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GENERAL SUMMARY

The aim of this thesis is to investigate some of the
factors which affect the growth of metastasising cells at
distant sites. Previous experiments, mostly involving
intravenous injection of cultured murine Bl16 melanoma and
other tumour cell lines, have suggested that sub-
populations of cells exist within tumours which are capable
of metastasis, sometimes to specific organs. One criticism
of these studies is that growth at a distant site is but
one characteristic required for a cell to successfully form
a metastatic deposit. The cell must also express other
phenotypic characteristics such as motility and invasion
and in some cases evasion of host defences.

Much of the experimental work in this thesis makes use
of the Bl6 melanoma F10 and Fl cell lines. The F10 cell
line was derived many years ago by repeated in vivo passage
through the lungs of syngeneic mice while the F1 cell
line was passaged in vivo only once and has been maintained
exclusively in vitro. In this study it was found that the
F10 cell line formed tumours at a high rate, exclusively in
the lungs, whereas the Fi cell line was much less
metastatic and selective in its site of growth. The use of
radio-labelled cells showed that the F10 cells were more
avidly trapped in the lungs than the F1 cells but the
difference in lung trapping between the two cell lines was
less marked than the difference in lung tumour formation.
These results broadly confirm the results of earlier
studies and show that despite prolonged culture the cell

lines have been stable with respect to these properties.



In contrast to the results of intravenous injection,
when Fl and F10 cells were injected into the peritoneal
cavity it was found that there was no difference in the
number of tumours produced. Each cell line was then
subjected to repeated intraperitoneal passage to see
whether passaged cells formed more local tumours when
injected peritoneally, whether such cells would home to the
peritoneal cavity following intravenous injection, and if
passage in the peritoneum would effect lung homing
properties particularly of the F10 cell line. After 16
passages an F10 cell line was produced which grew more
readily in the peritoneal cavity but did not produce
abdominal tumours when injected intravenously: lung tumour
formation was unaffected. When Fl cells were passaged it
was found that after 8 passages cell growth in vitro and in
the peritoneal cavity was so greatly reduced that in only
one of three sets of experiments was it possible to proceed
beyond the eighth passage. The set of Fl cells which
reached passage 16 continued to show poor growth in vitro
and after intraperitoneal injection but surprisingly
produced a much larger number of lung tumours following
intravenous injection than the parent cell line. This
latter change was not accompanied by increased cell
trapping in the lungs.

By way of comparison a benign virus-induced salivary
tumour was studied. This model was limited by failure to
culture the tumour cells in vitro. When a cell suspension
derived from this tumour was injected intraperitoneally no
tumours resulted. Thus the benign nature of this tumour may

have been partly due to an inability to grow at a distant

site.
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An attempt was made to correlate adhesion of Bl16 and
salivary tumour cells to tissue sections with their sites
of growth but in contrast to previous studies no such
correlation was found.

Mechanisms to account for these results are discussed
with particular reference to the effects of selection,
trapping by the vasculature and the influence exerted by
local tissue environments on tumour cells. While these
mechanisms are often difficult to separate experimentally
there was some evidence that local environments may play a
larger part than hitherto realised in controlling the
growth of metastasising tumour cells.

Little is known of the molecular basis of tumour cell
metastasis, though attempts to identify cell surface
proteins and more recently the genes involved in the
process have met with some success. Since the histo-
compatability proteins are known to participate in a wide
range of cellular interactions, they may be involved in the
process of metastatic tumour growth. Accordingly,
monoclonal antibodies to the major histocompatability
complex (MHC) K and D proteins and the class II I-A protein
were used to study expression of these molecules in the Bl6
Fl1 and F10 cells. Using a fluorescence activated cell
sorter it was found that expression of these antigens was
greater in the F10 than in the Fl cell. Treatment of the
cells with retinoic acid caused increased expression of

both class I and class II molecules, the increase being

greater in the Fl cells. However attempts to study the

changes in metastatic potential after retinoic acid

induction were thwarted because of unexpected effects



ot cell division. Retinoic acid produced a marked increase
in the lung trapping of Fl cells, at concentration which
stimulated MHC expression. However, the opposite was true
of F10 cells where a decrease in lung trapping was found
after retinoic acid treatment. These results are discussed
in the context of the various MHC effects which are
described in other tumour models.

The role of histocompatability proteins was further
studied by testing for strain related restriction effects
such as those demonstrable in the immune system.
Intravenous injection of F10 cells into a semi-allogeneic
recipient produced a large decrease in the number of lung
lesions but not in the number of peritoneal deposits
following intraperitoneal injection or in trapping of
radio-labelled cells. Using a hybrid which was homozygous
at H-2 but not at any other locus it was found that the
decrease was not due to the H-2 locus but to other
strain-related polymorphisms. On review of the literature
it was apparent that this effect has been observed
elsewhere but has not been previously commented on.

In view of their great diversity it is possible that
the non-H-2 class I genes especially could be dimportant

mediators of the cell interactions which govern the growth

and positioning of metastasis. Unfortunately further

investigation is inhibited by lack of suitable reagents and

strains of animals of appropriate genotype.
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CHAPTER 1

GENERAL INTRODUCTION

The work described in this thesis concerns the factors
which control the growth of metastasising tumour cells at
distant sites. There are two distinctive and complementary
approaches to this problem. The first entails the search
for sub-populations of cells within malignant tumours which
are able to grow at distant sites. This is one aspect of
the general question of tumour progression. The second
approach concerns the phenotype of metastasising cells.
Many cellular characteristics correlate with the ability of
tumour cells to form metastasis at distant sites. Some of
these are of a general nature, for example, adhesion and
motility, while others such as interaction with platelets
relate to identifiable steps in the process of metastasis.
In this chapter both these approaches to the problem will
be considered in order to place the experimental work
described in chapters 2 and 3 in a wider context.

1.1. Clinical Studies of Metastasis

The origin of the study of metastasis lies in human
pathology and with a number of important observations. It

has long been recognised that many malignant tumours

metastasise to particular sites (Willis, 1952). It is

clear that two factors govern the observed pattern.

Metastasis to local lymph nodes or to the liver,in the case

of gastrointestinal tumours is explicable on the basis of

lymphatic or blood flow (Sugarbaker, 1981, Sugarbaker,
1979). However, the site preference of many tumours is not
explained by this mechanism. An example is seen in figure 1

of a malignant melanoma which colonised the duodenum but
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did not spread beyond the gastro-duodenal junction. The
tendency for malignant lymphomas to colonise symmetrical
structures such as the earlobes, conjunctiva or breasts has
also been described (Morgan 1971). These observations lead
to the hypothesis that site specific factors are present
which favour or retard the growth of potentially metastatic
cells. Further support for this hypothesis is found in the
observed variation in growth rates of tumour cells at
different sites.' Metastatic breast carcinoma cells may
become apparent many years after the removal of a primary
tumour (Adair et al, 1974, American Joint Committee for
Cancer Staging, 1978, Brinkley and Haybittle, 1975, Pawlias
et al, 1958) which suggests the possibility that local
factors may inhibit growth of these cells. There is also
some evidence that the growth may be accelerated by local
trauma and subsequent healing (Per Hagopian et al, 1978).

A second question raised by clinical studies is the
nature of the relationship between cells which form

metastases and the general population of cells in the

primary tumour. In some cases it has been found that the

probability of finding metastasis is closely related to the
size of a primary tumour (McNeal et al, 1986). This is not
an invariable rule; many tumours may be undetectable at the
primary site, but, present with multiple metastasis. For
example, in tumours of the head and neck, size is
predictive of the formation of metastasis by carcinoma of
the mouth but not by carcinoma of the pharynx (Lindberg,
1972). This suggests that the tumour phenotype which

favours the formation of metastases may differ from that

which favours local growth and hence leads to a hypothesis

14
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that metastasising sub-populations of cells may be present
in a primary tumour. This idea is supported by many
observations of differences in karyotype (Vindelov et al,
1980, Shapiro et al,,1981, Abeloff et al, 1979), receptors
(Brennan et al, 1979) and surface antigens (Dexter and
Calabresi, 1982) between tumours and their metastases.

1.2. Experimental Studies of Metastasis.

The clinical observations described above form the
basis of the experimental study of metastasis. The studies
which will be described seek answers to the following
questions. Are distinct metastasising cell sub-populations
present within a primary tumour ? Are sub-populations
present which show a preference for growth at a particular
distant site ? What properties must a tumour cell have to
allow it to form a metastasis, either in general or at a

particular site ?

a) The Evolution of Metastasising Cells from a Primary

Tumour.

The multistage model of carcinogenesis has become
widely accepted. Three stages are recognised: initiation,
promotion and progression (Farber & Cameron, 1980, Medline

& Farber, 1981). The initiation and promotion steps can be

readily demonstrated in mouse skin where the efficiency of

the carcinogen is greatly enhanced by subsequent

application of croton oil (Berenblum, 1941). These effects

are also seen in mouse liver where partial hepatectomy

increases the yield of hepatomas following a single dose of

a chemical carcinogen (Solt et al, 1977). In cattle it has

been postulated that food constituents may promote the

effects of papilloma virus infection in causing gastric

carcinoma (Jarrett et al, 1978). It is reasonable to
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regard the initiation event as a stage of genetic injury.
Many initiating agents may give rise to electrophilic
agents capable of reacting with nucleic acids (Yahagi et
al, 1975, DeBaun et al, 1970). 1In one case the genetic
change following carcinogenesis has been shown to be a
mutation of the ras proto-oncogene (Marshall et al, 1984).
Promotion can be seen as a growth stimulus which may act by
"fixing" the genetic change caused by the initiator or
simply by stimulating cell division. The phorbol esters
are 1important tumour promoters and probably act through
the protein kinase C pathway in competition with endogenous
diacylglycerol (Moolenaar et al, 1984).

The formation of metastasis is regarded as belonging
to the third stage in carcinogenesis. In contrast to
intitiation and promotion, progression is much more
difficult to define in cellular or molecular terms. It is
uncertain whether the genetic changes of the initiation
step are sufficient or whether further change must occur,
with the evolution of sub-populations before progression to
metastasis. Many of the basic concepts of tumour
progression were described by Nowell (Nowell, 1976). The
model envisaged is one of evolution by natural selection;
multiple variants being generated by mutation, most of

which are eliminated, while a few persist and replace the

progenitor cell population. Fundamental to this view is

the idea that tumours have an acquired but inherited degree
of genetic instability. There is some evidence for this
view in the increase in mitotic errors seen in neoplastic

cells (Hellstrom et al, 1963) and the correlation of

karyotypic abnormalities with increased malignancy
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(Rowley, 1975). Although some of the mechanisms of DNA
repair are well understood (Lindahl, 1982) little is known
about the overall control of genomic stability and how this
mechanism could be impaired in neoplastic cells. An
alternative view of tumour progression is that local
environmental influences may modulate tumour cell behaviour
without the need for further genetic change. There is
little direct evidence for epigenetic factors of this type
in tumour progression although in some cases the neoplastic
behaviour of cells may be controlled by the environment
even in the presence of gross karyotypic abnormalities.

The regulatory effects of embryonic tissue on
teratocarcinoma cells is a good example (Pierce, 1983). 1In
a recent review Hart, (1984) proposed six general
principles of tumour progression. These are (1) individual
characteristics progress independently (2) tumours evolve
at different rates (3) progression is independent of tumour
growth (4) progression may be continuous or discontinuous
(5) progression follows one of the alternative paths of
development (6) progression does not always reach an end
point within the lifetime of the host. It is difficult to
see what these principles add to the understanding of the
problem of tumour progression. Principles 1 - 4 appear to

be simple restatements of the idea that progression is a

function of genetic change. In principle 5 the author does

not explain what he means by alternative pathways of
development. The sixth principle merely alludes to the fact
that in vitro cell lines may continue to change over very

long periods of time.

From the point of view of the study of metastasis the



question of tumour progression is largely encompassed by
the question as to whether or not metastases arise from
distinctive cell sub-populations within the primary
tumour. If such sub-populations are demonstrated then it
becomes relevant to ask how they were initially generated.

These questions will be approached in the following
way. (1) The B16 mouse melanoma model will be described.
Work with this model and its interpretation constitutes a
very large proportion of the literature on this subject.
(2) Other models of metastasis in mice will be discussed.
(3) The arguments for and against the concept of
heterogeneity and will be presented. (4) Possible
mechanisms of generation of heterogeneity will be
described.

b) The Bl6 mouse melanoma

The Bl6 melanoma is a spontaneous tumour which arose

in 1954 inaC57 BL6 mouse. It was initially passaged in

vivo before it was permanently established in culture. The

widespread use of this model in studying the process of

metastasis stems from a much quoted experiment (Fidler &

Kripke, 1977, Poste & Fidler, 1980). In this experiment 17

individual clones were isolated from a sample of Bl6
cells. Cells from each clone were injected intravenously

into groups of syngeneic mice and the number of tumour

deposits compared with those produced by the uncloned

parent cell line. This experiment showed that most of the

clones differed in their ability to produce tumours as

compared to the parent cells. Sub-clones derived from some

of the original clones were identical in tumour forming

ability. From these experiments it was concluded that the

(]



parent cell line contained a heterogeneous population of
cells differing in metastatic potential which was stably
inherited.

Injection of cells from the parent cell line produced
pulmonary lesions in every animal tested. Lesions were also
apparent in the ovary, liver, gut, lymph nodes, adrenal
glands, heart, kidney and nasal sinuses (Fidler and Kripke,
1977). Earlier work with Bl6 cells had produced cell lines
selectively metastatic to particular organs. A lung
selective line was produced (Fidler, 1973) by the in vivo
culture of cells derived from pulmonary lesions followed by
intravenous injection into the syngeneic host. Ten cycles
of this type were required to produce a highly selective
line designated Bl6 F10. Cells derived from the first
passage Bl16 Fl produced many fewer lesions when injected
intravenously and are less lung selective. Using an
identical method, cell lines with selectivity for liver
(Tao et al, 1979) ovary (Brunson & Nicholson, 1979) and
brain (Raz & Hart, 1980) have been identified. Further
degrees of specific localisation within the central nervous
system have also been described (Brunson et al, 1978).
Clearly these experiments could be interpreted as
supporting the hypothesis that primary tumours consist of
heterogeneous clones some of which have specific organ
colonising properties.

One feature of the Bl16 melanoma model which is most
difficult to understand is the fact that ten or more
passages were required to develop target organ specificity
to its maximum degree. This suggests that an alternative

explanation could be that organ selective growth is

19



inducible by prior growth at that site. This latter
explanation is somewhat unlikely in view of an experiment
where B16 Fl cells were incorporated within small carrier
beads which were injected intravenously and the cells
allowed to form metastasis (™icolsgn & Custed, 1982).
After nine similar steps the resulting cells were
re—-injected without the carrier beads and found to have no
greater cell affinity for lung than the original cell

line. While making an inductive hypothesis less likely this
does not really answer the original question concerning the
number of passages required. Further evidence for lung
specificity is seen when B16 F10 cells are injected into
recipients which carry subcutaneous grafts of lung tissue.
This results in the formation of tumour deposits in the
graft (Hart & Fidler, 1980). This experiment also
demonstrates the ability of Bl6 cells to survive passage
through at least one capillary bed, before forming a
tumour.

Although the F10 and Fl1 cell lines were derived from
metastases, it can be shown that in a given sample only a
few cells are able to generate new colonies when injected
into animals (Hill et al, 1984). This was demonstrated by
growing clones to different sizes; cells derived from small
clones produced many fewer lesions when reinjected than the
same number of cells from large clones. Using these
methods it was shown that the difference in the F1l0 and Fl
cell lines was related to differing rates of generation of
metastatic variants. Elucidation of the precise
developmental pathways involved in this process would

perhaps help to clarify the mechanism by which repeated
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passage led to the development of the site specific Bl6
cell lines.

Leaving aside the question of the relevance of the Bl6
model as a useful guide to behaviour of human tumours, it
is clearly of interest to consider possible mechanisms at a
cellular and molecular level for the phenomena described
above. It would be reasonable to expect the differing
properties of cell lines to be related to differences in
their cell membranes. This was elegantly shown by the
fusion of membrane vesicles produced by one cell line to
viable cells of another line (Poste & Nicholson, 1980)
which resulted in altered behaviour in vivo.

Attempts to demonstrate differences in membrane bound
proteins by gel electrophoresis have not been very
successful. Little difference has been shown between the
proteins isolated from Fl and F10 cell lines (Nicholson et
al, 1977, Warren et al, 1975). In the case of brain
colonising lines increases were found in 90Kd and 100Kd
glycoproteins as compared to the Fl cell line (Brunson et
al, 1978), Raz and his co-workers (1980) have attempted to
define membrane differences by a wide range of techniques.
In this study high and low metastatic cell lines were
similar with regard to patterns of cell surface carbo-
hydrates although some differences were seen in lectin
binding. Differences were also found in the level of 5'
nucleosidase in the membrane, but study of membrane lipid
composition showed no significant differences. Selection
of cells for resistance to agglutination by wheatgerm
agglutinin produced a much less metastatic cell line (Tao &

Burger, 1977). Thus it can be concluded that despite the



demonstrable importance of membrane constituents in
mediating differences in the metastatic behaviour of cells
little progress has been made in understanding the
molecular basis of this phenomenon.

A second approach to this question is to examine the
adhesive properties and membrane-binding affinities of
various cell lines. It was possible to isolate clones of
B16 cells which had variable rates of detachment from
plastic when incubated with EDTA (Briles & Kornfield,
1978). Cells which detached readily tended to form fewer
tumours when injected intravenously. A similar result was
seen with adhesion to a cellular substrate (Winkelhake &
Nicolson, 1976). When adhesion to tissue sections was
tested F10 cells were shown to have a markedly greater
binding affinity for lung than other cell lines (Netland &
Zetter, 1984). Other differences in in vitro cell adhesion
have been described using platelets (Gasic et al, 1973)
lymphocytes (Fidler & Bucana, 1977) and endothelial cells
(Nicelsow. & Winkelhake, 1975).

In an attempt to further examine the problem of the
relationship of the cell surface to in vitro and in vivo
behaviour, monoclonal antibodies have been prepared against
Bl16 cells (Vollmers & Birchmeier, 1983a) and selected for
inhibition of plastic adhesion by the cells. Some of these
antibodies appear to react specifically with a 40-50Kd
antigen in Bl16 melanoma cells. These antibodies appear to ’
have a significant effect in reducing metastasis in lung
when cells were preincubated with antibody or the animal
pretreated with antibody. These studies suggest that the

behavioural changes may be the result of a subtle change in
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the membrane perhaps related to one protein. However some
caution is required in interpreting these experiments as
the effects of the antibody could have been due to steric
hindrance of in vivo adherence rather than the inhibition
of the function of the bound protein.

In addition to these studies of the cell surface and
cellular adhesion, behaviour has been correlated with a
number of other phenotypic characteristics. Using
fluorescent staining for DNA content and membrane
constituents, it was possible to detect and isolate a
metastatic Bl6 variant using a fluorescence activated cell
sorter (Lessin et al, 1982). Other correlations with
metastatic potential include the cAMP content of cells,
(Shepard et al, 1984) resistance to anthracyclene
antibiotics (Raz, 1982) and the effects of host immunity
(Thomson et al, 1983). The possibility of a feedback type
of growth stimulation in B16 cells involving insulin-like
factors and growth hormone has recently been raised (Bajzer
et al, 1984). It will be of interest to see whether
differences in the level of activity of this pathway are
found in other cell lines.

A final important property of the Bl6 system which has
recently attracted considerable attention is the ability of
sub-clones of cells to modulate the behaviour of other
clones. The metastatic phenotypes of the Bl6 Fl1 and F10
are highly stable. This is seen by the widespread use of
these lines by many investigators. Poste found that clones
established from these lines were heterogeneous with
respect to metastatic ability. The phenotype was highly

unstable when further sub-clones were cultivated in vitro
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(Poste et al, 1981). This instability could be corrected
by mixing sub-clones together. Furthermore the use of drug
sensitive and resistant clones showed instability could be
re-introduced by application of a selection pressure by
drug treatment. The conclusion of these studies was that
the cells in the primary cultures tend to interact in such
a way as to produce stability. This effect is not confined
to Blée clones alone. Stabilisation can occur when Bl6 and
K-1735 melanoma cells are mixed (Poste et al, 1984): normal
cells and cells from other types of tumour do not do this.
An analogous effect has been seen in vivo. Clones isolated
from pulmonary metastases soon after injection have a
similar metastatic potential when re-injected. This is not
the case for clones obtained later which progressively
diverge (Poste et al, 1982). This effect is enhanced in
the case of spontaneous metastasis if the primary tumour is
surgically excised (Poste & Grieg, 1982). As yet there is
no information as to the mechanisms of these interactions.
Clearly if this phenomenon is found to be a property of
most malignant tumours it will have important implications
for the treatment of cancer.

The various studies described above can be summarised
as follows. After many years in culture Bl6 melanoma was
found to be heterogeneous with respect to metastatic
behaviour. In vivo selection yielded cells with specific
organ homing properties. An important feature of this cell
line may be its ability to generate new variants and this
can be modulated in various ways. Despite extensive study
there is little indication as to the molecular basis of

these effects.
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To place this work in context the answer to the
following questions should be sought. Are the properties
which have been described peculiar to Bl16 melanoma and to
what extent can they be regarded as artefacts of tissue

culture ?

c) Systems which resemble B16 melanoma.

The experimental model which most closely resembles
the B16 melanoma is the K1735 mouse melanoma. This tumour
arose in a C3H mouse following ultraviolet irradiation. A
similar method was used to that which demonstrated clonal
heterogeneity in the B16 melanoma (Fidler et al, 1981).
Twenty of twenty—-two clones derived from the K1735 tumour
differed in metastatic potential from the parental line.
The experiments were performed soon after the primary
presentation of the tumour and have been used to counter
the argument that the findings with B16 cells are an
artefact of prolonged culture. Nevertheless the cells were
grown in culture before the injection into the syngeneic
hosts. Again following experiments performed with Bl6,
K1735 induced lung nodules were used to derive new cell
lines (Talmadge & Fidler, 1982). These were found to be
more metastatic than the parent line following subcutaneous
and intravenous injection and have been taken as supporting
evidence of the origin of metastasis from distinct
subpopulations of cells. As yet no attempt has been made
to produce organ specific cell lines from K1735.

K1735 shares the obvious similarity with B16 of being
melanocytic in origin. However tumours of other types have
been studied in similar experiments. The UV-2237

fibrosarcoma line has shown heterogeneity (Raz et al, 1981)
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after cloning as well as increased metastases by cells
derived from lung lesions. This line has also been used in
studies of clonal stability as described above for B16 and
has given similar results (Cifone & Fidler, 1981). The 3LL
lung carcinoma cell line after two passages through lung
also showed greatly enhanced metastatic potential (Talmadge
& Fidler, 1982). Thus it is reasonable to conclude that
the type of heterogeneity demonstrated in B16 melanoma
cells is not simply a peculiarity of this cell line since
most of the essential features of the Bl6 model have been
observed with other cell lines.

d) Systems which do not show heterogeneity.

It would be wrong to assume that the results of the
experiments described above were universally applicable or
indeed necessarily relevant to the behaviour of most
tumours. Using a nickel-induced rhabdomyosarcoma it was
found that cloned cell lines vary with respect to
tumorogenicity and metastatic potential as compared to the
parent line (Sweeney et al, 1982). However, it was found
that clones which colonised the lung extensively following
intravenous injection produced few metastasis after
subcutaneous implantation and vice versa. This divergence
of experimental and spontaneous metastasis has been well
demonstrated by Tarin and Price (1979) using spontaneously
arising mammary tumours (due to vertical transmission of
murine mammary tumour virus). The cells were isolated and
re-injected intravenously without prior culture. In about
one third of tumours lung colonisation occurred, despite
the fact that these tumours almost never metastasise in _

vivo. A similar result has been found with another non-



metastasising breast carcinoma (Williams et al, 1982).

From these experiments it can be envisaged that while
heterogeneity in potential to grow at a distant site may be
present the cells with high colonising ability may lack the
characteristics required to leave the primary tumour.

A second major objection to the general applicability
of Bl6 melanoma and similar models is a possibility of
culture induced artefacts. The lability of cells in vitro
is a well known phenomenon. In the case of Bl6 cells clonal
instability with regard to colonising potential has been
demonstrated to occur and the composition of cellular
populations can affect this process (Poste et al, 1981).

In view of these objections a more meaningful experiment
might involve spontaneous'metastasis without in vitro
passage of cells. This approach has been used to compare
KHT osteosarcoma, Bl6 wild type cells, 3LL carcinoma and
T241 carcinoma (Weiss et al, 1983). When minced metastatic
tumour suspensions were used the KHT and Bl6 metastasis
gave rise to more pulmonary lesions following subcutaneous
injection than suspensions derived from primary tumours.
However, the other cells lines did not show this effect.
When excised fragments were used for implantation no
significant difference was seen between the primary and
secondary tumours. These authors also found that biopsy
fragments from tumours of different ages and sizes did not
vary in metastatic potential. These experiments do not
support the idea that metastases arise from specialised
populations of cells. However, one criticism of these

experiments stems from the common observation that tumours
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are morphologically heterogeneous and may consist of
discrete zones of similar cells. It was found that the
transplantation of small fragments resulted in much greater
homogeneity of metastatic potential than the use of larger
fragments (Fidler & Hart, 1981).

It will be apparent from the preceding discussion that
a great deal of controversy and uncertainty surrounds the
question as to whether or not the cells which form a tumour
metastasis arise from a distinct subpopulation within the
primary tumour. Given the doubts about repeated in vitro
passage it is reasonable to conclude that the evidence in
favour of the proposition is far from conclusive. It would
be expected that cells derived from metastatic lesions
without in vitro passage would give rise to increased
numbers of metastasis. This has not been consistently
demonstrated. There are however objections to this type of
experiment as a valid test of the hypothesis. One of these
takes the form that although highly metastatic
subpopulations exist it is not necessary that an individual
metastasis should arise from one of these. A further
problem arises from the possible rapid generation of
heterogeneity within the metastatic lesion itself. These
possibilities are exceedingly difficult to test critically.
These criticisms do not imply that this body of work should
be discarded as a series of meaningless artefacts.
Irrespective of whether they reproduce the situation in
most tumours, model systems do offer considerable
opportunity for the study of cellular mechanisms. An
example of this is the organ homing capacity of various Bl6

cell lines. This represents a rare opportunity to study
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cellular positioning at a molecular level and would have
implications beyond the field of tumour biology. Clonal
subpopulation interactions and dynamic heterogeneity are
other phenomena of wide interest. It is perhaps unfortunate
that these broader biological implications should have been
to some extent neglected in the quest to prove or disprove
the hypothesis which is described above.

e) Genetic aspects of the process of metastasis.

The process of metastasis is complex and a highly
aberrant form of behaviour. Tt is therefore pertinent to
ask what changes in gene expressions have occurred to allow
this to happen. The most obvious approach to this problem
would be to attempt to induce metastasising behaviour by
transfection of cloned sequences from a cDNA library
produced from metastatic tumours. This method has been
used with some success to demonstrate the oncogenic effects
of the ras family of oncogenes (Land et al, 1983, Gibbs et
al, 1985). Recently DNA from a metastasising tumour was
transfected into Ha-ras transformed 3T3 cells. This
resulted in metastasis following subcutaneous injection,
the metastatic lesions containing a common human sequence
(Bernstein & Weinberg, 1985). As yet the sequences have
not been characterised. The paucity of experimental data
of this kind is an indication of the difficulties involved
in obtaining and utilising appropriate tissues. The effect
of the Ha-ras oncogene itself on the metastatic potential
of cells has also been investigated (Greig et al, 1985).
Transfectants of NIH 3T3 cells containing HA-ras sequences

were found to be highly metastatic following subcutaneous

injection. However surprisingly the 3T3 cells which were
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used also produced tumours and metastasis albeit at a lower
rate. This approach has been further developed (Muschell
et al, 1985). These workers found that only the mutated or
viral Harvey ras were effective in producing experimental
metastasis. 3T3 cells in this study were non-tumorgenic.
However these results were not repeatable in C127
transformed fibroblasts. This led to the conclusion that
Harvey ras may act in concert with other cellular genes.

It is clear that the study of genes involved in metastasis
is only beginning and progress can be anticipated. The
identification of the genetic basis of metastasis would
rapidly lead to the solution of the problems of hetero-
geneity and metastasising subpopulations as discussed
above.

In addition to the identification of specific genes
involved in metastasis a second major question is the
mechanism of genetic change which results in tumour
progression. Again little is known about this subject.

One intriguing aspect of it is the question of in vivo cell
fusion as a generator of genetic change. There is some
evidence to suggest that fusion of neoplastic and normal
cells occurs in vivo. Human tumours grown in the hamster
cheek pouch acquire hamster characteristics (Goldenberg et
al, 1974). More definitively, tumours grown in bone marrow
chimaeras undergo fusion with marrow derived cells (Weiner
et al, 1972). 1In the Bl16 model using drug resistant
markers no evidence of fusion with normal cells was found
although fusion with other tumour cells seemed to occur
(Hart, 1984). Following in vitro fusion, metastasising

ability persisted when metastasising/non-metastasising
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tumour cell hybrids were formed but not in metastasising/
normal cell hybrids. Suggestive evidence for a role for
cell fusion in vivo in mediating progression was found
using drug resistant markers and the karyotype studies in a
variant of the MDAY-D2 murine tumour (Lagrade et al,
1983). Repeated sampling of the implanted primary tumour
showed progressive loss of drug resistence markers and
increasing mean numbers of chromosomes. Metastatic
deposits derived from these tumours were found to consist
of drug resistant hyperploid cells. Karyotypic studies
suggested that these changes were the result of cell
fusion.

Thus it seems likely that cell fusion may be one
mechanism of tumour progression. Karyotypic studies of
fused cells in turn may yield information concerning the
genetic basis of metastasis.

f) The phenotype of the metastasising cell.

The preceding discussion focussed on the question as to
whether specifically metastasising clones could be
identified within a primary tumour. It is apparent that any
cell which establishes a colony in a distant organ must
have first completed a complex series of steps. These
include escape from the primary site, entry into the
circulation, interaction with blood constituents and the
immune system followed by lodgement and growth at the
distant site. It is equally apparent that failure to
complete any of these steps will effectively prevent the
formation of metastasis. Thus a complementary approach to

the study of the cellular biology of metastasis is to

dissect the phenotypic characteristics which allow cells to



behave in this way. Such characteristics form a diverse

group and will be considered below.

g) Changes in cell to cell attachment in malignant cells.

The anatomical basis for many cell to cell attachments
is well known. This takes the form of adhesion
specialisations of the cytoskeleton such as desmosomes and
the cytoplasmic interconnections seen in gap junctions
(Hertzberg et al, 198l). Despite these detailed anatomical
studies little is known about the regulation of expression
of these characteristics. Another facet of the question of
cell to cell attachment has been described by Edelman,
(1983) in his description of cell adhesion molecules.

These molecules show a degree of tissue and temporal
variation which may be important in embryogenesis.

Cell attachments have also been studied in vitro. This
work mainly employs the techniques of cell aggregation or
alternatively assessment of strength of binding to various
artificial substrates or other cells in culture. Notable
results of this type of study may include the demonstration
of differential cell adhesion and sorting where cells of
various types are mixed together (Alberts et al, 1983).

Studies of the changes in the cellular attachment of
malignant cells has been exclusively studied in vitro.

This work stems from the observations of Coman (1953) which

showed that the cells of malignant tumours were more easily-

detached. Since these early studies a very large volume of
literature has been generated. Using Bl6 cells it was
found that highly metastatic variants were less easily
detached from plastic culture flasks by EDTA (Briles &

Kornfield, 1978). In contrast no difference in EDTA
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sensitivity was seen in fibrosarcoma cell lines but poorly
metastatic cells were more easily detached by enzyme
digestion (Varani et al, 1980a). A correlation was also
found between attachment of this type of tumour cell to
endothelial cultures and lung trapping after intravenous
injection (Varani et al 1980b). These studies suggest that
increased adhesiveness correlates with metastatic
potential, but it is not a universal finding (Bubenick et
al, 1976, Dorsey and Roth, 1973). The complex nature of
this relationship has been illustrated by studies of the
kinetics of aggregation when 3T3 cells and their SV40
transformed counterpart were compared: the relative
adhesiveness depended on the shearing forces applied, the
transformed cells being less adherent at low rates but more
adherent at high rates (Elvin and Evans, 1982).

The molecular basis for many of these effects is not
known with certainty. Most studies indicate the
involvement of glycoproteins and glycolipids and in
particular the carbohydrate moieties of these molecules.
For example, inhibition of glycosylation in Bl6 cells by
tunicamycin alters adhesion and reduces metastatic
potential (Irimura et al, 1981). Alterations of lectin
binding and metastasis in a rat mammary tumour is dependent
on the expression of a high molecular weight glycoprotein
(Steck & Nicholson, 1983) and alterations in the glycolipid
GM3 have been seen in Bl6 sublines (Yogeeswara et al,
1978). Anti-cell surface antibodies have also been used to
study this question. One series of monoclonal antibodies
inhibits in vitro binding to plastic of a range of cell

lines (Vollmers & Birchmeier, 1983b). Other monoclonal



antibodies prevent aggregation of hepatocytes by RAW117
lymphoma cells and inhibit liver metastasis (Nicholson,
1984).

It is apparent from this brief review that no
definitive statement can be made about whether increased or
decreased adhesion is a phenotypic correlate with
metastasis. Both alternatives would be conceivable on
purely theoretical grounds. All that can be said is that
perhaps variation in some of the cell surface molecules
which mediate jn vitro adhesion is important in the
malignant phenotype. There is no evidence that the
particular molecules described play a part in the
attachment of tumour cells to each other or to stromal
elements in vivo. The main value of this type of
experiment described above must be as a form of screening
assay for detecting molecular events relevant to the
expression of malignancy.

h) Relationship of metastasising cells to the basement

membrane.

Basement membranes are a complex mixture of proteins‘
and proteoglycans. The major protein components are the
non-fibrillar Type IV collagen and laminin (Kefalides et
al, 1979) the latter probably mediating the attachment of
cells to the basement membrane (Terranova et al, 1980).
The basement membranes separate epithelia, endothelia,
nerve and muscle from surrounding connective tissues and
appear to be synthesised by these cells (Kefalides et al,
1979). During the process of invasion and metastasis the
tumour cells must penetrate a number of basement membranes

both surrounding their tissue compartment and around blood
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vessels. It is therefore relevant to ask whether the
basement membrane surrounding tumour cells is defective and
what mechanism tumour cells have for penetrating these
structures.

Deficiency or poor formation of basement membrane is a
common feature of malignant tumours. This can be
demonstrated histologically, immunocytochemically or by
electron microscopy. Studies which describe this as a
feature of malignancy in breast and colon have been well
documented (Siegal et al, 1981, Ozzella, 1959, Barsky et
al, 1983 and Burtin et al, 1982). These findings could be
due to either reduced synthesis of basement membrane or to
di¢solution by invading cells. Little information exists as
to the former mechanism due to great difficulty in studying
this in vivo.There is however some evidence to support the
possibility that some tumour cells may degrade basement
membrane. A distinct type of collagenase capable of
digesting type IV collagen has been described (Salo et al,
1983). Correlation of the activity of this enzyme and
tumour malignancy has been documented in a number of cases
(Liotta et al, 1984, Starkey et al, 1984).

Attention has also focussed on the relationship
between attachment to the basement membrane and

malignancy. When Bl6 cells are selected for attachment to

type 1V collagen increased metastatic potential is found
(Terranova et al, 1982). 1In this study in vitro binding to
type IV collagen was mediated by laminin. In another study
using B16 cells attachment to type IV collagen, invasion of
amnion and pulmonary colonisation were enhanced by the

addition of laminin but inhibited by fibronectin (Terranova
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et al, 1984). A cell receptor for laminin has been
purified from a breast carcinoma cell line (Malinoff &
Wicha, 1983). The number of receptors present appear to be
increased in some malignant tumours (Liotta, 1984).
Moreover, blocking these receptors by degraded laminin
appear to inhibit metastasis formation (Liotta et al,
1984). These studies indicate that cells may attach to
type IV collagen through a receptor and laminin. This
simple model does not apply to all systems which have been
studied. The murine line MDAY-D2 has given rise to
non-metastatic WBAY mutants. This mutant avidly bind to
type IV collagen but not the laminin. A similar pattern of
binding with abrogation of metastatic properties may be
produced by neuraminidase treatment of the parent line
(Dennis et al, 1982). In summary, malignant cells have a
complex relationship to basement membrane with degradation
and increased binding being features of the malignant cell
phenotype. In theoretical terms it is possible to envisage
how both these features could promote metastasis

formation. Increased basement membrane binding serves to
localise the digestive action of cells; it could also be a
factor in trapping at distant sites.

i) Cell Motility and Contact Inhibition of Movement.

The mechanism of movement of cells in culture has been
intensively studied (Abercrombie, 1982). The main elements
are the projection of lamellipodia and microspikes from the
forward edge. Some of these attach to substrate others are

swept backwards in the ruffling movement of the cell

membrane. This process results in the attenuation of the

rear of the cell which detaches and retracts into the cell
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body. These movements are functions of the cytoskeleton
particularly the ray of actin filaments which form
complexes with various protein most notably myosin ATPase.
Changes in cell motility are an obvious feature of
metastasising tumour cells. Such changes could either
occur at the cytoskeletal level with acquisition of ability
to move, or alternatively at the level of control of
movement. The demonstration of enhanced motility in vitro
has generally involved the use of two compartment systems
analogous to the Boyden chamber. The boundary may either
be an inert membrane or a piece of tissue. Using a simple
porous membrane and radio-labelled cells it was found that
malignant cells crossed the membrane whereas normal cells
did not (Hart & Fidler, 1978). This type of experiment has
also been performed using human amnion (Easty & Easty,
1974) and chick choriocallantoic membrane (Russo et al,
1982) as a barrier. Fidler and Hart used wmouse bladder as a
boundary and were able to recover and propogate a highly
invasive subline of the Bl16 melanoma from cells which
crossed the bladder wall (Poste et al, 1980, Hart, 1979).

This is known as the B16 BL6 line.

The question of how these changes in motility are
related to alterations in cytoskeletal function are at the
present time obscure. As adhesion is an integral part of

this process some of the work described above may be

relevant to this question. An alternative approach is to

consider the factors which inhibit the movement of normal
cells away from their primary sites. Again this question

has been exclusively studied in vitro. The key concept is

inhibition of movement which results from the contacts



38

between cells. An ip vitro model which was used to

investigate this concept is one in which an explant of
normal tissue confronts a culture of tumour or normal
cells. Three possible outcomes of this experiment have
been described (Abercrombie, 1979, Abercrombie & Heaysmann,
1976). When normal cells are used their motility ceases
when they reach fibroblasts migrating out of the explant.
When malignant cells are used they penetrate deeply into
the sheet of outwardly migrating normal cells, whose spread
may or may not be arrested by contact with the tumour
cells. This type of analysis has been repeated using a
wide range of tissues and cell lines (Marcel, 1983).

There can be little doubt that the findings described
above are highly reproducible features of tumour cells in
culture. However, it is equally true that the assay
systems used are of a highly artificial nature and
extrapolation to in vivo situations is not possible.

j) The relationship between invading tumours cells and

surrounding connective tissues.

In order to metastasise tumour cells must have the
ability to traverse surrounding connective tissue and enter
lymphatic or blood vessels. In many human tumours it is
apparent that tumour cells may have a profound effect on
the connective tissues through which they are passing.
Common examples include proliferation of fibroblasts and
alterations in the components of the extracellular matrix,
for example, collagen, elastin or proteoglycans and

proliferation of endothelial cells to form new blood

vessels. Similarly, when metastasising cells attempt to

grow at a distant site the ability to stimulate the
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connective tissue stroma would seem likely to be an
important factor. The attempts which have been made to
study these factors in experimental systems will now be
considered.

Much attention has focussed on the production of
degradative enzymes which allow motile tumour cells to
traverse dense connective tissue matrix. These enzymes
include the metalloproteinases such as classical
collagenase and proteoglycanases. Collagenase acts on type
I fibrillar collagen at one site which renders the peptides
susceptible to further breakdown by other enzymes (Murphy &
Reynold, 1985). Type I collagenase has been found in a
number of tumours (Dresden et al, 1972, Dabbous et al,
1977, Robertson & Williams, 1969). It has been shown at
least in some cases that the level of production of type I
collagenase correlates with the ability to form
experimental metastasis (Tarin et al, 1982). Plasminogen
activator is another example of a neutral protease which is
detectable in some tumour cells. However, there is
considerable uncertainty concerning the correlation of this
enzyme with metastatic potential (Tarin et al, 1982, Wang
et al, 1980, Nicholson et al, 1976). Other enzymes studied
include elastase (Jones & De Clerck, 1980) Cathepsin B
(Sloan et al, 1982) and proteoglycanases (Nicholson,

1982) .Most of the work cited above refer to cultured cell
lines. To attempt to study enzyme activity in tissue
homogenates would be extremely difficult in view of the
diversity of reactive cells which are normally present in

tumours.

Fibronectin is a high molecular weight glycoprotein



abundant in extracellular matrix and bound to cell surfaces
(Yamada & Olden, 1978). Loss of this protein from
transformed cells was one of the observations which led to
its characterisation. Again there is some doubt as to the
relevance of loss of fibronectin to metastasis with
different results being obtained from various systems (Chen
et al, 1976, Niemczuk et al, 1982).

Clearly there are distinctive parallels between these
studies and the relationship of tumour cells to the
basement membrane described above. However, as indicated
the stromal reaction to tumour cells is much more
complicated in vivo. Relatively little is known about the
factors which could cause proliferation of connective
tissue or changes in structure of the connective tissue
matrix. In contrast the relationship of tumour cells to
endothelial cells and blood vessels has been extensively
studied. The importance of formation of new blood vessels
to the process of metastasis has been demonstrated in a
number of studies. The appearance of cells and cell
aggregates in the venous effluent of an implanted tumour
correlates with the formation and size of vessels in that
tumour (Liotta et al, 1976). It was also found that the
growth of tumour at distant sites depended on the growth of
new vessels induced at that site rather than the
reconnection of existing vessels (Folkman, 1975).

The formation of new blood vessels is a feature of
the inflammatory response as well as the reaction to
tumours. The process consists of the division of

endothelial cells within existing vessels with penetration

of the vascular basement membrane. The endothelial cells
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then invade as cords which later form a lumen. The final
phase involves formation of a basement membrane and
association with pericytes (Schor & Schor, 1983). It is
possible that during this maturation phase vessels are more
permeable to invading tumour cells but this is difficult to
test experimentally.

Considerable efforts have been devoted to characterise
factors from tumours or other tissues which stimulate
angiogenesis. The starting point for most of these studies
is the development of a bio-assay system. Examples include
a rabbit ear (Brem & Folkman, 1975) rabbit cornea (Gimbrone
& Guillino, 1976) and hamster cheek pouch (Greenblatt &
Schubic, 1968). A convenient and inexpensive method uses
the chick chorioallantoic membrane (Auspuink & Folkman,
1977). Most of these techniques involve the implantation
of tissue or purified material followed by observation of
the growth of new vessels. An alternative method involves
the use of isolated endothelial cells in vitro (Folkman et
al, 1979). These studies have produced no shortage of
angiogenic factors. A number of low molecular weight
factors (less than 1000d) have been shown to produce
angiogenesis in one or more of the systems described
above. These include small copper binding molecules
(McAuslan & Reilly, 1980) low molecular weight peptides
(Feneslau & Wallis, 1982) and prostaglandins (Benezra,
1978).

Two high molecular weight substances should be

particularly mentioned. The first is the 100Kd tumour

angiogenesis factor first described by Folkman (1974). Its

activity has been shown to reside in a group of heparin-



binding endothelial mitogens (Shing et al, 1984, Esch et
al, 1985). The significance of these substances is
suggested by the apparent association of mast cells with
angiogenic tumours (Kesler et al, 1976) and by the
inhibitory action of the heparin antagonist protamine
sulphate (Taylor & Folkman, 1982). Apparently distinct
from these substances is the recently cloned and purified
14 Kd protein known as angiogenin (Fett et al, 1985,
Kurachi et al, 1985, Strydom, 1985). This substance does
not bind heparin and is extremely active in the
chorioallantoic membrane assay.

A third group of angiogenic factors are those related

to coagulation. Fibrin degradation products are active in

the chorioallantoic membrane assay (Thompson et al, 1985)
and in addition, platelet derived growth factor is
mitogenicfor endothelial cells in vitro (Seifert et al,
1984). The role of the coagulation system in metastasis
will be further considered below.

The plethora of angiogenic factors and assay systems
illustrate the complexity of the subject. However with
progress in purification and sequencing of some of the
factors some rationalisation will Lnevitably take place.
It would be hoped that this would assist in answering a
number of basic questions. Are multiple factors involved
in the apparently stepwise process of angiogenesis? If so
are tumour associated vessels defective as compared with
those seen in a healing wound ? What contribution do
tumour derived factors make to angiogenesis as opposed to
those derived from inflammatory cells and coagulation

factors ? As the answers to these questions may have
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considerable therapeutic significance it is likely that
they will be pursued with vigour.

It is likely that the considerable recent expansion of
interest in tissue growth factors (Rozengurt, 1983) will
result in greater understanding of the tumour-induced
growth of connective tissue components other than blood
vessels. This will give a much more complete explanation
of the relationship of tumours to stroma and its effect on
metastasis.

k) Circulation and Arrest of Tumour Cells.

Tumour cells which can detach from their primary
tumour and traverse the surrounding stroma may gain access
to lymphatics or veins and so enter the general
circulation. The final destination of these cells will
depend on haemodynamic factors and trapping of the cells in
distant capillaries. Trapping in turn will be influenced
by specific adhesion, the physical characteristics of the
cell and extraneous factors such as the coagulation system.

Cytological examination of blood samples from mice
inoculated subcutaneously with Bl16 melanoma and 3LL Lewis
lung carcinoma showed that despite temporal fluctuations
the carcinoma cells were able to enter the blood stream at
a higher rate than Bl16 cells (Glaves, 1983). Although this
was reflected in the development rate of metastasis, the
number of circulating cells exceeded the final number of
tumours by a very large margin. This and other studies
(Butler & Gullino, 1975, Weiss, 1980) testified to the low
efficiency with which circulating cells are able to
generate metastasis. Clearly the majority of cells are

injured or destroyed in the circulation. This could be
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caused by the immune system or cells could sustain
mechanical injury while in the circulation. With one cell
line, passage through a capillary bed reduced the ability
of cells to form tumours to almost zero (Sato & Suzuki,
1976). If the arrest of radiolabelled cells is measured
little radioactivity remains in the body after a few days
(Weston et al, 1974). Removal and culture of the lungs of
animals after injection of tumour cells produces few viable
tumour cells after 24 hours (Hewitt and Blake, 1975). Thus
it appears that tumour cells are ill-adapted to the
circulation and that this is important in limiting the
development of metastasis.

The factors which may determine the growth of cells at
specific sites are discussed above in relation to the Bl6
melanoma. However the tendency for a tumour cell to lodge
in a capillary bed may be related to simple physical
characteristics rather than the presence of receptors which
mediate site-specific adhesion. In some systems
neutralisation of charge either with cations (Hagemar,
1972) or by enzyme treatment (Proctor et al, 1976)
increased the general tendency for spontaneous metastasis
to form. However, this is not always the case (Sinha &
_Goldenberg, 1974). Another possible factor is the ability
of tumour cells to deform in order to resist the
destructive effect of shearing forces (Sato & Suzuki,
1976).

Aggregation is a further factor which could also
influence the trapping of cells within the vasculature. The
ability of Walker 256 carcinoma cells to form aggregates

with platelets has been demonstrated (Warren, 1974).
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Clearly such aggregates could effect trapping by virtue of
size or by more specific adhesion perhaps to exposed
basement membrane. This idea is corroborated by the
decrease in metastatic lesions seen in thrombocytopenic
animals (Gasic et al, 1968). In some but not all systems
treatment with anti-platelet drugs reduces metastasis
formation (Gasic et al, 1973). There is also some evidence
that tumour cells differ in their interaction with
platelets and that this may correlate with metastatic
potential (Grignani et al, 1983). These observations
suggest that platelets may influence metastasis formation
in some types of tumour. Considerable attention has also
been devoted to studying the role of fibrin formation in
metastasis mainly by the use of anticoagulant drugs either
to inhibit coagulation or to cause defibrinogenation. Some
studies using Coumadins (Ryan et al, 1968) heparin (Suemasu
and Ishikara, 1970) or snake venom (Wood & Hillgaard, 1973)
have reported decreased metastasis whereas no effect was
seen with other tumours (Hagemar, 1970). These results
need to be interpreted with some caution in view of the
multiple effects of some of the agents used.

In summary the stages of the metastatic process which
involve local invasion and circulation of tumour cells are
highly complex and poorly understood. However the studies
described above serve to illustrate many of the non-
specific determinants as well as the specific phenotypic

features which affect the ability of cells to metastasise.

1) The host reaction to tumours.

A major theme in the experimental study of metastasis

is the concept that host defences exist and that metastatic



cells may possess phenotypic characteristics which overcome
such defences. The literature pertaining to this subject
is vast and a comprehensive summary is not possible here.
Three phenomena will however be considered. These are T
lymphocyte reactions, natural killer cell reactions and
cytotoxic macrophage reactions. All of these cells have
effects in one or more model metastatic systems.

The T-lymphocyte response here will be taken to mean
antigen—-specific MHC class I restricted cytotoxicity.
Evidence 1is lacking that the majority of tumours express
novel antigens which are potential targets for a T
cytotoxic response, but such antigens are found in some
systems. The most commonly reported example is the
polymorphic tumour-specific antigens of methylcholanthrene-
induced fibrosarcomas and other tumours (0ld et al, 1962).
When tumour cells of this type are injected into syngeneic
animals few tumours are seen, but the incidence is greatly
increased if the host animal is immunosuppressed (Woodruff
et al, 1984a, Woodruff et al, 1984b). In contrast,
treatment with the T-cell suppressant cyclosporin A has
little effect on epithelial tumours which are poorly
immunogenic (Eccles et al, 1980). In the methylchol-
anthrene induced fibrosarcoma, the primary tumours may be
removed after a short period of growth but metastasic
deposits continue to present for long periods after surgery
(Fisher et al, 1983, Gorelik et al, 1981). Combined
treatment with specific tumour-related antigen and cyclo-
phosphamide help prevent metastasis formation in this
situation although neither are effective when given alone

(Nomi et al, 1984). The Eb/Esb lymphoma model, also
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chemically induced, has been shown to spontaneously
generate highly metastatic variants which are resistant to

.

in vitro lysis by cytotoxic T-cells reacting against a

tumour associated transplantation antigen (Bosslet &
Schimmacher, 1982). The fusion of Esb immunogenic cells
with normal T-lymphocytes sometimes decreased
immunogenicity and results in growth and metastasis in
immunocompetent mice (Larizza et al, 1984). A third
example which has been studied is a chemically induced rat
mammary carcinoma. In this system immunisation with killed
cells retards the growth of poorly metastasising tumours
suggesting that they are immunogenic whereas this does not
occur with highly metastatic types(Xim, 1970). Non-
metastatic tumours of this type also evoke much greater
degrees of reactive, lymphoid hyperplasia than more
malignant variants (Yao et al, 1983).

These studies show that some tumours may be antigenic
and that there may a good correlation between growth of
metastasis and the absence of antigens capable of eliciting
an immune response, although the precise details of
response is seldom well-characterised. There is however,
no definitive evidence that such mechanisms are frequently

found in systems other than chemically induced tumours in

rodents.

The second possible mechanism of host defence against
metastasis is non-antigen dependent cytotoxicity, most
notably in the form of natural killer cells (NK cells). NK
cell activity is usually demonstrated by the cytotoxic
action of spleen cells on a YAC-1 cell target without prior

sensitisation (Gorelik & Haberman, 1981, Gorelik et al,
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1984). This activity is sometimes divided into two types
depending on the time of lysis of target cells, the
prolonged reaction being described as natural cytotoxic
activity (NC activity) (Stutman et al, 1978). These
activities have a number of relatively constant
characteristics. They increase with age (Keissling et al,
1975) and can be inhibited by treatment with cyclo-
phosphamide (Mantovani et al, 1978) beta-oestradiol (Seaman
et al, 1978) and antibodies against asiaolo GM1 (Kasia et
al, 1981). The cells responsible appear to be a subset of
the large granular lymphocyte seen in peripheral blood
(Moore, 1985). These cells express the T8 (T suppressor/
cytotoxic) determinant and respond to interleukin II
(Moore, 1985). Recently the beta T cell receptor gene has
been shown to be rearranged in cells with NK activity
(Yanagi et al, 1985). They have also some features of
cells of the mononuclear phagocyte system (Moore, 1985).
These features of differentiation, which hitherto seemed
incompatible, are also seen in the T-gamma leukaemia
described by Kadin (1981) which may be a tumour of NK
cells.

A number of observations suggest that a non-antigen
driven mechanism may in some systems be protective against
the formation of metastasis. Nude mice which have minimal
T-cell activity have significant NK activities which
increase with age (Hanna, 1980). Metastasis in these
animals is rare but can be induced by the agents described
od metastasis can be abolished by transfusion with lymphoid
cells bearing NK activity around the time of tumour cell

inoculation (Hanna & Fidler, 1980). Finally, when UV2237



fibrosarcoma cells are co-cultivated with syngeneic spleen
cells the survivors are more metastatic although they are
identical to parent cell line in every respect other than
NK cell binding (Hanna & Fidler, 1981). Similar results
have also be obtained using clones derived from the 3LL
tumour (Segal et al, 1982). 1In the context of the
preceding discussions a number of observations concerning
the recognition of tumour cells by NK cells are relevant.
-In a number of cell lines laminin binding appears to be
correlated directly with sensitivity to NK cells (Hiserodt
et al, 1985). Addition of laminin inhibited cell killing.
The effect was specific for laminin and did not influence
immunocytolysis. It has also been suggested that the
antimetastatic effects of NK cells in vivo may be blocked
by fibrin (Gorelik et al, 1984) as shown by an apparent NK
cell anticoagulant synergism. These observations raise
more general questions as to the mechanisms of NK cell
recognition of tumour cells. Clonal analysis suggests that
NK cells recognise only a few specificities unlike T-cells
(Moore, 1985). Several suggestions as to a receptor have
been made such as the glycolipid asialo GM2 (Young et al,
1981) and the transferrin receptor (Newman et al, 1984) but
no consensus has been reached on this matter.

In addition to the antigen responsive lymphocytes and
-NK cells, macrophages represent a third possible mechanism
of host lysis of tumour cells. Reactive macrophages are
commonly found in human tumours. This may take‘various
forms such as an infiltrate between neoplastic cells or
sinus histiocytosis or granuloma formation in nearby lymph

nodes. However, in comparison with the other cells
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described above the role of macrophages in experimental
tumours is less clearly defined. One of the difficulties
in studying this problem is that macrophage -activity is
modulated by T-lymphocytes and that T-lymphocytes depend on
macrophages for antigen recognition. It has also been
suggested that macrophages may modulate NK cell activity
(Djeu et al, 1979%9a, Djeu et al, 1979b).

Isolated macrophage populations have been shown to
kill some typegof tumour cell in vitro (Cohen et al, 1982).
Poste et al(1979) have shown that treatment of animals with
lung homing liposomes containing macrophage activators is
effective in reducing the number of Bl6 lung metastasis.
When the density of macrophages within lung metastasis was
measured it was found to be highest in early lesions
declining rapidly as the tumour grows (Bugelski et al,
1985). It has been suggested that this may be evidence for
a tumour escape phenomenon.

It is apparent from this brief discussion that host
cell responses to tumours have been clearly shown to
prevent metastasis in some types of experimental tumours.
However, it is far from established that these mechanisms
have general applicability especially in human
tumours. Attempts to identify tumour specific antigens in
human tumours have not been very successful and in the
absence of these it is difficult to make a case for antigen

dependent immune responses. The evaluation of NK cell and

macrophage functions will be greatly simplified when the

recognition mechanisms of these cells are better

understood.
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m) Local regulation of growth.

The final stage in the metastatic process involves
growth of cells at a distant site. Cells may reach a
tissue, remain viable but fail to grow. This is the
phenomenon of tumour dormancy which has already been
described as it occurs in human tumours. Clearly this
could involve either systemic repression of tumour growth
or it could be confined to a particular site.

From experimental work a number of mechanisms have
been postulated to account for this phenomenon. They can
be divided into absence of growth factors (or presence of
inhibitors) at a particular site or the growth inhibitory
effect of the immune system.

Tissue growth factors are now being identified and
characterised, but as yet there is little understanding of
their precise physiological role. The involvement of such
factors in the regulation of tumours however can perhaps be
inferred by the effect of local operative trauma on the
activation of dormant Walker 256 cells. (Fisher & Fisher,
1959). Similar activation occurs when oestrogen is
administered to castrated animals bearing oestrogen

dependent tumour cells (Noble & Hoover, 1975).

The possible effect of the immune system on tumour
suppression can be demonstrated using animals from which a
primary tumour has been excised. Activation of dormant
cells can be achieved by the use of systemic immuno-
suppression (Eccles & Alexander, 1975, Alexander, 1982) or
by transplanting a lung to an immunosuppressed animal
(Alexander, 1983). Cells induced to grow in this way are

apparently similar to the original primary tumour (Eccles




et al, 1980). These experiments do not give an indication
as to the mechanism by which the immune system is able to
suppress growth and its relationship to other cytotoxic
effects on human cells .

Another approach to this problem is to attempt to
modify tumour growth by modifying the host tissue before
induction of tumour. This is illustrated by the effect of
local irradiation on the growth of metastasis at a given
site, an effect which is unexplained but appears to be
independent of immunological mechanisms (Peters et al,
1978, Milas et al, 1983, Wither & Milas, 1973). It could
relate to post-injury regeneration or vascular changes.
Irrespective of the mechanism, these experiments suggest
the need for caution in the interpretation of experiments
in which radiation is assumed to act as an immuno-
suppressive agents in promoting tumour growth.

The preceding discussion is not an exhaustive account
of tumour metastasis but serves to demonstrate the great
complexity of this process. The remainder of this thesis
will examine in greater detail some of the factors which
regulate the growth of tumour cells at distant sites. Most
of the work described will utilise experimental metastasis
(intravenously injected tumour cells) to circumvent the
complex problems of local invasion, angiogenesis etc. The
questions to be considered include the role of the
vasculature in determining the site at which a tumour cell
will grow, and the effect which growth at a particular site
has on the subsequent behaviour of tumour cells. In
Chapter 3 the role which histocompatibility antigens may
play in mediating this type of cellular interaction will be

considered.




CHAPTER TWO

The effect of Intraperitoneal Passage on the behaviour of
Bl16 melanoma and mouse salivary tumours cells.
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CHAPTER 2

2.1. Introduction

This chapter will consider some of the factors which
determine where a metastasising tumour will grow. The
derivation and behaviour of the B16 melanoma cell lines has
already been discussed. The F10 cell line was the result
of 10 cycles of intravenous injection and passage of the
resulting pulmonary metastasis. This produced a population
of cells which is highly metastatic and selective for
growth in the lung (Poste & Fidler, 1980). The F1l cell
line is the result of one such passage and is poorly
metastatic and less selective in its sites of growth. The
behaviour and mode of derivation of the cells raises a
number of important questions. Firstly, it is important to
consider whether the cells used in these experiments show
identical properties to those described in the original
description of the Bl6 melanoma. This is important in view
of the long period during which these cell lines have been
maintained in culture. Secondly, is the characteristic
behaviour of the F1l and the F10 cells a reflection of
interactions with blood vessel endothelium or does it
reflect differing abilities to grow within particular
tissues ? Thirdly, as the F10 cells were derived by
exposure to lung tissue is it possible to reverse the lung
‘homing behaviour by exposing the cells to a different
tissue environment? As the Fl cells are relatively
unselected, can growth and passage at a particular site

result in tissue trophism if the cells are not exposed to

vascular endothelium ? Answers to these questions will be

sought by examining the behaviour of F10 and Fl cells when

grown in the peritoneal cavity.
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The B16, F1 and F10 cells are derivatives of a
malignant tumour some variants of which at least are able
to spontaneously metastasise. To consider the question of
the effects of distant sites on tumour growth it is of
interest to consider a tumour which does not spontaneously
metastasise. Such behaviour could be due to failure to
invade the circulation by any of the steps in the
metastatic process described in Chapter 1, but equally, it
is possible that benign behaviour may be the result of
inability to grow at a distant site. This possibility will
be tested by direct transplantation of cell suspensions and
fragments of a benign salivary gland tumour to a distant
site thus excluding the effects of earlier steps in the
metastatic process.

The correlation between cell adhesion and local
invasion/ metastatic potential has been discussed in pages
32 and 33. Little, however, is known about the relation-
ship between in vitro adhesion of tumour cells to a given
tissue and the ability of cells to grow at that site. It
has been shown that Bl6 F10 cells adhere more avidly to
lung cryostat sections than to other tissues (Netland &
Zetter, 1984), but no comparison was made with other Bl6
lines, a lymphoma cell line being used as the control. An
attempt will therefore be made to directly compare the F10
and F1 cells in this type of assay and to observe whether
changes in cell adhesion occur in parallel with changes due
to in vivo passage. Allied to this study, the adhesiveness

of the benign salivary tumour will be compared with its in

vivo growth pattern.
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MATERIALS AND METHODS

a) Cell culture methods.

1. Source of cells.

B16 F10 cells were obtained from the American type
culture collection, Bethesda, Maryland. These were
initially derived from the laboratory of Dr. I.J. Fidler
(M.D. Anderson Hospital and Tumour Institute, Houston,
Texas) .

B16 F1 cells were kindly donated by Dr. C. Evans
(Department of Experimental Pathology, University of St.
Andrews). This line was also derived from Dr. Fidler's
laboratory.

Both lines had been maintained in serial in vitro
culture since their derivation about fifteen years ago.

2. Media

All experiments were conducted using the same media.
Cells were grown in Hepes buffered Ham's F10 (Glasgow
variant) (Gibco Ltd, Paisley, U.K.) containing 10% foetal
calf serum, pH being adjusted using sodium bicarbonate
solution. Other additives included Tryptose phosphate
broth, L-glutamine and an antibiotic mixture (Penicillin G,
Amphotericin B and Streptomycin). This medium was chosen
after a number of preliminary experiments since it appeared
to give the most rapid cell growth. It will henceforth be
referred to as medium A (see Appendix 1).

When cells were being frozen for storage the same
medium was used but with 20% foetal calf serum and glycerol
(1:20 v/v) added as a cryoprotective agent (medium B) (see
Appendix 1). When cells were being prepared for injection,

final washing and resuspension was in minimum essential
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medium (MEM) without the addition of foetal calf serum.

3. Storage and use of cells.

To ensure reproducible results a large frozen stock of
cells was maintained. Cells were replaced from stock every
two to three months.

Cells to be frozen were suspended at 4 - 5 x lOGCLM%{wJ-
in medium B. The vial was placed in a solid polystyrene
block which was then left for five to six hours at -80°C
before the vial was transferred to a storage unit. Long
term storage was at -80°C. Stored cells were rapidly
defrosted immediately centrifuged, washed and resuspended
in medium A. Adherent cells were visible at 12 hours and
growth was usually observable after 48 hours.

4. Handling of cultured cells.

Stock cultures were plated at 0.5 x 106 to 1 x 106
cells per 80cm2 flask. A typical growth curve is shown in
figure 2. Growth rates for both cell lines were relatively
constant and predictable. Cells were removed from flasks
as follows. Medium was removed and the growing surface was
washed in Hepes saline (see Appendix 1).Fiw nl of 10-5M.
EDTA was added for one minute, most of which was then
discarded. The flask was returned to the incubator for 2 -
3 minutes. It was then shaken vigorously for a few seconds
until all the cells had been detached.Fiéml of medium A was
then added and cells were washed, counted and resuspended.

Cells for injection into animals were prepared as
follows. Cultures were used 3 - 4 days after subculturing.
These cultures were sub-confluent at this time. Preliminary
experiments sugg