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To the memory of my father,

i the hope that one day cancer and its metastases will become curable.........
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ABSTRACT

Cell adhesions molecules (CAM) have been implicated in the process of
cancer metastasis. However, the interactions of metastatic tumor cells with organ
parenchymal cells - hepatocytes particularly the relevance of tumor ceil -
hepatocyte adhesion to liver metastasis is still not fuily understood. We have
investigated the role of tumor cell-hepatocyte interaction in liver metastasis using
liver metastatic subline H-59 of the Lewis lung carcinoma. A monoclonal antibody
(MADb) C-11 was produced which was highly specific to liver metastatic H-59
cells. Our in vitro studies showed that this MAb and its F(ab)2 fragments could
block tumor H-59 cell adhesion to hepatocytes. The molecule detected by MAb C-
11 on H-59 cells as well as on hepatocytes was a 64-71 kDa plasma membrane
glycoprotein (designated C-11 BP). We found that this molecule contains
approximately 43% of N-linked carbohydrates which were not involved in MAb C-
11 recognition, but participated in the adhesion process. MAb C-11 could also
block the stimulatory effect of hepatocytes on tumor cell proliferation indicating
that the adhesion of H-59 cells to hepatocytes may be necessary for tumor cell
growth. The in vivo role of the C-11 BP was subsequently tested and it was shown
that MAb C-11 and its F(ab)2 fragments could significantly reduce the number of
hepatic metastases when used to pretreat H-59 cells before intrasplenic injection,
or when inoculated directly into the animals by the intraperitoneal and intravenous
routes. This inhibitory effect resulted in an increase in the survival time of tumor-
inoculated mice. In additional studies, a second molecule namely the membrane-
associated endoplasmic reticulum protein ERp-72 was also implicated in the
adhesion of H-59 cells to the hepatocytes, however its role in vivo remains to be
confirmed. Our results suggest that CAM involved in tumor-hepatocyte adhesion
play an important role in liver metastasis. Monoclonal antibody against tumor cell
surface adhesion molecules may potentially provide an effective therapeutic agent
in the clinical management of liver metastases when combined with traditional
therapy.
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RESUME

Les molécules d’adhérence aux cellules sont impliquées dans le métastase
du cancer. Cependant, les intéractions des cellules de tumeur métastatiques
cancéreuses avec les organes parenchymals, en particulier la pertinence des cellules
de tumeur et adhérence des hépatocytes au foie, n’est pas encore compris
pleinement. Nous avons étudié le role de I’intéraction entre la cellule de tumeur et
les hépatocytes dans le métastase du foie en utilisant une ligne H-59 du carcinoma
de poumon Lewis. Un acticorps monoclonal {MAb) C-11 a été produit qui était
hautement spécifique au foie et aux cellules métastatiques H-59. Notre étude en
vitro a dem~ntré que cet MAb et son F(ab)2 fragment pourraient bloquer
I’adhérence de la tumeur H-59 aux cellules des hépatocytes. La molécule déteciée
par MAb C-11 sur les cellules H-59 ainsi que sur les hépatocytes était une fraction
64-71 kDa de la membrane de plasma glvcoprotéine (désignée C-11 BP). Nous
avons trouvé que cette molécule contient a peu prés 43% de N-liés hydrates de
carbone qui n’étaient pas impliqués dans le procédé d’adhérence. MAb C-11
pourrait aussi bloquer I’éffet stimulatoire des hépatocytes sur la prolifération des
cellules de tumeur indiquant que I’adhérence des cellules H-59 aux hépatocytes
peut étre nécessaire pour la croissance des cellules de tumeur. Le rdle en vitro du
C-11 BP a été etudié¢ ultériorement et il a été démontre que MAb C-11 et les
fragments F(ab)2 pourraient considérablement reduire le nombre de métastases
quand on donne un traitement ou le C-11 BP est inoculé diréctement dans les
souris par des itinéraires intraspléniques, intrapéritoneales et intraveineux. Cet effet
prohibitif a résulté dans un accroissement du temps de survie des souris inoculées
de tumeur. Dans I’étude supplémentaire, une deuxiéme molécule, notamment la
protéine du réticulum endoplasmique ERp-72, a aussi été impliqué dans
I’adhérence des cellules H-59 au hépatocytes, cepandent son rdle en vitro reste &
étre confirmé. Nos résultats suggérent que ces molecules d’adhérence impliqués
dans P'intéraction de la tumeur et les hépatocyte jouent un rdle important dans les
métastases du foie. Les anticorps monoclonals contre les molécules d’adhérences a
la surface des cellules de tumeur peuvent potentiellement fournir un traitement
éfficace thérapeutique dans Ia gestion clinique du métastase du foie quand il est
combiné avec la thérapie traditionnelle.
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PREFACE
This thesis is written in accordance to the "Thesis Specification” described
in "Guidelines for Thesis Preparation” by Faculty of Graduate Studies and

Research of McGill University:

Candidates have the option of including, as part of the thesis,
the text of one or more papers submitted or to be submitted for
publication, or the clearly-duplicated text of the thesis.

If this option is chosen, connecting texts that provide
logical bridges between the different papers are mandatory. The
thesis must be written in such a way that it is more than a mere
collection of manuscripts; in other words, resuits of a series of papers
must be integrated.

The thesis must still conform to all other requirements of the
"Guidelines for Thesis Preparation". The thesis must include: A
Table of Contents, an abstract in English and French, an introduction
which clearly states the rationale and objectives of the study, a
comprehensive review of the literature, a final conclusion and
summary, and a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g.
in appendices) and in sufficient detail to allow a clear and precise
judgment to be made of the importance and originality of the research
reported in the thests.

In the case of manuscripts co-authored by the candidate and
others, the candidate is required to make an explicit statement in
the thesis as to who contributed to such work and to what
extent. Supervisors must attest to the accuracy-of such statements at
the doctoral oral defense. Since the task of the examiners is made
more difficult in these cases, it is in the candidate's interest to make



perfectly clear the responsibilities of all the authors of the co-

authored papers.

This thesis therefore includes two published papers included as Chapters II
and III of the thesis:

Chapter II: Wang, J., Fallavollita, L., and Brodt, P.: Identification of 2 Mr 64000
plasma membrane glycoprotein mediating adhesion of tumor H-59 cells to
hepatocytes, Cancer Research. 51: 3578-3584, 1991.

This paper is reproduced from Cancer Research by copyright permission of

Ame 1can Assoctation For Cancer Research, INC. It presents our in vitro results.

Chapter III: Wang, J., Fallavollita, L., and Brodt, P.: Inhibition of experimental
hepatic metastasis by a monoclonal antibody which blocks tumor-hepatocyte
interaction, Journal of Immunotherapy. 16; 294-302, 1994,

This paper is reproduced from Joumnal of Immunotherapy by copyright
permission of Raven Press, Medical and Scientific Publishers. It presents our in

vivo findings.

These two chapters are preceded by a general introduction and an
extensive literature review relevant to the subject matter in Chapter 1. Additional
unpublished findings are presented in Chapter IV. A general summary and

conclusions are presented in Chapter V.,

The project was designed by Dr. Pnina Brodt. The author is responsible for
most of the experiments in these two published papers except for the
immunofluorescence assay and some in vivo experiments which were performed by
Ms. Lucia Fallavollita.



CONTRIBUTION TO ORIGINAL KNOWLEDGE

A new cell adhesion molecule expressed on tumor cells and hepatocytes
and involved in tumor cell - hepatocyte interaction was identified and partially

characterized using a monoclonal antibody.

The adhesion molecule identified by the monoclonal antibody was
implicated in the growth promoting effect which hepatocytes exert on tumor cell
growth.

The monoclonal antibody and its F(ab)2 fragments did not only block the
adhesion of the tumor celis to hepatocytes in vitro, but also inhibited liver
colonization by the tumor cells. This in vivo inhibitory effect resulted in an

increased survival time for antibody treated tumor - bearing animals.

A second membrane - associated molecule namely the endoplasmic
reticulum protein ERp72 was also implicated in the tumor cell - hepatocyte

interaction,

Together our data suggest that antibodies directed to adhesion molecules
may have potential applications as effective therapeutic agents in the treatment of

liver metastases.
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ADCC:
BM:
BSA:
CAM;

C-11 BP:

CEA:
CMC:
Col:

ECM:

EGF:
ELISA:

Fab:
FACS:
Fc:

HCC:

HUVEC:

ICAM:
IGF-1:
IgSF:

Lp.:
15..
iLv.:
LFA:

LSEC:

- MMPS:

X1

ABBREVIATIONS

antibody-dependent cell-mediated cytotoxicity
basement membrane

bovine serum albumin
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Chapter I: General Introduction

(review of the literature)

1. Cancer invasion and metastasis

1.1. The clinical significance of invasion and metastasis

Although some advances have been made in recent years in conventional
chemotherapies and surgical techniques, metastasis is still the major cause of failure for
cancer therapy. In gastrointestinal cancer, metastasis is the single most important
determinant of death. Approximately 25% of patients with newly diagnosed colorectal
cancers have clinically detectable metastasis at time of diagnosis (McArsdle et al., 1990).
At least 30-40% of the remaining patients which are diagnosed as clinically free of
metastases, actually have non-detectable micrometastases. If a primary tumor is detected
early and removed before metastasis occurs, the cancer will be eradicated. On the other
hand, if even microscopic metastases or secondary tumeors are already present at the time

of diagnosis, these metastases will grow and prove fatal (Hughes and Sugarbaker, 1987).

1.2. Mechanisms of invasion and metastaros
1.2.1. "Seed and soil" and mechanical hypotheses

Clinical observations have shown that metastases from different types of tumors
tend to occur in specific target organs, with the most common sites of spread being the
lungs, liver, lymph nodes, bone and brain. To explain this phenomenon, two major

hypotheses have been proposed. In the nineteenth century, Stephen Paget (Paget, 1889)
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proposed the "seed and soil" hypothests, in which he postulated that different tumors were
predisposed to spread to particular tissues, on the basis of the tissue's (soil) ability to
support the growth of these tumors (seed). Another theory postulates that hemodynamic
factors namely blood and lymph flow (i.e. mechanical-anatomical factors) determine the
target organ site of metastases. The number of metastases in an organ is related to the
number of cells delivered into it by the blood and the number of cells that are arrested in
the capillaries. Thus the first organ encountered by tumor cells would be the site where the
highest number of metastatic foci develop.

The evidences suggest that both mechanisms are important as it has been observed
that tumor cells can either bypass proximal organs and selectively colonize specific distal
organs (Sugarbaker, 1981), or if the tumor is widely spread, the first encountered organ
will be the most common site of metastatic colony formation (Tranberg and Bengmark,
1994). This suggests that both hermodynamic factors and the selective growth properties
of tumor cells in certain organs influence the distribution of metastases from human
mors.

1.2.2. The metastatic cascade

The process of metastasis formation is a complex cascade of events, which include:
(A4) detachment and release of cells from the primary tumors and invasion of tumor cells
into surrounding stroma, (B) transport of tumor cells into the lymphatics or the
vasculature and survival in the circulation, (C) arrest at new location, (D) attachment and
extravasation into the surrounding parenchyma and finally (E) establishment of a new

growth at the new site (Hill, 1992) (Fig.1, page 28). To successfuily develop into a



metastatic deposit, a cancer cell (or group of cells) must successfully complete each stage
and survive to proliferate.

1.2.2. a. Detachment and invasion: Detachment- the first step of cell invasion and

migration, is associated with rapid tumor growth, and a reduction in cell-cell and cell-
mairix adhesion duc to changes in the expression of normal adhesion receptors.
Mechanical stress and increased activity of various proteolytic enzymes also contribute to
this process. Following detachment, tumor cells may be seen to invade the stroma,
migrate, and enter local blood vassels (intravasation).

1.2.2. b. Transport and survival in the circulation: Following arrest in the first capillary
bed encountered (e.g. lung or liver capillaries), only 1-10% cells will survived in the
circufation, that is, approximately 90%-99% of cells are lost from their initial site
apparently as a result of cell death (Hill, 1992). The possible causes for cell death may
include mechanical stress in the small blood vessels, poor nutrition, toxicity due to high
oxygen levels in the blood and the action of host immune effector cells such as
polymorphs, macrophages, or natural killer (NK) celis.

1.2.2, c. Arrest at new location: Tumor cell arrest in the microvessels of the target organs
may be as.ociated with thrombus formation involving the interaction of the tumor cells
with platelets in the circulation (Gasic, 1984). Such thrombi might provide protection for
tumor cells against mechanical trauma due to the blood flow and against host cells.
Fibrinolytic enzymes such as plasmin which are produced or activated by the tumor cells

may cause breakdown of the thrombi releasing the tumor cells.



1.2.2. d. Attachment and extravasation: Once tumor cells arrest in the vasculature of a

new site, they may attach and invade through the endothelial cell monolayer and the
basement-membrane (BM) - like matrix (Liotta, 1986). Tumor cells attach to the
endothelial cells via endothelial cell adhesion molecules such as ICAM-1, VCAM-1 or E-
selectin which recognize ligands such as LFA-1 (for ICAM-1), VLA-4 (for VCAM-1) or
lectin-binding glycoproteins (for E-selectin) expressed on the tumor cells (see 1.3.1. c. ¢).
The attached tumor cells then extend pseudopodia into the endothelial cell junctions or
induce endothelial cell retraction, allowing access to the BM, and migration through the
extracellular matrix (ECM) (Fig. 1D. page 28). Tumor cell adhesion to the BM is
mediated by cell-surface receptors such as integrins which interact with different ECM
components including laminin, fibronectin (FN), vitronectin, type IV collagen, and
proteoglycans (Nicolson, 1988a). Finally the tumor cells produce various proteolytic
enzymes, such as urokinase-type plasminogen activator (uPA), different
metalloproteinases and cathepsins which contribute to the digestion of BM proteins
(Liotta, 1990, 1992). The secreted enzymes are activated by other proteases such as
plasmin, or by environmental conditions such as acidity to initiate their function. Tumor
cells (as well as normal cells) can 2lso produce enzyme inhibitors such as plasminogen
activator inhibitor (PAI-1 and PAI-2), tissue inhibitors of metalloproteinases (TIMP-1,
TIMP-2) and the cathepsin inhibitor stefin A (see 1.3.2). In tumor cells, the balance which
is maintained under normal physiclogical conditions between activated proteinases and

their inhibitors is disturbed, leading to cell invasion into the organ parenchyma.



1.2.2. e. Establishment of new lesions: The ability of tumor cells to establish new foci in

an invaded organ is also related to the growth conditions in that organ including the
release by the organ of specific growth factors-the paracrine growth factors. A correlation
has been shown between the ability of ¢~ -~:.-derived factors to stimulate tumor growth in
vitro, and preferential metastasis to that organ in vivo (Long et al., 1994, 1995). Growth
factors such as IGF-1 (Long et al., 1994) and TGF-o (Herlyn et al,, 1990) as well as
growth modulating molecules such as transferrin (Rossi and Zetter, 1992) have been

implicated in organ-selective metastasis of cancer cells.

1.3. Cellular events in tumor cell invasion and metastasis
1.3.1. The role of cell adhesion cascades in leukocyte migration and cancer metastasis

Cell adhesion molecules have been implicated in numerous physiological processes,
including embryonic and neural development (Edelman and Crossin, 1991), wound healing
and inflammation (Elices et al., 1994). During the celllar responses to inflammation,
leukocyte recirculation, migration and homing is mediated by interactions of leukocytes
with endothelial cells and the extracellular matrix through specific cell adhesion molecules
(Dianzani and Malavasi, 1995). Five families of major adhesion receptors, including
integrins (e.g. LFA-1, VLA-4), cadherins (e.g. E-cadherin), the immunoglobulin
supergene family (IgSF, e.g. ICAM-1, ICAM-2 and VCAM-1), selectins (e.g. L-, E-, P-
selectin) and mucin - like molecules (e.g. CD34, GlyCAM-1) as well as other molecules

such as CD44 have been shown to be involved in leukocyte migration and homing.



Cytokines and chemoattractants can induce expression of some of these adhesion
molecules and therefore play a role in the regulation of these cascades.

Leukocyte - endothelial cell interaction normally requires three sequential steps,
including; first, reversible “rolling” mediated by lectin-carbohydrate interactions involving
leukocyte or vascular selectins and their oligosaccharide ligand. This can be seen within
minutes after tissue injury as neutrophils begin to interact loosely with the venule walls
“rolling” along affected segments. Second, activation of rolling leukocytes by specific
chemoattractants or through cell contact - mediated signals capable of triggering
secondary adhesion molecules whose function is activation dependent, and third,
interaction between the activated adhesion molecule (e.g. integrin) and its counter-
receptor (e.g. IgSF), leading to strong adhesion and arrest of leukocytes at a single
location on the vessel wall and the initiation of migration, and finally extravasation through
endothelial cells junctions (Butcher, 1991). The IgSF receptor, PECAM-1 expressed on
both leukocytes and endothelial cells appears to function during extravasation and binding
of B1 integrins to ECM proteins is thought to contribute to invasion into underlying tissues
(Hynes, 1994).

Cell aghesion molecules also play a role in the processes of cancer invasion and
metastasis since cancer metastasis entails 2 series of detachment and attachment events
which are based on different celi-cell and cell-ECM interactions (see 1.2.2.). These cell
adhesion molecules act as both positive and negative regulators and thus play a critical
role in tumor cell migration and metastasis formation. Several examples of adhesion

molecules which are involved in cancer invasion and metastasis are listed below.



1.3.1. a. Integrins

Integrins are heterodimeric glycoproteins, consisting of two noncovalently
associated - ¢ and B subunits that can combine to form distinct receptors. The integrin
subfamilies are defined by a common J subunit. The receptor has a large extracellular
domain, a transmembrane domain and a cytoplasmic domain (Ruoslahti, 1989) which links
the internal cytoskeletal network of the cell with the extracellular environment. The
extracellular domain can bind to a range of ligands both on other cells (cell-cell adhesion)
and on ECM proteins (cell-substrate adhesion) such as collagen, laminin, fibronectin,
vitronectin and thrombospondin.

In the early stages of tumor growth the decrease or loss of integrin expression
may promote tumor cell detachment from the primary site. When the cells penetrate the
adjacent ECM and blood vessels, increased expression of specific integrins may facilitate
tumor interactions with vascular platelets or leukocytes (Rao, 1992) and may mediate
tumor cell arrest and extravasation.

A relationship between integrin expression and the metastatic potential of cancer
cells has been demonstrated in several tumor systems. Some of these findings are listed in
table I (page 29). Several studies have shown that during progression of tumor ceils from
low to high metastatic potential, the expression of specific integrins on tumor cells may
change and this may facilitate interactions of tumor cells with platelets (o B3), leukocyte
(o1 B2), endothelial cells (a4B1) and specific ECM proteins such as collagen (cpB7),
laminin (c2B1, @gBg), FN (a3B1, asBy, awP3) and VN (ayB3) (table I). However,

evidence has also been presented that integrin expression can be inversely correlated with



the invasive potential of cancer cell lines suggesting that some integrins such as a7y,
a3B1, 4P and a5P could also play a negative role in cell invasion and metastasis (table
L, page 29).

Integrins may also cooperate with proteolytic enzymes or with other adhesion
receptors to mediate metastasis. It was found that metastases-derived melanoma cells
which expressed high levels of o, f3 on the cell surface, also expressed elevated levels of
the urokinase plasminogen activator receptor (uWPAR). Furthermore, o, antisense
phosphorothioate oligonucleotides which suppressed av synthesis, could also reduce
uPAR mRNA levels by approximately 50%. Ligation of the ¢, 83 receptor on melanoma
cells by immobilized antibody resulted in increased expression of uPAR mRNA, indicating
that expression of a.,B3 on melanoma cells is coordinated with expression oi" uPAR (Nip
et al., 1995). Other studies have shown that the expression type IV collagenase on highly
invasive metastatic melanoma cells can be regulated by integrins a3 and asPy.
Antibodies to a3 or anti-ct5B1 could increase type IV collagenase expression indicating
that signaling via these receptors may regulate melanoma cell invasion (Seftor et al., 1992,
1993). An inverse correlation between integrin and CEA expression was demonstrated in
colorectal tumor cells (Nigam et al., 1993), and it was also shown that CEA transfectants
had 2 significantly reduced expression of By and ag integrin subunits as well as a2 down
modulation of E-cadherin expression when compared to the parental cell line.

1.3.1. b, E-Cadherin
E-Cadherin also known as L-CAM or uvomorulin, is a transmembrane

glycoprotein of epithelial cells, which is Ca**-dependent homotypic intercellular adhesion



molecule. /n vitro gene transfection experiments gave rise to the notion that loss of E-
cadherin expression might be related to the invasive capacity as well as metastatic
potential of tumor cells (Giroldi et al., 1992)

There are a number of studies suggesting that expression of E-cadherin is
negatively correlated with the metastatic potential of different cancers. This inverse
correlation was observed when biopsies of different cancers such as human prostate
carcinoma (Umbas et al., 1992), head and neck squamous-cell carcinoma (Schipper et al.,,
1991), colorectal carcinoma (Van der Wurff et al., 1994) and renal cell cancer (Katagiri et
al., 1995) were tested. E-cadherin has been found to have anti-invasive properties in vitro
in different celis. For example, when non-metastatic Madin-Darby canine kidney (MDCK)
epithelial cells were treated with a MAb to E-cadherin, these cells gained an invasive
capability in vitro (Behrens et al., 1989). It was also found that E-cagherin is often absent
in various de-differentiated human carcinoma cells and that the in vitro invasiveness of
these cells was abrogated after re-expression of E-cadherin by transfection of E-cadherin
c¢DNA (Frixen et al., 1991). Inhibition of E-cadherin with antibody or deletion of the E-
cadherin gene increased tumor cell motility, invasion and metastatic potential and on the
other hand, transfection of highly metastatic cells with E-cadherin gave rise to low
metastatic potential cells (Giroldi et al., 1992).

The role of E-cadherin in cancer metastasis is still under investigation. Since
decreased expression of E-cadherin is considered to elicit detachment of tumor cells from
primary lestons- the first stage of metastasis, E-cadherin depletion may be one mechanism

of increased malignancy (Schipper et al., 1991). E-cadherin-associated proteins, namely
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the catenins, which link the cytoplasmic end of E-cadherin to components of the
cytoskeleton may also be involved (Kemler, 1993). An inactive catenin molecule may lead
to dysfunction of E-cadherin and thus increase the invasion of tumor cells.
1.3.1. ¢. Immunoglobulin superfamily

The immunoglobulin superfamily (IgSF) consists of a group of molecules that
share a common structure, the immunoglobulin-homology unit, which consists of a length
of 70 - 110 amino acids forming B-pleated sheets (Hynes, 1994). Among the molecules
which belong to this family are major histocompatibility antigens, the T-cell receptor, the
platelet-derived growth factor receptor, and colony-stimulating factor-1 receptor as well
as cell surface receptors involved in cell adhesion such as neural cell adhesion molecule
(NCAM), vascular cell adhesion molecule (VCAM), intercellular cell adhesion molecule
(ICAM) and carcinoembryonic antigen (CEA). These molecules play important roles in
cell-cell recognition, neural development, leukocyte trafficking, signal transduction, as
well as regulation of cancer metastasts.

The members of the IgSF family which have been implicated in tumor metastasis
including CEA, ICAM-1, NCAM, and VCAM will be briefly reviewed here.
13.1.c (a). CEA:isa 180 kDa oncofetal glycoprotein originally found in the serum of
patients with colon carcimoma. In vitro, CEA can mediate the Ca*-independent,
homotypic aggregation of colon carcinoma cells. It was also found that CEA may mediate
colon carcinoma cell-matrix binding (Pignatelli et al., 1990a). Other investigators have
shown that colorectal carcinoma cells at the invading edge express more CEA mRNA than

luminal surface tumor cells, indicating that CEA may function either as an epithelial cell
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adhesion protein or as an anti-adhesion protein depending on whether it is cell surface
bound or secreted (Jothy et al., 1993). CEA may also enhance the metastatic potential of
colorectal carcinoma cells by promoting attachment of tumor cells to the liver Kupffer
cells and hepatocytes (Hostetter et al., 1990). Recent findings suggest that CEA may
mediate tumor adhesion by downregulating integrin and cadherin expression (Nigam et al,,
1993). This would result in increased tumor cell detachment from the primary site in the
early stage of dissemination. Recently, Majuri and his colleagues reported that CEA is
expressed on the endothelial cells surface suggesting that CEA expressing
adenocarcinomas could adhere to endothelial cells via a CEA-CEA interaction, and
implicating CEA in tumor cell extravasation and metastasis (Majuri et al., 1994).

1.3.1. c. (B). JCAM-1; is expressed on endothelial cells as well as on a variety of other cell
types. It mediates a wide range of adhesive interactions together with its ligand, the
lymphocyte function-associated-1 antigen (LFA-1) within the immune system (Springer,
1990). ICAM-1 is also involved in malignant diseases. Increased expression of ICAM-1 on
melanoma cells was shown to cormrelate with progression and an increased risk of
metastasis (Natali et al.,, 1990). Furthermore, enhanced metastatic ability of TNF-a -
treated malignant melanoma cells is reduced by ICAM antisense oligonucleotides (Miele et
al,, 1994). ICAM-1 has also been implicated in liver invasion by lymphoma cells as it was
found that ICAM-1 expressed on hepatocyte cell surface could interact with LFA-1 on
lymphoma cells (Metjne et al., 1994). In contrast, metastatic human renal carcinoma cells
were found to express less ICAM-1 than the primary tumor cells as determined by
immunohistochemistry (Heicappell et al,, 1994).
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1.3.1. c. (c). NCAM: is a Ca™"-dependent homotypic and heterotypic cell-cell adhesion
molecule that is expressed primarily on cells of neural and mesenchymal origin (Chuong
and Edelman, 1984). The function of NCAM in cancer metastasis remains the subject of
controversy. It has been shown that NCAM expression is downregulated in migrating
cells. As well, loss of NCAM expression in a mouse fibroblast cell line after transformation
correlated with loss of contact nhibition of growth (Acki et al., 1991). This provided
evidence for the potential involvement of NCAM downregulation in tumor development.
However, other lines of evidences indicated that NCAM expression is positively correlated
with the neoplastic potential of some tumors of neural, mesenchymal and neurcendocrine
origin including Wilms' tumor and pituitary adenoma cells where it was detected by
immunohistochemistry (Jin et al., 1991; Edelman and Crossin, 1991). It has been reported
that NCAM expression was significantly increased in aggressive, rapidly metastasizing
uveal melanoma primary tumors and in their metastases. This study also found that the
NCAM isoforms, lacking the HINK-1 epitope, may be associated with the organ - specific
metastatic behavior of uveal melanoma since in liver metastases HNK-1 immunoreactivity
was significantly reduced compared to NCAM (Mooy et al, 1995). High NCAM
expression on small cell lung cancer was also found to correlate with poor response to
chemotherapy and short disease-free and overall survivai suggésting a role for their
receptor in disease progression (Segawa et al., 1993). Therefore NCAM may play both 2
negative and positive regulatory function in malignant disease depending on the specific

cell type.
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1.3.1 ¢. (d). YCAM-1: is expressed on vascular endothelial cells in response to induction
by different cytokines and it serves as a receptor for VLA-4 (aqf integrin) which could
be expressed on leukocytes as well as on malignant cells (Elices et al, 1990). The
VCAM-1 - VLA-4 interaction has been found to play a role in several tumor cell-
endothelial and /or stromal cell interactions, such as the interaction between melanoma and
lung vascular endothelial cells (Okahara, 1994), between renal cell cancer cells and human
umbilical vein endothelial cells (HUVEC) (Tomita et al., 1995; Steinbach et al., 1996) and
between leukemia / lymphoma cells and human marrow stromal cells (Juneja et al., 1993).
MAD to VLA-4 or to VCAM-1 could inhibit TNF-c induced enhancement of the VLA-4 -
VCAM-1 interaction in all of these models. The function of VCAM-1 in cancer metastasis
may be as an endothelial adhesion receptor for those tumor cells which express the oup,
integrin, thus facilitating metastatic dissemination. Recent studies have shown however
that VLA-4 may act to inhibit melanoma invasion and metastasis suggesting that the
contribution of this receptor may be complex (Qian et al., 1994).
1.3.1. d. CD44

CD44 is a highly glycosylated cell membrane glycoprotein which is widely
distributed on a variety of cell types, including hemopoietic, lymphoid and epithelial cells
as well as malignent cells. The major function of CD44 is regulation of lymphocyte
adhesion to high endothelial venules (HEV) during lymphocyte migration (Stoolman,
1989) by mediating cell adhesion to hyaluronate and matrix proteins (East and Hart,
1993). CD44 can also interact with osteopontin and may be mnvolved in mediating

migration of lymphocytes and monocytes out of the blood-stream into sites of
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inflammation. This CD44 - osteopontin interaction may also be regulating metastases
formation by neoplastic cells (Weber et al., 1996).

The CD44 protein can be expressed in isoforms resuiting from mRNA alternative
splicing that allows variant cells to exclude or include specific segments of mRNA in the
final transcript, thus forming a family of related proteins from a single gene (East and
Hart, 1993). CD44 variants (CD44v) has been implicated in cancer metastasis by studies
with animal models which showed that CD44v confers a metastatic phenotype on non-
metastasizing rat pancreatic cacinoma cells (Gunthert et al., 1991). The experimental
evidence also includes the finding that melanoma clones expressing high levels of CD44
exhibited increased metastatic potential (Birch et al, 1991) and that anti-CD44 MAb
which blocked binding of human melanoma cells to hyaluronic acid in vitro, also inhibited
the growth and metastatic potential of tumor cells in vivo (Guo et al, 1994).
Overexpression of the standard as well as of specific splice variants of CD44 has been
associated with metastasis in a range of human tumors such as colorectal cancer (Takeuchi
et al., 1995), gastric adenocarcinomas (Hong et al., 1995), cervical cancer (Kainz et al.,
1995) and ovarian cancer (Gardner et al., 1995).

The mechanism underling CD44 mediated upregulation of metastasis is still not
fully understood. The evidence showed that the MAb to the metastasis-specific domain of
the CD44v molecule could effectively prevent formation of metastases by the transfected
cells (Seiter et al,, 1993). This MAb interfered with proliferation of metastasizing tumor
cells in the draining lymph nodes, probably by directly blocking the interaction with a

putative ligand. The possibility that expression of CD44 by tumor cells can lead to signal
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transduction mechanisms which are triggered by binding to hyaluronic acid and are
metastasis-promoting can not at present be ruled out (Shimizu et al., 1989).
1.3.1. e. E-selectin

Selectins are a family of Ca™-dependent transmembrane glycoproteins which
contain a N-terminal lectin-like domain. These membrane proteins are normally expressed
on leukocytes (L-selectin), platelets (P-selectin) and endothelial cells (E-selectin). They
are involved in leukocyte migration and lymphocyte homing in the process of inflammation
and metastasis (Bevilacqua and Nelson, 1993). Among them, E-selectin (or ELAM-1) was
most strongly implicated in cancer metastasis. It can bind to carbohydrate determinants
expressed on red blood cells (Phillips et al., 1950) or on the tumor cell surface (Walz et
al., 1990).

It has been reported that the carbohydrate antigen SLeX is highly expressed on
colorectal carcinoma cells which are able to bind to cytokine-activated HUVEC ( human
umbilical vein endothelial cells) and this binding can be inhibited by an anti E-selectin
antibody (Lauri et al., 1991). Recently, Steinbach et al demonstrated that SLeX and VLA~
4 are expressed on renal cell carcinoma (RCC) cell lines. Blocking studies with MAbs
directed to SLeX or VILA-4 on tumor ceils and E-selectin or VCAM-1 on endothelial cells
markedly inhibited tumor cell adhesion to cytokine - stimulated HUVEC. Their results
indicated that these molecules may play an important role in the ability of RCC cells to
metastasize (Steinbach et al., 1996).

Carbohydrates other than SLeX may also be important for E-selectin -mediated

adhesion. An antibody to the Lewis Fucosylated Type 1 carbohydrate chain was shown to
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block colon carcinoma cell adhesion to IL-1 activated endothelial cells and inhibited tumor
cell retention in lungs of IL-1 treated animals suggesting that cell adhesion to ELAM-1
may be mediated by different cell - type specific carbohydrate ligands (Dejana et al.,
1992). The sialyl Lewis @ (SLe), another ligand for E-selectin was also implicated in
cancer metastasis, It was found that the increase in adhesion of pancreatic carcinoma cells
to cytokine - ( IL-18 and TNF-¢t) activated endothelial cells is blocked by anti-E-selectin
and anti-SLe? antibody. This suggested that the adhesion was mediated by SLe? on the
pancreatic carcinoma and E-selectin on the endothelial cells (Iwai et al., 1993).

E-selectin was also found to be expressed on hepatic sinusoidal endothelial cells
stimulated by TNF-o« (Brodt et al., submitted). The anti-E-selectin antibody could
significantly block the cytokine dependent adhesion of H-59 cells as well as human
colorectal carcinoma HM-7 cells to a hepatic sinusoidal endothelial cell line in vitro, and
could also inhibit liver colonization by H-59 cells in vivo. It was found that a mucin-
associated carbohydrate structure with fucose and sialic acid in the terminal position was
involved in this adhesion. It is most likely that the E-selectin-carbohydrate interactions
may play a fundamental role in initiating hepatic arrest of colon carcinoma cells and the
formation of liver metastases.

1.3.2. ECM degrading enzymes in cancer invasion and metastasis
1.3.2, a. ECM

The ECM is the fibrous network of proteins and glycoproteins which separate the

different tissue compartments and form BM structures. It is impenetrable to cells and

macromolecules under normal physiological conditions. The major constituents of the
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ECM are collagen (type IV for epithelial and endothelial BM), elastin, fibronectin,
hyaluronic acid, laminin, heparan sulphate proteoglycan, thrombospondin, and vitronectin
(Mignatti and Rifkin, 1993). The BM type ECM is generally the first barrier for carcinoma
cell invasion following cell detachment from the primary site. Interactions between tumor
cells and the ECM also occur at later stages in metastasis including intravasation and
extravasation (see 1.2.2. d). Therefore the proteolytic degradation of ECM hy different
protenases is critical for the metastatic process.

1.3.2. b. ECM-degrading enzymes

The enzymes implicated in ECM degradation and invasion include: matrix
metalloproteinases (MMPs) such as MMP1, MMP2 and MMP9; serine proteinases such
as tissue and urokinase plasminogen activators (tPA, uPA) and plasmin; and cysteine and
aspartic lysosomal proteinases such as cathepsin B, L and D. Tumor cells may produce
one or more of these proteolytic enzymes or they may activate adjacent stromal cells to
produce the enzymes resulting in both instances in degradation of ECM and tumor
invasion (Mignatti and Rifkin, 1993).

Numerous studies demonstrated that MMPs (particularly MMP2, MMP9),
cathepsins (cathepsin B and L) as well as plasminogen activators are involved in tumor
invasion and metastasis. Here, the relevant enzymes involved in liver metastasis of tumor
H-59 cells will discussed.

1.3.2. b. (a). MMPs
MMPs are the main physiological mediators of matrix degradation. They are

secreted as zymogens and must be activated extracellularly. The major members of this
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family are collagenases and stromelysins as well as the recently described matrilysin,
metalloelastase and MT-MMP (membrane-type matrix metalloproteinase, MMP-X1) (Ray
and Stetler-Stevenson, 1994). They are Zinc-dependent endopeptidases which differ in
their substrate specificity and may degrade different components of the ECM. The activity
of the metalloproteineases is regulated by a family of natural inhibitors known collectively
as tissue inhibitors of metalloproteinases (TIMPs 1-3). Under normal physiological
condition, TEIMPs maintain a stable level of proteolysis. In addition, the expression and
function of the metalloproteinase are regulated by growth factors, oncogenes, and
hormones at the transcriptional level (Birkedal-Hansen et al.,, 1993), whereas plasmin may
regulate metalloproteinase activity post-translationally (He et al.,, 1989). Any interruptions
of MMP regulation induced by tumor or other factors will result in excessive degradation
of ECM and facilitate invasion and metastasis.

One member of the MMP family, gelatinase A is widely involved in tumor invasion
and metastasis. Since it was also identified as a mediator of tumor H-59 invasion, it is
discussed in more detail here.

Gelatinase A, also known as MMP-2 or the 72 kDa type IV collagenase, mainly
degrades BM collagen type IV, It is regulated by TOMP-2 which can form a complex with
either the latent or activated forms of the enzyme (Howard et al,, 1991). A variety of
studies have indicated that gelatinase A expression is increased in some malignant cells and
is positively correlated with invasion and metastasis of various tumors, such as ovarian
carcinoma (Autio-Harmainen et al, 1993), colonic adenocarcinoma (Levy et al., 1991}

and oral squamous cell carcinoma (Kusukawa et al., 1993). Furthermore, transfection of
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the ras oncogene into embryo fibroblasts could induce these cells t.o secrete high levels of
type IV collagenase and exhibit a high incidence of spontaneous metastasis in nude mice
(Garbisa et al., 1987). Tumor H-59 cells have been shown to secrete high levels of the 72
kDa gelatinase (Brodt et al., 1992), but produce low levels of endogenous TIMP-2.
Invasion of H-59 cells through matrigel could be blocked by adding TIMP-2 to the culture
(Navab et al, 1995) suggesting that gelatinase A is involved in H-59 cells invasion
through matrigel.

The expression of gelatinase A in tumor cells can be stimulated by ligation of
integrins o, B3 and asB; (Seftor et al., 1993), by growth factors such as TGF-81 (Brown et
al., 1990) and by tumor cell derived collagenase-stimulatory factor (TCSF) (Kataoka et
al, 1993). The activity of gelatinase A is normally regulated by TIMPs (Howard et al,,
1991), but it was also found to be regulated by other factors such as a cell membrane
associated activator (Brown et al., 1993) and a membrane-type matrix metalloproteinase
(MT-MMP) (Sato et al., 1994), which can activate pro-gelatinase A thereby leading to
increased degradation of BM components and enhanced tumor cell invasion.

1.3.2. b. (B). The Cathepsins

Cathepsins are lysosomal endopeptidases found in most cells. They include
cathepsins B, H, L, S (cysteine proteinases), cathepsin D (aspartic proteinase) (Twining,
1994). Among them, the cathepsins B, L and D have been implicated in tumor
progression. Since tumor H-59 cells also express cathepsin L (high levels) and cathepsin B

(low level), their gc.tivity will be briefly reviewed.



Cathepsin L (CL):

CL is an endopeptidase which can degrade ECM components, such as collagen,
proteoglycan and elastin (Guinec et al., 1993). High levels of CL are present in many
human tumors, and are thought to contribute to biochemical processes underlying tumor
metastasis. CL expression has been detected in human tumors such as kidney and
testicular tumors, non-small cell carcinoma of the lung as well as cancers of the breast,
ovary, colon, bladder, prostate and thyroid using slot blot or northern blot analyses
(Chauhan et al., 1991). It has also been reported that CL expression was increased in a
highly metastatic human breast cancer cell line as compare to a poorly metastatic cell line
(Scaddan and Dufresne, 1993). An antibody against CL reduced murine myeloma cell
growth (Weber et al, 1994). In ras-transformed, metastatic NIH 3T3 cells a good
correlation was found between the levels of ras and CL expression (Chambers et al.,
1992).

In some cells, increased expression of both CL and CB was found (Chambers et
al., 1992). This is also shown for tumor H-59 cells which express high levels of CL mRNA
and lower levels of CB mRNA (Brodt et al., 1992). A cysteine proteinase inhibitor (E-64)
could efficiently block invasion of H-59 cells in vitro and the formation of liver metastases
(Navab et al., 1995). Since cysteine proteinases can be involved in proteolytic cascades
where they activate other proenzyme such as pro-urokinase (Schmitt et al., 1992), it is
possible that in H-59 cells, CL is required for activatior of other enzymes such as
gelatinase A (1.3.2. b. (@ ), thereby playing an indirect role in tumor invasion and

metastasis rather than directly mediating proteolysis of the ECM (Guinec et al., 1993).
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Recently, Morris and colleagues reported that mammary carcinoma cells expressing CL
showed a greater ability to migrate to form micrometastases after extravasation (Morris et
al., 1994), indicating that CL may play a critical role in tumor cell migration and growth in
metastasis formation.
Cathepsin B (CB):
CB is the most extensively studied lysosomal cysteine proteinase. Similar to CL, it can
also degrade various proteins present in the ECM, such as proteoglycans, FN and collagen
(Guinec et al, 1993). Many investigators have demonstrated a correlation between
increased expression or activity of CB and increased metastatic capability of animal or
human malignancies, such as melanoma (Sloane et al., 1986), human lung adenocarcinoma
(Ozeki et al,, 1993), human breast carcinoma (Scaddan and Dufresne, 1993) and human
colon cancer (Emmert-Buck et al., 1994). Increased expression of CB and decreased
activity of the inhibitor were also found in ras-transformed metastatic NIH 3T3 cells
(Chambers et al., 1992). The function of CB in tumor invasion and metastasis is similar to
CL namely it can directly degrade the ECM (Kobayashi et al., 1993) and in addition, it can
also cooperate with other proteinases such as interstitial collagenase (Sires et al., 1995).
As discussed above, H-59 cells express both CB and CL as well as high levels of
gelatinase A. These enzymes may cooperate in degrading BM or ECM during H-59
metastasis (Brodt et al,, 1992).
1.3.3. The role of growth factors in organ-preference of metastasis

The growth of cancer cells in particular secondary sites may also be regulated by

their ability to respond to local paracrine growth factors as well produce and respond to
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autocrine growth factors. Several growth factors have been identified which play a role in
autocrine or paracrine growth regulation of tumor cells including carcinoma H-59,
1.3.3. a. Autocrine growth factors

Some cancer cells grown in vivo and tumor cell lines maintained in vitro have the
capacity to produce multiple growth factors which can both affect the surrounding host
cells and promote tumor cell growth (Nicolson, 1993). Autocrine growth stimulation can
occur either through an external autocrine loop namely the growth factor is secreted by
the tumor cells and interacts with the receptor extracellularly, or through an internal
autocrine loop where the interaction between the growth factor and the receptor occurs in
an intracellular compartment (Browder et al., 1989). Several growth factors such as the
platelet-derived growth factor (PDGF), epidermal growth factor (EGF), transforming
growth factor (TGF), members of the fibroblast growth factor (FGF) family and insulin-
like growth factor-1 (JGF-1) have been implicated in autocrine stimulation of tumor
growth.

It has been shown that as tumors progress to more malignant or more metastatic
phenotypes, they become less dependent on serum-derived growth factors for their growth
in vitro (Yee et al., 1988) and begin producing growth factor themselves (Rodeck and
Herlun, 1991), suggesting that autocrine growth mechanisms may be involved in
metastasis formation. This was also demonstrated by studies with a highly metastatic 3LL
subline which was shown to produce high levels of the growth factor TGFB1 mRNA. The
authors postulated that this factor plays a role as a autocrine growth regulator for 3LL

metastases (Perrotti et al., 1990).
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Gene transfer techniques have been used to test for the involvement of autocrine
growth mechanisms in metastases formation. For example, the ras-transfected MCF-7 cells
were tumorigenic in the absence of estrogen and secreted elevated levels of TGFa, TGFB
and IGF-1 without a change in their growth factor receptor numbers (Dickson et al.,
1987). Conditioned medium from MCF-7 ras cells as well as two of its component growth
factors IGF-1 and TGF-a replaced estrogen in stimulating MCF-7 colony formation.
Another study showed that NTH-3T3 cells transfected with bFGF gene containing a signal-
peptide coding region, acquired the ability to form experimental lung metastases after i.v.
inoculation (Egan et al., 1990). This was not seen with cells transfected with bFGF lacking
the signal peptide. These evidences support the concept of autocrine induction of the
metastatic phenotype.

1.3.3. b. Paracrine growth factors

Some cancer cells express growth factor receptor and respond to paracrine growth
factors secreted by host cells. The ability of tumor celis to metastasize to specific organ
sites has been shown to be regulated by their response to organ-derived growth factors.
One line of evidence comes from work by Nicolson and his group. Using murine B16
melanoma cells they found that the lung and ovary-colonizing sublines of the B16
melanoma were responsive in vitro to growth-promoting factors released by the target
organ tissue such as lung and ovary (Nicolson and Dulski, 1986). It was also shown by
Radinsky et al that non-metastatic and highly metastatic human colon carcinoma (HCC)
cells could grow at a local site, but growth in the secondary site (i.e. the liver) was seen

only with highly metastatic HCC cells (Radinsky, 1993).
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Several growth factors which act as paracrine growth factors have been identified
such as EGF, PDGF and IGF-1. PDGF was found to be abundantly expressed in lung -
conditioned media. It was shown to specifically induce in vitro the growth of the highly
metastatic subline D122 cells of carcinoma 3LL (Fitzer-Attas et al., 1993). Transferrin
(Tf) is an iron transport protein necessary for the in vitro growth of many different cell
types. It has been identified as a growth stimulator for lung metastatic cells in lung -
conditioned medium (Cavanaugh and Nicolson, 1991). It was also found in bone - marrow
organ cultures. Purified Tf markedly stimulated the proliferation of prostatic carcinoma
cells which are typically metastatic to bone (Rossi and Zetter, 1992). IGF-1 has also been
identified as a paracrine growth factor for liver metastatic carcinoma subline H-59 celis
(Long et al., 1994, 1995). In the latter study, IGF-1 could be detected in hepatocyte
conditioned medium (HCM), and the IGF-1 receptor was found to be expressed on H-59
cells. When HCM was added to serum-deprived cells, IGF-1 could stimulate the
proliferation of H-59 cells, but not of M-27 cells which are a2 3LL subline metastatic to the
lung (Long et al,, 1994). Furthermore, transfection of H-59 cells with a plasmid vector
expressing IGF-1R ¢cDNA in the antisense orientation, which caused a loss of tumor cell
ability to respond to IGF-1 in vitro, lead to loss of the metastatic ability in vivo (Long et
al., 1995) indicating that IGF-1 plays a role as a paracrine growth factor in the regulation

of H-59 metastasis to the liver.
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1.3.4. Cell surface N-linked (Asn-linked) carbohydrates and metastasis
1.3.4, a. Classification of glycoproteins

Glycoproteins are classified according to the nature of linkage between the
carbohydrate sidechain and the protein backbone. The major linkages found in membrane
glycoproteins are the N-glycosidic linkage between asparagine and N-acetyl-glucosamine
(Asn-linked, or N-linked) and the O-glycosidic linkage, between serine or (threonine) and
N-acetyl-galactosamine (O-linked) (Schachter et al., 1985). N-Glycosides are more
commonly found in mammalian glycoproteins than O-glycosides, but single glycoproteins
may have multiple chains, some of which are O-glycosides and some of which are N-
glycosides. The synthesis of the oligosaccharide sidechains is catalyzed by a series of
enzymes known as glycosyl transferases. N-linked oligosaccharides can be removed
enzymatically by treatment with N-Glycosidase F (Tarentino et al., 1985).
1.3.4. b. Carbohydrates and metastasis in general

Glycoconjugates (glycopreteins and glycolipids) are known to be essential
components of plasma membranes of all mammalian cells (Lehninger, 1984). The
carbohydrate moieties of glycoconjugates are involved in many cell surface phenomena,
including antibody and lectin binding and cellular adhesion and recognition (Brandley and
Schnaar, 1986). Changes that take place in the surface carbohydrate structures are thought
to play an essential role in normal cellular differentiation and to influence the metastatic
potential of cancer cells. The study of these changes has been greatly facilitated by the
advent of hybridoma technology (Kohler and Milstein, 1975) which has allowed the

production of a range of highly specific MAbs for the detection of closely related
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carbohydrate structures expressed during embryogenesis, differentiation and oncogenesis
(Feiz, 1985).

It has been well documented that cell surface carbohydrate-containing structures
and also changes in these structures are involved in tumor cell and host cell interaction
during the process of tumor metastasis both in human and in experimental animal models.
These changes include increased expression of $,1-6 -branched asparagine-linked
oligosaccharides in hurnan colon carcinoma cells (Laferté and Loh, 1992), the increase in
expression of the Lewis* or sialyl- diameric lewisX antigen on metastatic mouse or human
colon carcinoma cells (Kawakami et al.,, 1994; Matsushita et al., 1991) and increased
content of sialic acid in Friend leukemia cells (Benedetto et al., 1989).

Since the adhesion molecule of H-59 cells identified by MAb C-11 is also a N-
linked glycoprotein, the N-linked oligosaccharide glycoproteins which were implicated in
malignant disease and metastasis will be briefly discussed.

1.3.4. c. B,1-6 linked branching of N-linked oligosaccharides and metastasis

One of the more common alterations in transformed malignant cells is the presence
of large N-linked oligosaccharides (Smet and Van Beek, 1984). The most discussed is the
B,1-6 linked branching of the N-linked oligosaccharide. Dennis and his colleagues have
demonstrated that metastatic murine tumor MDAY-D2 cells which bind to the
leukoagglutinin (L-PHA) have increased metastatic properties (Dennis et al., 1987). This
L-PHA binding requires the B1-6 linked lactosamine antennae. It was found that cell
surface glycoprotein, gp130 was 2 major target of increased B,1-6-linked branching and

that the expression of these oligosaccharide structures was directly related to the
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metastatic potential of the tumor cells. Induction of increased B,1-6 branching in clones of
a nonmetastatic murine mammary carcinoma correlated strongly with acquisition of lung
metastatic potential in vivo. Treatment of these tumor cells with swainsonine, 2 non-toxic
inhibitor of Asn-linked oligosaccharide synthesis which reduced cell-surface expression of
B,1-6 branched oligosaccharides blocked tumor cells invasion in vitro and reduced solid
tumor growth and metastasis in vivo (Dannis, 1986).

Increased (3,1-6 branching of N-linked oligosaccharides has also been detected in
human malignancies, such as carcinomas of the breast and colon and in melanoma
(Fernandes et al.,, 1991; Dennis, 1991). MAb has been produced to identify the L-PHA-
binding glycoprotein on human colon carcinoma cells (Laf.erté and Loh, 1992). It was
found that the glycoproteins detected by MAb 1HS was differentially expressed on well-
differentiated and poorly differentiated human colon carcinoma cell lines suggesting that
the expression, glycosylation and subcellu? 1 localization of this family of L-PHA-binding
glycoproteins may correlate with the differentiation status of colon cancer cells and/or
reflect biochemical changes characteristic of more progressive metastatic tumors.

Loss or truncation of B,1-6 branched oligosaccharides in metastatic tumor cells
was found to have multiple effects on the cellular phenotype, including reduced cell
invasion of BM (Yagel et al., 1989), enhanced TDMP gene expression (Korczak et al.,
1993) and decreased cellular response to autocrine growth stimulation (VanderElst and
Dennis, 1991). These observation suggest that simplification of the complex-type
oligosaccharides expressed on tumor cells may affect the malignant or differentiated

phenotype, in multiple ways including at the level of gene expression.



Figure 1. The metastasis cascades

The process of metastasis formation is a complex cascade of events, which include: (A)
detachment and release of cells from the primary tumors and invasion of tumor celis into surrounding
stroma, (B) transport of tumor cells into the lymphatics or the vasculature and survival in the circulation,
(C) arrest at new location, (D) attachment and extravasation into the surrounding parenchyma and finally

(E) establishment of a new growth at the new site. (Adapted from Nicolson, 1982; Tarin and Matsumura,
1994),
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Table I: Integrins Expression and Cancer Metastasis (some examples)

Integrins Ligand Expression Adhesion/Metastasis References
positively-regulated:
o184 collagen (Col) melanoma 1 adhesion Kramer et al., 1989
a2Bi Col, laminin (LN) Rhabdomyo-sarcoma (RDA2) 1T pulmonary metastasis Chan et al., 1991
o3P ~ FN, Col, LN, epiligrin human solid malignancies 1 metastases Bartolazzi et al., 1994
a4B VCAM-1 melanoma T pulmonary metastasis Okahara et al., 1994
asfy FN {on cells) TA3/St mammary carcinoma 1 hepatic metastasis Kemperman et al,, 1994

FN (on ECM) melanoma T metastasis Mortarini et al., 1992
B TA4]] LN 1. colon carcinoma T hepatic metastasis Lotz et al,, 1990

2. melanoma T lung colonization Ruiz et al., 1993

o6B4 LN TA3/Ha mammary carcinoma 1 liver metastasis Kemperman et al.,, 1993
abbi fibrinogen B-16 melanoma T lung colonization Chang et al., 1992
arB2 ICAM-1 T-cell hybridoma T liver metastasis Roossien et al.,1989,1994
oyB1 VN, fibrinogen melanoma 1 adhesion Marshall et al., 1995
ayPs FN, VN melanoma 1 lymphatic metastasis Nip et al., 1992, 1995
negatively-regulated:
agfy Col colorectal adenocarcinoma 1 tumor differentiation Pignatelli et al., 1990b
asp FN, LN, Col (1V) mouse skin carcinomas  tumor progression Tennenbaum et al., 1992
a4Py VCAM-1 B-16 melanoma ' pulmonary metastasis Qian et al., 1994
a5y FN transformed CHO cell  tumorigenicity Giancotti et al,, 1990

T : positively associated

! : negatively associated

6T
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2. Liver metastasis: Clinical, Anatomical and Biological aspects

2.1. Clinical significance of hepatic metastasis

The liver is one of the most common sites of metastasis in patients with malignant
diseases. Almost all cancers from various primary sites metastasize to the liver. More
common tumors include those of the gastrointestinal tract (colon, stomach, pancreas,
etc.), melanoma, lung and breast carcinomas. Other tumors such as genitounnary cancers,
sarcomas and lymphoreticular malignancies metastasize to the liver less often (Meyers and
Jones, 1990). Liver metastases are often multiple and bilobar and cannot be easily
diagnosed in their early stages. Once symptoms appear, the metastases are generally
inoperable and respond poorly to chemotherapy resulting in poor prognosis. In general,
patients with untreated hepatic metastases have median survival rates ranging from 6-18
months (Tranberg and Bengmark, 1994) and for patients with hepatic resection for
metastases of colorectal carcinoma, the median survival rate is 24 months (Jatzko et al.,

1995).

2.2. Prognosis and therapeutics of liver metastasis

The treatment of liver metastasis still remains very unsatisfactory since most
patients do not have obvious physical findings or marked abnormal laboratory tests during
the early stages of metastatic liver disease.
2.2.1. Surgical resection

In general, liver resection for metastatic tumor is indicated only when the cancer is

of colorectal origin, the hepatic tumor is removable, and no extrahepatic disease is present
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(Tranberg and Bengmark, 1994). The accumulated experience shows that the patients
with colorectal cancer which have metastases limited to one lobe and the number of liver
tumors is less than four can be successfully treated by surgical resection (Ballantyne and
Quin, 1993). Unfortunately only about 5% of patients with colorectal cancer fall into this
category and resection of hepatic metastases can therefore improve overall survival of
patients with colorectal cancer by only 1-2%. Normally only 5-10% of patients with
metastases only or predominantly in the liver will be amenable to potentially curative
surgical resection. The 5-year survival rate of patients undergoing liver resection is
approximately 30% and the 10-year survival rate is approximately 20% (Tranberg and
Bengmark, 1994).
2.2.2. Chemotherapy

For the majority of patients with liver metastases, chemotherapy is the rational
option since liver failure is often the result of widely disseminated disease. Chemotherapy
is effective in some cancers (e.g. germ cell tumors and lymphoma), whereas in others the
result is uncertain (Ravikumar and Steele, 1991).
2.2.2. a. Systemic chemotherapy

Systemic chemotherapy has been used in patients with liver metastases derived
from different advanced cancers. The major agent for therapy in patients with advanced
colorectal cancer is 5-Fluorouracil (5-Fu). A combination of different chemical agents is
generally more effective than a single agent. For patients with advanced colorectal
cancers, an overall chemotherapy response rate of about 20% has been shown by both

randomized and nonrandomized trials, but they do not prolong survival. In other
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gastrointestinal cancers (except neuroendocrine tumors) and other tumors such as
melanoma or lung cancer, the results are also disappointing. Breast cancer, gastrointestinal
neuroendocrine tumors and germ cell tumors (testicular and ovarian) as well as
lymphoreticular malignancies have shown some response to systemic chemotherapy alone
or in combination with hormonal manipulation (Ravikumar and Steele, 1991).
2.2.2. b. Hepatic arterial infusion chemotherapy

The administration of chemotherapy by continuous hepatic arterial infusion (HAI)
was introduced as a means of delivering cytotoxic drugs directly to the tumor by hepatic
artery catheterization (Ramming and OToole, 1986). HAI is indicated when liver
metastases are unresectable and extrahepatic disease is absent or minimal. The chemical
agent of choice for regional infusion is usually 5-fluoro-2-deoxyuridine (FUDR), which
has an 80-95% extraction rate during the first passage through the liver. This treatment
was reported to cause a 20% regression of cancer and a 50% symptomatic improvement.
A randomized trial demonstrated a high response rate compared with systemic treatment
(Kemeny et al., 1987). However the true benefit of infusion therapy for survival still needs
to be demonstrated by randomized trials (Tranberg and Bengmark, 1994).
2,2.3. Other forms of therapy

The external beam radiation may be used for palliative treatment, such as pain
relief or liver size reduction, but survival rate is probably not affected (Sherman et al,
1978). Metastatic tumors may also shrink when using hepatic artery ligation or
) embolization, but the response is likely to be modest and temporary if it occurs at all

(Blumgart and Allison, 1982). Liver transplantation has been used for metastatic
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neuroendocrine tumors in combination with additional resection of the pancreatic primary
tumor, but only 6% of patients had a 2-year survival (Alsina et al., 1990).
2.2.4. Experimental therapy

The application of cryotherapy has been tried with the intent to cure surface
lesions, and it can be an effective alternative to liver resection in patients with marginal
hepatic function (Ravikumar et al., 1987). Biologic response modifiers (interleukin-2 and
lymphokine-activated killer cells) used as immunotherapy for the treatment of different
tumors at various anatomic sites may be effective against metastases of certain histologic
types of tumors such as renal cell cancer and melanoma and have been used as adjuvants
to surgical resection (Schwarz et al., 1989).

To summarize, despite some progress in the treatment of liver metastases,
elongation of patients life has not yet been achieved. The design of more effective
therapeutic reagents for hepatic metastasis is urgently needed. This can only be achieved

through a better understanding of the biology of the process of liver colonization.

2.3. Anatomicsl aspects of liver metastases
2.3.1. Blood supply of the liver

The normal human liver has a double blood supply: the portal vein and the hepatic
artery. The portal vein is formed by the junction of the superior mesenteric and splenic
veins, which provides about three fourths of the liver's blood supply (Meyers and Jones,
1990) (Fig. 2A, page 47). The portal trunk divides into left and right hepatic branches in

the portal fissure and these further divide into small veins and venules which finally enter
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the hepatic sinusoids (Fig. 2B, page 47). The hepatic artery coming from the celiac axis,
supplies one fourth of the liver with arterial blood. It also enters the liver through a fissure
and then forms a plexus and empties into the sinusoids. The sinusoids enter the central
venules or terminal hepatic venules (YHV) (Fig. 4, page 49) before draining into hepatic
vein and finally to the inferior vena cava (Fig. 2A, page 47) (Barbera-Guillem and Vidal-
Vanaclocha, 1991).
2.3.2. Hepatocytes

Hepatocytes comprise about 60% of the cells in the liver. They are polygonal and
approximately 30 um in diameter, Hepatocytes form single layers (cell plates) between
minute vascular channels called the sinusoids (Fig. 2B, page 47 and Fig. 4, page 49). The
hepatocyte has three surfaces: one facing the sinusoid and space of Disse (see below), the
second facing the canaliculus of the bile ducts and the third facing neighboring hepatocytes
(Fig. 3, page 48). There is no BM around the hepatocytes (Sherlock and Dooiey, 1993).
2.3.3. Hepatic sinusoids and cells

The micro-vascular channels between single layers of hepatic parenchymal cells are
called sinusoid (Fig. 2B, page 47). The flat fenestrated endothelial cells line and form the
walls of the sinusoid (Fig. 3, page 48). The sinusoida! cells which include endothelial cells,
Kupffer cells, fat storing cells (Ito cells) and pit cells as well as various subpopulation of
lymphoid cells form this functional and histological unit together with the sinusoidal aspect
of the hepatocytes (Sherlock and Dooley, 1993). Kupffer cells overlap the endothelial cells
loosely and attach to the sinusoidal wall The hepatocyte membrane microvilli project

through this fenestra for ready exposure to sinusoidal contents. The endothelial fenestra
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have no diaphragm and are freely permeable to low and high molecular weight substances
in the sinusoidal flow. This also allows easy access for tumor cells invading the hepatic
parenchyma.

2.3.3. a. Kupffer cells

Kupffer cells are hepatic restdent macrophages which are involved in the defense
system of the organ under various physiological and pathological conditions (Philips,
1989). They are derived from blood monocytes and have only a limited capability for cell
division, but are highly mobile and can attach to the endothelium. Kupfler cells have
specific membrane receptors for ligands including the Fc portion of immunoglobulin and
the C3b component of complement, which are important for antibody dependent cellular
cytotoxicity and complement mediated cytotoxicity. They can endocytose old cells,
foreign particles, tumor cells, bacteria, yeasts, viruses and parasites providing a natural
defence mechanism.

An example of Kupffer cells involved in tumoricidal activity was shown by Heuff
and his colleagues. Using a liver metastatic rat colon carcinoma cell line, they
demonstrated that various populations of macrophages and resident Kupffer cells may be
involved in the host response against tumor cell deposits in the liver (Heuff et al., 1993).
Kupffer cells were also found to be activated by co-culture with tumor cells and were
subsequently able to lyse and phagocytose the cancerous cells (McCuskey et al., 1994).
These Kupffer cells could be cbserved in contact with tumor cells not only in sinusoids but
also in tumor forming foci within the hepatic parenchyma although the metastases were

still observed since tumor cells can escape from Kupffer cells. This evidence indicated that
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Kupffer cells interact with tumor cells and partially endocytose them during metastasis
formation.
2.3.3. b. Sinusoidal endothelial cells

Endothelial cells line the sinusoid to form the fenestrated wall surrounding the
sinusoidal lumen (Fig. 3, page 48). This fenestrae regulate the exchange of fluids and
particulate matter to and from the space of Disse and hepatocytes (Wisse et al., 1985).
Sinusoidal endothelial cells are the first barrier enco: itered by tumor cells entering the
sinusoids from the blood. Two distinct types of endothelial cells differing in their structure
and specific lectin binding patterns have been identified in different acinar zones. Zone 1
endothelial cells have a high concentration of certain lectin-binding carbohydrate residues
(e.g. N-acetyl-neuraminic acid, galactose, N-acetyl-galactosamine, mannose and glucose)
and more binding sites for the lectin wheat germ agglutinin WGA. which has an affinity for
N-acetyl-glucosaminyl residues and N-acetyl-glucosamine ofigomers as compared with the
endothelial cells in Zone 3 (Barbera-Guillem et al., 1989; 1991) (see 2.3.6). In most
species, endothelial cells of the liver sinusoid have no continues BM (Barberd-Guillem and
Vidal-Vanaclocha, 1991).
2.3.3. c. Pit cells

Pit cells are highly mobile, located in the lumen of the hepatic sinusoids attached to
the liver endothelial or Kupffer cells by cytoplasmic processes. They show characteristic
granules and rod-cored vesicles. They have natural killer activity to certain tumor cells and

virally infected hepatocytes and have many features in common with large granular
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lymphocytes. They therefore may act in the liver as a first line of defense against neoplasia,
metastasis, and viral infections (Geerts et al., 1990).
2.3.3. d. Fat storing (Ito) cells

The fat storing cells (Ito cells) lie in the space of Disse in close contact with
hepatocytes on one side, and endothelial cells on the other, but are also distributed in the
hepatic parenchyma between hepatocytes (Fig. 3, page 48). They store excess vitamin A
and other fat soluble vitamins. Ito cells can migrate to zone 3 where they change into
myofibroblasts in the presence of damaged hepatocytes and may be involved in repair
mechanisms. In culture, Ito cell can secrete a variety of matrix components, such as types
I, I and IV collagen, FN and laminin (Ramadori, 1991). These proteins may be involved
in the promotion of tumor growth in vivo.
2.3.4, The space of Disse

The space between the thin endothelial lining of the sinusoidal lumen and
hepatocytes is the perisinusoidal space of Disse (Fig. 3, page 48). Within the space of
Disse, Ito cells, fibroblasts and neurons, ECM proteins and electrolytes can be found as
well as small amounts of tissue fluid which flows outwards into lymphatic channels in the
portal zones (Sherlock and Dooley, 1993). The ECM in the space of Disse has several
unique features: type I collagen which is in direct contact with hepatocytes and endothelial
cells forms the scaffold of the hepatic lobule while type IV collagen is not associated with

laminin and does not form part of 2 BM (Martinez-Hernandez, 1984).
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2.3.5. Extracellular matrix proteins

Extracellular matrix molecules including FN, type I and type IV collagen, laminin,
heparin sulfate, entactin and some cell associated proteoglycans can be found in or around
the space of Disse. Basement membrane structures are present around the portal and
central veins and surround the bile duct epithelium (Abrahamson and Caulfield, 1985).
There is no continuous BM underlying the sinusoidal endothelial cells. The hepatocytes
and endothelial cells are separated by an ECM containing mainly FN, some type I collagen
and type IV collagen. Fibronectin is the most prominent component of the ECM in the
space of Disse (Martinez-Hernandez, 1984).
2.3.6. Hepatic acinar units and their zones

The liver acinus is 2 small parenchymal mass arranged around the portal axis which
consists of a terminal portal venule, terminal hepatic arteriole, bile ductule, lymph vessels
and nerves (Fig. 4, page 49). It lies between two or more terminal hepatic venules (THV)
also called central veins. Hepatic blood flows from the terminal portal venules (TPV) into
the sinusoids and comes into contact with hepatocytes within the unit until it drains into
the THV. Three microcirculatory zones have been identified according t§ the blood supply
of first, second and third quality with regard to oxygen and nutrient contents. Zone 1
represents the area close to the supplying portal axis vessels, zone 3 corresponding to the
area that is most distant from the supplying vessels but close to the THV and zone 2 is the
border area between zone 1 and zone 3 (Fig. 4, page 49) {Sherlock and Dooley, 1993).

There are some notable differences between zones 1 and 3. In zone 1, the sinusoids

are more winding and anastomotic, have a higher concentration of Kupffer cells and their
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endothelial cells are less porous and more adhesive because they express more
carbohydrate molecules (see 2.3.3. b) (Barbera-Guillem et al.,, 1991). These differences
have been utilized to distinguish between the two zones and follow tumor cell migration

through the liver following entry through the portal vein.

2.4. Microenvironment of liver and liver metastasis

As is the case for other organs, the potential of cancer cells to metastasize to the
liver is dependent on multiple specific interactions between the tumor cells and different
constituents of the liver microenvironment including the microvascular endothelium,

extracellular matrix proteins, hepatocytes and paracrine growth factors.

2.4.1. Cancer cell arrest in the liver.

After detachment from the primary malignant lesion following passage through the
circulation and arrival in the liver, the surviving tumor cells are retained along the entire
sinusoidal pathway and are arrested mostly in acinar zone 1 (Barbera-Guillem and Vidal-
Vanaclocha, 1991). This may be due to the different features of these two specific area as
mentioned above, namely the higher degree of anastomosis, the higher number of Kupffer
cells which may act as sinusoidal sphincters and the higher concentration of carbohydrate
residues on the sinusoidal endothelial cells which lead to more adhesiveness in zone 1.
Tumor cell interaction with the sinusoidal endothelium in particular, appears to play a role
in tumor cell arrest. This has been observed microscopically and also supported by

functional in vitro assays (Tressler et al., 1993; 1994; Brodt et al., 1994).
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2.4.2, Tumor - endothelial cell interaction

Tumor cell adhesion to the endothelial cells is the early step in the extravasation of
metastatic tumor cells from the blood stream into the tissue space of the liver. This
interaction is thought to be similar to that occurring between lymphocytes and cytokine -
activated vascular endothelial cells during inflammation. Lymphocytes often infiltrate the
liver during hepatic inflammation. ICAM-1 was found to be expressed on the sinusoidal
endothelium or on portal and hepatic endothelium in human liver (Adams et al., 1989)
which is recognized by LFA-1 expressed on lymphocyte and can therefore mediate
lymphocyte attachment to endothelial cells during inflammation.

Several investigations have identified specific adhesion receptors on endothelial
cells which may mediate tumor cell adhesion to the liver endothelium. The most discussed
was E-selectin which can be expressed on endothelial cells and can interacted with its
ligands on the tumor cell surface.

Using human umbilical vein endothelial cells (HUVEC) it was shown that E-
selectin which can be induced on endothelial cells by cytokines such as TNF-a and IL-1
can mediate adhesion to the carbohydrate ligand SLeX which is expressed on human colon
carcinoma cells (HCC) (Lauri et al, 1991). This adhesion may contribute to liver
metastasis since HCC are metastatic mainly to the liver. It was also reported that the HCC
cells KM12-HX which express high levels of SLeX colonized to the liver more efficiently
than KMI12-LX cells which are low expressors when the cells were injected
intrasplenically into nude mice. Under in vitro condition, KM12-HX cells demonstrated a

greater degree of adhesion to cytokine - activated HUVEC than KM12-LX cells. The
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adhesion was partially inhibited by antibodies specific for E-selectin. Moreover, treatment
of KM12-HX cells with an inhibitor of O-linked carbohydrate chain elongation reduced
the adhesion of KM12-HX cells to HUVEC indicating that O-linked carbohydrate chains
on the HCC cell surface played a significant role in the adhesion (Izumi et al., 1995). An
other group showed that the adhesion of HCC cells to HUVEC was significantly inhibited
by pretreatment with anti-E-selectin antibody as well as antibody to the sialylated
carbohydrate antigen SPan-1. The adhesion was also inhibited by pretreatment with
neuraminidase (Yamada et al.,, 1995). These results suggested that the SPan-1 antigen
plays a significant role in adhesion of HCC cell to endothelial cell, and sialylation of the
terminal structure of the carbohydrate antigen was important in the adhesion of HCC to
endothelial cells,

Using the H-59 tumor model it was shown that hepatic sinusoidal endothelial cells
express E-selectin in response to TNFa. Furthermore, anti-E-selectin antibodies
significantly inhibited H-59 cell adhesion to hepatic sinusoidal endothelial cells in the
presence of TNFa. In vivo studies conformed the relevance of E-selectin to liver
metastasis by showing that anti-E-selectin anttbodies blocked experimental liver
metastases. In this study, a mucin-associated carbohydrate structure with fucose and sialic
acid in terminal positions was involved in the adhesion (Brodt et al.,, 1994, manuscript
submitted).

Recently, Tressler aad associates reported that annexin II and VI are expressed on
the surface of liver metastatic murine RAW 117 large cell lymphoma cells and can mediate

part of the Ca**-dependent RAW 117 cell adhesion to Ever microvessel endothelial cells
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(Tressler et al., 1993, 1994) indicating these molecules may also be involved in liver

colonization by murine lymphoma cells.

2.4.3. Tumor cell interaction with the ECM

Tumor cell invasion through different ECM barriers is another major step in the
metastatic process, Since the hepatic sinusoidal endothelium lacks a continuous BM (see
2.3.5), tumor cells in the sinusoid can invade directly into the subendothelial space. During
their invasion, tumor cells can either interact with ECM components e.g. laminin or FN
(Rusciano et al., 1991) through tumor cell surface adhesion molecules and/or express
proteolytic enzymes to degrade ECM and therefore enhance their invasion and migration.

Fibronectin is the most prominent component of the ECM in the space of Disse.
Tumor cell adhesion to FIN might lead to tumor cells invasion into the liver parenchyma
(Nicolson, 1988b). It has been reported that a fusion fragment of the heparin-binding
domain of human FN significantly inhibited lymphoma cell adhesion to substrates
precoated with FN, laminin and reconstituted BM (Matsumoto et al., 1991). Heparin and
MAD against the heparin binding domain of FN inhibited tumor cell interaction with the
fusion polypeptide-substrate in vitro, and also blocked liver metastasis when co-injected
with the tumor cells. This may have been due partly to interference with the adhesion of
tumor cells to ECM or BM componeats by this heparin-binding domain-dependent
mechanism. The positive correlation between perisinusoidal laminin expression and liver
metastasis was demonstrated by Wewer and Albrechtsen (Wewer and Albrechtsen, 1992).

They found that liver metastatic tissue showed high staining for lJaminin. Moreover, viable
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tumor cells bind specifically to frozen sections of liver tissue containing perisinusoidal
laminin. This suggested that the perisinusoidal laminin may be involved in tumor cell
metastasis to the liver. Recently, the overexpression of stromelysin-3, a newly identified
member of the matrix-degrading MMP family on human colorectal tumor has been
reported. This overexpression of stromelysin-3 is correlated with the progression of
human colorectal tumors toward local invasion and may be involved in liver metastasis
(Porte et al., 1995).

Liver metastatic H-59 cells have been reported to express high levels of gelatinase
A and the cysteine proteinase cathepsin L as well as lower levels of cathepsin B (Brodt et
al,, 1992). These enzymes are known to be involved in tumor cell invasion. Recently it
was found that an inhibitor of cysteine proteinase could block experimental liver
metastasis (Navab et al., 1995) suggesting that these enzymes may degrade liver ECM and

thereby promote liver colonization by H-59 cells.

2.4.4. Tumor cell interaction with the hepatocytes

Tumor cell adhesion to hepatocytes has been observed in several experimental
models of liver metastasis. For example, hepatocytes isolated from normal rat liver have
been found to express ICAM-1. This molecule could bind LFA-1 which is expressed on
liver metastatic T-cell hybridoma cells. A MADb directed to ICAM-1 could inhibit the
adkesion of T-cell hybridoma cells to the hepatocytes. It was also found that tumor cell

invasion was associated with substantial redistribution of LFA-1 on the T-cell hybridoma



cell surface and also with ICAM-1 redistributicn on the hepatocyte surface (Meijne et al,,
1994).

Integrin agB4 has been identified as a receptor on TA3/Ha mammary carcinoma
cells which is involved in the adhesion of these cells to the hepatocytes. .".nti- g4 Fab
fragments generated from a polyclonal serum against TA3/Ha cells inhibited TA3/Ha -
hepatocyte adhesion (Kemperman et al., 1993) suggesting that agB4 mediated adhesion to
hepatocytes may contribute to liver colonization. Recently it has been reported by the
same group that cells of another subline of mammary carcinoma TA3/St which express
integrin a5 utilize this receptor to interact with hepatocyte surface associated FN. This
interaction may be necessary for liver metastases formation (Kemperman et al., 1994).

In addition, the isolated tumor cell surface oligosaccharide T (Thomsen-
Friedenreich) antigen and its immediate precursor Tn antigen have also been implicated in
adhesion to rat hepatocytes and Kupffer cells (Schlepper-Schafer and Springer, 1989).
The interaction of these specific pancarcinoma epitopes T and Tn on cancer cells with
Gal/GalNAc receptors on rat hepatocytes and Kupffer cells may play a role in liver
metastasis of some carcinomas.

The ultrastructure of the interaction between tumor cells and hepatocytes has been
studied irr vitro using a rat hepatoma subline which can invade a primary culture of adult
rat hepatocytes. It was found that the tum¢ - cells adhered to the hepatocytes with several
types of junctional structures. An early event in the invasive process was an apparent

cytoplasmic fusion between the tumor cells and the hepatocytes. It was suggested that this
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event may be of functional significance in hepatic invasion in vivo (Igarashi and

Kawaguchi, 1993).

2.4.5. Paracrine growth regulation and liver metastasis

The ability of tumor cells to grow in the liver is also regulated by organ-derived
growth factors. These paracrine growth factors can be produced by the hepatocytes,
sinusoidal endothelial cells, Kupffer cells or fibroblasts. For example, a liver extract was
found to promote the growth of liver metastasizing embryonal carcinoma cells (Rusciano
et al, 1991). The liver - metastasizing melanoma subline B16-L8 was also found to
respond in a specific manner to growth stimulation mediated by hepatocytes while the lung
colonizing subline B16-F10 did not have this response (Sargent et al,, 1988), In addition,
the liver - colonizing subline of the RAW117 large -cell lymphoma was reported to be
growth stimulated by the complement component C3b present in medium conditioned by
mouse hepatic sinusoidal endothelial cells (Hamada et al., 1993).

Transforming growth factor alpha (TGF-cx) is produced by hepatocytes in response
to trauma, as a physiological regulator of liver regeneration (Herlyn et al., 1990). The
TGF-x is a ligand of the epidermal growth factor receptor (EGF-R) which is expressed on
liver metastatic human colon carcinoma cells and it was suggested that it may be
responsible for TGF-o mediated stimulation of the carcinoma cells (Radinsky, 1993).

Hepatocyte growth factor (HGF), also called scatter factor, is synthesized and
secreted by different cell types, but also produced by liver endothelial, Kupffer, fibroblast

and Ito cells. It binds to its receptor the c-met proto-oncogene expressed on hepatocytes
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and other cells and can induce cell motility and regulate growth (Jiang et al., 1993a). The
HGF receptor c-met protein is also highly expressed on malignant cells, such as colon
cancer cells (Jiang et al., 1993b). The stimulation of colorectal carcinoma cells by liver-
derived HGF may play a role in the metastasis of this malignancy to the liver.

Insulin-like growth factor-1 (IGF-1) has been found in medium conditioned by
mouse hepatocytes. This hepatocyte-derived IGF-1 was found to mediate H-59 cell
proliferation through the IGF-1 receptor expressed on H-59 cells, and a monoclonal
antibody to IGF-1 could block the IGF-1- induced mitogenic activity in vitro (Long et al.,
1994). Furthermore H-59 cells expressing an antisense mRNA to the IGF-1 receptor
failed to give rise to liver metastases in vivo indicating that IGF-1 was involved in tumor
H-59 metastasis to the liver (Long et al., 1995).

In summary, liver metastasis is a complex process involving multiple host tumor
interactions such as the interaction of tumor cells with hepatic endothelial cells, with ECM
proteins and with hepatocytes. Many of the molecules mediating these interactions remain

to be positively identified.



Figure 2, The hepatic circulation

A. The hepatic and portal veins. The portal vein is formed by the junction of the superior mesenteric and
splenic veins (merged by inferior mesenteric vein). It divides into left and right hepatic branches in the
portal fissure and these further divide into small veins and venules which finally enter the hepatic
sinusoids. The sinusoids enter the central venules or terminal hepatic venules before draining into hepatic
vein and finally to the inferior vena cava. B. Microvascular bed of the liver (inset). The hepatic arterics
and hepatic portal venules empty into the hepatic sinusoids. Arrows indicate the direction of the blood
flow. (Adapted from Meyers and Jones, 1990; Mathie et al., 1994).
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Figure 3. Topography of the hepatocytes, sinusoids and the perisinusoidal space of Disse

Hepatocytes form single layers (cell plates) between minute vascular channels called the sinusoids.
Each hepatocyte has three surfaces: one facing the sinusoid and space of Disse, the second facing the
canaliculus of the bile ducts and the third facing neighboring hepatocytes. The sinusoids form the micro-
vascular channels between single layers of hepatic parenchymal cells. The flat fenestrated endothelial cells
line and form the walls of the sinusoid. The hepatocyte membrane microvilli project through this fenestra
for ready exposure to sinusoidal contents. The sinusoidal cells include the endothelial cells, Kupffer cells,
fat storing cells (Ito cells) and pit cells as well as various subpopulation of lymphoid cells. The space
between the thin endothelial lining of the sinusoidal lumen and hepatocytes is the perisinusoidal space of

Disse.
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Figure 4, The liver acinar unit and the three microvirculatory zones

The liver acinus is a small parenchymal mass arranged around the portal axis which consists of a
terminal portal venule, terminal hepatic arteriole, bile ductule, lymph vessels and nerves. It lies between
two or more terminal hepatic venules (THV) also called central veins. Hepatic blood flows from the
terminal portal venules (TPV) into the sinusoids and comes into contact with hepatocytes within the unit
until it drains into the THV. Three microcirculatory zones have been identified according to the blood
supply of first, second and third quality with regard to oxygen and contents of nutrients. Zone 1
represents the area close to the supplying portal axis vessels, zone 3 corresponding to :he area that is
most distant from the supplying vessels but close to the THV and zone 2 is the border area between zone
1 and zone 3. Arrows indicate the direction of the blood flow. (Adapted from Meyers and Jones, 1990).
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3. Monoclonal antibodies and cancer therapy

3.1. General Introduction
3.1.1. Significance of antibodies in cancer therapy

Antibodies, the serum immunoglobulins (Ig), are components of the
humoral immune system and are synthesized by B-lymphocytes in response to
antigens as part of an active immune defense mechanisms (Roitt, 1991). With the
development of monoclonal antibodies by Kéhler and Milstein in 1975, providing a
method for unlimited production of high affinity, highly specific antibodies (Kohler
and Milstein, 1975), the potential utilization of antibodies for diagnosis and
treatment of neoplastic disease has become both feasible and attractive (Schwartz
et al., 1992). Artibodies can have several possible therapeutic effects on the cancer
cells. They can be used to activate the host immune system to destroy the tumor
cells, can regulate growth and differentiation of tumor cells and can block adhesion
of tumor cells to host cells and the extracellular matrix. They can also be used as
delivery molecules, targeting potentially cytotoxic agents to tumor sites (Dillman,

1991).

3.1.2. HAMA and humanized MAb

Although murine MAbs have been used in cancer therapy, the major
obstacle to long-term administration of murine MAbs to hum#ﬁs is the
development of immune responses by tne host especially if multiple administrations

over an extended period of time are required to achieve a therapeutic effect
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(LoBuglio et al., 1989). This response is mainly due to the host immune system
reacting against determinants present in the Fc portion of murine Ig (Reynolds et
al., 1989). The human anti-mouse immunoglobulin response known as "Human
Anti-Mouse Antibody" or HAMA, can potentially influence the biological activity
of the antibodies, diminishing the clinical response and can also induce adverse
allergic reactions (Fagnani, 1994).

However, some approaches have been used to reduce this host immune
response. These include the production of potentially less immunogenic MAb
fragments and the development through genetic engineering of "humanized " MAb
(Morrison and Oi, 1984). This techmque is based on development of mouse/human
chimeric MAb by joining the Ig vanable domain from mouse MAD to the human Ig
constant domain (Winter and Milstein, 1991). This chimeric "humanized” MAb is
less immunogenic in cancer patients than murine MAb. Some of the chimeric
MADbs have been administered to cancer patients, and a marked reduction in the
HAMA response and 2 longer half-life of MAb have been observed (Hale et al.,

1988; LoBuglio et al., 1989).

3.1.3. Functions of antibody ﬁ-agments

Antibodies can play an indirect role in the host immune response by
participation in antibody dependent cell mediated cytotoxicity (ADCC) and
complement mediated cytotoxicity (CMC), mechanisms which depend on the Fc

domain of the immunoglobulins, or they may inhibit tumor cell growth directly by
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interacting with molecules such as growth factor or adhesion receptors through the
Fab domains, blocking their functions (Houghton and Scheinberg, 1991). Genetic
engineering techniques have been used to produce ¢cDNA fragments coding for
single chain antigen - binding proteins (Fv) consisting of the variable regions of
the light and heavy chain genes which are linked and expressed in bacterial or
eukaryotic vectors (Skerra and Plunckthun, 1988; Reichman et al., 1988).

The advantages of the Fab fragment and the engineered antibodies in
cancer therapy include: increased tumor penetration, rapid plasma clearance with a
possibly decreased toxicity due to radionucleotides or immunotoxins conjugated to
the antibodies, and decreased immunogenicity due to a lack of the Fc domain

(Schwartz et al., 1992).

3.2. Strategies for therapeutic application of MADb

A number of distinct approaches for cancer therapy with MAb have been
developed. Each approach requires certain prerequisite information about the
- individual antibody-antigen system such as antibody specificity, antibody class and
isotype, antibody avidity or the structure and function of the antigen. This
1. formation is normally derived through a series of preclinical studies which are
designed to address the following questions: (2). the ability of MAb to mediate
killing of target tumor cells in the presence of immune effector cells (ADCC) or in
the presence of complement (CMC) (Goodman et al., 1990). (b). the direct

biological effects of MAb on target cells, such as their effect on tumor cell growth
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and proliferation (Aboud-Pirak et al., 1988). (c). cytotoxic/cytostatic effects of the
MAb when conjugated to anti-cancer agents (Goldenberg, 1989), and (d). the
direct effect of MAD on target cell adhesion to host cells or organs (Zhu et al,,
1991, 1992). These in vitro assays can be complemented by in vivo studies, These
preclinical studies can determine the strategies to be used for human trials. The
types of antibodies and the approaches which have been utilized to date can be

summarized as follows:

3.2.1. Destruction of tumor cells by immune mechanism
3.2.1. a. Antibody Dependent Cell - mediated Cytotoxicity (ADCC)

Host immune defense cells such as neutrophils, macrophages and natural
killer cells can bind antibody coated tumor cells by recognizing the Fc portion of
the Ig molecule through their Fc receptors (Wawrzynczax and Thorpe, 1991). This
leads to tumor cell killing through phagocytosis (by macrophages) or direct
cytolysis (by NK cells). This was demonstrated by Herlyn et al who observed
tumor cell lysis when anti - tumor MAbs were incubated with effector cells such as
splenocytes from nude mice (Herlyn et al., 1979) and supported by subsequent in
vivo experiments (Herlyn and Koprowski, 1982). Numerous other investigators
reported similar effects both in vitro and in vivo (see below). The IgG2a and 1gG3
subclasses of mouse MAb have been reported to be most effective in mediating

ADCC mechanisms (Hellstrém et al., 1986; Woodhouse and Morgan, 1989).
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3.2.1. b. Compiement Mediated Cytotoxicity (CMC)

Some murine MAbs can activate complement by binding the Clq
component of complement and thereby initiating 2 complement activating cascade.
The "membrane attack complex" formed by the terminal complement components
inserts into the cell membrane inducing cell lysis and destruction. Studies using
mouse serum as a source of complement demonstrated that IgM is the most
common activator of complement, while IgG2a, IgG2b and IgG5 were of medium
or low potency. Activation of complement mediated cytolysis by igG1 antibodies
was only occasionally observed (IVeuberger and Rajewski, 1981).

3.2.1. ¢. ADCC and CMC in experimental and clinical trials

The induction of ADCC and CMC by cell bound MAb has been reported
by different investigators using diverse tumor models. The following are some
examples.

Several of the early studies have been reported by Hellstrém and his
associates. This group produced three mouse MAbs (IgG3) which recognized a
Gp3 ganglioside antigen expressed on most human melanoma cells. These
antibodies could mediate ADCC when combined with normal human lymphocytes.
One of these antibodies also killed melanoma cells in the presence of human serum
as a source of complement while another was found to inhibit human melanoma
growth in nude mice (Hellstrém et al., 1985). It was postulated that this inhibition

may have been due to antibody induced ADCC.
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One of the antibodies MAb L6 (IgG2a) also recognized a ganglioside
antigen that is expressed on most hurgan carcinomas such as lung, breast, colon
and ovary (Hellstrém et al., 1986). This MAb could lyse L6 antigen-positive
human tumor cells in the presence of human lymphocytes or human serum in vitro
and inhibit the outgrowth of a L6 antigen-positive human tumors in nude mice.
This anti-tumor effect was tested on patients with breast, colon, ovarian and lung
cancer. One patient with recurrent breast cancer achieved a pathologically
confirmed complete remission after treatment with MAb L6 (Goodman et al.,
1990). This anti-tumor effect suggested that unmodified L6 could be used in breast

cancer therapy,

3.2.2. Regulation of tumor growth by MAb
3.2.2. a. MADb to growth factor receptors

Animal experiments have shown that treatment of tumor - bearing mice
with MAbs directed against growth factor receptors expressed on the tumor cell
surface could significantly reduced tumor cell growth. Epidermal growth factor
(EGF) or transforming growth factor o (TGF-0t) are important regulators of the
survival and growth of squamous cell lung carcinomas (Wendler and Ozanne,
1984) and ductal breast cancer cells (Bates et al.,, 1988). These growth factors
share a common receptor - the EGF receptor. Sela and his group reported that
anti-EGF receptor antibodies reduced human epidermoid carcinoma cell colony

formation in vitro. When this effect was tested in vivo in nude mice, the anti-tumor
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activities observed included retardation of tumor growth, a reduction in the
number of experimental lung metastases and the prolongation of survival time. The
F(ab)2 fragment of this anti-EGF receptor antibodies had the same effects
suggesting that the anti-tumor effects were not due to immune mechanism such as
ADCC and CMC (Aboud-Pirak et al., 1988). In a dose response study, an anti-
EGF receptor MAD labeled with !11In used in a phase I trial in patients with
inoperable squamous cell lung cancer showed no toxicity to patients and MAb
uptake by the tumor was observed in a specific and dose-dependent fashion (Divgi
et al., 1991). It was concluded that treatment with a MAb against EGF receptor is
safe at the doses and schedules used.

The transmembrane tyrosine kinase protein - related molecule p185 (HER-
2/neu oncogene product) was reported to be overexpressed in tumors derived from
breast and ovarian cancer patients with poor prognosis (Berchuck et al., 1990). It
has been reported that anti-p185 MAbs of the IgGl, IgG2a and IgG2b isotypes
could inhibit the tumorigenicity of neu-transformed cells. Depletion of complement
and macrophages in the tumor bearing animals did not affect this inhibition
suggesting that ADCC and CMC mechanisms were not involved (Drebin et al.,
1988). These results demonstrated that MADb reactive with cell surface domains of

an oncogene-encoded protein could directly inhibit tumor growth in vitro and in

Vivo.
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3.2.2. b. MAb induction of Apoptosis

Apoptosis is a phenomenon of developmentally programmed cell death.
The mechanisms involved in this process have received much attention recently
because of their potential utility in the development of cancer therapy. It has been
reported that a MAb against the 52 kDa APO-1 antigen expressed on leukemic
cells and human B and T cells completely blocked the proliferation of APO-1
bearing cells in vitro by triggering a process of apoptosis. /n vivo, this anti-APO-1
antibody induced rapid tumor regression of BJAB lymphoma cells growing in nude
mice. These findings suggested that antibodies which can induce apoptosis may

have beneficial effects on tumor growth in vivo (Trauth et al., 1989).

3.2.3. MAb as carriers of cytotoxic agents

MAbs have also been utilized as carriers of anti-cancer substances to the
tumor cells because of their ability to selectively recognize and bind to the
neoplastic cells and bypass normal cells and tissues. This specificity can increase
the efficiency of drug delivery and reduce the side effects associated with anti-
cancer drugs (Schwartz et al, 1992). Most cell surface receptors are rapidly
internalized by the cell. These receptors can be used as targets for MAb for
delivery of radioisotopes, immunotoxins, cytotoxic drugs or other agents directly
to the malignant cells. Specific cytotoxicity then occurs through local release of the
toxic substances and resulting direct action of these potentially cytotoxic

substances on MAb coated tumor cells.
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3.2.3. a. Radio-immunoconjugates

The principle advantage of radicimmunotherapy is the ability to deliver
radiation over a distance of several cell diameters thereby overcoming the
obstacles due to antigenic heterogeneity of tumor cells (Goldenberg, 1989). B-
emitting isotopes are most commonly chosen for radioimmunotherapy because
they can transmit energy over a span of several cell diameters. The radionuclide
most commonly used for therapy is 1311 because of the availability and ease of
radiolabeling as well as the emission of high energy P particles. A number of
radioimmunotherapy trials have shown objective responses, especially in the
treatment of radiosensitive tumors such as lymphomas (Goldenberg et al., 1991).
Most clinical trials have utilized 131 - labeled MAbs with tumor regression
observed in some patients. In a Phase I study using high doses of "*'I-labeled anti-
CD37 MAb MB-1 in 10 patients with different grade of non-Hodgkin's lymphoma
were evaluated (Press et al., 1989). Five patients showed preferential localization
and retention of the MAb at the tumor site. Complete remission was attained in
four patients with minimal nonhematologic toxicity.

90Y is the sevond most commonly used radioisotope which is also a high
energy P-emitter with a short half life. Vriesendorp and his colleagues reported
that treatment of end-stage Hodgkin's disease using 90Y-labeled polyclonal anti-
ferritin untibody resulted in a complete remissions in 30% of patients (Vriesendorp

et al., 1991).
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3.2.3. b. Chemo-immunoconjugates

The general advantages of using antibody - conjugated drugs include: 1.
the specificity of the conjugates, 2. lowered drug toxicity, 3. increased
accumulation of the drug in the tumors and 4. prolongation of the serum half life of
the specific drug (Pietersz et al, 1994). The chemotherapeutic agents most
commonly used in experimental or clinical trials of immuno-chemotherapy include
doxorubicin, N-acetylmelphalan, mitomycin C, neocarzinostatin and methotrexate.

Several studies have demonstrated the potential clinical application of
chemo-immunoconjugates. For example, murine MAb A7 which recognizes a
human adenocarcinoma antigen was used as carrier for neocarzinostatin (NCS)
(Kitamura et al., 1992). Significant tumoricidal effects were observed when the
antigen-positive tumor-bearing mice were treated with the A7-NCS conjugate
(Kitamura et al., 1993). The toxicity of A7-NCS was five times lower then NCS
alone. Another line of evidence comes from Pietersz and his colleagues, using
melphatan-anti-CEA in clinical trials of a Phase I/II study of colon cancer. They
found that the usual side effects of the drug were absent, the drug could be
administered at doses exceeding the maximum tolerated dose established with
unconjugated melphalan, large amounts of antibody (in excess of 2 gm) could be
given without side effects, partial or complete responses were observed, and one
patient with mmunal residual was cured by the therapy (Pietersz et al., 1994).

These studies demonstrated that MAb can confer more favorable pharmacological
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properties on an anticancer drug, making it potentially more useful for cancer

chemotherapy.
3.2.3. ¢. Immunotoxins

The term "immunotoxin” has generally been reserved for conjugates in
which the toxic moiety is a2 ribosomal inhibiting protein. These proteins act
enzymatically to inhibit protein synthesis (Olsnes and Sandvig, 1988). A wide
range of plant, bacterial and animals toxins have been identified and they can be
coupled to MAb for delivery to the tumor cells (Frankel et al., 1986). Many
clinical trials have been performed with such conjugates including studies with
MADbs linked to the ricin-A chain (Spitler et al.,, 1987) or the pseudomonas
exotoxin (Waldmann, 1991) or to their modified forms (Chaudhary et al., 1989).

Different degrees of remissions were observed in these studies.

3.3. MAb against adhesion molecules

In recent years, cell-cell , and cell-extracellular matrix adhesion molecules
have been used as potential targets for MAb, Antibodies directed to such
molecules have been frequently reported to inhibit tumor cell invasion in vitro.
When tested in wivo, some of the antibodies could also inhibit experimental
metastases formation. Since the objective of my research project was to use MAb
to study the role of cell adhesion in cancer metastasis, a brief summary of the
evidence that MAb against adhesion molecules can disrupt the metasmﬁc process

is provided.
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3.3.1. MAD to tumor - endothelial cell adhesion receptors

Tumor cell adhesion to vascular endothelial cells can be mediated by
several adhesion molecules expressed on the tumor cell including integrins LFA-1
and VLA which bind to their counter receptors on endothelial cells ICAM-1 and
ICAM-2 (for LFA-1) and VCAM-1 (for VLA-4). The evidence suggest that these
adhesion molecules play an important role in cancer cell metastasis to specific
organs (also see 1.3.2.c).

Lymphocyte function-associated antigen-1 (LFA-1) is a leukocyte integrin
which is expressed on lymphocytes (Springer et al., 1987) as well as on some
" lymphoma cells (Roossien et al., 1989). The LFA-1 ligands ICAM-1 or ICAM-2
are usually expressed on endothelial cells. It has been shown using an in vitro
invasion model that LFA-1 is important in the invasion of hepatic and fibroblast
monolayers by LFA-1 (+) murine lymphoma cells (Roossien et al., 1989). This
adhesion molecule was also implicated in invasion of human endothelium in vitro
by JY lymphoma cells and in liver metastasis of two murine leukemia lines namely
the P815 mastocytoma and the EL4 lymphoma (Harning et al., 1993). A murine
anti-human LFA-1 (o subunit) MAD inhibited JY lymphoma cell invasion in vitro,
When assayed in vivo, a rat anti-LFA-1 (o subunit) MAD significantly inhibited the
development of experimental liver metastases when administered concomitantly
with either P815 or EL4 tumor cells.

Lung-specific endothelial cell adhesion molecule-1 (Lu-ECAM-1) is a 90

kDa lectin-like adhesion molecule expressed on endothelia of distinct branches of
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the lung blood vessels (Zhu et al., 1991, 1993). It promotes Cat2-dependent
adhesion of lung-metastatic B16 melanoma cells. It has been reported that binding
of B16 melanoma cell to Lu-ECAM-1 coated plastic surface in virro was blocked
by MADb 6D3 to Lu-ECAM-1. This binding was also competitively inhibited by
soluble Lu-ECAM-1 (Zhu et al., 1992). Injection of 6D3 MAD into animals after
i.v. inoculation of the highly metastatic melanoma cell line, caused a 90%
reduction in the number of lung colonies (Zhu et al,, 1991). Passive immunization
of animals with anti-Lu-ECAM-1 MADb 6D3 or active immunization with purified
Lu-ECAM-1 resulted in an anti-Lu-ECAM-1 antibody titer-dependent reduction in
the number of lung metastases (Zhu et al., 1992). These studies indicated that anti-
adhesion therapy aimed at interfering with the adhesion between blood-borne
cancer cells and organ-specific vascular endothelium could potertially be used to

prevent the formation of secondary tumor colontes in distant organs.

3.3.2. MAD to integrins involved in cell-ECM interactions

In addition to integrins mediating cell-cell adhesion, several antibodies have
been produced which can inhibit integrin - mediated adhesion to the ECM.

Integrin asB, is 2 fibronectin receptor which recognizes the RGD site in
ECM proteins (Charo et al,, 1990). This integrin is expressed on various tumor
cells including human breast carcinoma celis (Newton et al., 1995). MAbs specific
for the as or By subunits of this integrin could irhibit human breast carcinoma cell

attachment to and migration on a fibronectin - coated substratum. These antibodies
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also inhibited invasion of tumor cells through an artificial basement membrane.
Treatment of human breast carcinoma cells with these MAbs prior to i.v. injection
into the athymic nude mice significantly reduced the number of lung colonization
(Newton et al, 1995). It was concluded that the inhibitory effect of these
antibodies on cancer cell attachment to fibronectin in vifre and lung colonization in
vivo were due to the binding and neutralization of integrin a5, function on the
tumor cells,

Integrin P was found to be expressed on the luminal and basalateral
sides of the vascular endothelium (Ruiz et al., 1993). It was also detected on the
highly metastatic lung-specific cell lines B16/129 melanoma and KLN-205
carcinoma. A MAb EA-1 raised against the o chain of oxfy or csBs blocked
adhesion of these tumor celis to lung frozen sections in vitro, and also inhibited
experimental lung metastasis of B16/129 cells when it was injected i.v. into animals
before or simultaneously with the tumor cells or when the tumor celis were
precoated with EA-1 antibody before injection. Since MAb EA-1 did not interfere
with the binding of melanoma cells to laminin fragments (the 6B, ligand), it was
nostulated that the antibody recognized a novel ligand - binding domain on the o

integrins which is involved in cell-cell interaction and in cancer metastasis.

3.3.3. MAD directed to CD44
CD44 is an integral membrane glycoprotein initially identified on

lymphocytes. This receptor is involved in the adhesion of lymphocytes to
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specialized endothelial cells in lymphatic organs and can mediate cell binding
mainly to hyaluronate (also see 1.3.1.4.).

Several splice variants of the CD44 molecule with additional inserts in the
extracellular domain have been detected on tumor cells (Giinthert et al., 1991). It
has been reported by Seiter and his colleagues that a MAb directed to a metastasis-
specific domain of the rat CD44 molecule namely MAb 1.1ASML (igG1) retarded
growth of the metastatic rat pancreatic adenocarcinoma tumor (BSp73ASML) in
the regional draining lymph nodes and inhibited metastasis to the lung (Seiter et al.,
1993). This antibody could also efficiently prevent formation of metastasis by a cell
line transfected with the metastasis - inducing variant of CD44. The reduction in
metastases formation caused by MAb 1.1ASML was not mediated by immune
mechanisms as it was shown that preimmunization with MAb 1.1ASML did not
reduce metastatic spread. As well, MAb 1.1ASML did not induce significant
cytotoxicity towards the BSp73ASML tumor cells in the presence of
macrophages, NK-eariched spleen cells and alloantiserum. This study suggested
that the antibody interfered with the proliferation of metastasizing tumor cells in
the draining lymph node probably by blocking a CD44 - ligand interaction.

High levels of a hematopoietic form of the CD44 molecule have been
detected on 2 human metastatic melanoma cell line SMMU-2 and it was found that
the molecules mediated binding to hyaluronic acid in vitro (Guo et al., 1994). An
anti-human CD44 antibody completely inhibited the binding of the SMMU-2

tumor cells to hyaluronic acid in vitro. In vivo experiments showed that this
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antibody could inhibit the formation of metastases and prolong animal survival.
This inhibitory effect was probably due to the blocking of CD44 - mediated
adhesion to hyaluronic acid, an interaction which may be necessary for melanoma

growth and metastasis.

3.3.4. MAD mediated blocking of other cell-substratum interactions

Vollmers and coworkers have produced syngeneic MAbs directed against
antigens on B16 melanoma cells. These MAbs blocked the adhesion of melanoma
cells to tissue culture dishes, and abolished lung colonization by a highly invasive
B16 subline injected i.v. into the animals (Vollmers and Birchmeter, 1983a). In
vitro these MAbs blocked attachment to poly L-Lysine coated plates of the
majority of human melanoma cell lines tested as well as that of murine and human
carcinoma, neuroblastoma and glioblastoma cells (Vollmers and Birchmeier,
1983b). Subsequently it was found that the inhibitory effect of this MAb on B-16
melanoma cells was due to the interference with cell adhesion to laminin (Vollmers
et al, 1984). A MAb, 14C5 bound an extracellular plasma membrane antigen of
SK-BR-3 and MCF-7 human breast cancer cells has been produced by De Potter
and his colleagues (De Potter et al., 1994). This MAb bound to a 50 - 90 kDa
protein complex expressed on these human breast cancer cells and inhibited cell
substrate adhesion of both tumor cell lines in vitro to pronectin, osteopontin and
vitronectin coated wells. It also delayed the adhesion of MCF-7 and SK-BR-3 cells

to precultured embryonic heart fragments (PHF-provided extracellular matrix) and
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inhibited the destruction of PHF by MCF-7 cells as well as the invasion of the
PHF by SK-BR-3 cells. An immunohistochemical study showed that poorly
differentiated, highly invasive breast ductal carcinomas stained extensively with the
MAD specifically along plasma membrane extensions. These data indicated that
the cell-surface determinant detected by this MAD played a role in cell-substratum

adhesion and in the invasion of breast cancer cells.

3.3.5. Conclusion

The evidence summarized above indicates that MAD directed to cell surface
adhesion molecules mediating tumor - host cell or tumor - host organ ECM
interactions necessary for metastases formation can potentially izhdit tumor cell
spread into host organs and thereby inhibit the metastatic process. Such antibodies
may provide potent immunotherapeutic tools for prevention and treatment of

metastasis.



67

4. Lewis lung carcinoma (3LL) and the sublines

4.1. Lewis lung carcinoma: origin and metastatic properties

Lewis lung carcinoma (3LL) arose 2s a spontaneous lung carcinoma in a
C57BL/6 mouse (Sugiura and Stock, 1955) and was diagnosed as a poorly
differentiated epidermoid carcinoma. It has been maintained thereafter either by
animal transplantation or in culture and has been studied extensively in numerous
research centers. The tumor is rapidly growing, reaching a size of approximately
18x12x9 mm 14 days after s.c. transpizotation and can become extremely
hemorrhagic. The lung metastasis can be produced following subcutaneous, intra-
muscular or intra-footpad injection of dispersed tumor cells (Gorelik et al., 1978).

Spontaneous liver metastases of 3LL parental cells are rare, but have been
generated by intrasplenic injection of the cells (Kopper et al., 1982; Paku and
Lapis, 1993). Hepatic metastases of SLL have been reported to occur in hepatic
acinar zone 1 regardless of how the cells reach the liver, the diameter of the
sinusoids, the concentration of Kupffer cells in each zone and the distribution of

ECM in the subendothelial space (Barbera-Guillem et al., 1989).

4.2. The sublines H-59 and M-27 of 3LL

Two metastatic sublines of 3LL developed in our laboratory are the lung
metastatic subline M-27 and liver metastatic subline H-59 (Fig. 5, page 74). The
majority of cells of both tumor variants retain the characteristic morphology of the

parent line, with the exception of a higher incidence of giant cells in the Liver -
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metastatic subline (Brodt, 1986). The growth rates of these two sublines in vitro
and in vivo are similar. Visible tumors are developed by 14 days following ine s.c.
injection of 10° tumor cells.

M-27 was selected and subcloned from a2 3LL pulmonary metastases
(Brodt, 1986). Similarly to the parent line cells, M-27 cells form pulmonary
metastases only following iv. or s.c. injection of tumor cells. Lymphatic
metastases of M-27 have not to date been observed. M-27 celis do not metastasize
to the liver following s.c. or i.v. injection of tumor cells.

H-59, the tumor model used for my study was selected and subcloned from
rare 3LL hepatic metastases. When injected s.c. into C57BL/6 mice, tumor H-59
cells metastasizes to the regional lymph nodes draining the tumor sie to the
mesenteric lymph nodes and to the liver (Brodt, 1986). The ability of H-59 cells to
metastasize to the lymph nodes in vivo was shown to correlate well with their
adhesion to frozen lymph node sections, but not to isolated lymphocytes (Brodt,
1989a). A MAb 12/50 which recognized a 37 kDa molecule on H-59 cells surface
significantly reduced tumor cell binding to the frozen lymph nodes sections
(Shestowsky et al., 1990). H-59 cells can also metastasize to the lung during the
later stages of tumor spread.

The ability of H-59 cells to metastasize to the liver was found to correlate
well with their adhesion to hepatocytes in vitro (Brodt, 198%b). Two
subpopulations of H-59 were selected on the Lusis of adhesion of H-59 cells to

hepatocyte monolayers. The highly adherent cell line was found to be highly
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metastatic to the liver, whereas the non-adherent cells either failed give rise to or
had a low incidence of hepatic metastases in most of the animal injected (Brodt,

1989b).

4.3. Other metastasis-associated properties of H-59 cells
Summarized below are other findings obtained in our own and other

laboratories relevant to the metastatic properties of H-59 cells.

4.3.1. Adhesion of H-59 cells to ECM proteins

3LL and its sublines H-59 and M-27 were found to adhere differently to
extracellular matrix proteins (Chung et al., 1988). It was shown that the parental
cell line 3LL adhered preferentially to fibronectin, M-27 adhered well to
fibronectin, and type V collagen, but poorly to laminin, type 1, and IV collagen or
to heparin sulfate, while H-59 cells were highly adherent to laminin as well as to
fibronectin, but did not adhere to heparir sulfate or to any of the collagen types
tested (type I, IV and V). Since these three related cell lines with differing
metastatic specificities have differences in their abilities to bind to defined matrix
molecules, such differences may play 2 role in the preferential colonization of

tumor cells in secondary organs in vivo.
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4.3.2. H-59 cells secrete basement membrane degrading enzymes

H-59 cells produce and secrete several basement membrane - degrading
proteinases and they differ both quantitatively and qualitatively from enzvmes
produced by M-27 cells (Brodt et al., 1992). Namely H-59 cells were found to
secrete high levels of 2 72 kDa gelatinase (also called gelatinase A, type IV
collagenase or MMP2, see 1.3.2)), high levels of cathepsin L and low level of
cathepsin B, while M-27 cells only express detectable levels of cathepsin B but
produce high levels of uPA (Brodt et al., 1992). Both TIMP-2 (tissue inhibitor of
metalloproteinases 2) and the cysteine proteinase inhibitor E-64 completely
blocked tumor cell invasion iz vifro in a matrigel (reconstituted basement
membrane) invasion assay and treatment of H-59 cells with E-64 markedly reduced
their ability to form liver metastases suggesting that gelatinase A and the cysteine
proteinases are involved in a proteolytic cascade mediating tumor cell invasion and

early events in liver colonization (Navab et al., 1995) .

4.3.3. E-selectin mediates adhesion of H-59 cells to liver sinusoidal endothelial
cells

In vitro studies have shown that H-59 cells adhered to mouse liver
sinusoidal endothelial cells significantly better than M-27 cells (Brodt et al., 1995,
manuscript submitted). This adhesion could be significantly enhanced when the
endothelial cells were preactivated with recombinant mouse TNFa. An anti-E-

selectin MAb reacted with the stimulated endothelial cells and inhibited the
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enhancement of H-59 adhesion caused by TNFa activation. Pre-treatment of
tumor cells with Bz-a~-GalNAC (an inhibitor of O-linked glycosylation) abolished
the enhanced adhesion due to TNF-« activation of the endothelial cells implicating
a2 mucin in the adhesion. Furthermore an antibody to E-selectin blocked liver
metastases formation by H-59 cells. These results suggested that E-selectin on the
hepatic endothelial cell can bind H-59 cells through an O-linked glycoprotein and

that this adhesion plays a role in H-59 metastasis to the liver.

4.3.4. H-59 cells express higher levels of ganglioside GM2

Gangliosides are sialic-acid-containing glycolipids which are distributed in
all mammalian plasma membranes but are most abundant in the brain
(Svennerholm, 1963). They are involved in many cell functions such as cellular
recognition (Kojima and Hakomor, 1989) and adhesion (Cheresh ard Klier,
1986). They are also considered to be tumor-associated markers (Hakomori,
1986). Coulombe and Pelletier found that different patterns of ganglicside were
expressed on the surface of 3LL, M-27 and H-59 cells (Coulombe and Pelletier,
1993). No differences were found in the ganglioside patterns expressed on 3LL
and M-27 cells derived from s.c. tumors or lung metastases whereas metastatic H-
59 cells had a higher GM2 (II3NeuAc-GgOse3Cer) level than cells derived from
local s.c. tumor. Interestingly, GM2 was aiso identified as the predominant

ganglioside in livers of C57BL/6 mice. This led to the conclusion that this
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glycolipid may be associated with the establishment of liver metastases possibly by

mediating cellular adhesion and motility (Kojima and Hakomori, 1991).

4.3.5. Other carbohydrate moieties on H-59 cells

The carbohydrate moietics expressed on parent 3LL cells and on the
sublines have been analyzed using lectin binding assays (Kahn et al., 1988). It was
found that tumor H-59 expressed increased levels of peanut agglutinin (PNA) and
soybean agglutinin (SBA) receptors as compare to the primary tumor cells. Since
high levels of these receptors could also be detected on hepatocytes, it is possible

that these receptors may also invoived in liver colonization by H-59 tumor cells.

4.3.6. H-59 cells express IGF-1 receptors

The type I insulin - like growth factor (IGF-1) is involved in growth
regulation of both normal and malignant cells (Yee et al., 1988) (also see 1.3.3).

Our laboratory has found that the proliferation of H-59 cells could be
stimulated by hepatocyte conditioned medium and identified IGF-1 as the
mitogenic factor. H-59 cells were found to express significantly higher levels of
mRNA transcripts encoding the IGF-1 receptor than M-27 cells (Long et al,
1994). When H-59 cells were transfected with a plasmid vector expressing IGF-1
receptor cDNA in the antisense orientation, the transfectants had a ‘markedly
reduced expression of the IGF-1 receptor, lost the ability to respond to IGF-1 in

vitro and could not form liver metastases in vivo (Long et al., 1995). These results
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suggested that paracrine growth stimulation by hepatocyte - derived IGF-1 may

play a regulatory mechanism in liver metastasis formation by H-59 cells.

4.3.7. Conclusion

Together, these findings indicate that several host and tumor - dependent
factors are involved in liver metastases of H-59. These include the attachment of
tumor cells to ECM components, the degradation of basement membrane
elements, different interactions between the tumor cells and liver tissue elements
(cells or ECM) mediated by ganglioside as well as intercellular interactions
between the tumor cells and SEC mediated by E-selectin. In addition, paracrine
growth stimulation by hepatocyte - derived IGF-1 also plays an important role in

regulation of H-59 growth in the liver.
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Figure 5. Lewis lung carcinoma and sublines

Two metastatic sublines of 3LL used in this study are the liver
metastatic subline H-59 and lung metastatic subline M-27. Tumor H-59 cells
also metastasize to the regional lymph nodes, and 2 low incidence of lung
metastases has been observed. The H-59 adherent cells (H-59 AD) were
selected by adhesion of H-59 cells to hepatocyte monolayers and were highly
metastatic to the liver. MAb C-11 was produced by immunization with H-59
AD cells. The H-59 non-adherent cells (H-59 NA) either failed to give rise to
or had a low incidence of hepatic metastases.
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5. Rationale and objectives of this study

Despite progress in recent years in the design of new and potent anti-
cancer drugs, the therapeutic options and prognosis fcr patients diagnosed with
liver metastases remain unsatisfactory. The design of more effective therapeutic
reagents can be achieved through a better understanding of the biology of the
process of liver colonization. Cell adhesion molecules have been widely implicated
in malignant dissemination. In particular, cell-cell interaction between tumor cells
and organ parenchymal or non-parenchymal cells have been identified as important
processes in tumor metastasis,

Liver metastasizing tumor cells are normally retained in the sinusoids of the
liver. Since sinusoidal endothelial cells lack a continuous basement membrane and
there is no basement membrane around the hepatocytes and furthermore, the
hepatocyte microwvilli project through endothelial fenestra for ready exposure to
sinusoidal content, the tumor cells arrested in the sinusoids can interact directly
with the hepatocytes through appropriate adhesion molecule(s) leading to liver
metastases formation. Several in vitro studies have shown that cell adhesion
molecules which mediate tumor celi-hepatocyte adhesion may be involved in liver
metastasis. However, the relevance of these molecules to the process of metastasis
in vivo has not been confirmed by experimental data.

Using the liver metastatic subline H-59 of the Lewis lung carcinoma, we
found a positive correlation between the liver - metastasizing potential of H-59
cells in vivo and the ability of H-5S cells to adhere to hepatocyte monolayers in
vitro. In an attempt to identify and characterize the adhesion molecule(s) which
were involved in the tumor cell-hepatocyte interaction and to understand the
function of this adhesion molecule in liver metastases formation, a MAb (C-11)
was produced and used in in vitro and in vivo experiments. These studies are
described in the following chapters. (Chapter II and ITI).
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CHAPTERIII:

Tdentification of an Mr 64,000 plasma membrane glycoprotein
mediating adkesion of tumor H-59 cells to hepatocytes.

In vitro event

Wang J, Fallavollita L, Brodt P.

Published in: Cancer Research, 51:3578-3584, 1991
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Chapter 11
Summary:

Tumor H-59 is a liver-homing variant of Lewis lung carcinoma (3LL). A
good correlation has been demonstrated between the liver-metastasizing potential
of H-59 cells and their ability to adhere to hepatocytes monolayers in vitro (Brodt,
1989). In order to identify the adhesion molecule(s) involved in H-59 cell adhesion
to hepatocytes, a MAb, C-11 (IgGj) was produced. In this chapter, the effect of
MADb C-11 on cell adhesion in vitro was examined. It was found that this MAb
was highly specific to hepatocyte-adherent tumor cells as determined by ELISA
and indirect immunofluorescence. The antibody as well as its F(ab)> fragments
could block adhesion of H-59 cells to the hepatocyte monolayer when used to
pretreat either H-59 celis or hepatocytes. A Western blot analysis revealed that
MAD C-11 recognizes a 64 kDa molecule present in H-59 cell lysates or eariched
plasma membrane preparations. Under reducing condition, a shift in the migration
of this molecule to the 71 kDa region was noted indicating the presence of
intrachain disulfide bonds. Pretreatment of the H-59 tumor cell lysate with N-
glycosidase F followed by Western blot anelysis showed that this enzyme while it
did not affect C-11 binding reduced the molecular mass of the C-11 molecule by
approximately 43% suggesting that it was heavily glycosylated. The C-11 molecule
could also be detected on cultured hepatocytes and on a hepatocyte cell lysate, but
was undetectable on spleen cells and thymocytes. Tumor M-27, a lung metastatic
subline of 3LL reacted only weakly with MAb C-11.

The results presented in this chapter suggested that a glycoprotein
expressed on H-59 cells and hepatocytes mediated the adhesion of tumor H-59
cells to the hepatocytes.
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Adhesion of Tumor H-39 Cells to Hepatocytes'
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ABSTRACT

Tumor 11-59 is a sariant of the Lewis lung carcinoma which is
metastatic to the liser. In previous studies we have shown that liver
metastasis in this tuwmor model correlates with adhesion in virro 10
hepatocyte monolayers (Brods, P Clin. Exp. Metastasis, 77 525-539,
1989). In an attempt to idecrifs the adhesion molecule(s) involved,
monoclonal antibodies were produced, One monoclonal antibody (MAD
C-11) was highly specific to hepatacyte-adherent tumor cells. The anti-
body (an [gG1) and Fiat}; frapments blocked tumor celi attachment 1o
hepatocytes while having no effect on tumor cell adhesion to basement
membrane proteins coated onto culture dishes. Western blot analysis of
solubilized 11-39 plasma membrancs or ccll Iysates showed that the
antibody recognizes an A, 64,000 protein. Treatment with NV-gplycosidase
F prior to Western blot analysis revealed that A-linked carbohydrate
residucs constitute appronimately $3% of the total weight of this mole-
cule. This glycoprotein is only weakly expressed on tumor M-27, a lunp-
specific subline of the Lewis lunp carcinoma (Brodi, P.. Cancer Res.. 46:
2442-2448, 1986). is vndetectable in plasma membrane preparations
abtained from spleen cells 2nd thymocyies, but can be detected on cultured
hepatocytes and in hepatocyte cell Iysates. Pretreatment of the hepato-
ytes with MAb C-11 also resulted in inhibition of tumor ¢eil adhesion,
Thesc results sugpest that this glycoprotein mediates the artachment of
H.59 cells 1o hepatocytes.

INTRODUCTION

The host-tumor interactions which regulate the site selectivity
of metastasis have been the subject of numerous investigations
and much debate in the pe:: century (1. 2). Evidence derived
mainly from experimental tumor models and supported by
clinical observations indicates that multiple factors, both spe-
cific and nonspecific. determine the ultimate site of growth of
disseminated tumor cells. Thus, while the Ivmphatic and vas-
cular drainage of the primary site initially determine tumor cell
access 1o sccondary organs. subsequent specific interactions
between tumor cells and the target organ vascular endothelium
{3-5). extracellular matrix (6-9). and stromal and parenchymal
cells (10-12) are thought to repulate tumor cell potential to
form metastases (for review, see Refs. 2 and 13). These specific
interactions may involve wwmor cell adhesion molecules which
recognize organ-specific determinants on host cells and marrix
and/or soluble mediators present in the organ microenviron-
ment {14-16).

The liver is the primary site of metastasis for several common
human malignancies (e.g.. carcinomas of the gastrointestinal
tract) (17). Yet. the mechanisms regulating liver colonization
by umor celis are not fully understood. A paucity of informa-
tion is particularly noted in regard to ncoplasms of epithelial
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origin because few experimental models of liver-homing carci-
nomas are available for study.

In previous studies we found that the potential of tumors H-
59 and M-27. two sublines of the Lewis fung carcinoma with
different organ specificities to metastasize to the liver, corre-
lated with their adhesion to primary cultures of hepatocyies
(18. 19). H-59 cells were subsequently fractionated into two
subpopulations with high and low potentials to colonize the
liver on the basis of their differential ability to adhere to
hepatocyte monolavers (19). In the present investigation an
MADb* specific to a highly adherent and metastatic subpopula-
tion of tumor H-59 was produced and used to charzacterize the
adhesion molecule involved.

MATERIALS AND

Mice

METHODS

CS7BL/6 female mice (7-12 weeks old) were used for immunization
and (C57BL/6 x BALB/c)F1 were used for production and mainte-
nance of hybridoma ascites. The animals were purchased from Charles
River Canada (Montreal. Quebec. Canada).

Cell Lines

The crigin and metastatic and adhesive propertics of sublines H-59
and M-27 of the Lewis lung carcinoma have been described previously
{6.18.19). The mmors were maintzined in vivo by s.c. implantation of
liver (H-59) and lung {M-27) metastases derived from tumor-bearing
mice, into new recipient animals,

Singlesceli suspensions of the tumors were obinined by enzvmatic
digestion of the solid tumors in a 0.02% trypsin solution in PBS-EDTA
as we described previously (18). Where required. tumor cells were
cultured in RPMI-1640 supplemented with 10% fetal calf serum (Gibeo.
Burlingron. Ontario. Canada). 0.01 a N-2-hydroxyethyipiperazine-N-
ethanesulfonic acid, and 2 x 10™* m glutamine. Tumor cells were
cultured for 1-2 weeks prior to use in the adhesion assays or prior to
preparation of plasma membranes and cell lysates,

Fibroblast line 3T6 was obtained courtesy of Dr. W, Lapp (Dept. of
Physiclogy. McGill Universiry. Montreal. Quebec. Canada) and main-
tained in RPMI-1640 supplemented with 10% fetal calf serum, 0.01 M
N-2 hydroxyethyl piperazine-N-ethanesulfonic acid. and 2 x 107" &
gluiamine. All cells were cultured at 37°C in 2 5% CO; incubator and
fed once or twice weekly as required. Monolayers were dispersed by
incubation with enzyme-free PBS-EDTA for 5-10 min at 37°C (18).

Monolayers of splenic lymphocyies in microtiter well plates were
prepared using poly-L-lvsine as previously described (200,

Adhesion Assay

Primary mouse hepatocyte cultures were prepared by collagenase
perfusion (21). The culture conditions and adhesion assay were de-
scribed in detail elsewhere (19). Nonzdherent cells (H-59NA) were
harvested by repeated washing of the hepatocyte monolayer with PBS.
Adherent cells (H-59AD) were eluted off the monolayers by incubation
in PBS-EDTA for 10 min at 37°C. Treatment of the wmor cells with

*The abbreviations used are: MAbD. monoclonal antibody: PBS. phosphate-
buflered saline: ELISAL enzyme-linked immunosorbent assay: BSA. bovine serum
albumin: PM. plasma membrane: SDS-PAGE. sodium dodeeyl sult'ate-pol\ncr\l-
amide gol clectrophoresiss CAM, cell adhesion molecule.
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wnicamycin and various enzymes prior to the adhesion assay was
carried out as previously described (22).

Adhesion to Matrigel-coated Wells

Matrigel (a kind gift of Dr. H. Kleinman, National Institutes of
Health, Bethesda, MD) was added to 24-well plates at a concentration
of 1 mg/mi and allowed to dry in 2 laminar flow hood overnight (23).
To each well 5 x 10* *Cr-labeled tumor cells were added and then
incubated at 37°C for the specified time intervals. Adhesion was quan-
titated as described above for tumor adhesion 10 hepatocytes.

Production of Monoclonal Antibodies

Immunization. The method used to generate MAbs specific for H-
S9AD cells has been described in detail elsewhere (24). Tolerance to
cell surface determinants expressed on H-59NA cells was induced in
syngeneic C57BL/6 mice by i.p. injection of 107 v-irradiated (10.000
rads) H-59NA cells, followed 3 days later by an injection of cyclophos-
phamide (Procytox: Horner, Montreal, Quebec, Canada) as described
before (22). Immunization with H-59AD cells followed, using injections
of 107 y-irradiated cells on alternate weeks. Three days following the
third inoculation the animals were sacrificed and their spleens removed
for fusion.

Fusion Procedure and Screening. Mycloma line SP2/0-Ag 14 (ob-
tained courtesy of Dr. A. Sullivan, McGill Cancer Centre; see Ref. 25)
was used for the fusions. The fusion procedure was that previously
described (22). Hybridoma supernatants were screened by ELISA (25).
Hybridomas which secreted antibodies of interest were cloned by the
limiting dilution method.

Isotyping of the Antibody. Antibodies were isotyped using the ELISA.
A mouse motoclonal subisotyping kit obtained from HyClone Labo-
ratories (Logan, UT) was used according to the instructions of the
manufacturer.

Immunofizorescence Analysis. Indirect immunofluorescence labeling
was carried out as we described in detail elsewhere (22).

Control Antibodies. The following antibodies were also used: (a)
MAD 12/50 (an IgGl) was produced in our laboratory (22). The
antibody reacts with tumor H-59 but does not discriminate between
adherent and nonadherent cells; () MAb CL9002 (an igG3) was
obtained from Cedatlane Laboratories (Hornby, Ontario, Canada). It
is specific for the H-2D® determinant which is expressed on tumor H-
59; (¢) MAb OIMLEUKI10 (an IgG2a) which reacts with the Lyl5.2

{LFA-1) determinant of leukocytes was obtained from Cedarlane Lab-
oratorics. Rabbit antisera to BSA was from Cappel (Organon Teknika,
Scarborough, Ontario, Canada).

Purification of Antibodics, MAbs C-11 and 12/50 were purified by
affinity chromatography with Affi-Gel protein A Monoclonal Antibody
Purification System (MAPS I1; Bio-Rad Laboratorics. Mississauga,
Ontario. Canada) according to the instructions of the munufacturer.

Preparation of F(ab): Fragments. F{ab): fragments of antibody C-11
were prepared using immobilized pepsin (Pierce, Rockford, IL) accord-
ing to the instructions of the manufacturer. The Fe fragments were
scparated on 2 protein A-agarose affinity columns (se¢ above) and the
F(ab); fragments further purified by high performance liquid chroma-
tography (Waters: Protein Pak 300 SW: column, 0.75 x 30 cm), using
0.1 M sodium phosphate buffer, pH 6.5, and a flow rate of 0.5 mi/min.
The absorbance was monitored at 254 nm (absorbance detector model
441), and the peak fractions wers pooled, dialyzed, and concentrated,
Purity of the fragments was confirmed by SDS-PAGE as described
below.

Preparation of Cell Lysates. Cultired cells were harvested and lysed
in a solution of 1% Triton X-100 containing 20 mm N-2 hydroxycthyl

Fig. 2. Indirect immunofluorescence labeling of H-59 cells with MAb C-11,
Viable H-59 cells (2 % J0* in 0.1 m! medium) were incubated with a 1:20 dilution
of C-11 ascites for 1 h at 4°C. Fluorescein isothiocyanate-conjugated goat anti-
mousc 1gG was uscd as the second antibody. (x 4500).
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Fig. 3. Antibody €-11 blocks the adhesion of tumor H-59 to hepatocytes. The
adbesion of nonfractionated H-59 cells (4) and of the adherent tumor cells H-
$9AD (8) was mcasured following tumor ¢cll incubation with ascites fluid (1:10)
of antibodies C-11 and 12/50. MAb CL9002 to the H-2D* determinant was
partially purified ascites fluid diluted 1:100 (this dilution was determined by
ELISA to result in a lovel of antibody binding comparable to that of C-11 ascites
fluid at the dilution used). MAb 01IMLEUKI10 to LFA-1 was used 2t a dilution
of 1:25, at which maximal specific inhibition was seen. Cells (10* in 0.2 ml) were
incubated with the antibodies for T h at 4°C and then washed 4 times with RPM{
to remove unbound antibodies. Adhesion to hepatocytes was measured as de-
scribed in " Materials and Methods,” Cofumns, means (bars, SD)of 3 experiments.
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Fig. 4. Pretreatment of hepatocytes or H-59 cells with MAb C-11 inhibits cell-
<cll adhesion. Prior to the adhesion assay, MAb C.11 ascites (®) or & control
ascites proauced with myeloma SP2/0-Ag 14 (Q) were added at the dilutions
indicated {reciprocal of dilutions shown) to 18-h.old hepxtotyte cultures and
incubated for 1 hat3°C, Unbound antibody was removed by washing. Hepatocytes
incubated with PBS were used as controls. Pretreatment of H-59 cells with C-11
(W) or with the control ascites (C) was eurried out under similar conditions. As
an added control the effect of MAb C-11 on the adhesion of H-59 cells to culture
ishes coated with 1 mg/m! Matrigel (4) or 10 mg/ml BSA (&) were also tested.
Incubation was for 60 min at 37°C, Unbound cells were removed by washing.

Adhesion of untreated cells to Matrigel-coated dishes (not shown) was 30%, while
adhesion to BSA-coated dishes was 2.4%,

1000

80

piperazine-V-ethanesulfonic acid, 5 mm MgCl:, 2 mM phenylmethy-
sulfony! fluoride. 0.5 ug/ml leupepiin (Sigma) and 0.7 ug/ml pepstatin
(Sigma). The lysate was cleared by centrifugation at 16,000 X g for 10
min, and aliquots were prepared and stored at =20°C.

Isolation of PM. PMs were preparcd from cultured H-59 and M-27
cells by a modification of the method described by Monneron and
d'Alayer (26) as we described in detail elsewhere (22).

Gel Electrophoresis. Prior to analysis by SDS-PAGE. PM prepara-
tions were solubilized with 15 Triton X-100 and centrifuged for 60
min at 122,000 x g in 2 Beckman ultracentrifuge to remove aggregates.
Solubitized PM or cell lysate samples were separated on 7.5 or 10%
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Fig. 5. Inhibition of wumor cell adhesion to hepatocytes by Flab); fragments of
antibody C-11. One million H-59 eclls were incubated for I h at 4°C with 0.2 ml
of RPMI containing the specified concentration of purified antibody. Cells
incubated with F{ab); were added 10 hepatocytes monolayers either directly (4)
or following extensive washing to remove unbound antibody (4). The adhesion
assays were carried out as described. Cells treated with whole antibody C-11 (@)
or with MAD 12/50 (x) were also washed prior to the adhesion assay. Results are
based on triplicate samples. SD, 2-8% of the means.
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Fig. 6. Western blot analysis with MAb C-11 (4 and B) and anti-BSA (C). 4,
results of analyses carried out under reducing condition, Lane 7, K-59 lysate; lane
2, H:59 solubilized plasmas membrane; lane 3, hepatocyte lysate; lane 4, M-27
Iysate; lane 5, M-27 plasma membrane; lane 6, thymocytes lysate; lane 7, spleen
cells lysate. B, nonreducing conditions. Lane 8, H-59 lysate; Jane 9, M-27 lysate;
lane 10, H-59 lysate blotted with normal mouse 1gG: fone 71, H-59 lysate blotted
with SP2/0-Ag 14 ascites, £, purificd BSA blotted with antibody 1o BSA (lane
12) and MADb C-11 (lane 13). Proteins were resolved on 3 10% SDS-PAGE.
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Fig. 7. Western blot analysis of H-59 lysate digested with N-glycosidase F,
Lane 1, untreated tysate: lane 2, lysate treated with N-glycosidase F: fane 3, tysate
treated with pronase. The lysate was resolved on 10% polyacrylamide gels under
nonreducing conditions.

polyacrylamide gels as specified, using the method of King and Lacmmli
7.

Western Blot Anzlysis. The electrophoretic transfer of proteins onto
nitrocellulose paper (0.2 um; Schleicher and Schuell, Montreal, Quebec,
Canada) and the subsequent analyses with MAb C-11 were performed
as described by Towbin er al. (28). After the transfer, the nitrocellulose
strips were first incubated for 18 h at 4°C with a solution of 5% skim
milk and 3% BSA to block nonspecilic binding sites and then for 18 h
with C-11 ascites diluted 1:25 in PBS, Alkaline phosphatase-conjugated
goat anti-mouse immunoglobulin (Jackson ltmuno Research Labora-
tory) at a dilution of 1:5000 was used as the second antibody and
nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate (BCIP),
(Bio-Can, Totonto, Ontario, Canada) was used as substrate.

Enzyme Treatment. In some experiments the cell lysate was subjected
to enzyme digestion with cither N-glycosidase F (N-glycanase: Gen-
zyme, Boston, MA) or with pronase (from Strepromyces griseus; Boch-
ringer-Mannheim, Penzberg, West Germany) prior to the Western blot
analysis. Cell lysate samples were prepared according to the instructions
of the manufacturer, and 25 ug of protein was treated with 0.2~1 unit
of N-glycanase or 0.35-1.75 units of pronase for 18 h at 37°C (29).
Control samples were incubated without enzyme.

Immunoaffinity Chromatography. Five mg of purified antibody was

. coupled to Affi-Gel Hz hydrazide gel (Bio-Rad) according to the instruc-

tions of the manufacturer. To remove plasma membrane proteins which
react nonspecifically with IgG, a second column was prepared using 8
mg of affinity-purified mouse [gG (Jackson Immuno Research Labo-
ratories)). PM preparations were solubilized with Triton X-100, and 2

mg protein in PBS, pH 7.3, containing (0 15% Triton N-100 was applicd
to the IgG column, The column was washed with (L5025 s Na(l
containing 0.05% Triton X-100 and the unbound protein applied o
the C-11 column at a rate of 0.15 ml/min. The C-1!-bound protein
was ¢luted at the same flow rate with 0.2 M glyveine-HCL pH 2.5, The
pH was readjusted with Tris-HCL pH 9.0, and the peak fractions
(determined on the basis of absorbance at 280 nm) were pooled and
congenirated in an Amicon ultrafiltzation cell. The eluate was separated
by SDS-PAGE, and the protein band was silver stained using Bio-Rad
reagents according to the instructions of the manufacturer,

123 456

MW x103

Fig. 8. SDS-PAGE of solubilized H-59 plasma membranes putified by im-
munoalfinity chromatography on C-11 coupled agarose gels. Two mg of Triton
X-100 solubilized plasma membrane proteins was first loaded onlo the 1gG
column and the unbound piotein passed on the C-11 column, Eluted proteins
were resolved on a 7.5% polyacrylamide gel under {A4) nonreducing conditions
and (B) reducing conditions. Lames ! and 4, solubilized unfmctionated plasima
membrane; lanes 2 and 5, proteins cluted from the 1gG: lane J and 6 proteins
cluted from the C-11 column.

Table | Effect of enzyme or tunicamycin treatment on the adhesion of tumor
H-59 to acpatocytes

Enzyme treatment was carried out as described previausly (22). Treatment
with tunicamycin (3 mg/ml) was for 48 h (7). Cel! viability after enzyme treatment
was =90% and after the tunicamycin treatment 270%. Cell concentrations were
readjusted to deliver the same number of viable cells in each treatment group.
Adhesion assay was carried out as described (19). Results are means + SD of
triplicates.

Adhesion
Treatment {% of control)

S-galactosidase =7
Neuraminidase 00=2
Neuraminidase + g-galactosidase s0=10
Exoglycosidases® 0=19
Tunicamycin =15
Pronase §=22

“ A cocktail of C. Jampar cxoglycosidases was used containing the following
enzymes: a-NV-acctylgalasctosaminidase, g8-M-acetylhexosaminidase, o-t-fucosi-
dase, f-galactosidase, and a~-mannosidase in a buffer of 8 mm NaHPO,, | mm
KH;PO..and 0.1 M sodium citrate (pH 6.2).
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RESULTS

Hybridomas were screened by ELISA on monolayers of H-
S9AD. H-39NA, and M-27 cells (19. 22). Hybridoma C-11 was
subsequently cloned and selected for further study because it
was highly specific for the adherent subpopulation of tumor H-
59 as shown in Fig. 1. The antibody reacted poorly with temor
M-27, 3T6 fibroblasts, and normal svngeneic splenocytes but
gave a strongly positive reaction with primary cultures of he-
patocytes (Fig. 1). immunofluorescence analysis with fluores-
cein isothiocyanate-conjugated goat anti-mouse IgG confirmed
the specificity of the antibody for the adherent subpopulation
as 60% of the adherent cells. but only 12% of the nonadherent
cells were positively labeled. A wumor H-59 cell labeled with
the antibody is shown in Fig. 2.

The ability of antibody C-11 to block tumer cell adhesion to
hepatocyte monolavers in vitro was subsequently tested. Tumor
cells were pretreated with antibody C-11 or with three other
MAbs with different antigenic specificities and their attachment
to hepatocyte monolayers were compared 10 that of untreated
cells. Results of these experiments. shown in Fig. 3, demon-
strate that antibody C-11 inhibited tumor binding significantly
better than any of the other antibodies tested (87% inhibition).
MADb 12/50 and 2 MAb directed against the H-2D" determinant
failed to inhibit binding (Figs. 3 and 5). while 2 MAb specific
for the LFA-1 molecule (30) had a minor inhibitory effect on
the adhesion of H-59AD cells (maximal inhibition, 29%).

Adhesion could also be inhibited by pretreatment of the
hepatocytes with MAb C-11 as shown in Fig. 4. Normal mouse
IgG and a control ascites did not significantly block wmor cell
adhesion to hepatocytes. while antibody C-11 failed to block
adhesion of H-5% cells 1o Matrigel or BSA-coated cuiture dishes
(Fig. 4). Adhesion to laminin and type IV collagen-coated dishes
was also not affectea by pretreatment with MAb C-11 (not
shown).

F(ab), fragments of antibody C-11 also inhibited tumor cell
adhesion to the hepatocytes as shown in Fig. 5. Treatment with
F{ab); fragments was most effective when they were added to
the hepatocyte cultures together with the tumor cells.

Western blot analysis as shown in Fig. 6 revealed that the
antibody detected an Af, 64.000 protein zlso found in hepato-
cyte cell lysates, Under reducing condition this protein migrated
to the M, 71.000 region. There was no detectable band in cell
lysates obtained from spleen cells and thymocytes, while a weak
reaction was detected with umor M-27. The protein did not
react with either normal mouse 1gG or ascites fluid obtained
with myeloma SP2/0-Ag 14 (Fig. 68). MAb C-11 gave no
reaction with purified BSA (Fig. 6C). while antibodies to BSA
did not react with a cell lysate of tumor H-59 (not shown).

Treatment of the cell lysate with N-glycosidase F did not
affect antibe-y binding and revealed that M-linked carbohy-
drates constitute approximately 43% of the total weight of this
molecule (Fig. 7). Pretreatment with pronase abolished anti-
body binding.

Immunoaffinity chromatography using solubilized H-59
membrane and immobilized C-11 antibody was subsequently
used to purifv this glyveoprotein. Results shown in Fig. 8 con-
firmed the Western blot finding and showed that the antibody
recognized a single M, 64.000 plasma membrane protein,

To test whether carbohydrate residues plaved a role in tumor
cell adhesion to the hepatocytes, the cells were treated with
either tunicamycin or with several exoglycosidases prior to the
adhesion assay. Results shown in Table 1 demonstrate that

tumor cell adhesion to hepatocytes was significantly reduced
foilowing treatment with tunicamycin or Charonia lampas exo-
glycosidases and 1o a lesser extent by a combination of neura.
minidase and 8-galactosidase. Treatment with either g-galac-
tosidase or neuraminidase alone had no effect.

DISCUSSION

CAMSs are now known to play a central role in the process
of cancer dissemination by mediating cell-cell and cell-substra-
tum interactions which are essential for tumor cell invasion and
proliferation (2). While the potential involvement of CAMs in
the organ site specificity displaved by some metastatic cancers
has been postulated (1, 2. 13), few tumor adhesion molecules
which are involved in the homing of cancer cells, carcinomas
in particular, have actually been identified (12, 31).

The present study was prompted by our earlier observation
that a subpopulation of wwmor H-39 which was highiy met-
astatic 10 the liver in vivo had a significanily elevated level of
adhesion to hepatocyte monolayers in vitro as compared to
nonmetastatic cells. This was in agreement with other reports
based on studies of lymphomz and lvmphosarcoma lines which
also linked hepatic metastases formation with tzmor potential
to adhere to hepatocytes (32) and/or invade hepatocyte mono-
layers in vitro (33).

In an attempt to identify the adhesion receptors involved in
tumor-hepatocyte adhesion in this tumor model, 2 MAb specific
for the liver-adherent fraction of tumor H-59 (H-59AD) was
produced. This antibody (C-11) inhibited the adhesion to he-
patocytes in 2 specific manner and had little effect on the
attachment of H-59 cells to BSA or extracellular matrix pro-
tein-coated dishes or primary cultures of liver sinusoidal endo-
thelial cells.* Moreover, adhesion to hepatocytes could not be
blocked by pretreatment of the tumer cells with either normal
mouse 1gG or wwo control IgG MAbs. A third MAD to the
LFA-1 determinant inhibited adhesion only minimally (maxi-
mal inhibition, 29%). These findings coupled with our obser-
vation that the antibody bound poorly to the lung-specific line
M-27 or to H-S9NA cells suggest that C-11 recognizes 2 cell
surface molecule directly involved in the adhesion of H-59 cells
to hepatocytes.

Western blot zanalysis revealed that C-11 recognizes an M,
64.000 plasma membrane glycoprotein which under reducing
conditions shifted to the M, 71,000 region, indicating the
presence of intrachair disulfide bonds, N-linked carbohydrate
residues were found to constitute approximately 43% of the
weight of this molacule. Qur data suggest that the Ninked
carbohydrate moieties are not essential for MADb C-11 recog-
nition but may play a functional role in adhesion because the
enzymatic removal of cell surface carbohydrates significantly
reduced tumor adhesion to hepatocytes. These results, however.
do not rule out the possible involvemnent of glycoconjugates
present on cell surface molecules other than the C-11 antigen.

The C-11 determinant is also expressed on hepatocytes as
shown by ELISA and Western blot analysis. Blocking experi-
ments suggested that cell-cetl adhesion in this model requires
participation of the molectles expressed on both cell types.
Whether this interaction involves 2 homophilic cadherin-like
recognition process (34) or is mediated by different receptor
and ligand structures expressed on both cell types (heterotypic

*P. Brodt and 0. Morin. The adhesion of tumor H.59 cells to hepatic
sinusoidal endothelial cells and 10 hepatocytes are mediated by different adhesion
receptors. manuscript in preparation,
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adhesion) remains to be determined.

Several classes of adhesion receptors which mediate cell-cell
adhesion in developmental processes. inflammation. host im-
mune responses. and possibly metasiasis have been described.
Best characterized among them are (a) the integrin family of
adhesion receptors. in particular the J; subgroup which plays a
critical role in leukoceyte adhesion (for review, see Ref. 35), (H)
the adhesion receptors belonging to the IgG superfamily, also
implicated in blood cell interactions (36). (¢) the Ca*“-depend-
ent cadherins which mediate homophilic adhesion and play a
regulatory role during development (37). and (d) the LEC
CAMS which are expressed on a variety of cell types and
mediate lactin-like adhesive cell-cell interactions which can be
blocked by specific sugars, This group includes several adhesion
receptors expressed on leukocytes (LECAM 1) and endothelial
cells (ELAM 1 or LECAM 2) which play a role in leukocyte
traffic and homing (38. 3%).

Our data suggest that the adhesion receptor recognized by C-
11 does not belong 1o one of the leukocyte adhesion systems
previousiy described (35) because MAb C-11 did not react with
lvmphocytes and thymocytes in EUISA and no reaction could
be detected when cell lvsates of spleen cells and thymocytes
were blotted with the antibody. In recent preliminary studies
{not shown), we found that a MAb directed to the mouse 3--
integrin chain (antibody M18.2.a.8 obtained courtesy of Dr. T.
Springer. Boston. MA) failed to block adhesion of H-59 cells
to hepatacytes. In addition (as we have shown). antibodies to
LFA-]l had a minimal inhibitory effect on adhesion of H-39
cells to hepatocytes. Thus. it appears that the adhesion in the
present model system is mediated by mechanisms different from
the 3y-integrin-dependent adhesion deseribed recently for liver-
metastasizing lvmphoma lines (40). The mechanism responsible
for the low level of inhibition observed when H-59AD cells
were treated with antibodies to LFA-1 is unclear. One possible
explanation may be that H-59 cell adhesion to hepatocytes
increases expression of the LFA-1 receptor on the tumor cells
and that once expressed these molecules play a secondary role
in the adhesion.

The molecular weight range of the C-11 antigen and its
relatively high degree of N-linked glvcosylation exclude many
of the above-mentioned CAM families including the integrin
subunits. the cadherins. and some of the larger adhesion recep-
tors of the 1gG superfamiiy. Because our findings suggest that
carbohydrates are involved in the present adhesion system, it is
conceivable that a hepatocyte lectin which could be abnormally
expressed on tumor H-59 cells may be involved in the adhesion.
This is supported by our previous results of an in situ lectin-
binding study. In this study it was found that liver metastases
of tumor H-59 expressed increased levels of peanut agglutinin
receptors (as compared to the primary s.¢. tumor) and that high
levels of these receptors could also be detected on hepatocytes
(41

Tumor cell surface oligosaccharides have previoush' been
shown to plav a role in metastasis (32, 43) and to mediate
adhesion to hepatocytes (12). Endogenous tumor lectins have
also been been implicated in tumor cell adhesion and metastasis
(44). One of the better characterized liver lectins. namely, the
asialoglycoprotein receptor. has previously been shown to me-
diate cell-cell adhesion to hepatocytes as well as to Kupfler cells
and liver sinusoidal endothelial cells (35). Although the partic-
ipation of this lectin in the present adhesion system cannot be
entirely ruled out. the results of the enzyme studies argue that
it is probably not the major hepatocyte receptor involved,
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because treatment of the tumor cells with neuraminidase or 3-
galactosidase failed to modify adhesion, while treatment with
both enzymes only reduced adhesion by 50%.

The role of tumor cell adhesion to hepatocyies in the process
of liver colonization is still unknown, Sargent ef af. (15) have
recently shown that tumor-hepatocyte contact is required for a
growth stimulatory effect exerted by a diffusible hepatoeyte
factor on a liver-metastasizing subline of melanoma B-16. Pre-
liminary data in our laboratory also indicated that, under con-
ditions which permit ceil-cell contact. H-39 cells cocultured
with hepatecytes show an increased uptake of ['H|thymidine as
compared to controls.” The naturs of the growth factor(s) and
the relationship between adhesion and proliferation in the
present tumor model are the subject of present investigations
in our laboratory and should be facilitated by the availability of
antibody C-11.

Recently, we reported the inhibition of liver colonization by
administration in vivo of MADb C-11 {46}, Similar findings were
also reported by McGuire er al. (47), Although the mechanism
of action of the C-11 antibody in vive remains to be clucidated.
our data and studies by other laboratories (48) supgest that
inhibition of cellular adhesion int vivo by specific reagents, in
conjunction with existing treatment protocols, will provide a
promising new avenue for therapeutic intervention in the proc-
ess of cancer metastasis.

REFERENCES

1. Har. 1. R. Seed and soil cevisited, Mechanisms of site specific metastasis,

Cancer Metastasis Rev., /; 5-16. 1982,

Nicolson, G. L. Organ specificity of wmor metastasin: role of preferential

adhesior, invasion and growth of malignant cells at specific sevondary sites.

Cancer Metastasis Rev.. 7; 143-188, 1988,

3. Pauli, B, V., and Lee, C-L. Otgan preference of merastanis, The role of
or%nsn-speciﬁcally modulated endothelial celh. Lab. Invest. S8 379-387%,
1988,

4, Lichtner. R. B.. Belloni P, M., and Nicolson. C. L. Differential adheson of
metastatic rat mammary carcinoma cells to organ-derived microvessel endo-
thelial cells and subendothelial matrix, Exp. Cell Biol., 57: 146152, 1949,

§. Weiss, L., Orr, F. W.. and Honn, K. V. Interactions between cancer cells and
the microvasculature: 2 rate-regutator for metasiasis. Clin, Exp. Metastasis.
7 127-167. 1989,

6. Chung, D, C.. Zetter, B. R.. and Brodi, P, Lewis lung carcinoma variants
with dilfering metastatic specificities adhere preferentially to different defined
extracellular marrix molecules. Invasion Metastasis. 8 103-117, 1988,

7. Brodt, P.. Fallavollita. L.. Sawka R. J.. Shibata, P.. Nip, J.. Kim, U.. and
Shibata, H. Tumor cell adhesion to frozen lymph node sections—a correlate
of lymphatic metastasis in beeast carcinoma models of human and rat origin,
Breast Cancer Res, Treat., 17; 109-120, 1990.

8. Ruoslahti, E.. and Giancotti, F. G. Integrins and tumor cell dissemination,
Cancer Cells. I: 119-126. 1989.

9. Doerr, R., Zvibel, 1. Chiuten. D.. D'Climpio. J.. and Reid. L. M. Clona!
growth of tumors on tissue-specific biomatrices and correlation with orgzn
site specificity of metastases. Cancer Res., 49: 384-192, 1989,

10. Middelkoop, O. P.. van Bavel, P.. Calafav J.. and Roos. E. Hepatocyie
surface molecule involved in the adhesion of TAY mammary carcinoma cells
to rat hepatocyte cultures. Cancer Res. 45; 3825-3835, 1985,

11. La Riviere, G.. Schipper C. A.. Collard, J. G.. and Roos. E. lnvasiveness in
hepatocyte and fibroblast monolavers and metastatic potential of Tcell
hybridomas in mice. Cancer Res.. 48; 3405-3310. 1988,

12. Schlepper-Schafer, 1., and Springer. G. F. Carcinoma autoantigens T and
Tn and their cieavage products interact with Gal/GalNAc-apecific recepion
on rat Kupffer cells and hepatocytes. Biochim. Biophys. Acta. 1013 66—
272, 1989,

13. Zetter, B. R. The cellular basis of site specific tumor metastavis. N, Engl. 3.
Med.. 322: 605612, 1990.

14, Price, J. E.. Tarin, D.. and Fidler, 1. J. Influence of organ microenvironment
on pigmentation of 3 metastatic murine melanoma. Cancer Res.. 43; 2258~
2264, 19838,

15, Sargent. M. S. E.. Oestreicher, M., Haidvogl. H.. Madnick. H. M.. and
Burger, M. M. Growth regulation of cancer metastaves by their host organ.
Proc. Natl. Acad. Sci. USA. 85: T251-7255, 1988,

16. Chackal-Roy. M.. Niemeyer. C.. Moore, M., and Zetier. B, R. Stimulation
of human prostatic carcinoma cell growth by factors present in human bone

b
-

* Unpublished observation.



Jo.

RIR

IDENTIFICATION OF ADIESION RECEFTOR IN LIVER METASTASIS

marrow. J. Clin. Invest., 84 $3-50, 1949,

. Plats, C. F. The stageng and pathology of colonik caramoma and adenomas.

in: W, k. Enker ted.). Carcinoma of the Colon und Rectum, pp. 218,
Chacapo: Y car Book Medical Publishers, 1978,

. Brodt, P Characierizanion of twa highls metastatic saniants of the Lown

lung carcitnoma with different organ specificities. Cancer Res., 46; 2342+
233, 1986,

. Brodt, P. The selection of a liser colomzing, highly metastatic subpopulation

from the Lewis lung carcinoma sariant H-59. using murnine hepatocsie
muonolasers, Clin. Exp. Metastaws, ©: $25-539, 1949,

. Brodt, . Tumor cell aghesion to frozen Ismph node sections—an in vitro

correlate of Iymphatic metastasis. Clin, Exp. Metastasis, 77 M3-352. 1949,

. Marccau, N, Nocl, M. and Deschenes, J. Growth and lunctional activitics

of nconatal and adutt rat hepatocyies cultured in fibronectin coated substra-
tum in scrum-lrec medivm. 1n Vitro, J8: 1-11, 1982,

. Shestowshy, W, Fallamvotlita, L., and Brodt. P. A monoclonal antibody 10

Lewss lung carcinoma sariant H-59 identifies o plasma membranc proicin
with apparent relesance to lvmph node adhesion and metastasas. Cancer
Res,. SO 1938-1953, 1990,

. Albini, A, Iwamott, Y., Kleinman, H. K.. Marna, G, R., Aaronson, S, A..

Koslowshi, 2. ML, and McEwan, R. N, A rapid in virro assay fur quantitating
the invasive potential of tumor cells. Cancer Res., 47 3239-3245, 1987,

. Kimura. A K. and Niang. J. High levels of Met.72 antigen expression:

correlation with merastatic activity of B-16 melanoma tumor cell variants, J.
Nail, Cancer Inat.. 767 1237-1253, 1986,

. Harlow, E., and Lane. D. Monoclonal antibodics fa: Antibodies—A Labo-

rators Manual, p. 139. Cold Spring Harbor. NY: Cold Spring Harbor
Laboratory. 1988,

. Alonncron. A.. and D"Alaver. J. Isolation of plasma and suclear membranes

ol thymocstes, J. Cell Biol.. 77> 211..231, 1978,

. King. J.. and Laemmili. V. K. Polypeptides of the 1ail fibers of bacteriophage

T4. J. Mol. Biol., 62 465477, 1971,

. Tawbin, H,. S1achelin. T.. and Gordon. J. Electrophoretic transfer of proteins

from polvacrylamide gels 10 nitroceliular sheets: procedure and some appli-
cations, Proe, Nail, Acad, Sci. USA, 76: 435043584, 1979,

. Tarentino. A. L.. Gomez, C. M., and Plummer. T. H., Jr. Deglycosslation

of aspargine-linhed ghcans by peptide: M-glyveosidase F, Biochemistry, 24:
dbn5-40671, 1945,

sSpringer. T. A. Dustin. M. L., Kishimoto. K. and Marlin S, D. The
Ivmphocyte function-associated LFA-1, CD-X. and LFA-3 molecules: cell
adhesion receptors of the immune system. Annu. Rev, Immunol.. 5: 223-
3523, 1987,

Roossicn, F, F.. de Rijk, D.. Bikker, A., and Roos. E. Involvement of LFA-
1 in hymphoma invasion and merastasis demonstrated with LFA-1-deficient
mutants, J. Cell Biol.. }08: 1979=1985. 1989.

. Schmiremacher. V.. Chicnsong-Poposr, R.. and Arnheiter. H. Hepatoevie-

tamor cell interaction in vitro, L. Conditions for rosctte formation and
inkibition by anti-H-2 antibody. J. Exp. Med.. /51 983-989, 1930.

33
34.

3s.
36

.
39,

41,

42

43,

35,

47,

84

Roos, E.. Van de Paverz, [, V., and Middclkoop, O. P, Infiltration of tumour
cells into cultures of isolated hepatocyvtes. J. Cell Sci.. 477 385397, 1981,
Hashimoto, M., Niwa, Q.. Nitta, Y. Takeichi, M.. and Yokoro. K. Unstable
expression of E-cadherin adhesion molecules in metastatic ovarian tumor
cells. Jpn. J, Cancer Res.. 80: 459163, 1989.

Springer, R. A. Adhesion receptors of the immune system. Nature (Lond.),
346: 425134, 1960,

Newman, P, J. Bemdi, M. C.. 1L Gorsky. J., White, G. C.. Lyman, §,,
Paddock. C.. and Muller. W. A, PECAM-1 (CD31): cloning and relation 1o
adhesion molecules of the immunoglobulin gene superfamily. Scichce (Wash.
ington DC). J47: 1219-1222, 1990,

. Takeichi, M. The cadherins: cell<ccll adhesion molecules controlling animal

morphogenesia. Development (Camb.), 102 639-655, 1988,

Brandley, B. K., Swicdler. S. J.. and Robbins, P, W, Carbohydrate ligands of
the LEC cell adhesion molecules. Cell. 63: 861-863, 1990,

Albclda, 8. M.. and Buck. C. A. Inteprins and other cell adhesion molecules.
FASER, 4: 2869-2880, 1990,

. Roos. E.. and Roossicn. F, F. Involvement of leukocvte function-associated

antigen-1 (LFA-1) in the invasion of hepatocyte cultures by lvmphema and
Tecell hybridoma cells. J. Cell Biol.. 105: 553559, 1987.

Kahn. H. J.. Brodt. P.. and Baumal. R. Lectin binding by liver and lung
metastasizing variants of the murine Lewis luag carcinoma. Am. J. Pathol.
132: 180-135. 1988.

Humphries. M. J.. Matsumoto. K. White, S. L. and Olden. K. Oligosac-
charide modihication by swainsonine treatment inhibits pulmonary coloni-
zation by B16-F10 murine melanoma cells. Proc. Natl. Acad. Sci. USA, 83:
1752-1756, 1986.

Dennis. J, W. Kosh. K., Bryce. D<M and Breitman. M. L. Oncongenes
conferring metastatic potential induce increased branching of Asn-linked
oligosaccharides in rat 2 fibroblasts. Oncogene. 4= 853-860. 1989,

. Raz. A., Pazerini. G.. and Carmi. P. ldentification of the metastasis-associ-

ated. galactoside-binding lectin as a chimeric gene product with homology to
an 1gE.binding protcin. Cancer Res.. 49: 3489-3493, 1939,

Kolb-Bachofen. V. Schlepper-Schafer. J.. Roos. P.. Hulsmann. D.. and Kolb,
H. GaLNAc/gal-specific ran liver Jectins: their role in cellular recognition.
Biol. Cell.. 51: 219-226, 1984,

. Wang, J.. and Brodt. P. Partial characterization by MoAb of tumor adhesion

molecules which mediate attachment to hepatocyvies in vitro and liver-colo-
nization in vivo, Presented at the International Sympesium on Critical
1Q{l.v:ﬂniuams in Cancer Progression and Metastasis (Abstract 15), Houston,
. 1989,

McGuire, E, 3., Mascealt, J. J.. Gardy, S. R~ and Nicolson, G. L. Involvemen:
of cell adhesion molecules in liver colonization by metastatic murine fym-
phoma/lymphosarcoma varisnts. Clin. Exp. Metastasis. 20 213-222, 1984,
Humphries, M. J. Yamada. K. M.. and Olden, K. Insvestigation of the
biological effects of anti-cell adhesive synthetic peptides that inhibit experi-
mental metastasis of B16-F10 murine melanoma ceils, J. Clin. Invest.. 82:
782-790. 1988.



85

CHAPTER III:

Inhibition of experimental hepatic metastasis by a monoclonal
antibody that blocks tumor-hepatocyte interaction.

In vivo event

Wang J, Fallavollita L, Brodt P.

Published in: Journal of Immunotherapy, 16:294-302, 1994



86

Chapter III

Summary:

To determine whether tumor cell adhesion to hepatocytes plays a role in H-
59 metastasis to the liver in vivo, the effect of MAb C-11 on liver colonization was
investigated. The results summarized in this chapter show that animals inoculated
with MAb C-11 or its F(ab), fragments had a significantly reduced number of
hepatic metastases. This effect was antibody and organ specific. The inhibitory
effect of MAb C-11 was also seen when it was inoculated directly into the animal
by the i.v. or i.p. routes. This inhibitory effect resuited in an increase in the survival
time of MADb C-11 treated animals. The effect of the antibody was not due to
lymphocyte and / or monocyte-mediated ADCC or complement mediated lysis as
determined by the use of F(ab)2 fragments and by in vitro analyses. Additional in
vitro studies revealed that MAb C-11 could also block the stimulatory effect of
hepatocytes on tumor cell proliferation seen in tumor-hepatocyte co-cultures.
These result indicated that the adhesion of H-59 cells to hepatocytes through the
plasma membrane glycoprotein receptor played a role in liver metastasis formation.,

The in vivo experiments described in this chapter suggest that MAbs
against tumor cell surface adhesion molecules could inhibit specific tumor-host cell
interactions and could potentially provide an effective therapeutic tool in the
treatment of disseminating cancer most likely in combination with other

conventional therapy.
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Inhibition of Experimental Hepatic Metastasis by a

Monoclonal Antibody That Blocks
Tumor-Hepatocyte Interaction

Jian Wang. Lucia Fallavollita. and *Pnina Brodt

McGill University, Montreal, Quebec, Canada

Summary: The role of tumor~hepatocyte interaction in carcinoma metastasis
to the liver was investigated with use of the liver-metastatic murine carcinoma
H-59 ard a monoclonal antibody (MAb) C-11, which can inhibit tumor cell
adhesion 1o hepatocytes in vitro by blocking a 64-71-kD glycoprotein receptor
expressed on the tumor cell surface. The effect of this antibody on liver col-
onization by H-59 cells was analyzed. We found that treatment of H-59 cells
with the antibody or with Flab). fragments prior to tumor cell inoculation
markedly and specifically reduced the ability of the cells to form hepatic me-
tastases, An inhibitory effect was also seen when the antibedies were admin-
istered directly to tumor-inoculated mice. In contrast. no reduction was secn in
the number of lung metastases when the antibody-treated cells were inogulated
intravenously, Studies in vitro revealed that coculture of the tumor cells with
hepatocytes had a stimulatory effect on tumor cell proliferation that could be
specifically blocked by MAb C-11. The results suggest that H-59 cell adhesion
10 hepatocytes via the plasma membrane receptor promoles liver metastases
formation and provide further evidence that biological reagents that can abro-
gate specific tumor-host cell interactions may be beneficial in the prevention of
turr_xg;d cell dissemination. Key Words: Metastasis—Adhesion—Monoclonal
antibodies.

Department of Surgery. Division of Surgical Research and *the Division of Research. Department of Oncology.

The potential of disseminating cancer cells to col-
onize a distant organ site is dependent on the out-
come of multiple specific interactions between the
tumor cells ang different constituents of the target
organ microenvironment including the microvascu-
lar endothelium (1.2), the subendothelial matrix (3).
parenchymal cells (4). and paracrine growth factors
(5.6). The liver is the primary site of metastasis for
some of the most common human malignancies.
Muitiple liver metastases are often inoperable and
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respond poorly to chemotherapy resulting in poor
prognosis (7). A better understanding of the cellular
and molecular mechanisms underlying cancer dis-
semination to the liver may lead to the development
of new, more specific and effective therapeutic
strategies.

Tumor H-59—a subline of the Lewis lung carci-
noma-—metastasizes preferentially to the liver from
local s.c. sites (8). Previously we have shown that
liver metastasis formation in this model is associ-
ated with increased adhesion to hepatocytes, and a
cell surface glycoprotein that mediates this attach-
ment was subsequently identified by monoclonal
antibody (MADb) C-11 (4,9). Since these studies
were based mainly on in vitro analyses, we sought
to confirm that tumor cell adhesion to hepatocytes
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via this molecule was relevant to the metastatic pro-
cess in vivo by testing the effect of the antibody on
metastases formation. Our results show that MAb
C-11 and its F{ab), fragment blocked liver coloni-
zation. They suggest that tumor cell interaction
with the hepatocytes promotes tumor cell growth in
the liver and could provide a target for antibody-
mediated intervention in the metastatic process.

MATERIALS AND METHODS
Mice

C57BLJ6 female mice (7-12 weeks old) were used
for all the experiments. They were purchased from
Charles River Canada.

Cell Lines

The origin and metastatic phenotype of tumor
H-59 were described in detail previously (8). The
tumor was maintained in vivo by s.c. implantation
of liver metastases derived from tumor-bearing
mice, int0 new recipient animals. Single-cell sus-
pensions of the tumors were obtained by enzymatic
digestion of the solid tumors in a 0.02% trypsin so-
lution in Ca®* and Mg free phosphate-buffered
saline (PBS) containing 0.2% EDTA. as we de-
scribed previously (8). Where required. tumor cells
were cultured in RPMI-1640 medium supplemented
with 109 fetal calf serum (FCS: Gibeo), 0.01 M
HEPES, 2 x 10™> M vL-glutamine, and 0.002% gea-
tamycin (RPMI-FCS). They were maintzained in cul-
ture for up to 2 weeks prior to use in the experi-
ments described.

Antibodies

The production and antigenic specificities of
MAb C-11, and MADb 12/50 [both mouse immuno-
globulin (Ig)G,] were described in detail in our pre-
vious papers (9.10). MAb 12/50 reacts with an M,
37.000 membrane protein of tumor H-59 but does
not inhibit tumor cell adhesion to hepatocytes (10).
MAb CL9002 (mouse IgG,) to the H-2D". determi-
nant expressed on tumor H-59 (9), MAb CL9G07AP
(mouse IgG.y) to H-2k°DP, and the Low-Tox-R
{rabbit) complement CL3061 were obtained from
Cedarlane Laboratories Lid. MAb J-2A2 (11).
which was used as a control antibody in some of the
experiments, was 2 kind gift from Dr. M. H. Hem-
ler (The Dana Farber Cancer Iastitute). The dichlo-
rotriazinylamino fluorescein (DTAF)-conjugated

AffiniPure goat anti-mouse IgG (H + L) was ob-
tained from Bio-Can Scientific. F(ab), fragments of
MAb C-11 were prepared as detailed previously (9).
The Fab fragments used as controls were a kind gift
from Dr. E. Roos (The Netherland Cancer Insti-
tute). They were prepared from a rabbit antiserum
10 mammary carcinoma TA3/Ha, which was re-
ported to block the adhesion of TA3/Ha cells to
hepatocytes and recognize integrin agB, (12). In
preliminary experiments, we found that they failed
to block adhesion of H-59 cells to the hepatocytes.

Tumor-Hepatocytes Adhesion Assay

Tumor cell adhesion to hepatocytes was mea-
sured as we previously described (9). To measure
inhibition of adhesion by MAb C-11, the tumor cells
were incubated with the antibody for 45 min on ice,
washed three times to remove unbound antibody,
and either added to the hepatocytes immediately or
incubated first at 37°C for various time intervals as
specified in the text. Adhesion was for 45 min at
37°C.

Tumor Cells-Hepatocytes Coculture Assays

Hepatocytes were prepared and cultured in 24-
well plates for 72 h as we previously described (4,9).
The culture medium was removed and the hepato-
cytes washed repeatedly with, and then cultured for
24 h in, serum-free RPMI. To each well 2 x 10*
H-59 cells grown in serum-depleted medium for 24 h
were added, and the cells cocultured in RPMI me-
dium for an additional 48 h with or without antibod-
ies. The cells were pulsed for 18 h with 0.1 pCi
[*H)-thymidine (2 Ci/fmmol, from Du Pont Canada)
and lysed by repeated freezing and thawing, and the
lysates were harvested onto paper filters with use of
a Micromate 196 harvester (Packard). Thymidine
incorporation was measured with use of a Beckman
LS 8000 liquid scintillation counter. Background in-
corporation by hepatocytes was negligible. As con-
trols, we used primary cultures of liver sinusoidal
endothelial cells, prepared as described eisewhere
(13), and confluent monolayers of the murine 3T6
fibroblasts (9), which were gamma-irradiated (2,500
R) 4 h prior to the addition of tumor cells.

Experimental Hepatic Metastasis Assay

Tumor cells were inoculated by the intrasplenic
(i.s.) route as means of delivering the cells into the

4 Immunother, Vol. 16, No. 4. 1994
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porial circulation, and the animals splenectomized
immediately following injection, as originally de-
scribed by Lafreniere and Rosenberg (14}, When
antibodies were used, the tumor cells were incu-
bated with the ascites, with affinity-purified anti-
body or with F(ab). fragments (as specified in the
text) for I h at 4°C. Where indicated, the cells were
washed four times prior to injection. Cell viability
as assessed by the trypan blue exclusion dye ex-
ceeded 95%. In some experiments, animals were
inoculated i.v, into the tail vein with MAb-treated
cells. To test the effect of direct inoculation of an-
tibodies, MAD C-11 was injected i.p. or i.v. prior to
and following i.s. inoculation of tumor cells, as de-
tailed in the text.

Antibody-Dependent Cellular Cytotoxicity (ADCC)
and Complement-Mediated Lysis Assays

$1Cr-labeled H-59 cells (10* cells/well) were
added to 96-well V-bottomed microtiter plates
(Libro/Titertek Microplates, Flow Laboratories).
Syngeneic spleen cells were prepared and red blood
celis removed with use of standard procedures (15).
To each well, 10° splecn cells or Low-Tox-R (rab-
bit) complement diluted 1:10 were added in a total
volume of 200 ul RPMI containing 1% FCS, and the
mixtures incubated for 4 h at 37°C. The plates were
centrifuged for 5 min at 1,000 r/min, 50 nl of the
supernatants removed from each well, and 3'Cr re-
lease monitored in a gamma counter.

Net cell lysis was calculated as follows: lysis (52)
= (a = b)c x 100, where ¢ is cpm in test wells, b
is spontaneous release in control wells containing
H-59 cells only, and ¢ is maximal release as mea-
sured by lysis of control H-59 cells with 0.1 SDS.

Flow Cytometry

Tumor cells (10%mi) were incubated for 45 min on
ice with 25 pg/ml of MAb C-11. Unbound antibody
was removed by repeated washing and the celis ei-
ther incubated immediately for 20 min on ice with
DTAF-conjugated goat anti-mouse IgG (diluted
1:20) or maintained at 37°C (with occasional rock-
ing) for the duration indicated in the text prior to
addition of the second antibody. After three washes
with PBS containing 0.1% bovine serum albumin
(BSA) and 0.2% NaN,, the cells were fixed with 1%
paraformaldehyde and analyzed using a FACScan
cell analyzer [Becton-Dickinson fluorescence-
activated cell sorter (FACS) System] equipped with

J Immunother, Vol. 16, No. 4, 1994

an argon-ion (15 MW) laser at 488 nm with a 530-nm
filter. Data analysis was carmied out with a2 Hewlett-
Packard model 310 (9000 series) computer using the
FACScan Rescarch Program. Cells incubated with
normal mouse 1gG under identical conditions were
used as negative controls. On the basis of measure-
ments with H-59 cells labeled with the second anti-
body only. cells were defined as positive if their
fluorescence intensity was >500 on a 0~1.023 chan-
nel scale.

Statistical Analysis

The Mann-Whitney test was used for analysis of
the metastasis data, the Wilcoxon Rank Sum test
was used for survival data, and the Student r test
was used for analysis of the coculture assay.

RESULTS

In testing the effect of MAb C-11 on the ability of
H-59 cells 1o give rise 10 hepatic metastases, the
tumor cells were treated with the antibody and in-
oculated by the i.s. route as means of delivening the
cells into the portal vein (spleens were removed im-
mediately following injection). The pooled results
of six experiments, summarized in Fig. 1 show that
animals inoculated with antibody-treated celis had a
significantly reduced number of hepatic metastases
as compared with animals injected with untreated
cells or with cells pretreated with two other murine
MAb (p < 0.0002). In experiments where a high
concentration of antibody was used (150 pg/ml),
45% (10 of 22) of the mice injected with C-11-
treated cells were tumor-free 13 days postinocula-
tion when all mice in the control groups had multi-
ple liver metastases {Fig. 1A).

To determine whether the effect of the antibody
on liver metastases was mediated by Fe-dependent
host immune mechanisms. we first tested the ability
of MADb C-11 10 lyse H-59 cells in the presence of
complement or syngeneic spleen cells (ADCC). Re-
sults shown in Table | indicate that the antibody
could not induce either complement or cell-
mediated cytotoxicity. Furthermore, when F(ab),
fragments of the antibody that were previously
shown to block tumor cell adhesion to hepatocytes
in vitro (9) were used to treat H-59 cells prior to i.s.
injection, we found that they were also effective in
inhibiting liver colonization causing a significant re-
duction in the number of the metastases (p < 0.01).



MONOCLONAL ANTIBODY-MEDIATED INHIBITION OF LIVER METASTASES 90

o0 o = 200
180 : - 180
“ 160 : - 160
o o L
o 4 . SEEFL
@ L . L
g = ' . . - - 120
o - . B o
E 00 - _ : ’ . ' - 100
S w : < ; E o
G L ' - - : 60
g a0 ] . : “
2 ] ' : - 20
I & § 3 I I
I O I
(A) (8)

FIG. 1. Monoclona! antibody {(MADb) C-11 inhibits experimental liver metastases formation by carcinoma H-59 cells. Animals were
inoculated i.s. with 5§ x 10* H-59 cells that were preincubated for 1 h at 4°C with a 1:20 dilution of ascites (A—2otal of three experiments}
or 20-30 pg/ml affinity purified MAb (B-tatal of two experiments). Prior to injection cells were washed three times to remove unbound
antibody. Splenectomy was performed | min following injection. Animals were sacrificed 13 days later and tie metastases enumerated
on the same day. The number of metastases in animals inoculated with MAb C-11-treated cells was significantly lower than in animals
inoculated with untreated (p < 0.0001 for A and B). MAb 12/50 treated (p < 0.0001 for A and <0.0004 for B). or MAb CL9S002 treated
{p < 0.0002 for A and <0,00012 for B} cefls. Each entry represents one animal. The horizontal bars denote medians.

Results of two experiments are shown in Fig. 2. In
a third experiment, where animais were monitored
until moribund, this inhibition. resulted in an in-
crease in the survival time of the treated animals (as
shown in Fig. 3), although all the animals eventually
died of residual liver metastases. In-these experi-
ments we also used Fab fragments of an antibody
that had been shown to block the adhesion to he-
patocytes of another tumor namely, rat carcinoma
TA3/Ha (11). In vitro these fragments did not inhibit
the adhesion of the H-59 cells 1o hepatocytes (re-

TABLE 1. Monroclonal antibody (MAb} C-11 does not
mediare antibody-dependent cellular cytotoxicity or
qomplemer.r dependent [vsis of H-59 cells

H-59 Cells incubzted with % Lysis®
Spleen cells* 3.7=02%
Spleen cells + MAb C-11° 2.1 =0.15%
Complement” 29=0.2%
Complement + MAb C-11 0.37 = 0.2%
Complement + MAb CL9007APY 88 = 0.63%

“ Results are means = SD of triplicates. .

* The ratio of target (H-59):effector (spleen) cells was 1:100.

¢ Antibodies were used at a concentration of 10 pg/ml and
rabbit complement at a dilution of 1:10.

4 MAb directed 10 H-2K"D®,

sults not shown). As shown in Figs. 2 and 3, they
also had no effect on H-59 metastasis, suggesting
that adhesion to hepatocytes and metastasis in the
two systems were mediated by distinct receptors.
H-59 cells give rise to pulmonary metastases fol-
lowing the inoculation of high doses of cells i.v. into
the tail vein (8). We tested whether pretreatment of
the tumor cells with MAb C-11 could affect lung
colonization. Results in Table 2 show that MAb
C-11 had no effect on lung metastases formation.
Under these experimental conditions. there was
also no reduction in the number of liver metastases.
For further insight into the mechanism of MAb
C-11-mediated inhibition of metastasis, it was of
interest to know the duration of MADb retention on
the tumor cell surface. Two in vitro assays were
utilized. Flow ¢ytometry was used to measure the
proportion of labeled cells at different time intervals
of up to 24 h following antibody binding, and an
adhesion assay was used to monitor the biological
activity of the antibody during the same time inter-
val. As shown in Fig. 4, antibody was detectable on
H-59 cells for up to I8 h following the initial label-
ing. However antibody-mediated inhibition of tu-
mor cell adhesion began to decline at 3 h and was no
longer evident 8 h after the initial MAb binding.

T Immunother. Vol. 16, No. 4, 199¢
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FIG.2. F(ab). fragments of monoclonal antibody (MAD) C-11 can block liver metastases formation. Top panel: One million H-59 cells
were pretreated (as in the legend to Fig. 1) with 100 (Experiment A) and 200 pg/ml (Experiment B) MAb C-11 F(ab), fragments (or ¢conirol
Fab). For C-11 IgG, a concentration of 50 pg/ml was used. The cells were readjusted to = concentration of 10° cells/m] and the mice
inoculated i.s. with 1 ml of the suspension each and splenectomized 1 min later. Mice were sacrificed 20 (A) and 13 (B) days after tumor
inoculation and liver metastases enumerated on the same day. The difference in the ntumber of metastases observed in the untreated
groups of Experiments A and B is probably due to the longer duration of Experiment A, which resulted in the fusion of some smaller
individual nodules. Bottom panel: The livers shown were from (a) untreated, (b) control Fab-treated, and (¢) MAb C-11 F(ab),-treated

mice in Experiment B.

For determining whether MAb C-11 could inhibit
metastases formation when inoculated directly into
the animals, it was administered i.p. ori.v.24 and 4
a prior to, and 4 and 24 h following the i.s. injection
of tumor cells. The rationale for the inoculation of
antibodies prior to tumor cell injection was based
on our previous finding that MAb C-11] also reacted
with a hepatocyte cell surface determinant that was
involved in the adhesion (9). The results shown in

J Immunother, Vol. 16, No. 4, 1954

Table 3 demonstrate that treatment of the animals
with MADb C-11 with use of either the i.v. or i.p.
routes could significantly and specifically reduce (p
< 0.01) the number of hepatic metastases.

To gain an understanding of the possible role that
tumor cell adhesion to hepatocytes could play in the
process of liver colonization, we tested in vitro the
effect of coculture of tumor celis and hepatocytes
on tumor cell proliferation. Serum-starved H-59
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lated with untreated cetls (p = 0.C1).

cells were plated directly onto hepatocyte monolay-
ers, and the cells cocultured for 48 h in the absence
of a2 serum supplement. Results in Fig. 5 show that
contact with the hepatocyltes stimulated tumor cell
proliferation increasing it 20-feld relative 1o control
tumor cells cultured in the absence of hepatocytes,
or 13-fold relative to cells cocultured with nonpro-
liferating 3T6 fibroblasts or hepatic endothelial
cells. The stimulatory effect of the hepatocytes was
significantly reduced (56% reduction) in the pres-
ence of MAb C-11. whereas a MAD directed to the
H-2D" determinant and an irrelevant murine ascites
had no effect (Fig. 5). It is of interest that when cells
of the Lewis lung carcinoma subline M-27, which
are metastatic to lung but not to liver (8), were co-
cultured with hepatocytes the proliferative re-
sponse observed was significantly lower (p < 0.025)
(Fig. 5).

TABLE 2. Monoclonal antibody (MAb) C-1] does not
inhibir experimental lung metastasis of H-59 cells

Metastasesung
Treatment of H-59 cells Experiment 1 Experiment 2
None 6(0=23) 157 (126=195)
MADb C-11¢ 1210-21) 146 {111-185)

Animals were inoculated i.v, with 2 x 10* H-59 cells in Ex-
periment | and with 5 % 10° cclls in Experiment 2, They were
sacrificed 21 days later. The resulls are expressed as the median
{and range) of six animals in each group.

* There was no significant difference in the numbers of liver
metasiases seen in the two groups at the time of sacrifice. The
number of liver metastases rnged from 0 10 2 in Experiment 1
and from 68 to 125 in Experiment 2.

Days

DISCUSSION

Several experimental tumor models have been
used in recent years to demonstrate that the predi-
lection of some metastatic cancer cells for the liver
is associated with increased tumor cell adhesion to
parenchymal and/or nonparenchymal liver cells
{3,6,11). Much of this evidence is derived, however,
from in vitro studies. and the relevance ot these
interactions to the metastatic process in vivo, par-
ticularly the importance of the tumor-hepatocyte
interaction, has not been confirmed by experimen-
tal data.

In the present investigation. pretreatment of H-59
carcinoma cells with a MAb that specifically blocks
tumor cell adhesion to hepatocytes in vitro (9) was
used to determine whether this interaction plays a
role in the metastatic process. We found that the
antibody substantially reduced the number of liver
metastases, suggesting that it either completely in-
hibited or significantly retarded tumor cell growth
in the liver. This effect was antibody and organ spe-
ctfic, as demonstrated by the finding that treatment
of H-59 celly with antibodies to two other plasma
membrane proteins did not significantly alter the
number of liver metastases (Fig. 1) and by the ob-
servation that MAb C-11 failed to block lung me-
tastases formation (Table 1).

Lymphocyte- and monocyte-mediated ADCC
and complement-mediated lysis were implicated in
other studies where an inhibitory effect of antibod-
ies in vivo was demonstrated (16). Our finding that
F(ab), fragments of the antibody also blocked the

J Immunother, Vol. 15, No. 4, 1994
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F1G. 4. A time-course analysis of ¢ell surface-bound monoclo-
nal antibody (MAb) C-11 as determined by flow cytometry and
the loss of antibody f{unction. H-59 cells were incubated for 45
min with 25 pg/mi purified MAb C-11 or an equivaleat concen-
tration of normal mouse immunoglobulin G (IgG) {for the adhe-
sion assays) and anti H-2K®D® MAb and then washed thres times
to remove unbound antibody. To measure adhesion (A), the ceils
were cither added directly to the hepatocvies or incubated at
37*C for the indicated time intervals, They were isotope labeled
with 1Cr either before the addition of the antibody or tfor 18- and
24-h intervals) before addition to hepatocytes. Achesion assay
was for 45 min at 37°C. At each time point. contro] untreated
cells or cells treated with control IgG were also used and the
inhibition calculated relative 10 adhesion levels seen with control
untreated ¢ells. Normal IgG and anti H-2K°D" had no effect on
adhesion at any time point and the basal level of adhesion of the
untreated cells remained unchanged (30—0% of 1otal) throughout
the experiment. For fluorescence activated cel) sorter (FACS)
analysis (W), background labeling with mouse IgG was subv
tracted at each time point. Duting the first 5 b, mean fluores-
cence intensity of the labeled cells declined from 713 to 611,

growth of liver metastases suggests that MAb C-11
had a direct effect on the tumor cells that did not
depend on Fe-mediated host immune mechanisms.
This was also indicated by our findings that MAb
C-11 failed 1o mediate lysis of H-59 celis in vitro in
the presence of rabbit complement or normal syn-
geneic spleen cells (Table 1). The finding that all
mice in the F(ab), fragments—treated group eventu-
ally developed some liver metastases, whereas an-
imals treated with whole IgG, molecules had a sig-
nificantly reduced incidence (Fig. 1) may be related
to a more rapid shedding of F(ab). fragments from
the cell surface (17) resulting in earlier re-expres-
sion of the receptors.

The observation that pretreatment of the tumor
cells with the antibody prior to injection was suffi-
cient to inhibit metastatic outgrowth suggests that
the antibody interfered with an event occurring
early in the process of liver colonization. This is
also suggested by the lack of effect of the antibody
on liver metastases formation when the cells were
inoculated i.v. and could arrest in the lung mi-
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crovasculature prior to recirculation into the liver
through the arterial blood fiow. Our previous stud-
ies have shown that MAb C-11 does not block ad-
hesion of H-59 cells to either hepatic sinusoidai en-
dothelial cells or to matrix proteins (9). In the
present study. we found that whereas MAb C-11
was detectable on H-59 cells for up to 18 h following
antibody binding. the ability of the antibody to
block tumor cell adhesion o hepatocytes in vitro
began to decline as early as 3 h and was lost by 8 h.
suggesting that a critical concentration of antibody
on the cell surface was required for complete inhi-
bition of the adhesion. Together these findings im-
ply that in vivo the interaction with hepatocytes
that is disrupted by MAb C-11 may occur within
hours of tumor cell arrest in the hepatic microvas-
culature, prior to cell division and/or the loss of the
inhibitory antibody density from the cell surface.
As the hepatic sinusoidal endothelium lacks a con-
tinuous basement membrane (18), this could con-
ceivably be mediated by rapid invasion into the sub-
endothelizl space possibly involving the formation
of pseudopodial extensions as has been shown in
other models (19) and obser.ad in our own in vitro
studies (4). Previously we reported that H-59 cells
constitutively express high levels of an M, 72,000
gelatinase and cathepsin L (20). These enzymes
may contribute to the invasiveness and migration of
the tumor cells during these early stages of liver
colonization.

Although increased tumor cell adhesion to hepa-
tocytes has been observed in several experimental

TABLE 3. [Inhibition of liver metastasis by treatment
of animals with monoclonal antibody (MAb) C-i1

Metastasesfliver
Animals Exp. I* Exp. 2* Exp. 3*
Nontreated® 112 (84-124) 61 (26-118) 102 (T2-141)
MADb 1250 118 (95-140) ND ND
MAD CLS0OTAP ND ND 96 {59-138)
MADb C-11 35 (15-84) 2 (8-43) 4¢1-10}

Results are expressed as median (and range) of the numbers of
liver nodules of seven (Exp. 1). len (Exp. 2, and six (Exp. 3)
animals; p < 0,001 for Exp. ! and p < 0.0} for Exp. 2and 3, ND,
not done. Exp.. experiment.

* Animals received a total of 4 i.p. injections cach of 0.2 ml
MAb C-11 ascites (Experiment 2) or 32 pg/ml affinity purified
antibody (Experiment 1). Two injections were administered 4
and 24 h prior t0 and two 4 and 24 h following the i.s. injection
of § x 10* H-59 cells.

* Animals received a total of 4 i.v. injection of 25 g purified
MAD C-11 and were inoculated with 10* H-59 cells with use of
the same schedule as described for L.p. injections.’

¢ Animals were injected with saline.
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FIG. 5. Monocional antibody 30
(MAD) C-11 blocks the proliferation
of H-59 cells stimulated by coculture {

with hepatocytes. H-59 cells were

cultured in sefum-frec RPMI medium T
for 24 h then dispersed and 2 x 10*
cells added into wells of 24-well
plates in which hepatocytes (Hep),
3T6 fibroblasts (3T6), or hepatic en-
dothelia! (Endo) cells were seeded 72
h earlier. The cclls v.ere cocultured
for 48 h at 37°C and pulsed for 18 h
with 0.1 wCi of [*H]-thymidine. Anti-
bodics were added 1o the coculture
after addition of the tumor ¢ells, and
the medium removed and replaced

20

i H}-thymidine incorporation

(fotd stemulation)

i B |

—

with fresh antibody solutions at 24
and 48 h. Final dilutions of the anti- He
bodies were 1:50 for ascites C-11 and
J-2A2 and 1:100 for semipurificd
MAb CL9002. Endothelial cells and
3T6 monolayers were v-irradiated

Endo Hep Hep Hep.  Eado 376,

Hi
MABC-1l  amu-20° uzl-:n

H-59 M-27

(2.500 R} prior to addition of H-59 cells. Background {*H]-thymidine uptake by these cells and by the hepatocytes was negligible. When
~irradiated hepatocytes were used as controls. no difference was seen in the fevel of stimulation of H-59 proliferation (not shown).
[*H)-thymidine uptake by H-59 cells cocultured with hepatocytes was significantly higher (p < 0.025) than the uptake by M-27 cells
¢ultured under the same conditions. It was sigrificantly reduced (p < 0.02) by addition of MAb C11.

models of liver metastasis (4.6,11.21), the role that
a tumor-hepatocyte interaction may play in the
metastatic process is not yet known. Recently, we
reported that hepatocyte-derived insulin-like
growth factor 1 is highly mitogenic for H-59 cells
(22). It is possible therefore that the hepatocytes
regulate tumor cell growth in the liver through the
release of growth factors. Tumor cell adhesion may
in turn serve to maximize this paracrine stimulation
by bringing the two cells into close proximity to
cach other. Further bicchemical and molecular
characterization of the receptor and ligand involved
in the present tumor model. which are currently in
progress, will provide a better understanding of the
regulatory role that tumor cell adhesion to hepato-
cytes may play in liver metastasis.

QOur finding that direct injection of antibodies into
tumor-tnoculated mice could also inhibit metastases
formation suggests that the antibedies could react
with receptor molecules and inhibit their function in
vivo. Successful inhibition of metastases by anti-
bedies directed to tumor adhesion receptors has re-
cently also been reported by other laboratories
(23,24). It is interesting to note in this context a
recent study by De Potter et al. (25) showing that a
monoclonal antibody raised to a cell-surface adhe-
sion receptor expressed on the breast carcinoma
cell line MCF-7 blocked tumor cell adhesion and
invasion in vitro and specifically immunostained tis-
sue biopsies derived from highly invasive ductal
breast carcinomas. Staining was found to be partic-

ularly intense on long plasma membrane extensions
protruding from the carcinoma cells, suggesting that
the cell-surface determinant recognized by the an-
tibody was involved in the invasive process in situ.
Taken collectively these studies argue that antibod-
ies that are raised against tumor cell surface adhe-
sion molecules and can inhibit cellular adhesion and
invasion mechanisms could potentially provide an
effective therapeutic tool in the clinical manage-
ment of cancer, probably in conjunction with con-
ventional therapy.
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CHAPTERIV:

ERp72, its expression and possible role in H-59 liver colonization -
additional unpublished findings
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Chapter IV

Abstract

Proteins of the endoplasmic reticulum have previously been detected on the
surface of some normal cells. In previous studies we found that MAb C-11
recognized a 71 kDa glycoprotein (designated C-11 BP) on the surface of H-59
cells. An internal amino acid sequence analysis performed on a single protein band
which was separated from a partially purified plasma membrane preparation of H-
59 cells and migrated in the 71 kDa region, identified a molecules with sequence
identity to the protein disulfide isomerase (PDI) - related protein ERp72. To
determine whether ERp72 is detectable on the tumor cell surface and assess the
possible role of ERp72 in adhesion of H-59 cells to hepatocytes, several
experiments were carried out. Flow cytometry analysis showed that approximately
60% of H-59 cells labeled positively with an antibody to ERp72. Furthermore a
polyclonal antibody to ERp72 blocked H-59 adhesion to hepatocytes by up to
62%. While these results suggested the ERp72 may play a role in H-59 adhesion,
immunodepletion assays with anti ERp72 antibody demonstrated that the molecule
recognized by MAb C-11 is distinct from the ERp72. These results imply that H-
59 adhesion to hepatocytes may be mediated through the cooperative activity of

several cell surface molecules including ERp72.
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Introduction

ERp72 is a endoplasmic reticulum (ER) protein of the PDI family and
shares sequence homology with protein disulfide isomerase (PDI), also known as
ERp59 (Mazzarella et al., 1990; Haugejorden et al., 1991). PDI catalyses disulfide
bond formation and the ERp72 is thought to have 2 similar function (Freedman,
1989).

Expression of ER resident proteins on the cell surface has been reported
regardless of whether or not they contain a retention signal. One line of evidence
came from work by Yoshimori and colleagues (Yoshimoro et al.,, 1990). Using
immunogold electron microscopy they found that PDI was localized not only in the
ER of rat exocrine pancreatic cells but also in the plasma membrane (PM) and
organelles along secretory pathways. There were no differences in the biochemical
and immunochemical properties of transported or authentic ER resident PDL. Anti-
KDEL antibodies reacted with PDI in both the PM and the ER of rat pancreatic
cells. The results suggested that the ER protein PDI could be exported from the
ER to the PM in rat exocrine pancreatic cells despite the presence of the KDEL
retention signai sequence.

Mandel and his group provided additional evidence that PDI could be
exposed at the PM. Using Chinese hamster ovary (CHO) cells, they have shown
that the cell surface PDI had a disulfide reductive cleavage function on disulfide
linked [1251] iodotyramine / poly (D-lysine) conjugates when these cells non-

specifically bound the conjugate (Mandel et al., 1993). This cleavage was inhibited
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by a MADb to PDI and by bacitracin - an antibiotic known to inhibit both the
reductive and the oxidative functions of PDI. The same reductive process by a
membrane associated PDI plays 2 role in the penetration of membrane-bound
human immunodeficiency virus (HIV) as was also found by the same group (Ryser
et al.,, 1954). This HIV infection of human lymphoid cells was markedly inhibited
by the membrane -impermeant sulfhydryl blocker 5,5'-dithiobis (2-nitrobenzoic
acid), by bacitracin and by anti-PDI antibody.

In addition to PDI, expression of ERp72 has been reported on neutrophil
PM. This expression was responsible for neutrophil priming in response to binding
antibody (Weisbart, 1992). The antibody that primed neutrophils was shown to
bind ERp72 in the neutrophil membrane by immunoprecipitating the same 72 kDa
protein from neutrophils that was percipitated by a known antibody to ERp72. The
gene for the protein associated with neutrophil priming was sequenced and
identified as the ERp72. The investigators concluded that membrane associated
ERp72 may play a role in the signal transduction pathway leading to priming of
human neutrophils.

We found that MAb C-11 recognized a 71 kDa glycoprotein (C-11 BP) on
the H-59 tumor cell surface. An internal amino acid sequence analysis performed
on a corresponding protein band of partially purified PM preparations of H-59
cells identified a protein with sequence identity to the PDI-related protein ERp72.

The results suggested that ERp72 may be expressed on the H-59 cell surface and
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prompted us to investigate further the surface expression of ERp72 on H-59 cells

and the possible role of ERp72 in adhesion of tumor H-59 cells to hepatocytes.

Materials and Methods

Antibodies and others reagents:

The production and antigenic specificity of MAb C-11 were described in
Chapter II. Normal rabbit serum (NRS) and affinity - purified normal mouse IgG
were obtained from Cedarlane Laboratory Ltd. (Homby, Ontario, Canada). Anti-
ERp72(c), a rabbit antiserum against the 16 C-terminal amino acid fragment of
murine ERp72 was a kind gift from Dr. M. Green (Saint Louis University Health
Science Center, St. Louis, MO, USA). Normal mouse serum (NMS) was prepared
from C57BL/6 female mice according to Harlow and Lane (Harlow and Lane,
1988). Protein A - Sepharose - CL 4B was obtained from Pharmacia
Biotechnology (Uppsala, Sweden). Ponceau S concentrate was obtaired from

Sigma Diagnostics (St. Louis, MO, USA).

ing analysis of partially purified H-59 pl membrane:
H-59 plasma membrane were partially purified by gel filtration using G-200
sephadex. The collected fractions were subjected to electrophoresis followed by
silver staining and the appropriate fractions (fractions number 70-130, 0.6 ml each,

containing 71 kDa protein band) were pooled and concentrated using a
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Centriprep-10 concentrator (Amicon, USA). The proteins were separated by a
second round SDS-PAGE under reducing condition and transferred to a
Immobilon PVDF membrane (Millipore corporation, Bedford, USA). The position
of the C-11 BP was estimated by Western blot analysis with MAb C-11 and the
quantity of the expected band was estimated by a BSA standard. The membrane
was stained with a Ponceau S solution (0.2% Ponceau S in 1% acetic acid) and the
band which migrated in the position indicated by Western blot analysis with MAb
C-11 was cut and subjected to an internal amino acid sequence analysis performed
using an ABI 477A Protein Sequencer with 120A Online PTH-AA Analyzer. The
protein band was digested with trypsin or lysylendopeptidase and the digested
peptides were separated by microbore HPLC (analyzed by Harvard

Microchemistry Facility, Cambridge, USA).

Flow cytometry:

Tumor cells (106/mf) were pre-washed with PBS containing 0.1% bovine
serum albumin and 0.2% NaN3 (immunofluorescence (IF) buffer) and were
incubated for 45 min. on ice with anti-ERp72(c) antibody diluted 1:100 in IF
buffer. MAb C-11 ascites was used for comparison at a dilution of 1:20. NRS ard
NMS were used as a controls for non-specific antibody binding. Unbound proteins
were removed by 3 washes with IF buffer and the cells were incubated immediately
for 20 min. on ice with dichlorotriazinylamino fluorescein (DT AF)-conjugated goat

anti-mouse or anti-rabbit IgG (1:20 dilution). Following 3 additional washes, the
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cells were fixed with 1% paraformaldehyde and analyzed using a FACS (Becton-
Dickinson FACS system, Mountainview, California, USA) equipped with an
argon-ion (15MW) laser at 488 nm line with a 530 nm filter. Data znalysis was
carried out with a Hewlett-Packard model 310 (9000 series) computer using the
FACScan Research Program. Dead cells were excluded from analysis by electronic

gating.

Adhesion assays:

Hepatocytes were prepared 48 hours before the adhesion assay as
previously described (Brodt, 1989b). To test for inhibition of the adhesion by
antibodies the tumor cells were incubated with the antibodies for 45 min. on ice.
Following 4 washes, the antibody-treated cells were added to the hepatocyte

monolayer for the adhesion assay.

Immunodepletion

Anti-ERp72(c) antiserum (2pl) was coupled to 200 pl protein A sepharose
beads by incubation overnight at 4°C with slow rotation. The antibody coupled
protein A beads were added to H-59 PM protein (250pg) after 6 repeated washes
with PBS. The mixture was incubated overnight at 4°C and the protein A beads
removed by centrifugation at 2,000 RPM for 10 min. The supernatant was
collected for Western blot analysis or for additional depletion assays (3 depletions

in total). For Western blotting, MAb C-11 ascites was used at a dilution of 1:20,
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and the anti-ERp72(c) antiserum as well as NRS were used at a dilution of 1:800.

Probing was overnight at 4°C. Alkaline phosphatase-conjugated goat anti-mouse

Ig or goat anti-rabbit Ig at a dilution of 1:2000 were used as secondary antibodies.

Results

MADb C-11 recognizes a 71 kDa protein on the tumor H-59 cell surface.
Partially purified H-59 PM preparations were separated by SDS-PAGE and a 71
kDa band corresponding to 2 band detected by MAb C-11 in parallel gels was
subjected to internal amino acid sequence analysis. The analysis identified a protein
with sequence identity to the protein disulfide isomerase (PDI) - related protein
ERp72 (Fig. 1, page 108).

To determine vshether ERp72 was indeed expressed on tumor H-59 cells,
flow cytometry was carried out using a rabbit anti murine ERp72(c) antiserum.
Results in Figure 2 show that approximately 60% of H-59 cells stained positively
with the anti-ERp72(c) antibody (Fig. 2-A, page 109). Non-immune NRS labeled
fewer than 5% of the cells while MAb C-11 (positive control) labeled 98% of the
cells (Fig. 2-B, page 109).

To determine whether ERp72 played a role in tumor cells adhesion to
hepatocytes, H-59 cells were pretreated with the anti-ERp72(c) antiserum prior to
the adhesion assay. Results shown in Figure 3 (page 110) demonstrate that the
anti-ERp72(c) antibody blocked adhesion of H-59 cells to hepatocytes. The

percentage of inhibition was 62% at a dilution of 1:10. Under similar conditions
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non-immune NRS had no effect on the adhesion, while MAb C-11 ascites also
inhibited the adhesion as shown previously (67% inhibition).

To determine whether the molecules detected with anti-ERp72 antiserum
and with MAb C-11 were identical, immunodepletion assays were performed in
combination with Western blot analyses. Three consecutive immunodepletior
procedures with anti-ERp72(c) antibody were performed on PM preparations of
H-59. Results shown in Figure 4 show that following these procedure there was a
gradual, specific quantitative reduction in ERp72 proteins in the H-59 PM
preparations as determined by Western blot analysis (Fig. 4, page 111). On the
other hand the quantitative reduction in the proteir detected by MAb C-11 had no

change suggesting that the proteins detectable by the two antibodies were distinct.

Discussion

ERp72 is a member of the protein disulfide isomerase family of proteins,
which was originally located in endoplasmic reticulum of mammalian cells. It has
been reported that PDI and ERp72 could be expressed on the surface of some cells
(Mandel et al., 1993; Weisbart, 1992). Their expression on tumor cell surface has
not been studied. Their possible function on the cell surface is still not totally
understood.

An internal amino acid sequence analysis of a 71 kDa protein band isolated

from partially purified H-59 PM preparations showed sequence identity to ERp72
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(Fig. 1, page 108). This prompted us to examine the relationship between the
adhesion molecule identified by MADb C-11 and the ERp72 protein.

We found that ERp72 could be detected by flow cytometry on
approximately 60% of H-59 cells (Fig. 2-A, page 109). Furthermore, the anti-
ERp72(c) antiserum blocked H-59 cells adhesion to hepatocytes by up to 62%
suggesting that the protein was involved in the adhesion (Fig. 3, page 110).
However, the ERp72 molecule was distinct from C-11 BP since immunodepletion
assays with anti-ERp72(c) antibody while they showed a gradual reduction in the
detectable ERp72 protein band following 3 cycles of depletion, but had no effect
on the detectable levels of C-11 BP (Fig. 4, page 111). Moreover, under these
conditions it became evident that the molecular weight of C-11 BP and ERp72
were different.

The possible function of ERp72 in tumor - hepatocyte adhesion is not
clear. Since ERp72 belongs to the PDI family, it is thought that ERp72 has similar
functions to PDI. The best-known function of PDI is to catalyze the
oxidoreduction of disulfide bonds in the ER, which leads to the correct folding of
newly synthesized proteins. However, PDI has been detected on the surface of
some cells (Yoshimori et al.,, 1990; Mandel et al., 1993), and was found to be
identical to several other proteins such as 3,3°,5-triodo-L-thyronine-binding
protein (T;BP) (Freedman, 1989) which was also exposed on the plasma
membrane where it can exert reductive functions. Studies have shown that

membrane-associated PDI expressed on CHO cells could possess a disulfide
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reductive cleavage function on a disulfide linked complex - ['*'1] iodotyramine /
poly (D-lysine) bound to the cells (Mandel et al., 1993). The cleavage was
abolished by the membrane - impermeant sulfhydryl blocker 5,5°-dithiobis (2-
nitrobenzoic acid) (DTNB). This inhibitor can also prevent the cytotoxicity of
diphtheria toxin (DT) -a disulfide - linked heterodimer which can bind to a specific
surface receptor and must undergo chain separation in order to exert its
cytotoxicity (Ryser et al., 1991). This suggests that a surface-associated reductive
mechanism could activate DT by reducing the toxin’s interchain disulfide bonds.
The reductive process also plays a role in the penetration of membrane - bound
human immunodeficiency virus (HIV) (Ryser et al., 1993). HIV infection of human
lymphoid cells was markedly inhibited by anti-PDI antibodies and by DTNB. It is
thought that HIV and its target cells engage in a thiol-disulfide interchange
mediated by PDI and that the reduction of critical disulfides in viral envelope
glycoproteins may be the initial event that triggers conformational changes
required for HIV to fuse with the cell membrane and enter the cells.

The membrane - associated reductive cleavage function of ERp72 may also
be of some functional relevance in our system since our data suggest that the C-11
BP on H-59 cells has intrachain disulfide bonds (Chapter II). It is also possible that
on the H-59 cell surface, ERp72 may be located in close proximity to C-11 BP.
ERp72 may play a disulfide reduction cleavage function to maintain C-11 BPina
structural conformation required for its adhesive function. This may explain the

finding that adhesion was reduced when H-59 cell were pretreated with anti-
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ERp72(c) antiserum as this treatment could block the function of ERp72 and affect
indirectly the function of the C-11 BP. Alternatively it is conceivable that ERp72
plays no direct role in the adhesion and the inhibitory effect of anti ERp72
antibodies on adhesion was due to steric hindrance and some masking effect on the
C-11 BP.

The role of ERp72 in adhesion may uitimately be clarified when the identity
of the C-11 BP is determined. The data presented in this chapter are consistent
with the conclusion that adhesion of H-59 cells to hepatocytes may be complex

and involve multiple cell surface molecules.
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Figure 1: Amino acid internal sequencing of partially purified H-59 PM

Partially purified H-59 PM preparations (containing 150 pg protein each)
were separated by SDS-PAGE and transferred to a PVDF membrane. Internal
amino acid sequence analysis was performed on a 71 kDa protein band (total 7 p
g). (A). Results of a Western blot analysis with MAb C-11. a: unfractionated H-59
PM. b: G-200 chromatographed H-59 PM. c: Ponseau $ staining of fractionated
H-59 PM. (B). Partial amino acid sequence of the 71 kDa protein and comparison
to ERp72.
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Figure 2: Flow cytometric analysis of H-59 cells surface-bound anti-ERp72(c)
antibody.

H-59 cells were incubated with anti-ERp72(c) antiserum or NRS diluted
1:100 (A) or with MADb C-11 ascites and NMS diluted 1:10 (B). The dotted lines
represent histograms obtained with cells incubated with normal serum while the
solid line histograms show results obtained with test antibodies. Each profile is
based on the analysis of 5000 cells and the abscissa shows the relative intensity of
fluorescence. Approximately 60% of H-59 cells stained positively with anti-
ERp72(c) antiserum while 98% of H-59 cell stained with MAb C-11 ascites. Only
5% and 2% of H-59 cells stained with NRS and NMS. The mean intensity of

fluorescence values were about 60 for anti-ERp72 antiserum and about 200 for
MAD C-11 ascites.
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Figure 3: The anti-ERp72 antibody blocks the adhesion of H-59 cells to
hepatocytes

H-59 cells were incubated with anti-ERp72(c) antiserum at dilutions of
1:10, 1:50 and 1:100. MAb C-11 ascites was diluted 1:10. The corresponding non-
immune serum were used as controls. Results are expressed as percentage of
adhesion obtained with non-treated H-59 cells and represent means and SD of

triplicates.
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ERp72 proteins were depleted from H-59 PM preparations with rabbit

anti-murine ERp72(c) antiserum using three cycles of immunoprecipitation.

Depletion was monitered by Western biotting. Shown are: H-59 PM preparations
before depletion (a-c), and after the second (d-i) and third (j-o) depletions. The
SDS-PAGE separated and NC transferred proteins were probed with MAb C-11
ascites at a dilution of 1:20 (g, d, g, j, m), anti-ERp72(c) antibody (b, e, h, k, n)

and NRS diluted 1:500 (¢, £, i, 1, 0).
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Chapter V

Cell adhesion molecules (CAM) mediating cell-cell and cell - extracellular -
matrix interactions have been widely implicated in the process of malignant
dissemination, Our study has focused on the role of cell-cell interactions between
liver metastasizing carcinoma H-59 celis and the liver parenchymal cells i.e. the
hepatocytes.

Using MAb C-11 produced by immunization with hepatocyte adherent H-
59 cells (Fig. 5, page 74), we found that this MAb which could specifically block
the adhesion of tumor cells to hepatocytes, recognized a 64-71 kDa plasma
membrane glycoprotein (designated C-11 BP) with N-linked carbohydrate moieties
constituting approximately 43% of its molecular mass.

The C-11 BP was also detected on hepatocytes and inhibition assays
suggested that adhesion in this model required participation of the molecules
expressed on both cell types. Therefore the adhesion between tumor cells and
hepatocytes may be mediated by 2 homophilic recognition, or possibly by
heterotypic adhesion involving receptors and counter receptors expressed on both
cell types.

The cell adhesion molecules LFA-1 (0 82) (Meijne et al.,, 1994), asP,
(Kemperman et al., 1994) and ogB; (Kemperman et al, 1993) have been
implicated in tumor cell - hepatocyte interactions in other tumor models. Qur in

vitro results indicated that C-11 BP is distinct from LFA-] because MAb C-11 did
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not react with lymphocytes and C-11 BP could not be detected in lysates of spleen
cells and thymocytes. As well an anti-integrin 2 MAD failed to block adhesion of
H-59 cells to hepatocytes and an antibody to LFA-1 had a minimal inhibitory effect
on adhesion of H-59 cells to hepatocytes. Integrin o34 was also ruled out as a
mediator of adhesiorin our system since Fab fragments of an antiserum to csfs
which blocked adhesion to hepatocytes of another tumor cell line namely,
mammary carcinoma TA3/Ha, failed to block adhesion of H-59 cells to
hepatocytes and also did not inhibit H-59 metastasis to the liver. The molecular
mass of the C-11 BP and the high content of N-linked oligosaccharides also
suggest that the molecule is not an integrin.

Cell surface expression of N-linked oligosaccharides particularly the B,1-6 -
branched N-linked oligosaccharides have been linked to the metastatic potential of
tumor cells (Dennis et al., 1987). Our data revealed that although the N-linked
carbohydrates in C-11 BP were not essential for MAb C-11 recognition they may
have participated and played a role in the adhesion since enzymatic removal of cell
surface carbohydrates could reduce adhesion of the tumor celis to hepatocytes.
However, the possibility of involvement of other glycoconjugates expressed on the
H-59 cell surface cannot be ruled out. A previous study showed that H-59
metastases had increased levels of the peanut agglutinin (PNA) binding
carbohydrates B-D-galactose and N-acetyl-D-galactosamine as compared with the
primary subcutaneous tumor, and the PNA binding molecules could also be found

on hepatocytes (Kahn et al., 1988). It is possible that this hepatic lectin - binding
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molecule which could be abnormally expressed on tumor H-59 cells is also
involved in tumor-hepatocyte adhesion. Another liver lectin namely the
asialoglycoprotein receptor has also been implicated in tumor cell adhesion to
hepatocytes as well as to Kupffer cells and liver sinusoidal endothelial ceils (Kolb-
Bachofen et al,, 1984). It should be noted that treatment of H-59 cells with
neuraminidase or B-galactosidase failed to modify adhesion, while treatment with
both enzymes only reduced adhesion by 50% suggesting that the
asialoglycoprotein receptor if it is involved plays only 2 partial role in the adhesion,
The role of this receptor in H-59 adhesion remains to be investigated. Recently, the
ganglioside GM2 has been detected on H-59 cells (Coulombe and Pelletier, 1993).
Since this ganglioside is also a predominant ganglioside on normal mouse liver
cells, it is conceivable that its expression on H-59 cells is functionally important for
the establishment of liver metastasis.

Two cell surface molecules with a molecular mass similar to the C-11 BP
which are also mvolved in cancer metastasis have been reported. One of these
molecules is the 67 kDa laminin - binding protein isolated from the plasma
membrane of different tumor celis and hepatocytes as well as from muscle cells
(Tryggvason, 1993). Since MADb C-11 did not block H-59 cells binding to laminin
(data not shown) or Matrigel (the major components of which are laininin and type
IV collagen) coated culture dishes, it appears that the molecule recognized by C-
11 is different from the lammm - binding protein. Another molecule with

similarities to the C-11 BP is the 72 kDa oncofoetal glycoprotein 5T4 (Carsberg et
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al, 1995). This antigen is defined by a MAb raised against human placental
trophoblasts. It is expressed on many different carcinomas and in some normal
epithelia and it contains about 39% N-linked carbohydrate moieties (Hole and
Stern, 1990). However expression of this molecule could not be detected on liver
tissue suggesting that it is probably not identical to the C-11 BP. Alternatively it is
possible that the MAD used in the 5T4 study recognized an epitope not expressed
on liver cells. Additional experiments such as blocking assays with anti-5T4
antibody in H-59 adhesion assays, antibody depletion analyses, and ultimately
amino acid sequencing will determine the relationship between these two
molecules.

The role of the tumor cell - hepatocyte interaction in liver metastasis was
confirmed by our in vivo data. It was found that MAb C-11 which blocked this
adhesion also inhibited liver metastases formation. This inhibitory effect was organ
and antibody - specific.

MAbs have been reported to lyse tumor cells by Fc mediated ADCC or
CMC host immune mecharisms (Goodman et al., 1990). This is not the case in cur
model since MAb C-11 did not lyse H-59 cells in vitro in the presence of
complement or syngeneic spleen cells. Furthermore, the removal of the Fc portion
of MAD C-11 did not affect the inhibitory function either in vitro or in vivo.

The molecular events which occur following arrest of tumor cells in the
liver sinusoids and the role of tumor - hepatocyte adhesion are still a matter of

speculation (Fig. 6, page 119). After they enter the sinusoidal vessels of the liver,
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H-59 cells can adhere to sinusoidal endothelial cells through E-selectin - an
inducible liver endothelial cell receptor (Brodt et al., 1994). H-59 cells can also
produce ECM degrading enzymes, such as cathepsins B and L as well as gelatinase
A to degrade ECM proteins (Brodt et al., 1992; Navab et al., 1995). These
enzymes may contribute to the invasiveness and migration of the tumor cells and
the establishment of cell-cell contact with the hepatocytes during the early stages
of liver colonization. On the other hand, sinusoidal endothelial cells lack a
continues BM and there is no BM around the hepatocytes (Sherlock and Dooley,
1993). Moreover, hepatocyte membrane microvilli can project through endothelial
fenestrae for exposure to sinusoidal contents. Tumor cells can therefore interact
directly with the hepatocytes through adhesion molecules such as the C-11 BP
thereby facilitating liver metastases formation. In addition, hepatocytes can
regulate tumor cell growth in the liver through the release of IGF-1 which can bind
to the IGF-1 receptor expressed on H-59 cells (Long et al., 1994). Tumor cell
adhesion to hepatocytes may enhance this paracrine stimulation by bringing the
two cells into close proximity to each other. This is consistent with results shown
by another group that tumor-hepatocytes contact was required for a growth
stimulatory effect exerted by a diffusible hepatocyte factor on a liver-metastasizing
subline of B-16 melanoma (Sargent et al., 1988).

While the C-11 BP remains to be fully characterized through amino acid
sequencing or molecular cloning, the present results suggest that a second and

possibly C-11 BP associated molecule namely ERp72 may also be involved in the
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adhesion (Chapter I'V). However the precise role of this molecule is unknown. The
membrane - associated ER proteins PDI and ERp72 have been reported to be
expressed on the surface of some cells (Weisbart, 1992; Mandel et al., 1993). Cell
surface PDI has been shown to have a disulfide reductive cleavage function when
PDI expressing cells bound to 2 disulfide - linked complex (Mandel et al., 1993).
PDI may be involved in the activation of the toxic effect of membrane bound
diphtheria toxin - a disulfide linked heterodimer, since the membrane - impermeant
sulfhydryl blocker DTNB and anti-PDI antibody inhibited cytotoxicity of
diphtheria toxin (Ryser et al., 1991; Mandel et al., 1993). PDI was also shown to
be involved in HIV mfection by reducing critical disulfide bonds in the viral
envelope glycoproteins which may trigger conformational changes required for
HIV to fuse with the target cell membrane (Ryser et al.,, 1993). Since C-11 BP
contains intrachain disulfide bonds, it can speculated that ERp72 which may be
located in close proximity to C-11 BP on the H-59 cell membrane plays some role
maintaining the C-11 BP in a conformational state necessary for adhesion.

Other investigators have shown that antibodies directed to adhesion
molecules on the tumor cell surface which can inhibit cell adhesion mechanisms
such as tumor - endothelial cell or tumor cell - ECM interactions could also redu'ce
experimental metastases formation (Haming et al.,, 1993; Newton et al., 1995).
However, the present results provide the first indication that an antibody which
blocks tumor - hepatocyte interactions can also be inhibitory ir vivo. Our results

demonstrated that MAb C-11 could inhibit liver metastases formation when the
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tumor cells were pretreated before the intrasplenic injection or when injected
directly by the i.v. or i.p. routes. Moreover, the inhibitory effect of the antibody
resulted in an increase in survival of tumor - bearing animals. These results provide
evidence that antibodies against tumor cell surface adhesion molecules which can
inhibit cellular adhesion and invasion, could potentially provide an effective
therapeutic too! in the clinical management of metastases probably in combination
with conventional therapy.

Antibodies or other reagents directed to tumor cell adhesion molecules may
have an additional advantage for therapy if they are specific for tumor cells or for
particular secondary site. They may also be useful in the development of site-
specific drug delivery systems as carriers can be designed to deliver hormones,
drugs or toxins to particular sites using synthetic peptides or antibodies which
recognize site - specific determinants. However, most cell adhesion molecules are
also involved in normal physiological processes in inflammation, tissue repair and
development where differential cell adhesion and migration are required. It is
therefore important to test whether these new molecules also play a role in these
physiological processes. Since the blocking effect of antibodies or other CAM
inhibitors is likely to be temporary, high serum concentrations of these reagents
need to be maintained through continuous infusion or by structure modification to
increase thei:: half life. Once these become possible, such anti-adhesion therapy
directed at interfering with the adhesion of tumor cells to particular host cells may

represent a major new approach to the prevention and / or treatment of metastases,
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Future studies;

Final identification of the C-11 BP will only be possible once an amino acid
sequence analysis is performed on the purified protein, a goal I was unable to
achieve because of technical difficulties. This will require sufficient quantities of
highly purified protein which can be obtained through immunoaffinity columns
probably in combination with other fractionation procedures such as 2D gels or
HPLC. Alternatively, H-59 X gtll ¢DNA expression library could be screened

with MAb C-11 and the respective cDNA isolated and sequenced.



Figure 6. Possible mechanisms involved in liver metastases formation by H-59 tumor cells

After they enter the sinusoidal space of the liver, H-59 cells can adhere to sinusoidal endothelial
cells through the interaction of E-selectin with its ligand. H-59 cells can also produce ECM degrading
enzymes, such as cathepsins B and L as well as gelatinase A to degrade ECM proteins. This may facilitate
H-59 cells adhesion to hepatocytes through the interaction of C-11 binding protein and its receptor. This
adhesion may enhance growth stimulation by hepatocyte derived IGF-1. The membrane - associated
ERp72 may also play some role in the adhesion. The expression of ganglioside GM2 by H-59 cells and
adhesion of H-59 cells to laminin and fibronectin may also play a role in liver metastases formation.
(Adapted from Sherlock and Dooley, 1993).
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