, the density of nuclei (defined as the number of nuclei per

area of dermis) is observed to increase, the longer the skin is exposed to the

chemical. lt is likely that the change in the density of nuclei is due to the infiltration of

inflammatory cells in response to the presence of the chemical toxin. However, the

the Mouse Skin in Response to the Application of Croton Oil
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types of ínflammatory cells that were present was difficult to classify histologically

because the nuclei did not appear to have the characteristic features of

polymorphonuclear cells or mononuclear cells. Despite the increase in cellular

infiltrate, tail-skin sections did not exhibit features that are associated with edema.

ln response to the exposure to croton oil, the ear skin exhibited histological

changes that are commonly associated with an acute inflammatory response. These

include reddening and thickening of the ear skin (presumably due to increased blood

flow and vascular permeability), marginalization of polymorphonuclear cells, and an

increased cellular infiltrate over time. ln contrast to the tail-skin, the cells of the cellular

infiltrate in the ear could be classified histologically according to the features of their

nuclei. The nuclear morphology of the majority of cells was multi-lobed (34 lobes)

which is a typical feature of neutrophils (Young, 2000). Quantification of the cellular

infiltrate suggests that polymorphonuclear cells are the first type of leukocytes to

appear at the site where croton oil was applied. The infiltration of polymorphonuclear

(PMN) cells increased until 12 hours, after which, the number of PMN cells decreases

towards 48 hours. On the other hand, the infiltration of mononuclear (MN) cells was

slower in response compared to reac{ion of polymorphonuclear cells. These results

arc in congruence with data from previous studies of croton oil-induced skin

inflammation (Patrick et al., 1985).

The margination of inflammatory cells to vascular endothelium and subsequent

infiltration of inflammatory cells is a common observation in acute inflammatory

reactions. Springer (1994) summarizes the molecular events underlying these

processes in an excellent review. Briefly, at the site of tissue injury, local vascular

endothelial cells are activated to express adhesion molecules such as selectins.

Circulating leukocytes attach and roll on the activated endothelium. Leukocytes are

subsequently activated to express counter-receptors to endothelial cell adhesion
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molecules such as VCAM-1 and ICAM-1. Upon binding of the cognate-receptors,

leukocytes arrest and begin to extravasate into the tissues. Cytokines such as

histamine and tumor necrosis factor-q are released at sites of inflammation are

responsible for the activation of vascular endothelial cells and the infiltration of

leukocytes (Springer, 1994). lt is interesting to note that inflammatory cytokines are

also responsible for the mobilization and migration of Langerhan cells (antigen

presenting cells) into the lymphatics and lymph nodes, though the exact mechanism

of Langerhan cell intravasation into lymphatic vessels is less understood (Romani ef

al., 2QO1). The notion of lymphatic endothelial cell ac'tivation during inflammation is

certainly tangible. Furthermore, in the context of lymphatic metastasis, can the

activation of lymphatic endothelial cells influence the metastatic process?

10.3 Activation of Lymphatic Endothelial Cells in Response to the

Application of Croton Oil

The rational for using an experimental model of skin inflammation to "activate"

intradermal lymphatic endothelial cells is based on the fact that lymphatic endothelial

cells have been demonstrated to respond to pro-inflammatory mediators such as

lippopolysaccharide, histamine, and tumor necrosis factor-q in vitro (Leak et al.,

1995), and that histamine and tumor necrosis factor-s are present in the cytokine

milieu of an inflamed microenvironment (Coussens and Werb, 2002). Moreover,

lymphatic endothelial cells in normal human tissue have been demonstrated to

express cytokine-inducible adhesion molecules such as ICAM-1, and E-selectin

(Ebata et al., 1999). lt Ís likely that the inflammatory cytokines released during skin

inflammation will cause the intradermal lymphatic endothelial cells to alter the

expression of cytokine-inducible adhesion molecules, as was the case with vascular





The "activation" of intradermal lymphatic endothelial cells was investigated in

skin tissue samples that were harvested post moftem and snap frozen to preserve

antigenicity. Sectioned skin samples were analyzed through quantitative

immunofluorescence to evaluate immunoreactive changes in lymphatic endothelial

cell expression of vascular endothelial growth factor receptor-3, and the cell adhesion

molecules PECAM-1, VCAM-1, and ICAM-1. Quantitative immunofluorescence

analysis is fast becoming a powerful technique that not only provides spatial

ínforrnation about target proteins and DNA sequences in situ, but the technique can

also provide quantitative data since it has been demonstrated that fluorescence

íncreases linearly with antigen concentration (Mosedale ef a/., 1996).

10.4 PECAM-1 Expression in Lymphatic Endothelial Cells during
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Experimental I nflammat¡on

lmage analysis of digitalized fluorescent microg¡aphs from the tail indicates

that fluorescence associated with lymphatic endothelial cell PECAM-1 staining

significantly increases as the skin is exposed longer to croton oil (See Figure and

table). ln the ear model however, lymphatic endothelial cell expression of PECAM-1

decreases 3-fold from 0 to 12 hours of exposure to croton oil before slightly increasing

from 12 to 48 hours. The obseruations from the tail and ear suggest that lymphatic

endothelial cells are able to alter the expression of PECAM-1 in response to

cutaneous exposure to croton oil. lt is likely the changes in PECAM-1 expression in

lymphatic endothelial cells can be associated with the progressive histological

changes in the skin that are associated with acute dermatitis. Could the change in
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lymphatic endothelial cell PECAM-1 expression influence the traffic of leukocytes?

Although PECAM-1 expression in lymphatic endothelial cells has been previously

demonstrated (Ebata et al., 1999), the physiological function of this cell adhesion

molecule in lymphatic endothelial cells has not been studied. Thus, any inferences on

the possible functions of PECAM-1 in lymphatic endothelial cells have to be made

from studies that have investigated the role of PECAM-1 in vascular endothelial cells.

The role of PECAM-î expression in vascular endothelial cells during the

process of inflammation has been studied. There are several studies in the literature

that suggests vascular expression of PECAM-1 is crucial in the process of leukocyte

extravasation into sites of inflammation (Newman, 1997). For example, monoclonal

antibodies to PECAM-1 have been found to block leukocyte recruitment in the

peritoneal cavity, the alveolar compartment of the lung, and human skin graphs

transplanted in immuno-deficient mice (Vaporciyan et a\.,1993). ln a similarfashion to

vascular endothelial cells, PECAM-1 expression in lymphatic endothelial cells may be

important for adhesion interactions between endothelial cells and leukocytes during

inflammation. lt has previously been mentioned that antigen-presenting cells in the

skin such as Langerhans cells and dermaldendritic cells migrate into peripheral lymph

nodes via afferent lymphatic vessels during inflammation (Romani et a\.,2001). lt is

possible that during migration into the lymphatics, counter receptors on dendritic cells

may interact with lymphatic PECAM-1 molecules to facilitate trans-endothelial

migration. However, further studies are required to confinn whether lymphatic

endothelial cell PECAM-1 expression is relevant to the process of leukocyte trans-

endothelial migration. lt is interesting to note that PECAM-1 is a unique

immunoglobulin-like cell adhesion molecule in that it is capable out "outside-in" signal

transduction, a property commonly seen in integrins (Newman, 1996). From several
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lines of evidence, Muller and associates (1993) propose a model in which the

engagement of PECAM-1 molecules between leukocytes and endothelíal cells can

result in up-regulated integrin affinity in leukocytes.

10.5 vcAM-1 Expression in Lymphatic Endothelial cells during

Experimental lnflammat¡on.

Fluorescent micrographs of normal and inflamed skin sections that have been

immuno-stained for VCAM-1 indícate that tail intradermal lymphatic endothelial cells

express moderate levels of VCAM-î; whereas the ear intradermal lymphatics

expressed low levels of VCAM-1. Lymphatic endothelial cell expression of VCAM-1 in

the tail is validated by a previous report in which demonstrated the expression of

VCAM-1 in lymphatic vessels (Sawa et a1.,1999). ln the tail model, lymphatic VCAM-1

expression increased 2-fold from 0 to 4 hours. ln the ear model, fluorescence due to

VCAM-1 expression was comparatively low to PECAM-1 expression, and there was

no significant change in VCAM-1 expression in lymphatic endothelial cells over the

time course of croton oil exposure. Why are there differences in intradermal lymphatic

endothelial cell VCAM-1 expression between the ear and tail skin? The answer, in

part, can come from a study by Ebata and associates (1999) where they

demonstrated how different lymphatic vessels within the same organ could vary in

their expression of adhesion molecules. For example, lymphatic vessels within the

human tongue can be classified into three types - depending upon the expression of

certain adhesion molecules. Type I vessels express lcAM-1, PECAM-1, and

endothelial cell adhesion molecule (E|-AM)-1; type ll vessels expressed ICAM-1 and

PECAM-1; type lll vessels express PECAM-1 only. Antigenic differences between the
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intradermal lymphatic endothelial cells of the tail and ear can also be explained simply

by tissue differences between the two sites. The notion of antigenic differences in the

vascular beds of various organs was demonstrated by previous studies (Auerbach et

al., 1985; for a review see Ghitescu and Robert, 2002).

10.6 lcAM-1 Expression in Lymphatic Endothelial cells during

Experimental Inflammat¡on.

Similar to VCAM-1, ICAM-1 is another cytokine-inducible immunoglobulin-like

cell adhesion molecule. Digital micrographs of normal and inflamed tail sections that

were immuno-stained for ICAM-1 demonstrated undetectable amounts of ICAM-1-

positive fluorescent staining in intradermal lymphatic endothelial cells. Although ICAM-

1 expression has been demonstrated in lymphatic vessels in the human tongue

(Ebata et al., 1999), it is likely that tissue/species differences can account for the

discrepancy in observations. The role of ICAM-1 in vascular endothelial cells is in

leukocyte recruitment into sites of inflammation (Spinger et al., 1gg4). Since

lymphocytes and other types of hematopoietic cells such as dendritic cells,

macrophages, and granulocytes migrate into peripheral lymph nodes via afferent

lymphatic vessels (lrjala et a\.,2003), lymphatic endothelial ICAM-1 may be involved

in cell attachment and trans-endothelial migration through lymphatic endothelial cells.

This notion is highly plausible since most leukocytes express leukocyte function-

assocíated antigen (LFA)-1, the counter receptor for ICAM-1 (Larson and Springer,

1990). Further studies are required to determine the physiological role of lymphatic

endothelial ICAM-1.



10.7 VEGFR-3 Expression Lymphatic Endothelial Cells during

Experimental lnflammation.

One of the noteworthy observations in this study is that the immuno-reactivity

for VEGFR-3 in intradermal lymphatic endothelial cells changes during experimental

inflammation. Thus far, quantitative changes in VEGFR-3 expression in lymphatic

endothelial cells during inflammation have not þeen documented in the literature. ln

the current study, quantitative immuno-fluorescent analysis suggests that VEGFR-3

expression increases the longer the skin is exposed to croton oil. Could this change in

lymphatic VEGFR-3 expression be associated with the histological changes occurring

ín the skin in response to croton oil exposure? VEGFR-3 is the receptor for the

lymphangiogenic growth factors such VEGF-C and VEGF-D. VEGFR-3 is important

for the growth and maíntenance of developing lymphatic vessels during embryological

development and would repair and healing (Karkkainen ef al., 2004). ln the latter

process, Rui-Cheng and colleagues (2004) studied the expression of VEGFR-3 in the

wound healing process and found that regenerating 5'Nase-positive lymphatic vessels

were immuno-positive for VEGFR-3, and that VEGFR-3 immuno-positive lymphatic-

like structures were distributed along the wound edge. ln the cunent study, the

histological changes associated with acute inflammation along with concomitant

increases in immuno-positively for VEGFR-3 in intradermal lymphatic vessels suggest

that inflamed lymphatic endothelial cells up-regulate the expression of receptors for

lymphangiogenic factors during acute inflammation. Does the increased expression of

VEGFR-3 in lymphatic endothelial cells make them more responsive to

lymphangiogenic factors such as vEGF-c and vEGF-D? can the increase in

lymphatic VEGFR-3 expression constitute an adaptive response that "primes"
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lymphatic vessels for lymphangiogenesis if tissue damage is not resolved after acute

inflammation? To answer this question, lymphatic cells need to be studied in vitro to

investigate how increased expression of VEGFR-3 can influence lymphatic endothelial

cell growth and proliferation.

The notion of "primed" lymphatic endothelial cells in an inflamed

microenvironment has important implications in the context of solid tumors. The tissue

at the periphery of a tumor often contains an inflammatory component which consists

of neutrophils, macrophages, masts cells, and lymphocytes, as well as inflammatory

cytokines such as tumor necrosis factor-q, interleukins, and interferons (Coussens

and Werb, 2002). Within the peri-tumoral area, LWE-1-positive vessels have been

observed to be in close proximity to inflammatory cells (Maula et a1.,2003). One type

of inflammatory cell that is often associated with tumors, tumor-associated

macrophages (TAMs), was shown to produce the lymphangiogenic faclors VEGF-C

and VEGF-D (Schoppmann, et al., 2002). Further, the same authors previously

demonstrated that in cervical carcinomas, lymphatic vessel density was direcfly

related to peritumoral chroníc inflammation (Schoppman, ef at.,2OO1). These lines of

evidence support the hypothesis that the inflamed microenvironment of the tissue

adjacent to the tumor may active existing lymphatic vessels to become either

hyperplastic or induce lymphangiogenesis. With respect to the observations in the

current study, the level of lymphatic endothelial VEGFR-3 expression is shown to

increase during experimental acute inflammation. This begs the question as to

whether or not lymphatic endothelial VEGFR-3 expression is up-regulated during

chronic inflammation? lf so, can up-regulated expression of VEGFR-3 in the lymphatic

vessel surrounding a tumor contribute to the processes of tumor-lymphangiogenesis

and lymphatic metastasis.
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10.8 Tumor cell Adhesion to Blood vessels and Lymphatic

Vessels ln Vitro

ln the case of the ear, there is evidence that tumor cells preferentially adhere

to endothelial cells in inflamed tissue sections compared to normal skin sections. This

is in concordance wíth the phenomenon of increased expression of adhesion

molecules on vascular endothelium at sites of inflammation. lt is known that VCAM-1

is up-regulated on vascular endothelium ín the presence of inflammatory mediators

(springer, 1994). The 816F1 cells were previously shown to express vLA4, the

counter receptor to VCAM-1 (Lizardo et a1.,2004). However, the type of endothelium

in which the tumor cells were adhering to was unknown. ln the ear model, tissue

sections were differentially labelled for blood vessels and lymphatic vessels. There is

evidence of tumor cells binding to both types of endothelia (see Figure 18). However,

there was no overall difference in the proportion of cells adhering to blood vessels and

lymphatic vessels inflamed tissue sections compared to the 0 time poínt and vehicle.

Thus, the influence of inflammation on the adherence of tumor cells to lymphatic

endothelial cells has not been determined. Further Titration of the technique may

improve the results. Further more, tumor cells were not stimulated with inflammatory

mediators/cytokine. Doing so may induce the tumor cells to up-regulate the

expression of counter receptors on the endothelia of inflamed tissue sections.



1 1.0 Future Work

Despite the extensive studies on tumor cell interactions with the blood

vasculature, the interactions between tumor cells and the cellular lining of the

lymphatic vasculature is unknown on the both cellular and molecular level. Since

lymphatic vessels are well suited for the traffic of leukocytes, it is likely that tumor cells

co-opt the same mechanisms of leukocyte adhesion and migration to disseminate

though the lymphatics. To ascertain this possibility, an experimental melanoma model

system to study lymphatic metastasis would be ideal since melanoma cells have a

propensity to disseminate through the lymphatics (Whalen and Sharif, 1gg2;

Nathonson et al., 1997).

11.1 In vitro studies

To study the interactions between tumor cells and lymphatic endothelial cells,

816 melanoma cells could be co-cultured on a monolayer of dermal microvascular

lymphatic endothelial cells isolated from the skin of syngenic C57l86 mice. ln 1gg8,

Sauter and colleagues used this method to isolate and characterize dermal

microvascular lymphatic endothelial cells from human skin. Through in vitro methods,

816 melanoma cell trans-endothelial migration through a monolayer of lymphatic

endothelial cells can be studied. One can determine which adhesion molecule(s) are

involved in tumor cell migration through lymphatic endothelial cells by adding

antibodies against a specific adhesion molecule, or a "cocktail" of several ditferent

antibodies into the media. ln vitro co-cultures can also allow for the investigation of

signal-cross talk between tumor cells and lymphatic endothelial cells. An example of

how cross-talk between tumor cells and endothelial cells was shown by Lafeniere and

colleagues (2004) who demonstrated how the adherence of HT-ZS human colon
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carcinoma cells to human umbilical vein endothelial cells resulted ín ß2 integrin

phosphorylation in tumor cells and subsequent enhanced adherence to endothelial

cells. In vitro studies can provide information about the cetlular and molecular

interactions between tumor cells and endothelial cells. Molecules or antibodies that

antagonize or disrupt these interactions can potentially prevent tumor cell

dissemination into the lymphatics. The next step is to use an in vivo mouse model to

test whether such molecules can prevent lymphatic dissemination or at least decrease

the incidence of lymph node metastasis in vivo.

11.2 In Vivo Mouse Model of Lymphatic Metastasis

An experimental 816 melanoma tumor model in C57l86 mice would be an

ideal system to study lymphatic metastasis since previous authors have demonstrated

the propensity of 816 melanoma tumors to metastasize to local-regional lymph nodes

(Whalen and Sharif , 1992; Nathanson et al., 1997). A spontaneous metastasis assay,

in which a subcutaneous tumor is allowed to grow in the ear skin, allows for non-

invasive, multiple viewings of the tumor and the surrounding microvasculature through

intravital videomicroscopy. ln order to monitor the shedding of melanoma cells into the

lymphatics, tumor cells would have been engineered to stably express red fluorescent

protein. The skin lymphatics can be visualized by continuous intradermal ínjection of a

green fluorescent intravital dye. As an option, low-power, oblique trans-illumination of

the ear can outline the blood vasculature as well. The co-tocalization of red

fluorescent tumor cells/emboli to green fluorescent lymphatics can be interpreted as

being tumor cell dissemination through the lymphatics. The distance traveled over

time can provide the velocity of tumor cell movement through the lymphatics. To test

the effect of anti-metastatic drug/molecules on the dissemination of tumor cells
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through the lymphatics, the drug can be administered systemically or through direct

injection into the tumor site. During these treatments, tumor growth and spread can be

monitored dynamically through intravital videomicroscopy.

The final goal of thís line of research is to elucidate the biology of tumor cell

interactions with lymphatic endothelial cells. ln doing so, there may be a venue for

novel anti-metastatic therapies. Molecules can be designed to disrupt the specific

interactions between tumor cells and lymphatic endothelial cells thereby preventing

lymphatic metastasis or at least reducing the incidence of lymph node metastasis.
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