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Pretace

As was shown in the first two volumes of this series, great strides have been made
in identifying many of the agents or classes of substances responsible for
carcinogenesis and in delineating their interactions with the cell. Clearly, the aim
of such studies is that, once identified, these agents can be eliminated from the
environment. Yet, despite these advances and the elimination of some important
carcinogenic agents, one major problem exists. It is a constant monitor of all
oncologic study and diminishes the importance of every experiment and of every
clinical observation. As we noted earlier, that problem is our inability to define the
malignant cell. It is through studies of the fundamental biology of tumors that we
seek this definition.

A vast amount of information has been gathered which describes what this cell
does and—to a lesser extent—how it does it. But the whyevades us. We have been
unable to define the malignant cell, save in broad terms by comparing it to its
normal counterpart. The major problem appears to be that the malignant cell
does so much. It is a chimera, mystifyingly composed of normal activities and
structures, of phenotypic schizophrenia with embryonic, fetal, and adult charac-
teristics and, occasionally, a hint of an unclassifiable capacity unique to malignant
cells.

The clues as to the why of cancer function must be derived directly or by
induction from the what and how. Malignant cells replicate when replication is not
required. Whether by escaping the normal inhibitory controls of the host, or by
suprasensitivity to stimulation, or by some defect other than these, the tumor
grows. The growth is noncompensatory and nonfunctional. The malignant cell
also lives beyond its normal span. Together, growth and increased life span result
in disruptive cellular accumulation. And what is more, malignant cells compete
rather than participate with their normal neighbors and then competitively
invade and destroy. The malignant cell itself evades destruction by humoral,
immunological, and cellular defense mechanisms. It is therefore characterized by
autonomous behavior, living off the host rather than with it. Are these abnormal
activities the result of a single alteration or many? One integrated pattern or
many? And what genetic or epigenetic or genetic—epigenetic alteration is respon-
sible for this successful, this deadly capacity? An examination of the biology of
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tumors presented in Volumes 3 and 4 serves many purposes. It may enable us to
better understand normal cell biology. It may suggest crucial cellular alterations
induced by carcinogenic agents. And, by understanding its aberrations of control
and the advantages thus gained by the malignant cell, we may be better able to find
a means of reversing them and halting their destructive processes.

New York Frederick F. Becker
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Surtaces of Normal and
Transtormed Cells

JAMES C. ROBBINS and GARTH L. NICOLSON

1. Introduction

Considerable data implicate events at the cell surface as having a primary role in
the growth, development, and communication of normal animal cells and in the
multiplication of cancer cells. For example, surface changes are of particular
relevance in determining whether neoplastic cells provoke a host immune
response and whether they survive or succumb to that response. Surface
characteristics are also at least partially involved in the ability of cancer cells both to
establish a primary growth site and to metastasize to secondary sites. A variety of
additional factors are involved in each case, but progress in distinguishing
neoplastic from normal cell surfaces will surely help to understand and to combat
the development and growth of neoplastic cells.

Little detailed biochemical knowledge of animal cell surface structure and
behavior has been available until recently. In the last few years, several new
techniques and approaches—for example, freeze-fracture electron microscopy,
lectin biochemistry, convalent labeling of cell surface molecules, and electron spin
resonance spectroscopy—have produced vast quantities of data on normal and
neoplastic cell surfaces. The data are still somewhat fragmentary, and in some
areas contradictory, but a coherent picture of the cell surface is gradually
emerging.

Actual tumors arise from unknown precursor cells, so most basic studies have
relied on model systems such as tumor virus transformation of “normal” cells

JAMES C. ROBBINS and GARTH L. NICOLSON e Department of Cancer Biology, The Salk
Institute for Biological Studies, San Diego, California, and Department of Developmental
and Cell Biology, University of California, Irvine, California.
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FIGURE 1. Some changes after neoplastic transformation.

cultured in vitro to permit comparison of normal and malignant cells. Several
differences between normal and malignant cell surfaces have been found (Fig. 1),
but it is not yet clear which changes are relevant to tumors in general and which
are more relevant to peculiarities of the model system or the cancer studied. In
particular, host influences on the cancer cell surface, such as serum enzymes,
hormones, and humoral and cellular immune reactions, are lacking or greatly
altered with cells cultured in vitro. None of the biochemical differences between
normal and malignant cells has yet been shown to be the primary determinant of
the neoplastic state, from which the other differences would normally arise.
Different kinds of cancer may arise in different ways from different cells, so that
multiple alterations should not be discouraging.

We describe in this chapter the normal animal cell surface, as presently
conceived, and some of the surface changes which seem to be associated with
cancer in vivo and transformation in vitro. We hope that this review of present
knowledge will aid further progress in expanding and integrating that knowl-
edge. It is, of course, not possible to cover thoroughly all relevant areas in one
chapter, and the reader is urged to consult other recent reviews. Tooze (1973)
discusses the normal cell surface very comprehensively and also covers tumor
virus transformation. The book edited by Clarkson and Baserga (1974) includes
several chapters on the cell surface role in the control of cell division in normal and



malignant cells. Herschman (1972) and Wallach (1969) discuss membrane b

changes in cancer. Two areas which will not be covered in this chapter, electrical SURFACES OF
and structural junctions between normal and tumor cells, have been adequately NORMAL AND
described elsewhere (McNutt and Weinstein, 1973; Weinstein and McNutt, 1972; ' TRANSFORMED
Loewenstein, 1969; Martinez-Palomo, 1970; Staehelin, 1974). CELLS

2. Organization of Cell Surfaces
2.1. Basic Principles of Membrane Structure

The cell surface is loosely defined as the structure which forms the cell’s outer
semipermeable barrier, the plasma membrane, but it also contains extracellular,
cell-associated components that are bound to the plasma membrane. In addition,
it is necessary to define arbitrarily as part of the cell surface structure some
intracellular components such as the membrane-bound cell cytoskeletal compo-
nents, even though these components may only transiently interact with the
plasma membrane. The plasma membrane has been the subject of a number of
reviews (Nicolson, 1974a; Singer, 1971, 1974; Steck, 1974; Green et al., 1973;
Guidotti, 1972; Capaldi and Green, 1972; Singer and Nicolson, 1972), thus it will
be dealt with only briefly here. The plasma membrane is composed of lipids,
glycolipids, proteins, and glycoproteins dynamically organized into structural
configurations of minimum free energy. Lipids and glycolipids appear to form
the matrix of most plasma membranes (Singer and Nicolson, 1972). To assume
their lowest free energy configuration, membrane phospholipids and glycolipids
present the hydrophilic head portions of their structure to the bulk aqueous phase
and sequester the hydrophobic tail portions inside the hydrophobic portions of
the membrane away from the aqueous environment. The phospholipids and
glycolipids are therefore arranged in a bilayer configuration as originally pro-
posed by Danielli and Davson (1935), except that the bilayer is not continuous but
is interrupted in certain regions. Neutral lipids such as cholesterol appear to be
intercalated into the lipid bilayer, with the more hydrophilic parts of their
structures facing the aqueous environment. The evidence supporting a bilayer
configuration for the bulk membrane lipid is overwhelming: X-ray diffraction
(Blaurock, 1971; Wilkins et al., 1971; Engelman, 1970; Blasie and Worthington,
1969), differential scanning calorimetry (Papahadjopoulos et al., 1973; Steim et al.,
1969), electron spin resonance (Jost et al., 1973; Scandella et al., 1972; Kornberg
and McConnell, 1971a,b; Keith et al., 1970; Tourtellotte et al., 1970; Hubbell and
McConnell, 1968), and nuclear magnetic resonance (Lee et al., 1972; Glaser et al.,
1970). In some plasma membranes, the lipids appear to be asymmetrically
distributed across the two halves of the phospholipid bilayer (Bretscher, 1973). By
using chemical labeling techniques, Bretscher (1972) demonstrated that amino-
containing lipids (phosphatidylethanolamine and phosphatidylserine) are over-
whelmingly on the inner membrane surface of the human erythrocyte. More
convincing enzymatic data from Zwaal et al. (1973) indicate that in intact
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erythrocytes 70% of the membrane phosphatidylcholine is susceptible to cleavage
by phospholipase A,, while sphingomyelin, phosphatidylserine, and phos-
phatidylethanolamine are resistant to enzymatic cleavage. When intact erythro-
cytes are lysed, all of the above phospholipids are accessible to enzymatic
digestion. This indicates that phosphatidylcholine is predominantly in the outer
half of thelipid bilayer. In addition, more than 80% of the sphingomyelin in intact
cells is degraded by sphingomyelinase, indicating that its predominant location is
also in the outer half of the lipid bilayer (Zwaal et al., 1973). From these
experiments and from the chemical labeling studies of Bretscher (1972), it
appears that phosphatidylethanolamine and phosphatidylserine are predomin-
antly in the inner half of the bilayer. The importance of lipid asymmetry in the
organization and function of plasma membranes is unknown, but specific
partitioning, orientation, association, and structure of membrane proteins and
glycoproteins may depend on associations with an asymmetrical lipid bilayer.

Membrane proteins and oligosaccharides also appear to be asymmetrically
distributed on the inner and the outer side of the bilayer. This has been
extensively studied in the human erythrocyte membrane, where the oligosac-
charides are known to be expressed only on the exterior surface of the membrane
(Steck, 1972a; Nicolson and Singer, 1971; Eylar et al., 1962) while most membrane
proteins are expressed on the inner surface (Phillips and Morrison, 1971;
Nicolson et al., 1971). These observations have been extended to more complex
cells (Nicolson and Singer, 1974).

2.1.1. Integral Membrane Proteins

Plasma membrane proteins and glycoproteins fall loosely into two major classes
depending on whether or not they have strong hydrophobic interactions with
membrane lipids. One class of membrane proteins and glycoproteins, called
integral (Singer, 1974; Singer and Nicolson, 1972) or intrinsic (Green et al., 1973;
Vanderkooi, 1972) components, tend to seek hydrophobic environments
(interacting with lipid acyl groups) where they are thermodynamically most stable.
The integral proteins which have been isolated and characterized have
amphipathic structures. That is, they are asymmetrical or bimodal with regard to
their hydrophilic and hydrophobic structural portions and have the following
general properties: they are usually unstable in low ionic strength neutral pH
buffers; strong chaotropic agents (organic solvents, detergents, etc.) are required
to solubilize and then stabilize them in aqueous solutions (Steck and Yu, 1973);
and when isolated they quite often have some strongly bound lipid. The integral
membrane proteins and glycoproteins that have been isolated and purified have
distinct hydrophilic and hydrophobic regions which can be enzymatically sepa-
rated (Segrest et al., 1973; Gahmberg et al., 1972; Winzler, 1970; Ito and Sato,
1968; Morawiecki, 1964). Although integral membrane proteins have been
reported to contain a large percentage of globular character due to the amount of
a-helical peptide structure (Glaser and Singer, 1971; Wallach and Zahler, 1966),
their interaction in two phases, aqueous and hydrocarbon, requires that their
three-dimensional structures be asymmetrical.



Such integral glycoproteins as glycophorin, the major sialoglycoprotein of the
human erythrocyte membrane, have been proposed to penetrate the membrane.
Evidence for glycophorin’s transmembrane disposition comes from controlled
proteolysis experiments and chemical labeling data (Morrison et al., 1974; Segrest
et al., 1973; Bretscher, 197 1a; Winzler etal., 1967). The hydrophilic portions of its
peptide structure probably radiate into the aqueous environment on both sides of
the membrane matrix formed by the phospholipid bilayer. Glycophorin is
approximately 60% carbohydrate by weight, and is composed of a single peptide
with multiple oligosaccharide chains attached to hydrophilic amino acid residues
near the N-terminal region (Segrest etal., 1973; Winzler, 1970). Another region of
predominantly hydrophilic amino acid residues exists at the C-terminal end of the
molecule separated by an internal region of hydrophobic residues from the
N-terminal hydrophilic region. Glycophorin bears a number of cell receptors in its
N-terminal domain: Ss, ABO, and MN antigens, lectin receptors for wheat germ
agglutinin and phytohemagglutinin, and influenza and other virus receptors. In
the human erythrocyte membrane, another major integral membrane glycopro-
tein exists called component a (Bretscher, 1971b) or band I11 component (Steck,
1972a). It contains less carbohydrate (5-8%) than glycophorin and is slightly
larger (mol wt ~100,000 by SDS-polyacrylamide gel electrophoresis). Similar to
glycophorin, it is exposed at the cell surface (Hubbard and Cohn, 1972; Bretscher,
1971b,¢; Phillips and Morrison, 1971) and can be labeled from either side of the
membrane, indicating that it also traverses the membrane bilayer (Bretscher,
1971b,c). This component (or more properly a component of this molecular
weight) has been implicated as being involved in membrane anion transport
(Guidotti, 1973) and can be phosphorylated in association with membrane
Mg®"-dependent, Na*, K*-stimulated ATPase (Avruch and Fairbanks, 1972). Itis
reported to contain one receptor per molecule for the lectin concanavalin A (Con
A) (Findlay, 1974). Electron microscopy utilizing freeze-etch replica techniques
has been used to localize the receptors borne by glycophorin and component a.
During fracture of the membrane, particles (membrane intercalated particles) are
revealed that penetrate deeply into the lipid bilayer. In the human erythrocyte,
these particles are approximately 85 A in diameter and are known from localiza-
tion experiments to contain at least one copy of glycophorin per particle, although
the number of glycophorin molecules per cell, and its size, precludes it from being
the sole component of the freeze-etch membrane intercalated particle. Guidotti
(1972) has suggested that glycophorin and band III component(s) form an
intramembrane oligomeric complex which traverses the membrane bilayer and is
revealed as a particle during freeze-cleavage experiments. Evidence in favor of
this proposal is that the Con A binding sites on human erythrocytes, which are
borne by component III or a, are exclusively associated with the membrane-
intercalated particles (Pinto da Silva and Nicolson, 1974), and that glycophorin
and other glycoproteins can be selectively crosslinked in the membrane using
short-chain bifunctional imidates (Ji, 1973, 1974). The association of transport
functions with components in this transmenbrane structure (Carter et al., 1973;
Cabantchik and Rothstein, 1972) led to the term “permeaphore” for this class of
membrane structure (Pinto da Silva and Nicolson, 1974) (Fig. 2). Functions such
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FIGURE 2. “Permeaphore” integral glycoprotein complex of
the human erythrocyte membrane. See text for details. GP,
Glycophorin; Sp, spectrin; I1I, band II1I component or com-
ponent a; arrows indicate fracture plane during freeze-etch
experiments. From Pinto da Silva and Nicolson (1974), by
permission.

as transport and ion passage which are dependent on transmembrane events may
require specific structures that provide continuity between the inner and outer
membrane surfaces.

2.1.2. Peripheral Membrane Proteins

The other major class of membrane proteins, peripheral or extrinsic proteins, is
characterized by properties that are quite different from those of the integral
proteins and glycoproteins. Peripheral membrane proteins are more loosely
associated with the membrane and are not stabilized by extensive hydrophobic
bonding with membrane lipids. Mild treatments usually remove peripheral
proteins from membranes without disruption of integral membrane structures,
and, once removed, peripheral proteins are usually stable in neutral aqueous
buffers. A classic example of a peripheral membrane protein is human erythro-
cyte membrane spectrin. Spectrin constitutes approximately 20-25% of human
erythrocyte membrane protein by weight (Marchesi and Steers, 1968) and can be
easily removed from the membrane without its denaturation by low ionic strength
buffers containing chelating agents (Marchesi et al., 1969; Marchesi and Steers,
1968; Mazia and Ruby, 1968). It is composed of two ~210,000-240,000 mol wt
peptides (Clarke, 1971; Fairbanks et al., 1971; Marchesi etal., 1969), and it is quite
stable in aqueous solutions. Spectrin has been localized exclusively at the inner



erythrocyte membrane surface by labeling with ferritin-antibody (Nicolson et al.,
1971) and by controlled proteolysis experiments (Steck, 1972b).

In the human erythrocyte membrane, oligomeric complexes appear to be the
rule rather than the exception. The major glycoproteins (glycophorin and
component a) seem to be in the permeaphore complex, and further evidence has
implicated several additional proteins in this complex: a protein kinase (Ji and
Nicolson, 1974), enzymes such as glyceraldehyde-3-phosphate dehydrogenase
(Kant and Steck, 1973), and at least some spectrin (Ji and Nicolson, 1974; Nicolson
and Painter, 1973). Spectrin is associated with actin-like molecules at the inner
surface, and Steck (1974) has proposed that the actin—spectrin system forms a
dense network at the inner membrane surface, a sort of “two-ply” membrane
structure, that is responsible for defining cell shape and deformability. The
linkage of this spectrin-containing complex to the permeaphore (Jiand Nicolson,
1974; Nicolson and Painter, 1973) ties the integral and peripheral membrane
components together and may account for the low mobility of the permeaphore
complex in intact cells (Fig. 2). Elgsaeter and Branton (1974) found that partial
disruption of the spectrin-containing network at the inner surface was necessary
in order to induce membrane intercalated particle movement. The “two-ply”
linked system probably provides the tough and inextensible support for the
deformable lipid bilayer so that the erythrocyte can withstand the rigors of
shearing forces encountered in the circulatory system.

In other plasma membranes, a system analogous to the spectrin—actin complex
is usually made up of microfilaments, microtubules, and perhaps other energy-
dependent contractile systems. The plasma membrane associated micro-
filament-microtubule systems of some cell types are extensive (Perdue, 1973;
McNutt et al., 1971), and these systems have been implicated in a variety of cellular
processes requiring membrane and cell movement and shape changes, such as
endocytosis and secretion.

2.2. Fluid Nature of Membranes

There is good evidence for the mobility of membrane components in the plane of
the membrane. Estimates of phospholipid planar diffusion from nuclear magne-
tic resonance and electron paramagnetic resonance spin-label studies indicate
rapid motion of these components (D = 10"°cms™") (Jost et al., 1973; Lee et al.,
1972; Scandella et al., 1972; Kornberg and McConnell, 1971a), but little or no
“flip-flop” or rotation from one side of the membrane to the other (Kornberg and
McConnell, 1971b). Certain protein components also appear to diffuse rapidly in
the membrane plane, although less rapidly than the membrane lipids. After
Sendai virus induced fusion of two unlike cells to form a heterokaryon, it takes
about 30-40 min at 37°C to intermix completely specific surface antigens such as
H-2 histocompatibility antigens (Edidin and Weiss, 1972; Frye and Edidin, 1970).
Cell surface Ig (de Petris and Raff, 1972, 1973; Taylor et al., 1971) and H-2
antigens (Davis, 1972; Edidin and Weiss, 1972; Kourilsky et al., 1972) aggregate
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into a cap on lymphoid cells in even less time. Results with antibody-induced
aggregation of surface antigens have led to a general proposal that essentially all
cell surface components are capable of rapid redistribution (Sundqvist, 1972).
Using fluorescent antibody techniques, Edidin and Fambrough (1973) estimated
the diffusion constant for certain antigens on muscle fibers tobe D = 10°cms™.
Since glycoproteins are much larger than membrane lipids, the finding that
certain glycoproteins could diffuse laterally at approximately one-tenth the rate of
the phospholipids is reasonable. Saccharides attached to membrane glycoproteins
can also be quickly aggregated with lectins on certain cells, but not on others (Huet
and Bernhard, 1974; Garrido et al., 1974; Comoglio and Filogamo, 1973; Inbar
and Sachs, 1973; Inbar et al., 1973; Rosenblith et al., 1973; Comoglio and
Guglielmone, 1972; Bretton et al., 1972; Nicolson, 1972, 1973b, 1974b). The point
should be made that different membrane protein components may move laterally
at quite different rates (Comoglio and Filogamo, 1973; Pinto da Silva, 1972;
Edidin and Weiss, 1972, 1974; Frye and Edidin, 1970), from very fast to very slow
or almost not at all, depending on the types of restraints that have been applied on
these moieties from outside and/or inside the cell.

In the fluid mosaic membrane model (Fig. 3), lipids are postulated to be rapidly
diffusing laterally and intermixing in the membrane. Proteins and glycoproteins
are postulated to move laterally at a range of rates, from somewhat less rapidly
than lipids for free proteins to very slowly for molecules relatively “frozen” by
various restraints. Although the membrane is basically fluid, several types of
restraints have been proposed to restrict or control the mobility of some
membrane proteins—for example, intercellular junctions (reviewed by McNutt
and Weinstein, 1973, and Loewenstein, 1969), subsurface contractile networks,
complexing into large assemblies by external peripheral proteins, and frozen lipid
domains. Cell membrane associated energy-driven contractile structures such as
the microtubule-microfilament systems may under certain conditions be involved
in an energy-dependent lateral movement of surface components. Such a system
may control antibody- and lectin-induced capping of aggregated or patched
receptors on lymphocytes (Edelman et al., 1973; Karnovsky etal., 1972; Loor etal.,
1972; de Petris and Raff, 1972, 1973; Yahara and Edelman, 1972, 1973aq,b; Taylor
et al., 1971), cell motility (de Petris and Raff, 1972; Taylor et al., 1971), and
endocytosis (Berlin, 1972; de Petris and Raff, 1972; Karnovsky et al., 1972). But
under resting conditions in the absence of contraction of the membrane-
associated contractile systems, the lateral mobilities of certain (linked) proteins
and glycoproteins may be impeded (Edelman et al., 1973). The linkage between
outer membrane surface components and inner surface peripheral and mem-
brane-associated contractile components has not been directly demonstrated, but
it will probably turn out to be of the noncovalent type, probably mediated through
proteins involved in hydrophilic or hydrophobic interactions with integral
membrane components. Alternatively, the existence of a network of membrane-
associated contractile components tightly opposed to the inner membrane surface
may increase the rigidity and reduce the deformability of the cell surface; thus
membrané-associated components may indirectly affect cell adhesion, agglutina-



FIGURE 3. Modified version of the fluid mosaic model of membrane structure. T, and T, represent
different points in time. (a) Impedence of membrane receptor mobility by cell cytoskeletal attachment.
Certain hypothetical integral membrane glycoprotein components are free to diffuse laterally in the
membrane plane formed by the fluid lipid bilayer, while others such as the integral glycoprotein
complex GP, may be impeded by a microfilament-microtubule complex (M). Under certain condi-
tions, some integral membrane complexes (GP,) can be displaced by membrane-associated contractile
components in an energy-dependent process. From Nicolson (1974a4). (b) Impedence of membrane
receptor mobility by sequestration into less mobile lipid domains. Certain integral glycoprotein
complexes are free to move in the fluid lipid bilayer regions, but others such as the complexes GPs and
GP, are sequestered into a “less fluid” lipid domain (shaded area with solid lipid headgroups). In the
“less fluid” region, the viscosity is such that lateral mobilities are relatively much lower than the fluid
lipid regions. In addition, cell cytoskeletal components may interact with the “less fluid” domains.

tion, etc. (Fig. 3). These interactions of exterior and integral membrane proteins
with internal structures may be very important in the communication of cells with
their environment.

Another possible restriction of mobility is that glycoproteins at the outer surface
may interact with a variety of proteoglycans or complex polysaccharide-
containing components that form a peripheral matrix at the outer cell surface.
Hynes (1973) has suggested this possibility as a mechanism for the retardation of
mobility of plasma membrane components on normal cells. If “islands” or
domains of integral membrane components linked by extracellular peripheral
glycoproteins exist, then these domains would naturally be expected to diffuse ata
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much lower rate than their constituent components. Cell surface glycoproteins
that may fit this scheme have recently been isolated and partially purified (see
Section 3.1.3).

The mobility and topography of certain receptors could also be controlled by
sequestering them into “frozen” (solid-phase) lipid domains (Fig. 3b). That some
lipid may exist in a solid state and the remainder in a fluid state at physiological
temperatures has not been experimentally demonstrated in mammalian cells.’
However, using bacterial fatty acid auxotrophs, Kleemann and McConnell (1974)
have shown by changing the fatty acid composition of membrane lipids that
discrete fluid-solid lipid phase separations occur when the bacteria are cooled
below their membrane lipid fluidius phase transition temperature. At tempera-
tures above the fluidius phase transition, membrane lipid is in a completely fluid
state as monitored by electron spin resonance probes, and the plasma membrane
intercalated particles revealed by freeze-fracture electron microscopy are distri-
buted in a dispersed netlike arrangement. Below the transition temperature,
when both solid and fluid domains can be found by spin resonance, the membrane
particles are pushed together into continuous areas, leaving other large areas of
the membrane free of particles. Fixation prevents the movement of particles into
the large, tightly packed particle domains. In this case, it appears that the solid
lipid phase excludes the membrane intercalated particles, but the converse might
also be possible. In summary, membrane lipids seem generally to move freely
within the membrane plane. Proteins and glycoproteins may be seen to move with
more or less freedom, depending on the particular molecules studied and the
conditions of observation. Of course, the mobility of some lipids is probably
reduced by association with proteins (Jost et al., 1973), and such association may
result in the sequestration of lipoprotein complexes in relatively immobile
membrane domains that could exist as islands in fluid “seas” of lipid. Possible
changes in membrane fluidity related to neoplasia are discussed in Section 3.4.2.

3. Differences Between Normal and Transformed Cell Surfaces
3.1. Composition

3.1.1. Carbohydrate

Most animal cell surface carbohydrates are components of glycoproteins (Section
3.1.3), glycosaminoglycans (Nigam and Cantero, 1972), or glycolipids (Section
3.1.2). Glycoproteins are principally proteins with relatively small attached
oligosaccharide chains consisting largely of neutral and amino sugars including
sialic acid (Winzler, 1970). Glycosaminoglycans (mucopeptide, mucopolysac-
charide), on the other hand, are a mixture of oligosaccharides containing
substantial amounts of hexuronic acids and hexosamines, sometimes covalently
attached to small proteins. They include hyaluronic acid and chondroitin sulfate,

! See Fox (1975) for an extensive discussion of lipid phase changes and their relationship to lateral
separation, transport, and receptor mobility.



and largely make up the “glycocalix” or “fuzz” outside the integral zone of the
plasma membrane.

Early observations on the differential histochemical staining of normal and
cancerous tissue (Defendi and Gasic, 1963) led to investigation of cell surface
carbohydrates, but the molecules involved are diverse, and useful generalizations
are limited. There are several reports that animal cell line cultures in vitrocontain
less total or membrane-associated sialic acid (Grimes, 1973; Perdue et al., 1972;
Ohta et al., 1968) and other sugars (Grimes, 1974; Wu et al., 1969) after viral
transformation, although Hartmann et al. (1972) did not find these differences.
Rous sarcoma virus transformed chick embryo fibroblasts were reported to
contain more sialic acid accessible to enzymatic removal than nontransformed
fibroblasts, but total content was not measured (Bosmann et al., 1974a). Mitotic
normal cells are somewhat more similar to transformed cells than are nongrowing
normal cells, in lectin agglutinability and external glycopeptide size (Section
3.1.3), and nontransformed BHK cells contain less sialic acid (though more
fucose) during mitosis (Glick and Buck, 1973).

Increases in sialic acid content, however, have been reported for human tumors
of the colon, stomach, breast (Barker et al., 1959), pancreas, liver, skin, and lymph
node (Mabry and Carubelli, 1972). Sialic acid and several other sugars are
increased in human lung tumors (Bryant et al., 1974), and in the plasma
membrane of a rat hepatoma (Benedetti and Emmelot, 1967) compared to
normal tissue levels. The amount of sialic acid in human leukemic lymphocytes is
the same as (Lichtman and Weed, 1970) or less than (McClelland and Bridges,
1973) that in normal lymphocytes, so a general increase in sialic acid may be more
characteristic of solid tumors (Bryant et al., 1974). Weiss (1973) has reviewed the
literature on cellular sialic acid content and neuraminidase effects on cell
interactions such as tumor rejection and found few useful generalizations relating
to malignancy. Virus-transformed cell lines are frequently used as in vitromodels
for malignant tumor cells, but the growth conditions and selective pressures in
vitro and in vivo may be expected to affect cells differently. The changes in
carbohydrate content reported for several transformed animal cell lines do not
correlate well with the changes seen in several human tumor tissues. implying that
care is necessary in application of the model. In any case, gross changes in
carbohydrate content may be less important than changes in particular molecules
with key roles in growth control. If these controlling molecules were not very
numerous, their changes would not be detectable in measurements of total cell
composition.

Glycosaminoglycans seem to be important in cell recognition and adhesion
(Section 3.4.3), but their precise functions are unknown. The molecules involved
are heterogenous and have not yet been completely defined structurally. Several
reports indicate that transformation changes cellular glycosaminoglycan
composition—for example, cultured green monkey kidney cells contain more
glycosaminoglycan after transformation (Makita and Shimojo, 1973).
Glucosamine-containing surface material of rat liver cells is a relatively
homogeneous material as judged by gel filtration and electrophoresis, but
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comparable material from several ascites hepatoma cells is a mixture of several
components (Yamamoto and Terayama, 1973). Hyaluronic acid content rises with
transformation of hamster embryo fibroblasts (Satoh et al., 1973) and chick
embryo fibroblasts (Ishimoto et al., 1966), with increased release by added
hyaluronidase in the latter case (Bosmann et al., 1974 a). Several cultured cell lines
show by histological methods an increase in glycosaminoglycan with transforma-
tion (Martinez-Palomo et al., 1969; Defendi and Gasic, 1963).

Cells growing in culture attached to glass or plastic leave a glycosaminoglycan
layer on the substrate when the cells are removed with EDTA. The material
deposited by mouse 3T3 cells seems to be largely hyaluronic acid covalently linked
to small proteins, and SV40-transformed cells (SV3T3) deposit less of this
material than do 3T3 cells (Terry and Culp, 1974). On the other hand, the
thickness of the film deposited on glass by a cell monolayer is greater in the case of
several transformed cell lines, including mouse fibroblasts (although SV3T3 was
not included in this study) (Poste et al., 1973). EDTA removes equal amounts of a
sulfated glycosaminoglycan—probably heparan sulfate—from normal and trans-
formed BHK cells. Subsequent treatment with trypsin then releases more of this
material from the normal cells than from transformed cells, but the relative
amount released by each treatment is not clear (Chiarugi et al., 1974). The
growing body of glycosaminoglycan literature is presently difficult to fit into a
unifying hypothesis. It seems likely that better structural definition of
glycosaminoglycan species would facilitate studies on the functions of this
material and possible changes with cancer. Changes in only a few of the diverse
species might be relevant.

3.1.2. Lipids and Glycolipids

Lipids and glycolipids form the bulk structure of cell membranes (Section 2), and
so are quite important in establishing cell surface properties. At least some
malignant human tumors contain more phospholipid and cholesterol than benign
tumors and the corresponding normal tissue (Christensen Lou etal., 1956; Haven
and Bloor, 1956). Substantial differences were not found in nonglycosylated lipids
between normal chicken cells and tumor or virus-transformed cells (Quigley et al.,
1971; Figard and Levine, 1966), although the fatty acid composition of the
phospholipids does tend to shift with transformation toward more oleate and less
arachidonate (Yau and Weber, 1972, 1974). Mouse and rat leukemiclymphocytes
have a somewhat lower ratio of cholesterol to total phospholipid than normal
lymphocytes (Vlodavsky and Sachs, 1974; Inbar and Shinitzky, 1974). The more
striking lipid differences presently associated with malignancy or transformation,
though, are in membrane glycolipids.

Most cellular glycolipids are found in membranes, particularly the plasma
membrane, and several glycolipids change markedly after transformation. The
most common glycolipids of animal cell membranes are derivatives of ceramide
(sphingosine fatty acyl amide, Fig. 4). Sugar residues are transferred sequentially
by glycosyltransferases from sugar nucleotides to the primary hydroxyl of
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FIGURE 4. The structure of ceramide.

ceramide to form several glycosylceramides. The assortment of these glycolipids
present in any cell varies with species and cell line, and may even vary between
clones of a cell line (clonal variation of glycolipids was reported by Sakiyama et al.,
1972, but not by Critchley and Macpherson, 1973).

Partially because of this variability and because of difficulties in determining
glycolipid structure, a certain confusion exists in the literature on glycolipid
changes and malignant transformation. To illustrate the present knowledge and
its limitations, we will first present the findings on a well-studied system, the
hamster NIL cell line, and then discuss the applicability of these findings to other
systems. Recent reviews should be consulted for more extensive discussion of
neutral glycolipids (Hakomori, 1973, 1975a,b; Hakomori et al., 1972) and
gangliosides—those glycolipids containing sialic acid (Brady and Fishman, 1974).

Three main changes occur in NIL glycolipids upon viral transformation: (1)
decreased concentrations of complex glycolipids, (2) failure of glycolipid synthesis
to respond to contact between cells growing in culture, and (3) increased
accessibility of the glycolipids to macromolecules such as antibodies, enzymes, and
lectins. Increased concentrations of simpler precursor glycolipids sometimes
accompany disappearance of the more complex species.

Hakomori et al. (1972) reported that hamster NIL cells contain six glycolipids
(Fig. 5): ceramide mono- through pentahexoside, and hematoside. There is a
question as to whether some NIL clones may contain less than this full comple-
ment (Critchley and Macpherson, 1973; Sakiyama et al.,, 1972). The “higher”
glycolipids—ceramide tri-, tetra-, and pentahexoside—and sometimes
hematoside, are present in greater concentration in confluent than in sparse cells.
These glycolipids showing a dependence on cell density in normal NIL cells are all
decreased substantially or missing entirely in NIL cells transformed by polyoma
or hamster sarcoma virus. Remaining glycolipids in transformed cells do not vary
with cell density (Critchley and Macpherson, 1973; Hakomori et al., 1972;
Sakiyama et al., 1972).

These changes in glycolipid composition with cell density and transformation
can be explained by alterations in a synthetic enzyme. Kijimoto and Hakomori
(1971) measured the activity of the a-galactosyltransferase, which catalyzes
synthesis of the first higher glycolipid, ceramide trihexoside, from the dihexoside.
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Gic - Cer
(ceramide monohexoside)

Gal-Glc-Cer
(ceramide dihexoside,CDH )

Gal-Glc -Cer Gal-Gal-Glc-Cer
1 . . )
NANA (ceramide trihexoside,CTH)
(hematoside, GMB) l
GalNAc:Gal-Gic-Cer GalNAc - Gal- Gal-Glc -Cer
1 .
NANA (globoside )
(Gyp)
Gal-GalNAc-Gal-Glc-Cer GalNAc -GalNAc -Gal-Gal-Glc-Cer
NAINA (Forssman antigen )
(Gpmy)

Gal-GalNAc-Gal-Glc - Cer
NAINA NAlNA
(Gpia)
FIGURE 5. Some glycolipid structures. Symbols: Cer, as in Fig. 3,
with R, the sugar chains shown here; Glc, glucose (all sugars are
D); Gal, galactose; GalN Ac, N-acetylgalactosamine; NANA, sialic

acid. From Sakiyama et al. (1972), Hakomori (1973), and Brady et
al. (1973).

The activity of this enzyme is two- to threefold higher in confluent NIL than in
sparse cells, and only 10-50% as high in polyoma-transformed NIL (sparse or
confluent) as in sparse NIL. The B-galactosyltransferase involved in synthesis of
ceramide dihexoside neither rose with confluence nor fell with transformation. In
addition to changes in synthetic enzymes, transformed cells may have higher
glycosidase activities for degradation of glycolipids (Section 3.2.3).

While the population of glycolipids varies with species and cell line, a simplifica-
tion of a glycolipid structure is frequently seen to accompany transformation by
tumor viruses. Reductions in at least some higher glycolipids related to transfor-
mation or tumorigenesis have been reported with cells of hamster (Gahmberg and
Hakomori, 1974; Critchley and Macpherson, 1973; Den et al., 1971; Sakiyama et
al., 1972),mouse (Brady and Fishman,1974), human (Steiner and Melnick, 1974;
Hakomori, 1970; Hakomori et al., 1967), chicken (Hakomori etal., 1971), rat, and
baboon (Steiner et al., 1973a), although there are some dissenting reports
(Diringer et al., 1972; Warren et al., 1972a; Yogeeswaran et al., 1972). Chemical
transformation also leads to a more simplified glycolipid population in hamster
cells (Den et al., 1974). Increased synthesis of higher glycolipids as cells grow and
contact each other has been seen with hamster cells (Critchley and Macpherson,
1973; Sakiyama et al., 1972; Kijimoto and Hakomori, 1971; Hakomori, 1970), and
smaller increases with human (Hakomori, 1970) and chicken (Hakomori et al.,
1971) cells, but was not seen with mouse cells (Brady and Fishman, 1974; Critchley
and Macpherson, 1973). The glycolipid differences between sparse and confluent



cells do not seem to be due simply to presence or absence of growth since sparse
cells made quiescent by serum deprivation did not resemble confluent cells in
glycolipid pattern (Critchley and Macpherson, 1973).

Glycosyltransferase activities (Section 3.2.1) involved in the synthesis of higher
glycolipids have been reported to decrease with viral transformation of hamster
(Yogeeswaran et al., 1974; Den et al., 1971, 1974; Kijimoto and Hakomori, 1971)
and mouse (Brady and Fishman, 1974; Patt and Grimes, 1974; Fishman et al.,
1974; Mora et al., 1973) cells. A given transforming virus may lead to reductions in
different transferase activities in different cell lines, and even more than one
activity in a particular line. Glycosyltransferase activity increases have been
reported for confluent hamster cells compared to sparse (Kijimoto and
Hakomori, 1971), but these changes were not found with mouse cells (Brady and
Fishman, 1974). In sum, partbut notall of the conclusions reached from the study
of NIL cell glycolipids seem applicable to other systems (discussed below).

A potential problem with DNA tumor virus transformed cells is that viruses
such as polyoma and SV40 transform only a small percentage of cells exposed to
them, so it can be argued that transformation merely selects a few cells with
preexisting glycolipid abnormalities. Certain RN A tumor viruses, such as sarcoma
viruses, however, transform essentially all cells in culture, so sarcoma virus
transformed cells have been used to test this possibility. Sarcoma virus transfor-
mation of mouse cells reduces the amount of higher ganglioside and the activity of
an appropriate glycosyltransferase (Fishman et al., 1974; Mora et al,, 1973).
Sarcoma virus transformation of chick embryo fibroblasts in culture has been
reported to cause similar changes and also a loss of contact extension of glycolipids
(Hakomori et al., 1971), but another group failed to find these differences
(Warren et al., 1972a).

The increased synthesis of complex glycolipids as normal cells grow into contact
with each other, termed “contact extension” by Hakomori (1973), could be
involved in the growth control which stops growth of nontransformed cells in
culture at approximately a monolayer—density-dependent inhibition of growth. If
complex glycolipids or their synthetic enzymes are involved in growth control, the
control mechanism must be complex, because studies of phenotypic revertants of
transformed cells, a temperature-sensitive viral transformant, and spontaneous
transformants do not completely support a simple relationship between contact
inhibition of growth and contact extension of glycolipids. Revertant cell lines can
be obtained from transformed cells by selection for restoration of contact
inhibition of growth, inability to grow in soft agar, or resistance to killing by some
drugs or lectins. Although they are not “normal” cells, revertants do have growth
control and morphology resembling those of nontransformed cells, and they
generally show low tumorigenicity when injected into animals. Morphological
revertants of transformed hamster and mouse cells only partially regain glycolipid
patterns characteristic of normal cells (Brady and Fishman, 1974; Den etal., 1974;
Critchley and Macpherson, 1973).

Temperature-sensitive cell lines can be obtained which have transformed
morphology and growth control at one temperature but normal characteristics at
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another temperature. These lines result from infecting cells with temperature-
sensitive virus mutants or from subjecting transformed cell lines to selection for
normal growth characteristics at one temperature and retention of transformed
characteristics at another. Virus production is generally maintained at both
temperatures. Temperature-sensitive transformation permits comparison of
normal and transformed characteristics in the same cell line and genetic back-
ground, reducing the complications involved in comparing separate normal and
transformed cell lines. It also permits more detailed kinetic studies on the process
of transformation than do other systems. BHK fibroblasts infected with a
temperature-sensitive polyoma virus grow as transformed cells at 31°C and revert
to normal growth control at 39°C; yet their synthesis of ceramide trihexoside is
greatly depressed at both temperatures (Hammarstrom and Bjursell, 1973). This
finding shows that the synthesis of ceramide trihexoside is not required for
normal growth control in BHK cells.

Useful cancer theories must apply not only to cancer induced by added tumor
viruses but also to spontaneously arising malignancy. Spontaneously transformed
mouse cell lines, however, do not undergo the ganglioside simplifications charac-
teristic of viral transformation, although some simplification does occur over
many generations in culture (Brady and Fishman, 1974). One of eleven spontane-
ous tumors arising from injection of hamsters with nontransformed NIL cells
retained the NIL glycolipid composition, although the other ten tumors did have
reductions in higher glycolipid (Critchley and Macpherson, 1973). These experi-
ments with reversion, temperature-sensitive transformation, and spontaneous
transformation demonstrate that higher glycolipids and density-dependent
growth control, while frequently lost together upon viral transformation, may be
gained and lost independently in other cases. The simplifying hypothesis that
higher glycolipids are synthesized by contact extension, and that altered glycolipid
compositions of transformed cells can be explained by a lack of this contact
extension, currently seems well established only for the hamster NIL cell line. The
picture is further complicated by work of Gahmberg and Hakomori (1975aq)
showing that hamster NIL cells have a total of seven neutral glycolipids
(hematoside and other gangliosides were not measured). In agreement with
previous work, polyoma-transformed NIL cells have reduced higher glycolipid
and lack contact extension, but the transformed cells also contain a small amount
of a different ceramide tetrasaccharide not present in normal cells, and therefore
not attributable to incomplete synthesis. More work is necessary to clarify
completely the role of contact extension in NIL cells, and particularly to elucidate
the control of glycolipid synthesis in those cell lines where contact extension has
not been demonstrated.

While virus-transformed cells generally contain less complex glycolipid than do
untransformed cells, the remaining molecules of higher glycolipid have been
found to be more reactive with macromolecular reagents, such as antibodies and
enzymes. Although BHK and 3T3 cell lines contain less hematoside after
transformation by any of several viruses, the transformed cells are more sensitive
to lysis by antihematoside antibody plus complement (Hakomori et al., 1968).



However, trypsinization of the normal cells made them as sensitive as the
transformed cells (which were not affected by trypsin). Similar findings were
reported for Forssman antigen on normal and transformed BHK cells (Burger,
1971) and their plasma membranes (Makita and Seyama, 1971).

Chemical labeling of glycolipids has also been used to detect changes in
glycolipid accessibility. Gahmberg and Hakomori (1973b) have adapted a method
for tritium-labeling glycolipids and glycoproteins to cell surface studies. Cells are
treated with galactose oxidase, which oxidizes carbon atom 6 of nonreducing
terminal galactose and galactosamine residues to the aldehyde, and the resulting
aldehydes are then reduced back to [*H]galactose and [*H]galactosamine by
tritiated sodium borohydride. Inability of the galactose oxidase to penetrate easily
into healthy cells limits incorporation of tritium to glycolipids and glycoproteins
exposed on the cell surface. Using this technique, Gahmberg and Hakomori
(1975a) have found that, while polyoma-transformed NIL contains much less
higher neutral glycolipid than NIL, the remaining glycolipid molecules are more
accessible to (or reactive with) added galactose oxidase. That is, the transformed
cells incorporate more tritium into each milligram of complex ceramide. The
amount of complex ceramide in NIL changes little over the cell cycle (Gahmberg
and Hakomori, 1974), but it is more efficiently surface-labeled during G, and less
during S. The complex ceramide of transformed cells, although reduced in
quantity, is labeled well throughout the cell cycle.

The glycolipids of NIL cells, but not of polyoma-transformed NIL, were made
more accessible to galactose oxidase-[’H]sodium borohydride labeling by addi-
tion of a low concentration of Ricinus communis lectin, which binds galactoselike
residues (Nicolson et al., 1974). Gahmberg and Hakomori (1975b) suggest thata
large glycoprotein of NIL cells, missing from transformed cells (Section 3.1.3),
hinders interaction of the galactose oxidase with glycolipid until the glycoprotein
is clumped into patches by the lectin.

3.1.3. Proteins and Glycoproteins

In addition to differences in cell surface enzymatic activities (Section 3.2),
cancer-associated changes in cell surface proteins have been studied directly. For
example, a particular glycoprotein which seems to protect a murine mammary
adenocarcinoma from immune killing by allogeneic recipient animals has been
shown to be a surface component (Cooper et al., 1974). Most work, however, has
been done with tumor virus transformation of cells in culture. Transformed cells
are frequently smaller than nontransformed cells of the same strain and so tend to
have less protein per cell. Results are generally reported per milligram of cellular
protein, or—ignoring possible size differences—per cell. Polyacrylamide gel
electrophoresis (PAGE) in the presence of the powerful detergent sodium
dodecylsulfate (SDS) resolves complex mixtures of proteins into distinct compo-
nents, largely according to molecular weight (SDS-PAGE techniques are well
reviewed by Maizel, 1971). One may study surface proteins by using isolated
membranes or may label the surface proteins of intact cells, disrupt the cells, and
study the labeled material.
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The most popular surface labeling technique is currently iodination with
lactoperoxidase (Phillips and Morrison, 1971). This enzyme uses iodide and
hydrogen peroxide to generate a reactive iodine species, which then forms mono-
and di-iodo derivatives of “exposed” protein tyrosine residues. Radioactive iodide
makes the iodinated proteins easily distinguishable by autoradiography or
scintillation counting. Lactoperoxidase (mol wt ~78,000) does not easily pene-
trate intact cell membranes and so does not label interior proteins of intact cells
significantly. It is to be expected, however, that some proteins which are partially
exposed on the cell surface will not be labeled, because of steric hindrance to the
approach of lactoperoxidase or because the exposed protein segment contains no
accessible tyrosine. Also, if a protein cannot be iodinated in isolated or solubilized
membranes, no positional inferences may be drawn from failure to iodinate it in
whole cells (Stone et al., 1974). Reported molecular weights based on SDS-PAGE
may be expected to vary somewhat, especially for glycoproteins (Segrest and
Jackson, 1972), and the evidence that particular proteins are glycoproteins—such
as coincidence of carbohydrate- and protein-stained bands in PAGE gels—is
frequently suggestive rather than definitive.

Gahmberg and Hakomori (1973b) have applied galactose oxidase treatment
followed by tritiated sodium borohydride (NaB*H,) reduction to label galactose
and galactosamine residues at the nonreducing termini of cell surface glycopro-
teins and glycolipids (Section 3.1.2). Other chemical labeling techniques have
been developed (Bretscher, 1971a; Bender et al., 1971) but with less certainty that
the reagents exclusively label surface components. Vidal et al. (1974) have
reported a procedure for attaching trinitrobenzene to cell surface amino groups.
The derivatized proteins can then be isolated by affinity chromatography with
insolubilized antibody against the trinitrophenyl moiety. Stein and Berestecky
(1975) have developed an arginine-specific label.

Viral transformation of cultured fibroblasts particularly decreases the amount
of high molecular weight membrane glycoprotein(s). Transformation of hamster
NIL cells substantially reduces the labeling of a glycoprotein of molecular weight
about 250,000 daltons (“250 K”) with lactoperoxidase (Hynes, 1973) or galactose
oxidase—-B*H, (Critchley, 1974; Gahmberg and Hakomori, 1973a). This glycopro-
tein or a fragment of it is easily removed from normal cells by trypsinization of
intact cells, leading to the designation “large external trypsin-sensitive (LETS)
protein.” It is more available to surface labeling during the G, phase of the cell
cycle than in other phases and is better labeled in confluent than in sparse cultures
(Hynes, 1974; Hynes and Bye, 1974; Gahmberg and Hakomori, 1974; Pearlstein
and Waterfield, 1974). After growth of cells in media containing [*C]fucose or
['*C]glucosamine, the 250 K glycoprotein is visible upon autoradiography after
SDS-PAGE of extracts of normal but not transformed cells. It therefore seems to
be missing from the transformed cells, not simply hidden from lactoperoxidase
(Hynes and Humphreys, 1974). Its absence may be caused by surface proteolysis
qr by decreased synthesis in transformed cells. Transformed BHK cells do release
into the medium more of several glycoprotein species, particularly components of
high molecular weight, than do untransformed cells, although with unknown
degrees of degradation (Voyles and Moskowitz, 1974). Normal 3T3 cells, how-



ever, release a 150 K glycoprotein into the medium while transformed cells do not
(Sakiyama and Burge, 1972). The 250 K glycoprotein of NIL cells also seems to
bear the primary receptors for the lectins Con A and RCA, (Gahmberg and
Hakomori, 1975b). A similar glycoprotein has been reported to be unavailable for
surface labeling after transformation of the hamster BHK cell line (Gahmberg et
al., 1974*; Hynes, 1973). SV40 virus transformation of hamster embryo fibro-
blasts also decreases the amount of a high molecular weight glycoprotein (Steiner
etal., 1973b), as detected by autoradiography after SDS-PAGE of cells grown with
['*Clsugars. While a surface location was not demonstrated for this component,
most cellular glycoproteins are surface components.

Hogg (1974) found a trypsin-sensitive, 250 K glycoprotein to be lactoperoxi-
dase-iodinated in normal but not transformed mouse 3T3 cells. SDS-PAGE of
isolated membrane proteins, followed by a protein stain, gave one wide protein-
staining band in normal cells corresponding to the '*’I-labeled 250 K glycopro-
tein. Transformed cells gave three discrete, smaller protein-stained bands in the
250 K region without significant radioactivity. These smaller bands could be
related to the 250 K glycoprotein of normal cells, or could simply be lesser
components made visible by the absence of the major band. These were the main
protein changes found by Hogg (1974), although an earlier study (Sheinin and
Onodera, 1972) found more extensive differences between normal and trans-
formed surface proteins. Some differences were seen in the galactose
oxidase-B®H, labeling of normal and transformed mouse cells if the cells were
treated with neuraminidase before labeling, but the magnitude of the changes was
small (Gahmberg and Hakomori, 19734). Lactoperoxidase labeling of other
tumorigenic mouse lines and of a2 human HeLa cell line has been reported, but
without normal cells for comparison (Huang et al., 1974; Shin and Carraway,
1973; Marchelonis et al., 1971). Decreased amounts of a 210 K protein were found

in Rous sarcoma virus transformed rat kidney cells compared to the non- -

transformed cells (Stone et al., 1974).

A very useful system for studying cellular changes accompanying transforma-
tion is the chick embryo fibroblast cell line, with transformation by regular and
temperature-sensitive strains of Rous sarcoma virus. Chick embryo fibroblast
surface proteins have been studied by several groups, before and after transfor-
mation by RSV or by shifting cells infected with temperature-sensitive RSV to the
permissive temperature. Transformation-dependent reduction or loss of a large
glycoprotein (200-250 K) upon SDS-PAGE has been seen using lactoperoxidase
iodination of whole cells (Hynes, 1974; Wickus et al., 1974; Stone et al., 1974),
radioactive amino acid incorporation (Stone et al., 1974; Wickus et al., 1974;
Wickus and Robbins, 1973), and protein staining (Vaheri and Ruoslahti, 1974;
Bussell and Robinson, 1973). A glycoprotein quite similar to that detected by
labeling studies has been partially purified (Yamada and Weston, 1974). It is

?One report that lactoperoxidase labeling does not detect protein changes with transformation
(Poduslo et al., 1974) is complicated by the use of trypsinized cells and the presence of relatively high
background labeling in the absence of lactoperoxidase. This laboratory did find transformation-
dependent reductions in several hamster membrane proteins, as measured by staining of SDS-PAGE
gels (Greenberg and Glick, 1972).
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probable but not certain that the large glycoprotein detected by each approach is
the same—differences in cell lines and in handling techniques may affect the
results, particularly with peripheral proteins associated only loosely with the
plasma membrane, as the LETS protein may be (Graham et al., 1975).

Beyond the transformation-dependent decrease in labeling and amount of
200-250 K glycoprotein in several cultured cell lines, there is less agreement on
protein changes after transformation. Differences in experimental procedure
may be more critical with less numerous molecules. An 85 K glycoprotein on
hamster NIL cells was better labeled by the galactose oxidase-B*H, method after
transformation (Gahmberg and Hakomori, 1973a), but this difference was seen
only with labeling after neuraminidase treatment. Transformation of chick
embryo fibroblasts has been reported to increase the amounts of two 70-95 K
proteins (Stone et al., 1974). Vaheri and Ruoslahti (1974) also found increases in
two similar or identical proteins, as well as decreases in the amount of 145 and
210 K proteins. The latter proteins are the molecular counterparis of a fibroblast
surface antigen (also found in serum) which is decreased in amount upon
transformation. The larger of these components strongly resembles the high
molecular weight glycoprotein revealed by surface labeling (Critchley, 1974;
Hynes and Bye, 1974). A similar antigenic protein is found on human fibroblast
surfaces (Vaheri and Ruoslahti, 1974).

Before surface-labeling reagents were widely available, Warren and others
began studying the glycoprotein fragments released by mild (nonlytic) trypsiniza-
tion of cultured cells. This work has been reviewed by Warren et al. (1973).
Roughly 25% of the cellular sialic acid is released by this treatment without loss of
cell viability. After removal of cells, thorough digestion of the trypsinate with
pronase leaves glycopeptides (primarily carbohydrate) of around 4000 daltons.
Normal cell glycopeptides elute from gel filtration columns in a wide peak, but
glycopeptides from several different lines of transformed cells elute as a peak
slightly shifted toward higher molecular weight, or with a higher molecular
weight shoulder on the main peak, compared to the corresponding normal cell.
This shift in the size of protease-released glycopeptides has been found with BHK
(Buck et al., 1970), hamster embryo cells (Glick et al., 1974), 3T3 (Meezan et al.,
1969), and chick embryo fibroblasts (Lai and Duesberg, 1972; Warren et al.,
1972a). A wide-ranging study also found the shift in viral, chemical, and
spontaneous transformants of several lymphoblast, fibroblast, and epithelial cell
lines (van Beek et al., 1973). Mitotic BHK cells also seem to have more of the larger
glycopeptides than nonmitotic cells, although still less than transformed cells
(Glick and Buck, 1973). Sakiyama and Burge (1972) have reported that confluent
3T3 cells have less of the larger glycopeptides than do SV40-transformed 3T3
cells but that exponentially growing 3T3 have as much as do the transformed cells.

Treatment of transformed-cell glycopeptides with neuraminidase produces a
gel filtration elution pattern quite similar to that of normal-cell glycopeptides (van
Beek et al., 1973; Warren et al., 1973). Transformed BHK and chick embryo
fibroblasts have a higher sialyltransferase activity specific for the cell surface
glycopeptides, compared to untransformed cells, to add the additional sialic acid.
Sialyltransferase activity toward added glycoproteins changes little with transfor-



mation (Warren et al., 1973). Nongrowing transformed cells have less of the
specific activity, similar to that of growing normal cells, but nongrowing normal
cells exhibit still lower activity. The presence of elevated neuraminidase activity in
nontransformed, confluent cells has not been precluded, however, and would also
explain these results. For example, while transformed 3T3 cells have a higher
sialyltransferase activity toward surface glycoproteins, they still have less-
sialylated glycoproteins than normal cells, possibly due to higher hydrolytic
activities (Bosmann, 1972¢, and see Sections 3.2.2 and 3.2.3).

The extra sialylation of transformed cell surface glycopeptides supports the
idea that sialic acid changes are involved in transformation, but the importance of
the glycopeptide changes is unclear. The number of different glycopeptide
species, by size or by carbohydrate composition, in either the main group or the
higher molecular weight portion is unknown. The disappearance of the heavier
population after neuraminidase treatment does not show increased sialylation to
be the only distinctive feature of transformed glycopeptides. For example, the
glycoprotein of vesicular stomatitis virus grown in BHK cells gives glycopeptides
of the same size distribution as those of virus grown in polyoma-transformed
BHK, but the sugar composition and sensitivity to a mixture of glycosidases are
different (Moyer and Summers, 1974). Differences have been found in the
mixture of carbohydrate—peptide linkage regions of glycopeptides isolated from
growing vs. confluent nontransformed human diploid cells (Muramatsu et al.,
1973). In addition, decreases in large glycopeptides with transformation can be
found in some of the published data (Sakiyama and Burgt, 1972; Meezan et al.,
1969), and there is a report that while glycoproteins spontaneously released by
transformed BHK cells are more glycosylated than those released by normal cells
the remaining membrane proteins are less glycosylated in the transformed cells
(Chiarugi and Urbano, 1972).

Glick et al. (1973) studied the correlation of these glycopeptides with both in
vitro and in vivo criteria of malignancy. They analyzed the glycopeptides of
hamster embryo cells, a chemically transformed derivative, a nontransformed
second derivative, a retransformed third derivative, and tumors from all these
lines. Presence of the heavier glycopeptide fraction correlated well with in vivo
tumorigenicity, but not with transformed behavior in vitroe (e.g., growth to high
density or growth in soft agar). In addition to dissociating the appearance of the
fraction of large glycopeptides from lack of normal growth control in vitro, this
report also emphasizes the limitations of applying in vitre tissue culture studies to
the in vivo spread of cancer. Further understanding of the significance of the
glycopeptide changes may well depend on progress in resolving the present
mixture of glycopeptides into distinguishable components, and in relating them
to the glycoproteins from which they were cleaved.

3.2. Enzymes
3.2.1. Glycosyltransferases

Glycosyltransferases are the enzymes which catalyze transfer of a sugar residue
from a donor, generally a sugar nucleotide such as UDP-p-galactose, to an
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acceptor, such as the nonreducing terminal sugar of a glycolipid or glycoprotein.
Most cellular glycosyltransferase activity is associated with the golgi apparatus,
where most glycoproteins receive their oligosaccharide portions. Cell surfaces,
however, also seem to contain glycosyltransferases. Roseman (1970) has suggested
that intercellular adhesion and communication may involve binding of cell
surface enzymes to their substrates on the surfaces of other cells, with or without
reaction actually taking place (depending perhaps on availability of cofactors).
There is evidence that some surface glycosyltransferases are involved in such
communication (Section 3.4.3; Roth, 1973).

Transformation-dependent changes in glycosyltransferase activities have been
found in several experimental systems, although the significance of these changes
is very difficult to assess. One difficulty is that the enzymes have most often been
studied in cell homogenates in the presence of detergent. Assay conditions are
therefore very different from in vivo reaction conditions, and enzyme activity
varies with such parameters as detergent concentration (Martensson et al., 1974).
The number of different enzymes in any preparation capable of transfering the
added sugar donor to the acceptor or acceptors being studied is unknown, as is
their normal location on or inside the cell. Whether cell surface acceptors
normally glycosylated by the enzymes are similar to those endogenous or
exogenous acceptors glycosylated by the homogenate is also unknown. In
addition, there is recent evidence that polyisoprenoid lipids may participate in
glycosyltransferase reactions as intermediate sugar donors (Dorsey and Roth,
1974; Hsu et al., 1974; Yogeeswaran et al., 1974). Experiments using unbroken
cells avoid some of these difficulties—detergents are not required and the
measured transferase activities are assumed to reside on the cell surface. It must
be remembered, however, that glycosylation of endogenous acceptors by cells
(whole or broken) is affected by amount of active enzyme, amount of suitable
donor, amount of suitable acceptor, and the mutual accessibility of all three.

Deppert et al. (1974) conclude that several cell types do not have surface-located

galactosyltransferase activity, and that reports of such activity have failed to allow
for external hydrolysis of UDP-galactose followed by uptake and internal
metabolism of the galactose. This conclusion is strongly contradicted by galactosy-
lation by whole cells of glycolipid covalently linked to glass beads (Yogeeswaran et
al., 1974; see below). A resolution of the conflict will require further research.
Some glycosyltransferases which use glycolipids as acceptors show marked
reductions upon viral transformation. The gangliosides of mouse cell lines have
been studied by Brady and Fishman (see their 1974 review for details and primary
references) as well as others. Correlating with changes in glycolipid composition
accompanying transformation (Section 3.1.2), homogenates of several mouse cell
lines transformed by SV40, polyoma, or the Moloney isolate of murine sarcoma
virus have substantially decreased N-acetylgalactosaminyltransferase activity,
responsible for synthesis of ganglioside Gy. from Gys (Fig. 5). There is some viral
specificity, as transformation by the Kirsten isolate of murine sarcoma virus causes
a reduction in a different enzyme—the galactosyltransferase for the synthesis of
Gum: from Gye. Morphological revertants regain partially or fully the non-
transformed activities. The relevance of ganglioside changes to tumor growth is in



question, however, since spontaneously-transformed cell lines do not show these
changes. A decrease in the ganglioside N-acetylgalactosaminyltransferase was also
seen upon transformation of hamster embryo cells, but morphological reversion
did not restore activity (Den et al., 1974). Decreases were reported for several
transferase activities in polyoma-transformed BHK cells, with sialyltransferase
(CDH - Gys) particularly reduced (Den et al., 1971).

Hakomori and coworkers have studied the neutral glycolipids of hamster cell
lines. Correlating with changes in complex ceramides, the a-galactosyltransferase
for synthesis of CTH from CDH rose with confluence in normal cells and fell
sharply upon transformation (Kijimoto and Hakomori, 1971), while the f-
galactosyltransferase (CMH - CDH) did not change with cell density or transfor-
mation.

The activities of some cell surface transferases which use lipid acceptors have
been measured with unbroken cells and found lower on transformed than normal
cells. Viral transformation of 3T3 reduces the transfer of added sialic acid,
galactose, and N-acetylgalactosamine from sugar nucleotides to endogenous
lipid, while increasing the transfer of mannose (Patt and Grimes, 1974). Polyoma-
transformed NIL and BHK whole cells transfer less sialic acid and galactose than
do nontransformed cells from added sugar nucleotides or endogenous sugar
donors to ceramide dihexoside covalently attached to glass beads or plates
(Yogeeswaran et al., 1974). This demonstration argues strongly for cell surface
glycosyltransferase activities.

The situation is confused with glycosyltransferases, which use glycoproteins as
acceptors—transformation causes both substantial increases and decreases in
these activities. Bosmann and Hall (1974) found that homogenates of human
breast and colon tumor tissue (not cultured cell lines) have higher sialyltransferase
activity toward endogenous or added glycoprotein than do homogenates of the
nearest nonmalignant tissue. On the other hand, homogenates of cultured mouse
and hamster cell lines transformed spontaneously or by several tumor viruses
show reduced sialyltransferase activity toward added glycoprotein (Grimes,
1973). One exception was polyoma-transformed 3T3, while polyoma-
transformed BHK and NIL did show the decrease. In each case (including
polyoma-transformed 3T3), this activity correlated with the total cellular sialic
acid content. Galactose and fucose transferase activities sometimes rose with
transformation and sometimes fell.

Using as acceptors the glycoproteins released by mild trypsinization of cells
(Section 3.1.3), or the glycopeptides remaining after pronase digestion of these
glycoproteins, Warren et al. (1972b) found that homogenates of growing virally
transformed BHK and chick embryo fibroblasts have a higher sialyltransferase
activity than do the nontransformed cells. The activity is reduced in all non-
growing cells, but transformation still gives higher values. Bosmann (1972¢)
obtained similar results with 3T3, and further found that the glycoproteins
released by mild trypsinization of transformed cells are better sialic acid
acceptors than those from nontransformed cells, apparently because of a larger
proportion of “incomplete” glycoprotein. These results emphasize the specificity
of enzyme reactions. If the substrate added to assay an enzyme is not very similar
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to the natural endogenous substrate, or if the reaction conditions are not similar,
any conclusions based on the assay are likely not to represent fully the in vivo
situation. This danger is particularly apparent when the normal endogenous
substrate is not known, and a substitute is chosen on the basis of convenience.

Transformation is reported to increase the glycosylation of endogenous surface
glycoproteins by unbroken cells of 3T3 (Patt and Grimes, 1974; Den et al., 1971)
and chick embryo fibroblasts (Bosmann et al., 1974a). Bosmann (1972b) reported
the activities to be similar in growing normal and transformed 3T3, but to
decrease upon confluence of the normal cells. Roth and White (1972) have
suggested that transferases and acceptors on the same cell surface are not
accessible to each other, so that glycosylation on normal cell surfaces occurs only
when two cells make contact. Transformed cells were suggested to have surface
differences such that transferase and acceptor on the same cell surface are
accessible to each other, possibly due to increased lateral mobility of the enzyme
and/or substrate (Section 3.4.2). Patt and Grimes (1974) were unable to verify
these conclusions, but they used a different strain of 3T3 cells and different
experimental conditions. It seems certain that some cell surface glycosyltransfer-
ase activities do change upon viral transformation of cultured cells, butitis not yet
clear how much these changes relate to changes in amount and distribution of
enzymes and how much to availability of the appropriate acceptors. Availability of
sugar nucleotide donors might also be limiting under at least some conditions in
vivo.

3.2.2. Proteases

Mild proteolytic treatment—without cell lysis—of confluent nontransformed cells
in culture transiently gives the cells several properties attributed to transformed
cells. Glucose transport (Section 3.3) and agglutinability with lectins (Section
3.4.2) are increased. Some antigens become more reactive with antibodies (Section
3.1.1) and surface glycoproteins are removed from fibroblasts (Section 3.1.3). The
confluent cells may also go through another cell cycle, doubling in number
(Burger, 1970; Sefton and Rubin, 1970). These findings have led to hypotheses
that proteolysis at the cell surface may be important in normal growth control
(discussed by Hynes, 1974, and Talmadge et al., 1974). Increased release of
lysosomal and other hydrolytic enzymes at certain stages in the cell cycle of normal
cells, and continuously in malignant cells, could cause surface alterations (“sub-
lethal autolysis”) necessary for growth or other cell functions (Bosmann et al.,
1974b; see also Poste, 1972).

Transformed and tumor cell homogenates have elevations in some protease
activities compared to normal cells. Using hemoglobin as a substrate, Bosmann
and coworkers have found elevations in cathepsin-like (pH 3.4) protease activity
in human breast and colon tumor tissue (Bosmann and Hall, 1974) as well as in
virally transformed mouse cells (Bosmann, 1972a) and chick cells (Bosmann et al.,
1974b). Neutral (pH 7.4) protease activity was increased with transformation of
the mouse cells, but not significantly in the other cases. Using a mixture of



exogenous proteins as substrate, Schnebli (1972) found proteolysis by whole cells
lower with 3T3 than with transformed 37T3, but equal if the nontransformed cells
were first given a mild hypotonic treatment. His results are consistent with
surface-associated proteases being more accessible after transformation, rather
than being increased in amount. In contrast, nontransformed cells in culture
apparently have greater breakdown and replacement of at least some surface
proteins when confluent than when growing (Borek et al., 1973; Baker and
Humphreys, 1972; but see also Pearlstein and Waterfield, 1974). Minced frag-
ments of some human tumor tissues exhibited higher collagenase activity than
healthy tissue, but several other tumors did not (Dresden et al., 1972). The
elevated enzymes resembled those isolated from normal human skin.

Transformed cells in culture release a serine protease which has been charac-
terized by Christman and Acs (1974) and Unkeless et al. (1974b). This protease is
measured by its conversion of serum plasminogen to the protease plasmin, which
in turn hydrolyzes fibrin.”> This two-step fibrinolysis has been reported to be
higher with transformed than with normal cell lines of chick (Weber et al., 1975;
Goldberg, 1974), hamster, mouse, and rat fibroblasts (Ossowski et al., 1973a), and
also high with three human tumor cell lines (Rifkin et al., 1974). The importance
of this activity in cancerous growth is uncertain, since an active fibrinolytic system
is necessary but not sufficient for expression of some morphological changes
associated with transformation (Ossowski et al., 1974). Also, reduction of fibrinoly-
tic activity, by growth of transformed cells with serum containing endogenous
protease inhibitors (Quigley et al., 1974), with plasminogen-depleted serum
(Ossowski et al., 1973b), or with a synthetic inhibitor of fibrinolysis (Chou et al.,
1974b) still permits growth of transformed cells to a higher density than normal
cells. Furthermore, a similar plasminogen activator is released by some nonmalig-
nant mouse cells (Unkeless et al., 1974a). Chou et al. (1974b), using somewhat
different assay conditions, have found that nontransformed 37T3 cells cause as
much fibrinolysis as do SV40-transformed cells while actively growing, but
production by the nontransformed cells decreases at confluence. For those
morphological traits which do seem to require activation of plasminogen, the
substrate on which plasmin acts is not known. Transformation-dependent
fibrinolysis not dependent on serum plasmin has also been found (Chen and
Buchanan, 1975).

Reports that protease inhibitors selectively retard the growth of transformed
cells (Talmadge et al., 1974; Schnebli, 1974; Schnebli and Burger, 1972; Goetz et
al., 1972) gave emphasis to hypotheses that proteases are involved in growth
control. More recent work, though, has shown that at least some protease
inhibitors affect growth primarily by inhibiting protein synthesis, and inhibit
growth of normal as well as transformed cells (Chou et al., 1974a,b,c). Schnebli
(1974) reported that several protease inhibitors selectively stop the growth of
transformed but not normal 3T3 cells, but notat the G, stage of the cell cycle. This
inhibition is therefore not an imposition of normal growth control, but is more

® Some human cancer patients do have abnormal blood clotting (Peck and Reiquam, 1973).
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likely a toxicity effect. In addition, protease-induced increases in lectin agglutina-
bility of confluent normal cells can occur without stimulation of cell division
(Glynn et al., 1973), and protease stimulation of sugar transport does not reach
levels characteristic of transformed cells (Weber et al., 1975).

Lipkin and Knecht (1974) reported that a hamster cell line subject to density-
dependentinhibition produces a protein factor which imposes density-dependent
inhibition of growth on a related malignant line. The surface of the malignant
cells contains an abundance of the protease cathepsin B,, as measured by binding
of fluorescent antibody. The related nonmalignant cell surfaces do not bind this
antibody, due to a reduction in either amount or exposure of the surface protein.
The protein factor from nonmalignant cells prevents binding of the anticathepsin
antibody to the malignant, non-density-inhibited cells (Lipkin, 1974; Lipkin and
Knecht, 1974). These results support the hypothesis that surface proteases play a
role in the control of cell division.

3.2.3. Glycosidases

Glycosidases are the hydrolytic enzymes which cleave the hemiacetal linkages
between sugar residues. If their activities differ between normal and malignant
cells, then differences in carbohydrate-containing molecules could result, regard-
less of whether synthetic rates were similar or different. As with other enzymes, itis
difficult to demonstrate that substrates added for activity measurements are
representative of normal endogenous substrates. Nitrophenyl sugars are most
often used to measure glycosidase activities, for convenience, but it must be
recognized that other glycosidic specificities might be seen if other substrates and
assay conditions are used. One may draw conclusions based only on the activities
actually measured, and should beware of extrapolating to apparently related
activities. Measurements are generally made in cell or tissue homogenates, so that
no conclusions may be drawn about cellular location of the enzymes, although
even soluble enzymes may act on cell surfaces after release into the medium.

Bosmann and Hall (1974) compared glycosidase and protease activities of
malignant human tissue with those of the nearest nonmalignant tissue removed
from the same patients. Malignant breast and colon tissue homogenates have
substantially greater f-galactosidase, a-mannosidase (assayed with nitrophenyl
substrates), neuraminidase (sialoglycoprotein substrate), and acid protease
(hemoglobin substrate) activities, with lesser increases in other hydrolases. Appar-
ent premalignant lesions give intermediate activities. Histological examination
did not show unusual numbers of leukocytes in the malignant tissue, but they are a
possible source of the enzymatic activity. Elevated human serum glycosidase levels
have been reported with cancer and some other diseases (Woollen and Turner,
1965).

Transformation of cultured cells also increases some cellular glycosidase
activities. With glycolipids as substrates, transformation raises a-galactosidase
(ceramide trihexoside substrate, Kijimoto and Hakomori, 1971) and neuraminid-
ase (ganglioside substrates, Schengrund et al., 1973) activities in hamster cells, but



neuraminidase activity (ganglioside substrates) of a mouse cell line is not increased
by transformation (Cumar et al., 1970). With nitrophenyl sugars as substrates,
transformation substantially increases several glycosidic activities of mouse (Bos-
mann, 1972a) and chicken (Bossmann et al., 1974b) cell lines. The elevated
enzymes are those commonly associated with lysozomes and could be involved in
sublethal autolysis (Section 3.2.2; Bosmann et al., 1974b; Poste, 1972).

3.3. Transport

Cells, both prokaryotic and eukaryotic, have specific mechanisms for transporting
polar small molecules through the apolar plasma membrane. Without these
transport systems, polar nutrients would enter the cell quite slowly, and polar
waste products would tend to accumulate (see Oxender, 1972, for a general
transport review). ‘

Viral transformation of cultured animal cells increases some but not all
transport activities in every case examined to date. Increased sugar transport is
particularly striking and has been well reviewed by Hatanaka (1974). That work is
only summarized here, and the reader is referred to Hatanaka’s review for details
and primary references. Transport of glucose and the glucose analogues
2—deoxyglucose and 3-O-methylglucose are increased about 3-4 times concur-
rently with morphological appearances of transformation. 2-Deoxyglucose has
been used extensively in transport studies because of a belief that it is not
metabolized beyond phosphorylation. While Steiner et al. (1973b) have now shown
2-deoxyglucose to be incorporated into cellular glycoproteins and glycolipids,
transport studies involving less than 30-min incubations are not complicated by
significant 2-deoxyglucose metabolism beyond phosphorylation. These incuba-
tions may be too long on other grounds, though—Kletzien and Perdue (1974a)
have recently reemphasized the necessity of demonstrating actual passage of
substrate through the membrane to be rate limiting in transport studies. Trans-
port of mannose, galactose, and glucosamine also rises with transformation, while
that of fructose, ribose, deoxyribose, fucose, sucrose, glucose-1-phosphate, and
glucose-6-phosphate does not (Hatanaka, 1974).

Despite a report to the contrary (Romano and Colby, 1973), measurements of
increased sugar entry with transformation are due to increased transport, not
simply to increased phosphorylation (Hatanaka, 1974; Kletzien and Perdue,
1974a). The increases result from increased maximum velocity, with some
disagreement remaining over changes in Michaelis constant.

Transformed animal cells also have higher transport activity for some amino
acids. Increases were reported for glutamine (Foster and Pardee, 1969), arginine,
and glutamic acid (Isselbacher, 1972), with both reports finding higher transport
of the amino acid analogues a-aminoisobutyric acid and cycloleucine. Phosphate
transport, too, is increased with transformation (Cunningham and Pardee, 1969),
insulin (Rozengurtand Jiménez de Asda, 1973), trypsin (Sefton and Rubin, 1971),
or neuraminidase (Vaheri et al., 1972). Stimulation by serum has been studied
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particularly for the association of transport changes with the release of the growth
restriction of quiescent cells, and the possible involvement of cAMP. Addition of
serum—which is, of course, a diverse mixture of components—to quiescent chick
embryo fibroblasts causes a two-stage increase in 2-deoxyglucose transport
capacity (Kletzien and Perdue, 1974b). A doubling of maximum velocity occurs
within 10 min, independent of protein and RNA synthesis, and an additional
doubling, dependent on protein but not RNA synthesis, is seen in about an hour.
Sefton and Rubin (1971) reported a similar increase caused by serum or trypsin, to
be completely dependent on protein synthesis, but Fig. 4 of their paper does show
a rapid doubling in 2-deoxyglucose transport in the presence of cycloheximide
(Rubin and Fodge, 1974; Kletzien and Perdue, 1974b). Serum addition
to quiescent 3T3 cells also increases the transport of phosphate and uri-
dine (Rozengurt and Jiménez de Asda, 1973; Cunningham and Pardee,
1969).

Addition of serum to quiescent cells sharply reduces the intracellular level of
cAMP, and there is evidence for involvement of cyclic nucleotide changes in
growth control. The evidence for association of decreases in cAMP levels with
stimulation of mammalian cell growth has been reviewed by Abell and Monahan
(1973; see also Bannai and Sheppard, 1974, and Pardee et al., 1974). Recent work
also suggests that increases in cGMP may stimulate growth (Seifert and Rudland,
1974; Rudland et al., 1974), although Hovi et al. (1974) have concluded that
neither cyclic purine nucleotide has a specific role in the growth control of chick
embryo fibroblasts.

The increase in uridine transport after serum addition to quiescent cells does
seem to be dependent on an intervening fall in cAMP, but the increase in
phosphate transport seems not to depend on this fall (Jiménez de Asua etal., 1974;
Rozengurt and Jiménez de Asda, 1973). The rapid increase in sugar transport
with serum addition or with transformation also seems not to depend on cAMP
changes (Hatanaka, 1974; Kletzien and Perdue, 1974a,b). Dibutyryl cAMP does
reduce the 2-deoxyglucose transport of polyoma-transformed 3T3 cells to the
3T3 level and stop the growth of the transformed cells, but the growth restriction
is not a restoration of the nontransformed-type density-dependent inhibition
(Grimes and Schroeder, 1973). Paul (1973) suggests that dibutyryl cAMP retards
the growth of transformed 3T3 cells by inhibiting leucine transport.

Some thought has been given to the possibility that the transport changes which
do not depend on the fall in cAMP levels could actually be responsible for that fall
(Jiménez de Asia et al., 1974). Kasirov and Friedman (1974) have found that the
sodium-potassium dependent adenosine triphosphatase activity (Na'-K'-
ATPase) of mouse and rat fibroblasts is four- to five-fold higher after transforma-
tion. While transport measurements were not made, this enzymatic activity is
normally closely associated with the coupled transport of sodium out of and
potassium into cells. Transport measurements by Kimelberg and Mayhew (1975)
support these observations. Kasirov and Friedman suggest that the reduction in
cAMP in transformed cells is due to competition of adenyl cyclase (which
synthesizes cCAMP) with greatly increased Na"-K*-ATPase for limited amounts of
the precursor, ATP. They further suggest that the sodium fluoride stimulation of



adenyl cyclase in crude preparations and the stimulation of animal cell cAMP
levels by some bacterial toxins result from inhibition of Na™-K*-ATPase. These
interesting ideas will no doubt encourage further progress.

Small quantitative transport changes might affect cells’ ability to grow when
nutrient concentrations are marginal. Pardee (Pardee et al., 1974; Pardee, 1964)
and Holley (1972, 1974) have suggested that transport changes are very impor-
tant in the escape of malignant cells from normal growth control. Holley
suggested that a primary change in conversion to malignancy is an increase in
cellular ability to transport from the medium various molecules which stimulate
growth. Pardee et al. (1974) suggest that transformation causes a permanent cell
surface change inhibiting adenyl cyclase. The resulting drop in cAMP would
increase the uptake of various components of the medium—stimulating transport
either directly or by membrane changes—so that nutrients would be less likely to
fall below the critical minimum concentrations which would cause a regulatory
mechanism (Pardee, 1974) to stop cell growth at the restriction point during dl of
the cell cycle. However, in contact-inhibited nontransformed cells (stopped at the
presumed restriction point: Pardee et al., 1974) stimulated with serum, some
transport changes do not depend on cAMP changes (Kletzien and Perdue, 1974a;
Jiménez de Asua et al.,, 1974; Rozengurt and Jiménez de Asua, 1973). The
hypothesis of Pardee et al. (1974) should probably be adapted, therefore, to
include other controls of cAMP level or other effectors between a primary
membrane change and transport activity. While it is not possible at present to
demonstrate a primary cellular change among the many changes found with
malignancy, the hypotheses of Holley (1972) and of Pardee et al. (1974) have
helped greatly in focusing attention on cell surface changes in cancer. Transport
measurements require particularly close attention to comparing cells grown and
treated as similarly as possible, making studies with actual human cancer cells, as
opposed to cultured cell lines, quite difficult. Nevertheless, progress in under-
standing the importance of transport activities in growth control calls for these
studies.

3.4. Other Surface Properties

3.4.1. Electrokinetic Properties of Tumor Cells

The charge characteristics of normal and tumor cells have been measured by
examining their electrophoretic mobilities, which reflect the {-potential of a cell at
its hydrodynamic slip plane (border between the bulk fluid and the fluid moving
with the cell: see Mehrishi, 1972, or Weiss, 1967). Early literature indicated higher
surface charge densities on tumor cells than on similar normal cells. Ambrose et al.
(1956) and Lowick et al. (1961) found higher electrophoretic mobilities for
malignant cells from solid tumors than for their normal analogues. Forrester
(1963) found that the mean electrophoretic mobilities of “normal” and polyoma-
transformed hamster kidney fibroblasts were approximately equivalent, but that
the spread of mobilities was much greater with the transformed cells.
Neuraminidase treatment lowered the mobility of the normal and transformed
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cells to the same level, indicating that the difference in electrophoretic mobility
was due to more sialic acid residues on the tumor cell surfaces. Fuhrmann (1963)
obtained similar results with normal and malignant rat liver cells—only the
malignant cell mobilities were reduced with neuraminidase.

Other investigators have reported higher cell surface charge densities on
tumor cells (Simon-Reuss et al., 1964; Doljanski and Eisenberg, 1963), but several
have failed to find a correlation between malignancy and increased electrophore-
tic mobility. Mehrishi and Thomson (1968) and Thomson and Mehrishi (1969)
failed to find differences between the electrophoretic mobilities of normal human
lymphocytes and a variety of leukemia cells, and several other studies have
confirmed these results (Schubert et al., 1973; Lichtman and Weed, 1970; Patinkin
et al., 1970). Vassar (1963) examined several different types of human solid
tumors (including cells from malignant epithelium and mesenchyma) and their
normal cell counterparts. The cells were dispersed by mechanical means and their
electrophoretic mobilities were determined, with no significant differences found
between tumor cells and normal cells from the tissue of origin of the tumor.

A serious complication in the determination of cell surface charge density and
surface biochemistry as well is the variation in surface properties with the stage of
the cell cycle. Mayhew (1966) found that normal and tumor cell electrophoretic
mobility varies with the cell cycle and is highest at mitosis. He also found that
neuraminidase treatment of cells at any phase of the cycle results in a reduction of
mobility to a common level. Also, cell electrophoretic mobility varies with
temperature.

In conclusion, although some tumor cells have higher surface charge densities
than their normal cell counterparts, enhanced electrophoretic mobility does not
seem to be a general characteristic of malignant cells.

3.4.2. Antigens and Lectin Receptors

Cells transformed in vitro or in vivo have been characterized by the appearance of
new tumor-specific transplantation antigens (TSTA) on their surfaces. Presuma-
bly, TSTA serve a function in establishing or maintaining the tumor cell in the
transformed state. TSTA are capable of eliciting humoral or cellular tumor-
specific immune responses in autochthonous or syngeneic hosts. Although TSTA
may play an important role in the immune destruction of tumor cells bearing
them, these antigens are not well characterized (Meltzer et al., 1972). Other
surface antigens appear after transformation and these may represent dere-
pressed host antigens (in some cases embryonic antigens) or virus-coded surface
antigens that are not part of the tumor virus’s antigenic structure (Black, 1968).
This latter property has been demonstrated immunologically by the lack of effect
of antiviral antibodies on tumor growth or direct complement-mediated cytotox-
icity. Also, some tumor cells appear to be free of infectious virus and viral antigens
(Butel et al., 1972; Khera et al., 1963). Certain tumor cells may express normal
surface antigens in abnormally high or low amounts (Lengerovi, 1972), or they
can express virus-specific antigens, particularly if viruses are being released from



the cell. Since the antigens of tumor cells form the topic of other chapters, they will
not be discussed in detail here. Detailed information can also be found in reviews
by Boyse (1973), Klein (1973), Old and Boyse (1973), Butel et al., (1972), and
Coggin and Anderson (1974).

Another property of cells after transformation is an increase in agglutinability
by plant lectins, proteins and glycoproteins that bind specific saccharide determin-
ants (for review, see Nicolson, 1974 a; Burger, 1973; Lis and Sharon, 1973). Aub et
al. (1963, 1965a,b) found that a wheat germ (Triticum vulgaris) preparation
agglutinated certain transformed cells but not their normal counterparts. Burger
and Goldberg (1967) purified the agglutinating activity and characterized the
responsible molecule as a lectin, wheat germ agglutinin (WGA), that binds to cell
surface N-acetyl-p-glucosamine-like residues. To explain the difference in lectin-
mediated agglutination between normal and transformed cells, Burger (1969)
advanced the theory that the agglutinability of transformed cells was due to an
exposure of “cryptic” lectin binding sites during transformation. The sites were
reasoned to be cryptic or masked on normal cells because brief proteolysis
rendered normal cells as agglutinable as transformed cells but did not enhance the
agglutinability of transformed cells (Burger, 1969).

A variety of alternate theories have been proposed to explain differential
agglutinability by lectins and to account for the subsequent finding that normal,
protease-treated, and transformed cells have equivalent numbers of lectin recep-
tors per cell (Phillips et al., 1974; Nicolson, 1973a, 1975; Barbarese et al., 1973;
Inbar et al., 1972; Arndt-Jovin and Berg, 1971; Cline and Livingston, 1971;
Ozanne and Sambrook, 1971) with transformed cells having even fewer receptors
in one case (Nicolson et al, 1975). Inbar et al. (1972) proposed that cell
agglutination is due to special metabolically linked lectin agglutination sites
(distinct from lectin binding sites) which are altered on the transformed cell
surface. Simultaneously, it was proposed that the difference in agglutinability
might be due to a clustering in the topographic distribution of lectin binding sites
that allows multiple lectin cross-bridging between adjacent cells (Nicolson, 1971).

Fluorescent, ferritin, peroxidase, and hemocyanin labeling techniques have
been used to determine the distribution and mobility of lectin binding sites on
normal and transformed cells. Although several investigators did not report
differences in the distribution of Con A binding sites using fluorescent Con A
(Shoham and Sachs, 1972; Mallucci, 1971; Cline and Livingston, 1971; Ozanne
and Sambrook, 1971) or hemocyanin—-Con A (Smith and Revel, 1972), Nicolson
(1971) reported that ferritin—-Con A binds to mounted SV40-transformed 3T3
cell membranes at 20°C in more clustered distribution than to 3T3 cell mem-
branes, and proposed that the more clustered Con A receptor state is responsible
for the differential agglutination of transformed cells. Using Con A-peroxidase
techniques, Martinez-Palomo et al. (1972) and Bretton et al. (1972) found that
normal, polyoma-, and SV40-transformed hamster cell lines bind Con
A-peroxidase, but the peroxidase product is generally more patchy on the
transformed cells labeled at room temperature than at 0°C. Also, two adenovirus-
12 hamster tumor lines of differing malignancy were discontinuously labeled with
Con A-peroxidase compared to the normal parental line (Huet and Bernhard,
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1974; Rowlatt et al., 1973). Francois et al. (1972) used peroxidase-coupled Con A
and WGA to study the surface distribution of lectin binding sites on normal and
transformed human fibroblasts and found patchy distribution on some cells but
uniform distribution on others. Similar observations were made by Huet and
Bernhard (1974) using WGA—peroxidase labeling. The fact that uniform rather
than clustered Con A or WGA distributions have been found on some trans-
formed cell lines, although they are more agglutinable, suggests that other surface
properties must also be important in determining lectin agglutinability. In
particular, transformed rat embryonic fibroblasts labeled with Con A-peroxidase
at room temperature do not show dramatic clustering of their Con A binding sites
(Garrido et al., 1974; Roth et al., 1973; Bretton et al., 1972).

Protease treatment of normal cells renders them as agglutinable by lectins as
transformed cells, but does not increase the number of lectin binding sites
(Cuatrecasas, 1973; Nicolson, 1973a; Ozanne and Sambrook, 1971; Inbar et al.,
1971). Nicolson (1972) examined briefly trypsinized 3T3 cells and found cluster-
ing of ferritin—Con A sites. The clustered Con A sites were reasoned to be directly
involved in cell agglutination, because trypsinized cells specifically agglutinated
with ferritin—Con A into small cell aggregates, which when carefully removed,
fixed, and embedded in plastic had high concentrations of ferritin between
adjacent agglutinated cells as seen by electron microscopy of thin sections. The
agglutination was reversible by a-methyl-p-mannoside, and the ferritin reagent
was not nonspecifically trapped between agglutinated cells. This latter control was
performed using another lectin to agglutinate trypsinized cells in ferritin—~Con A
solutions containing a-methyl-p-mannoside, and the ferritin reagent was not
trapped between agglutinated cells. These results were also found with SV3T3
cells (Nicolson, 1974b).

Mobile lectin sites are directly involved in the agglutination of cells at room
temperature, but the clusters seem to arise from a uniform distribution by
lectin-induced effects on the cell surface. Inbar and Sachs (1973) and Nicolson
(1973b) used fluorescent Con A to show that transformed cells have inherently
dispersed distributions of their Con A binding sites at low temperature (or on
aldehyde-fixed cells), and these dispersed sites can rearrange into clusters at or
above room temperature in the presence of Con A. Normal cells seem to have
dispersed distributions of Con A binding sites which do not dramatically cluster
with lectin, even in several minutes at 37°C. Similar results were obtained by
Rosenblith et al. (1973%) and Garrido et al. (1974) using Con A-hemocyanin
techniques on 3T3 and SV3T3 cells labeled in situ. They found, on transformed
cells labeled at low temperature and subsequently warmed, that rearrangement of
cell surface-bound Con A occurred, ranging from uniform, random distributions
to clustered distributions. These results seem to indicate a difference in the
relative mobility of Con A binding sites on transformed cells at and above room
temperature.

The relative mobilities of antigens on normal and transformed cells have been
studied with the aid of fusion heterokaryons. Edidin and Weiss (1974) used



techniques developed earlier by Frye and Edidin (1970) to study the mobility and
restriction of mobility of antigens on mouse and human normal and transformed
cells and their normal-transformed fusion heterokaryons. The normal cells they
examined failed to form caps after incubation with antisera and anti-
immunoglobulin, but several transformed cells capped readily under identical
conditions in suspension or on substrate. When intermixing of antigens on
mouse—-human heterokaryons was followed, normal-normal heterokaryons
failed to intermix within the time of the experiment, transformed-transformed
heterokaryons mixed rapidly, and normal-transformed heterokaryons showed
intermediate rates.

Differences in the relative mobility of antigens and lectin binding sites on certain
transformed cells could be due to a variety of possible membrane changes after
transformation: (1) the intrinsic fluidity of the lipid bilayer could be increased
after transformation; (2) the antigen or the lectin binding determinant could be
structurally modified by transformation to a component which is more readily
crosslinked or diffuses more rapidly in the membrane; or (3) there could be
alterations in peripheral structures attached at the inner or outer membrane
surface which influence the mobility of lectin binding or antigenic membrane
components. Proposals (1) and (2) seem less likely than (3).

Extraction and analysis of phospholipids from normal and Rous sarcoma virus
transformed chick embryo cells have revealed little change in lipid composition
(Quigley et al., 1974) (see Section 3.1.2), although Yau and Weber (1974) have
demonstrated some changes in acyl group composition correlating with transfor-
mation and density-dependent inhibition of growth. The percentage of arachido-
nate drops after transformation and a roughly equivalent increase occurs in
oleate, but the ratio of total saturated to unsaturated fatty acids—a rough
indication of fluidity—remains approximately constant. These results argue
against a general increase in lipid fluidity after transformation. Electron spin
resonance experiments have confirmed the lack of change in fluidity. Buckman
and Weber (1975) used stearic acid nitroxide analogues to show that plasma
membranes of Rous sarcoma virus transformed chick cells are slightly less fluid
than those of exponentially growing normal cells, and Gaffney (1975) did not find
differences in fluidity between normal and transformed mouse and chick cell
plasma membranes.

There is some evidence, however, suggesting that lectin receptors are modified
after cell transformation. Jansons and Burger (1973) isolated and partially
purified a lectin binding receptor for wheat germ agglutinin (WGA) from L-1210
mouse leukemia cells and found that antisera made against the WGA receptor
reacted with the L-1210 leukemia, but not with normal lymphocytes. The antisera
also reacted with polyoma virus transformed BHK and 3T3 cells, but the
nontransformed BHK and 3T3 were not examined. The failure of normal
lymphocytes to agglutinate with WGA after trypsinization is in contrast with the
behavior of several other cell types, so it is not clear to what extent the antiserum
observations may be applied to other systems. Dievard and Bourrillon (1974)
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puriﬁed the Robinia lectin receptor released from normal and transformed
hepatic cells by trypsin treatment. The glycoprotein lectin receptors from the
tumor cells differed from those of normal cells.

Substantial data exist for the proposal that peripheral membrane components
interfere with the mobility of specific surface receptors. Yin et al. (1972) found that
microtubule-disrupting drugs, such as colchicine and vinblastine, affect Con A
mediated agglutinability of fibroblasts and also of polymorphonuclear leukocytes
(Berlin and Ukena, 1972). At the concentration used (107° M), these drugs should
not have drastic effects directly on the lipid bilayer (Seaman et al., 1973), but this
point has to be carefully ruled out. When Ukena et al. (1974) examined the
topography of Con A receptors on 3T3 and SV40-transformed 3T3 (SV3T3) cells
by the Con A-hemocyanin replica technique, they found that colchicine treatment
causes changes in cell shape (rounding) and leads to the formation of lectin-
induced caplike aggregates of Con A receptors near the center of the rounded cell
body. These drug-induced alterations in cell morphology are linked to cytoplas-
mic microtubules.

Maintenance of membrane shape and topography and the role of cytoplasmic
peripheral and membrane-associated components in this process are not well
defined, but available morphological and biochemical data support the hypothesis
that a cell-membrane-associated microfilament-microtubule system is involved.
McNutt et al. (1967) found that growing, sparse 3T3 cells do not have as extensive
a microfilament-microtubule system associated with the plasma membrane as
confluent 3T3 cells. SV3TS3 cells had less membrane-associated filament network
than either sparse of confluent 3T3, but a flat revertant of the transformed cells
was morphologically similar to 3T3. In this system, microfilament-microtubule
proteins may restrain the mobility of surface receptors that are linked to
peripheral components across the membrane (transmembrane control). Recently
it was noted that Con A receptor sites in confluent 3T3 cell membranes are less
easily aggregated by ferritin-Con A in regions of high submembrane density of
microfilaments than are sites in other regions (Nicolson, 1975). This observation
may, in part, explain the decrease in lectin-mediated agglutinability of 3T3 cells at
confluency (Nicolson, 1974b).

Evidence for microfilament-microtubule involvement in transmembrane con-
trol of surface topography also comes from experiments with drugs such as
dibutyryl cAMP and cytochalasin B. Hsie et al. (1971) found that dibutyryl cAMP
treatment converts CHO cells to fibroblastic morphology and lowers WGA-
mediated agglutination (similar results were reported by Willingham and Pastan,
1974, for 3T3 and L-929 cells); these effects are reversed by microtubule-
disrupting drugs (Hsie and Puck, 1971), implicating their involvement in cell
surface regulation. Similarly, Kram and Tomkins (1973) found that dibutyryl
cAMP inhibits transport of uridine, leucine, and 2-deoxyglucose in 3T3 cells, and
colcemid and vinblastine, but not cytochalasin B, counteract these effects.
Cytochalasin B is reported to break up cell microfilament systems (Wessells et al.,
1971; Schroeder, 1968) and to modify the lectin-mediated agglutination of some
types of cells (Loor, 1973, Kaneko et al., 1973). However, results of cytochalasin B



disruption of cell microfilament systems and alteration of the surface display of
membrane components will have to be verified by alternate means due to recent
findings that cytochalasin B also modifies certain membrane transport systems
(Kletzien and Perdue, 1973).

Changes in lectin-mediated tumor cell agglutinability do not necessarily corre-
late with tumorigenicity. Dent and Hillcoat (1972) found no difference in
agglutinability among three murine lymphomas of differing malignant potential
when assayed with Con A or Phaseolus vulgaris lectin, and Gantt et al. (1969) found
no correlation between WGA-mediated agglutination and malignancy of several
ascites tumor cells. These results indicate that there are presently no set rules or
criteria by which cells can be unambiguously assayed for tumorigenicity by their
lectin agglutinability. This lack is understandable, since the survival of a tumor in
vivo depends on many factors which are undoubtedly different for each type of
tumor. Also, hostimmunological pressures may select for certain cell types during
in vivo tumor growth which may or may not be related to specific lectin binding
sites at the cell surface.

3.4.3. Adhesiveness

Adhesion is the attachment of cells to each other to form small groups of cells in
the simplest case, or tissues and organs in more complex cases (reviewed by Curtis,
1967). Little is known about the cell surface structures involved in mammalian cell
adhesion, but evidence suggests the involvement of cell surface carbohydrates.
Oppenheimer et al. (1969) found in vitroaggregation of an ascites-grown teratoma
to be dependent on the cellular utilization of saccharide precursors.
Oppenheimer (1973) has extended this work to several different types of tumor
cells and found requirements for complex cell surface oligosaccharides in
adhesion. Chipowsky et al. (1973) recently showed that SV40-transformed mouse
fibroblasts adhere in vitro to D-galactose attached covalently to Sephadex beads,
but not to D-glucose or N-acetyl-D-glucosamine similarly derivatized. Adhesion of
cells to the sugar-coated beads causes changes in the cells which promote cell—cell
adhesion, forming large aggregates containing cells and beads. Nontransformed
3T3 cells also bind to the galactose-derivatized beads, although somewhat less well
than the transformed cells.

It might be supposed that successful cancer cells should have reduced self-
attachment (homotypic adhesion), for an easy release and spread of cells from the
primary tumor, and increased attachment to other kinds of cells (heterotypic
adhesion) to promote the attachment and growth of secondary tumors (Nicolson
and Winkelhake, 1975a,b). It seems likely that differing degrees of adhesion may
be more important in determining rates of spread of cancer, rather than
determining malignancy vs. normality, but some evidence does suggest differ-
ences in adhesion between normal and neoplastic cells.

The first experimental evidence for malignancy-related differences in adhesive
properties came from Coman (1944), who proposed that malignant cells are less
adhesive than their normal counterparts. Coman (1944) studied adhesion by
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mechanically separating normal and tumor cells using glass micro-
needles—adhesion forces could be estimated by the curvatures produced in
the calibrated needles during cell separation. When malignant skin and cervix
cells were compared to benign skin papillomas, normal skin, and normal cervix
uteri cells, the separation forces estimated by needle curvatures were 3-5 times
higher for normal cells than for malignant cells. Benign tumor cells were
intermediate in adhesion between the normal and malignant cells. Using an
approach which measured the mechanical force required to disaggregate cells
from cell clumps suspended in physiological buffers, McCutcheon et al. (1948)
found that malignant cell masses were dispersed more easily and more quickly
than normal cell aggregates.

Dorsey and Roth (1973) have tested the decreased-adhesiveness hypothesis
with mouse fibroblasts grown in culture, using the aggregate-cell capture assay of
Roth et al. (1971). This assay measures the number of cells in a single-cell
suspension which adhere to aggregates of the same (homotypic) or different
(heterotypic) cells circulating in the suspension. The interactions of mouse 3T3
fibroblasts and two malignant derivatives transformed spontaneously (3T12) and
by SV40 virus (SV3T3) were studied. The aggregate-cell capture assay showed the
malignant SV3T3 cells to be more adhesive, both homo- and heterotypically, than
normal 3T3 cells, but the 3T 12 malignant line to be somewhat less adhesive than
3T3. Nonmalignantrevertants of SV3T3 resembled 3T3 cells rather than SV3T3.
However, Dorsey and Roth (1973) also found that another assay for adhesion
(Curtis and Greaves, 1965)—the loss of single cells from a homogeneous
suspension—showed no difference in the homotypic adhesion of 3T3, 3T12, and
SV3T3 cells. This discrepancy implies that the two assays for adhesiveness
measure somewhat different phenomena. The authors conclude that adhesive-
ness does not correlate with malignancy. Unfortunately, the cells studied had been
harvested by trypsin treatment—a questionable technique for adhesion assays
because of the proteolytic removal of cell surface material (Weiss, 1958).

Dorsey and Roth (1973) also found that single 3T3 cells from sparse cultures
were collected significantly better by 3T3 aggregates than were 3T3 cells from
confluent cultures, indicating cell density differences in the surface properties of
3T3 cells. Aggregates of 3T12 or SV3T3 cells seemed less able to recognize the
differences in these properties, and the authors suggest the malignant cells to be
defective, not in intercellular adhesion, but in intercellular recognition. The
change in adhesive properties of 3T3 cells with cell density (after cell contact) in
tissue culture may be related to several other surface changes seen in culture after
contact of normal but not malignant cells. These changes include decrease in
transport activity (Section 3.3), accumulation of specific proteins (Pfieffer et al.,
1971), extension of glycolipids (Section 3.1.2), loss of antigen reactivity
(Hakomori and Kijimoto, 1972), changes in glycosyltransferase activity (Section
3.2.1; Roth and White, 1972) and increases in certain lectin receptors (Nicolson
and Lacorbiere, 1973).

Adhesion properties of metastatic tumor cells are most likely important in
determining where they will spread in vivo (see Chapter 3). When Winkelhake



and Nicolson (1975) studied the adhesive properties of low, intermediate, and
high metastatic B16 melanoma variant cell lines selected for pulmonary lung
metastasis by Fidler (1973), they found that the high metastatic B16 variants that
possessed enhanced metastatic behavior in vivo had increased homotypic and
heterotypic adhesive properties. Thus the proposal of Coman (1944) that
decreased homotypic adhesion accompanies tumor spread may notbe correctas a
general proposal. The increased heterotypic adhesion of the metastatic
melanoma variants appears to be important in determining the target site for
secondary tumor implantation and subsequent growth. Nicolson and Winkelhake
(1975a,b) found that the high metastatic B 16 variants adhered much more
strongly to lung cells (target organ) than intermediate or low metastatic variants,
but did not adhere well to non-target-organ cells (liver, spleen, kidney, heart, etc.).
Cell adhesion may be one of the most important factors in determining the organ
specificity of pulmonary tumor spread.

Roseman (1970) has proposed that cell adhesion is dependent on the noncoval-
ent binding of cell surface glycosyltransferase molecules (Section 3.2.1) to the
complementary acceptor molecules on adjacent cells. A large number of these
weak interactions would, on the average, be needed to hold cells together,
although the individual enzyme—substrate complexes might be constantly form-
ing and dissociating. If the affinity of the transferase for acceptor is reduced upon
glycosylation of the acceptor, the adhesive bonds would tend to be broken by this
glycosylation. In that case, adhesion could be maintained by a restricted supply of
sugar donor (Roth, 1973) or by glycosidase restoration of the higher-affinity
acceptor. Freshly aggregated cells could be dissociated, then, by a mixture of
several sugar nucleotides in high concentration, although adhesion might still be
maintained if a limited supply of lipid sugar donors functions between the sugar
nucleotides and the acceptors (Section 3.2.1) or if additional kinds of cell—cell
bonds are formed in the process of adhesion. There is, however, no a priorireason
to assume that a transferase has a lower affinity for its glycosyl acceptor after
glycosylation than before, so that catalysis of the sugar transfer might not make a
difference in the cell-cell bond at all. There is evidence for involvement of cell
surface glycosyltransferases in the adhesion of embryonic neural retina cells to
each other and of blood platelets to collagen (reviewed by Roth, 1973). Glycosyl-
transferases and their changes in cancer are discussed in Section 3.2.1. If
malignant cells have reduced adhesiveness, this theory might explain the reduc-
tion by an increased binding of glycosyltransferase molecules to sugar acceptors
on the same cell surface (Roth and White, 1972). The proposal of Roseman (1970)
that cell surface glycosyltransferases play a key role in cellular adhesion has not yet
been proven or disproven, but it has stimulated the study of cell surface
enzymology.

Another approach to the study of mammalian cell adhesion has been the
isolation from cells of specific macromolecules that mediate adhesion in defined
assays. For example, Garber and Moscona (1972; see also Hausman and Moscona,
1973) have isolated a mouse cerebrum factor which specifically causes aggregation
of suspended mouse and chick cerebrum cells, but not of cells from other brain

39

SURFACES OF
NORMAL AND
TRANSFORMED
CELLS



40

JAMES C.
ROBBINS
AND GARTH
L. NICOLSON

regions or from nonnervous tissue. Modifications in the abundance or availability
of such adhesion factors on the cell surface might alter cell recognition and
adhesion of cancer cells.

4. Conclusion

Several cell surface changes have been suggested to accompany the transforma-
tion of normal cells to malignancy: varying changes in glycosaminoglycans,
proteins, and enzyme activities; decreases in complex glycolipids and possibly
adhesiveness; increases in exposure of glycolipids, mobilities of some membrane
components, cell agglutinability by lectins, and transport activities. None of these
changes has been shown to be the primary distinction of all cancer cells; indeed, no
such single primary distinction may exist.

Much success has been realized in the past from the use of model systems which
are rather easy to grow in vitro such as fibroblasts transformed by tumor virus.
However, relatively few human tumors are fibroblastic, and further progress
would no doubt be aided by refinements in the culture of other types of tissue. The
use of primary cultures with and without high-efficiency transformation by
certain tumor viruses avoids some problems found in the past with changes in
established cell lines over many generations in culture. Some other relatively new
approaches which we feel will be very productive in the future are the isolation of
variant tumor cell lines with definable surface alterations and the use of tempera-
ture-sensitive cell and virus (transformation) variants.

We have described in this chapter current ideas of normal animal cell surface
structure and function, and many of the surface changes which have been
suggested to be related to neoplasia. We hope that gathering this information will
encourage the integration of it and subsequent data into a more coherent
understanding of the complexities of cancer.
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Contact Inhibition

JAN PONTEN

1. Introduction

Cells which grow attached to a solid substrate can ordinarily both migrate and
divide. Normally the two processes can be inhibited by close cell-to-cell contact.
The term “contact inhibition,” originally coined to mean only a restraint of
locomotion imposed on cells which make contact with each other (Abercrombie
and Heaysman, 1954), has also been employed to denote inhibition of mitosis (cf.
Stoker and Rubin, 1967). There is no indication that spread of tumors is in any
direct way dependent on cell division; however, it seems reasonable to assume that
capacity to metastasize is related to the migratory behavior of cells in vitro (cf.
Abercrombie and Ambrose, 1962). This chapter will describe contact-dependent
control of locomotion of normal and neoplastic cells in vitro and attempt to analyze
whether lack of such control mechanisms is related to spread of tumor cells as seen
in the living organism.

One of the major advantages of tissue culture methods is the possibility of
making comparisons between different categories of cells. Based on their growth
pattern and cytology, cells from nonneoplastic sources may broadly be divided
into four categories: epithelium, glia, fibroblasts, and wandering cells (Table 1).
The criteria of Table 1 apply primarily to dense cultures where the cells have
interacted with each other to produce the characteristic patterns. Single isolated
cells may be difficult to place in their right categories. All four categories are
similar to the respective in vivo counterparts. Epithelium, for instance, grows as
continuous sheets or cords sharply separated from  the mesenchyme, a pattern
also seen in vitro. Fibroblasts form a connective tissue stroma in vivo highly
reminescent of the structures which the same cells may form in petri dishes
(Hayflick and Moorhead, 1961).
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TABLE 1
Four Categories of Normal Cells in Vitro

Prototype source Growth pattern

Epithelium Embryonic kidney tubules = Two-dimensional sheets of tightly interconnected
Embryonic pigment retina flat polygonal cells with straight borders and
little or no cytoplasmic overlapping
Glia Adult astrocytes Two-dimensional layers of star-shaped cells with
many tightly interwoven cytoplasmic extensions
but no nuclear overlapping
Fibroblasts Embryonic connective Parallel, often three-dimensional bundles or
tissue whorls of bipolar cells
Wandering Peritoneal macrophages, Growth as isolated units or cell clumps; highly
cells lymphocytes mobile cells with capacity for survival in
(amebocytes) suspension

The presence of these large differences between the cell categories (Table 1)
makes it necessary to consider the contact behavior of each separately.

Since contact inhibition may be of relevance in distinguishing neoplastic from
nonneoplastic cells, it is desirable to have a clear concept of how to distinguish
between “normal” and neoplastic cells in culture. This subject has been very
confusingly treated and there is still no unequivocal definition of a nonneoplastic
cell in vitro.

All systems considered adequate representatives of a normal nonneoplastic
state have been listed in Table 2. Criteria for making such a selection have been
discussed extensively (Pontén, 1971). In essence, the criteria for judging a cell as
normal and nonneoplastic are as follows: (1) the cell should be derived from
nontumor tissue, (2) it should preserve its characteristic histiotypic differentiation
and have a diploid karyotype, (3) it should have a finite life span, and (4) it should
not give rise to neoplastic growth after animal implantation. The only exceptions
from the requirement of a finite life span are the human lymphoblastoid lines,
where considerable indirect evidence favors a nonneoplastic character in spite of

TABLE 2
Culture Systems Considered Good Examples of Normal Nonneoplastic Cells

Epithelium Early passage embryonic epidermis DiPasquale (1973)
Early passage pigmented chick retina Middleton (1972, 1973)
Glia Adult human astrocytes (stable diploid
strains) Pontén et al. (1969)
Primary ganglion explants Weiss (1934), Dunn (1973)
Fibroblasts Early passage embryonic connective
tissue Abercrombie (1967)
Embryonic human lung (stable diploid strains,
e.g., WI-38) Elsdale and Foley (1969)
Adult human skin (stable diploid strains) Westermark (1973b)
Wandering Early passage macrophages Jacoby (1965)
cells Established human lymphoblastoid lines Nilsson and Pontén (1975)




the infinite life span, which may be due to a peculiar association with Epstein—Barr
(mononucleosis) virus (c¢f. Nilsson and Pontén, 1975).

The normal cell systems of Table 2 suffer from certain drawbacks. Early passage
populations are often partly composed of an undefined and unstable mixture of
many cell types. Stable diploid strains are better defined and probably uniform.
Their main disadvantage is that they represent a sample of cell types which have
been selected on thie basis of rapid growth in serial cultivation in vitro. It is possible
that the selected cells are not representative for the majority of the normal somatic
cells and that their contact behavior is therefore irrelevant. Established lympho-
blastoid lines are peculiar because of their unexplained infinite life span and
obligate association with Epstein-Barr virus. Contact inhibition studies of these
cells may not be representative for nonneoplastic lymphoid cells in general.

Another important factor which influences normal cellular growth patterns in
vitro is the age of the donor. Human embryonic lung or skin fibroblasts will, for
instance, grow to a higher density than those of adult origin (Westermark, 1973a).

Neoplastic cellsin culture may be produced either by explantation of malignant
tumors or by transformation in vitro. Transformation can be accomplished
spontaneously or by oncogenic virus, chemical carcinogens, or radiation (cf.
Pontén, 1971). Table 3 lists some of the few neoplastic systems whose contact
behavior has been studied in any depth. The common criterion is that these cells
either are of proven tumor origin or produce tumors after implantation in vivo.

Certain widely employed established cell lines like 3T3, BHK, and NIL occupy
an intermediate position between a nonneoplastic and a neoplastic state. These
will be referred to as “pseudonormal” lines.

Mouse cells have an unexplained high tendency to undergo a spontaneous
change into heteroploid established and usually tumorigenic lines with an infinite
life span in vitre (Gey et al., 1949; Earle, 1943; Sanford et al., 1954). From such a
system, Todaro and Green (1963) managed to select the 3T3 line. It shows
well-regulated density-dependent proliferation control in common with many
normal cells (Todaro et al., 1965) and is not tumorigenic after transplantation, at
least not if moderate numbers of cells are implanted (Aaronson and Todaro,
1968). It is, however, not fully normal because of its heteroploid karyotype, its
tendency to throw off tumorigenic variants, and the ease by which it can be
transformed by polyoma virus, SV40 (Todaro and Green, 1965, 1966), and

TABLE 3
Examples of Neoplastic Populations Used for Contact Inhibition Studies in Vitro

Carcinoma cells HelLa cells (Miranda et al., 1974)

Glioma cells Derived from spontaneous human glioblastoma grade I1I-1V
(Pontén and Macintyre, 1968)

Sarcoma cells Mouse S-180 (highly malignant “old” transplantable tumor)

(Abercrombie et al., 1957), Py3T3, and Sv3T3, mouse
cells tranformed by polyoma virus (Bell, 1974) or SV40
(McNutt et al., 1973)

Wandering cells Human established malignant lymphoma lines (Nilsson and
Pontén, 1975)
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chemical carcinogens (DiPaolo et al., 1972). The last tendency is in sharp contrast
to the case of diploid normal fibroblasts, which so far have resisted chemical
transformation in vitro (cf. Heidelberger, 1973). The 3T3 cells have been used
extensively in contact inhibition studies (e.g., Todaro et al., 1965; Holley and
Kiernan, 1968; Stoker, 1973; Bell, 1974).

Another established “pseudonormal” line, the BHK Syrian baby hamster
kidney line (Macpherson and Stoker, 1962), has been widely used as the “normal”
counterpart of polyoma virus transformed hamster cells (Stoker, 1962). The same
principal considerations as for 3T3 cells are applicable to the BHK as well as other
established rodent lines.

2. The Normal Nonneoplastic Cell at Rest
2.1. Glia Cells and Fibroblasts

Glia cells and fibroblasts in a resting state have sufficient similarities to be usefully
incorporated under the same heading. After adherence to a solid substratum,
they assume a flattened shape with the nucleus near the center. The upper,
relatively smooth fibroblast surface is probably nonadhesive (Carter, 1967) with a
moderate number of microvilli. The lower adhesive surface of glia and fibroblasts
is, on the other hand, provided with defined attachment points where the cell
membrane makes intimate contacts with the proteinaceous microprecipitate
which is laid down between the solid glass or plastic and the cell surface proper
(Brunk et al., 1971; Eguchi and Okada, 1971). Between the points of attachment,
the ventral cell membrane forms a system of interconnected shallow vaults with
small invaginations as a sign of active endocytosis (Fig. 1).

It is not known in detail how this specialized and rather complicated morphol-
ogy is maintained. It is, however, clear that many forces cooperate. Crudely, one

FIGURE 1. Section of a normal glia cell which demonstrates well-developed “feet” attached to a
microprecipitate. Courtesy of Dr. Ulf Brunk, Uppsala.



can think of the cell shape as the resultant of two opposite classes of forces:
stretching, which is mainly exerted from the attachment points, and contraction,
where intracytoplasmatic fiber systems seem to play an essential role.

According to modern views, the cell membrane should be regarded as a fluid
viscous structure (Singer and Nicholson, 1972) where phospholipids intermin-
gled with cholesterol and other lipids are basic structural elements. The hy-
drophobic ends of the lipid molecules meet in the central parts of the membrane,
whereas the hydrophilic parts align themselves toward the exterior of the celland
toward the cytoplasm inside of the membrane, giving rise to the bilayered
appearance of the membrane seen by electron microscopy. The proteins, which
may constitute as much as half of the membrane dry mass (Neville and Kahn,
1974), are either inserted into the membrane (integral proteins) or attached to it as
molecules stretched out laterally along the lipid bilayer either on its inside or
outside (peripheral proteins). The integral globular proteins may either be
inserted into only the outer or the inner portion of the lipid bilayer or may
penetrate the lipid bilayer all the way from the inside to the outside. Integral
proteins are capable of undergoing fairly rapid lateral movements (Aoki et al.,
1969) in the plane of the membrane according to the “fluid mosaic membrane”
model (Singer and Nicholson, 1972; also see Chapter 1).

Some of the proteins which reach the outer cell surface have branched
polysaccharide parts which stretch out beyond the plane of the bilayer (Bretscher,
1972). The polysaccharide parts of the membrane glycoproteins have a complex
chemical structure and intermingle with certain pure polysaccharides and “glyco”
parts of membrane glycolipids. In this way, a polysaccharide-rich stratum is
formed on the outer cell surface. Itis often referred to as the “cell coat” (Gasic and
Berwick, 1962) or “glycocalyx” (Bennett, 1963).

Integral and peripheral proteins seem to participate in determining cell shape.
In erythrocytes, for instance, an actomyosinlike protein complex, spectrin, is
found as a peripheral protein on the cytoplasmic side of the cell membrane. The
spectrin complex appears to be attached to intramembraneous particles and has
been suggested to be responsible for the asymmetrical shape of the erythrocyte
(Weed et al., 1969; Nicholson and Painter, 1973). It has not been shown that
membrane proteins by themselves govern locomotion of the whole cell only that
they participate in determining the in situ shape, notably of erythrocytes.

The cell membrane including its peripheral proteins is not an autonomously
mobile skin. Several lines of evidence suggest that cytoplasmic structures
influence both the shape and mobility of the cell membrane. Only a beginning has
been made to elucidate how this may be possible.

Three major fiber systems which influence cell shape have been identified:
microtubules, microfilaments, and 10-nm filaments (Porter, 1966; Behnke, 1970;
Goldman and Follett, 1969).

2.1.1. Microtubuli

Microtubuli are thin pipelike structures with a diameter of about 22 nm. In highly
ordered fashion, they take partin the formation of cilia and the mitotic spindle. In
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aless ordered array, they are also found in the cytoplasm of interphase cells. In the
latter situation, their arrangement seems to determine (or is determined by) the
general cell shape. A bipolar cell such as a fibroblast will have microtubules
disposed along the long axis of the cell (Porter, 1966) within the cytoplasm.

The microtubules are formed by aggregation of subunits of a protein called
tubulin. Colchicine and vinblastin are two alkaloids which bind to tubulin and
have been found to prevent formation of microtubules (cf. Allison, 1973).

The microtubules in a stretched out cell at rest are regarded by most observers
as a flexible and elastic cytoskeleton which can be disassembled and reassembled
via its soluble tubulin subunits. It influences the basic cell shape and cell polarity
and is, because of its dynamic structure, capable of reorganization when the cell
changes its shape (Goldman et al., 1973). A drastic example is provided by the
rounded mitotic cell, where apparently all microtubules are relocated to the
spindle from their previous places in the “cytoskeleton,” which is thus totally
dissolved. Microtubuli are particularly common in such long cell extensions as
axons and dendrites of nerve cells (Daniels, 1968, 1972; Yamada et al., 1970;
Yamada and Wessells, 1971).

Since all cells including ganglion cells with their long extensions assume a more
or less rounded shape when brought into suspension, one must conclude either
that the “cytoskeleton” is not rigid enough to support a highly asymmetrical shape
or that it is disassembled when a cell loses its solid attachment. The correct
alternative should be possible to determine experimentally.

Recent evidence indicates that microtubules are functionally linked to surface
membrane glycoproteins (Berlin and Ukena, 1972; Yahara and Edelman, 1972,
1974). Concanavalin A (Con A), which is a protein showing strong binding to
certain sugar residues of the cell coat, will inhibit the local clustering of receptor
sites normally seen if lymphocytes are exposed to a divalent antibody against a
surface protein. The interpretation is that Con A restricts lateral motion of the
receptor proteins. This inhibition by Con A can be reversed by drugs which
destroy microtubules. Therefore, apparently a link exists between the micro-
tubules inside the cell and the proteins in the cell membrane, which in an
important manner may regulate the movement of the latter. The link is probably
not a direct physicochemical contact, because microtubules have never been
observed in close proximity to the inner part of the cell membrane. It has been
suggested that microfilaments link microtubules to membrane protein (Yahara
and Edelman, 1974).

2.1.2. Microfilaments

The microfilaments are a class of thin fibers without any substructure resolved in
the electron microscope. Their diameter is about 6 nm. They occur either singly
or packed together in bundles.

The linear bundles of microfilaments found in fibroblasts or glia cells generally
lie in the direction of the long axis of a bipolar cell (Spooner et al., 1971). In a
polygonal cell, they form parallel arrays, often at sharp angles (Fig. 2). The



FIGURE 2. Two glia cells stained with fluorescent antiserum against actin. Bundles of microfilaments in
parallel to the long axis of the cell (upper panel). In the triangular cell (lower panel), which is less
extended, the microfilament bundles are thinner and predominantly located in the submembraneous
part of the lateral edge of the cytoplasm. This lamellipodia extend beyond the area delineated by
microfilament bundles, particularly around the two visible corners of the cell. Courtesy of Dr. Uno
Lindberg, Uppsala.

bundled filaments may run very close (6 nm) to the inside of the cell membrane
(Goldman et al., 1973; Wessells et al., 1973). Microfilament bundles are particu-
larly well developed in patches along the dorsal surface of a resting cell (Fig. 3).
There is no definite evidence of a whole bundle of microfilaments directly
attached to the cell membrane. Their submembraneous location and apparently
obligate association with elongated or branched cell shapes under a variety of
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FIGURE 3. Section of a normal glia cell. Note patches of condensed microfilaments along the dorsal cell
membrane. One attachment device is connected to the microprecipitate near the middle of the ventral
part of the cell membrane. Courtesy of Dr. Ulf Brunk, Uppsala.

conditions suggest that these bundles play an important role in maintaining the
shape of attached cells (Wessels et al., 1973). Since asymmetrical cell shape is lost
after cell detachment, the microfilament bundles cannot maintain a highly
stretched cell form in the absence of a solid cell attachment.

Single “nonbundled” microfilaments are common in all cells. In a resting cell,
they may be seen to accumulate near the attachment devices (Fig. 4), perhaps
connecting these with the microfilament bundles of the cell’s interior. Apart from
this, they appear as rather randomly distributed cytoplasmic elements which
sometimes merge into the linear bundles.

One important chemical constituent of the microfilaments is an actinlike
material which can be visualized by its characteristic reaction with heavy
meromyosin (Ishikawa et al., 1969; Spooner et al., 1973). Bundles of microfila-
ments resolved in the light microscope stain with fluorescent antibodies against
actin (Lazarides and Weber, 1974). Myosin, which in common with actin seems to
be an obligate component of all eukaryotic cells (Groeschel-Stewart, 1971; Stossel
and Pollard, 1973), appears to be predominantly located in submembraneous
positions along or within the microfilament bundles (Weber and Groeschel-
Stewart, 1974).

Microfilament function is severely but reversibly sensitive to cytochalasin
(Carter, 1967; Schroeder, 1970; Wessells et al., 1971).

Because of their content of actin, myosin, and tropomyosin (Lazarides, 1975),
their distribution, and the effects of cytochalasin, it has been proposed that the
microfilaments are the contractile system of cells (Bernfield and Wessells, 1970;
Ishikawa et al., 1969). Strictly speaking, the arguments mainly apply to the
bundles, and it is still possible that single microfilaments have other properties
than the bundle microfilaments. If the microfilaments are contractile, which
presently seems the most likely alternative, they should be regarded as analogues
of the actinomyosin filaments of skeletal muscle. It should, however, be pointed
out that the analogy is not complete, because the microfilaments in nonmuscle



cells seem less stable, with a capacity to be broken down, reassembled, and
reoriented in connection with changes in cell shape (Wessells et al., 1973).

2.1.3. The 10-nm Filaments

The so-called 10-nm filaments have been seen only in the cell’s interior; i.e., they
do not seem to occupy a submembraneous position. They are typically found in
colchicine-treated cells in a rather well-defined zone adjacent to the nucleus
(Goldman et al., 1973). In non-drug-treated cells, their distribution has been less
well defined, however, they have been described in connection with moving
organelles (Buckley, 1974). The function of the 10-nm filaments is unknown. An
actin content has not been proven. It is possible that they relate in some as yet
unknown fashion to the microtubules because of their easy visualization after
colchicine treatment.
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FIGURE 4. Three intracellular attachment points between adjacent glia cells. Note condensation of unidentified
material at the cell membrane and relatively regularly spaced microfilaments which run toward and in very close

proximity to the specialized attachment areas. Courtesy of Dr. Nils Forsby, Uppsala.
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2.1.4. The Combined Arrangement of Microtubules, Microfilaments, and Filaments

It is still too early to give a detailed three-dimensional picture of the arrangement
of the musculo-selected system of the nonmuscle cell. It is probably very different
from cell type to cell type. It seems clear however, that at least cells of the general
morphology of fibroblasts have a submembraneous matrix of actin-containing
(Buckley and Porter, 1967; Ambrose et al., 1970; Goldman and Knipe, 1972)
microfilaments just under the cell membrane (Spooner et al., 1971). This matrix
may not be diffusely spread but concentrated in certain regions, notably the
plaques by which the cell attaches to the solid support and its neighbors, but also to
other morphologically less well-defined patches. Whether this matrix also con-
tains myosin is unknown. Well-defined parallel bundles of actin, myosin (Weber
and Groeschel-Stewart, 1974), and tropomyosin (Lazarides, 1974) of a width of
about 1 pum and thus resolved in the light microscope run roughly parallel to the
long axis of the cell or in asymmetrical polygonal cells parallel to the sides of the
cell (Harris, 1973a; McNutt et al., 1971, 1973). These fibers are particularly
prominent in all cell extensions, where they may become closely packed. Myosin
and tropomyosin are arranged in striated structures. At least the bundles but
perhaps also isolated microfilaments are in all probability contractile, but the
mechanism responsible for contraction (see review by Pollard and Weihing, 1974)
and relaxation has not been elucidated. The 100-nm filaments do not seem to
contain actin and may serve to transmit mechanical forces within the cell.
Microtubules are concentrated to the deeper part of the cytoplasm, where they
may form an elastic cytoskeleton which takes part in forming the cell shape and
possibly also governs the intracytoplasmatic motion of mitochondria and other
organelles. How this very complicated and highly dynamic three dimensional
structure takes part in cellular locomotion via links to the cell membrane and
indirectly to the attachment points of a cell is still largely unresolved.

2.2. Epithelium

Resting epithelial cells have not been studied to the same extent as fibroblasts and
glia. The cell membrane presumably has the same fluid mosaic structure, but the
conditions under which the proteins move have hardly been studied. The most
essential property of epithelial membranes is their capacity to form strong
intercellular contacts in the form of junctions of different electron microscopic
appearance (Crawford et al., 1972; Middleton, 1973). The dorsal surface is
nonadhesive to other cells, latex particles, and Con A coated erythrocytes
(DiPasquale and Bell, 1974). Details about presence and distribution of micro-
tubules and filaments in cultivated normal epithelia remain to be elucidated.

2.3. Wandering Cells

Wandering cells, as their name implies, do not rest in culture under physiological
conditions and are therefore more properly treated in a subsequent part of this
chapter.



2.4. Summary of the Resting Normal Cell

In summary, a resting attached cell has an extended, flattened, and asymmetrical
shape which is energetically unfavorable and thus requires chemical energy for its
maintenance. Attachment to the solid substrate via specialized attachment devices
and the presence of adynamic system of microtubules and microfilaments are two
important determinants of gross cell shape. The microtubules and/or the microfi-
laments appear to be indirectly or directly linked to peripheral and/or integral
membrane proteins. The surface of the cell at rest seems to be specialized into a
dorsal, ventral, and lateral part, each with its own characteristic microstructure.
The extent to which molecules within the membrane of the resting cell are free to
move laterally within the plane of the membrane according to the fluid mosaic
membrane model is not known. It is also not known how the individual protein
and lipid molecules of the membrane are distributed in the dorsal, ventral, or
lateral cell surface.

3. Normal Cells in Motion

Cellular movements may be classified according to Table 4, modified after
Edelman and Wang (1974).

All the elements of Table 4 may be involved in contact inhibition phenomena;
however, only elements 3 and 5 have been extensively studied.

Correlative studies on normal locomotion of different cell types have been rare.
The literature contains abundant references to each of the cell types of Table 2,
but the studies have always been performed under different conditions.

However, it seems clear that fibroblasts, glia, epithelium, and the two types of
wandering cells (macrophages and lymphoblastoids) can be distinguished from
each other on the basis of their locomotory pattern.

3.1. Locomotion of Fibroblasts and Glia

Fibroblasts and glia cells have sufhicient similarities to be treated under the same
heading. The principal locomotory organ is the so-called leading lamella (Ingram,
1969). This is a flat sheet of cytoplasm about 200 nm thick which, often from a
broad base, extrudes like a fan from the cells along the solid substrate (Fig. 5). Itis
fastened to this via an estimated number (in embryonic fibroblasts) of 10-100
“attachment devices” (Abercrombie et al., 1971). The leading lamella is not
sharply demarcated from the rest of the cell body. It may stretch out as far as
20-40 pm.

From its edge the leading lamella extrudes lamellipodia (Abercrombie et al.,
1970b). These can be described as thin projections of rather strikingly uniform
thickness (110-60 nm). This makes them morphologically distinct from the
remainder of the leading lamella. The lamellipodia either project horizontally
along the substrate or more commonly upward into the fluid medium at varying
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TABLE 4
Classification and Examples of Cellular Movement

1. Local movement of cell Patch formation in lymphocytes (Aoki et al., 1969). The
surface reeeptors main driving force is diffusion and/or lipid—protein
phase separation. Slowed down by low temperature but
not by inhibition of energy production. Abolished by

fixation.
2. Global movement of cell Cap formation is only unequivocal example (Edidin and
surface Weiss, 1972; Taylor et al., 1971), but nucleopetal

streaming of membrane components in fibroblasts
(Abercrombie et al., 1970¢; Harris and Dunn, 1972)

may be of the same nature. Requires energy and intact
microfilament-microtubular function (de Petris and Raff,
1973; Edelman et al., 1973). Cap formation may be
directed to a certain area, e.g., the antipod to the
attachment site of a lymphocyte to a nylon fiber
(Rutishauser et al., 1974).

3. Local morphological changes, Actin-containing microfilaments may be the essential
e.g., extrusion of leading driving force (Buckley and Porter, 1967; Allison et al.,
lamellae and ruffling 1971; Spooner et al., 1971; Buckley, 1974).

4. Global morphological changes— Requires complex alterations in the microfilament—
alteration in cell shapes microtubular system including cycles of depolymerization/
polymerization of its respective subunits.
5. Translocation of cells Complex series of events which require highly coordinated
interactions among microtubules, microfilaments, and
cell membrane components. Well-ordered formation and lysis
of attachment sites to solid substrata and/or other cells

required.
6. Translocation of cell Apparently characteristic only of epithelium. Requires
sheets supracellular organization of forces of locomotion and

strong intercellular adhesions.

angles with the solid substrate (Fig. 6). In the latter capacity, they are referred to as
“ruffles” (Abercrombie and Ambrose, 1958). Lamellipodia start from the dorsal
surface of the leading lamella at or very near its edge and bend backward around
their base, which at the same time moves toward the nucleus, giving highly
characteristic phase-contrast time-lapse pictures of wavelike transversal bands
(Fig. 5). Ruffles are transient: about two-thirds of them have been estimated to
disappear within 1 min (Abercrombie et al., 1970b). Figure 7 shows how ruffles
arise from a fan-shaped leading lamella of a normal glia cell and form a
complicated system of mostly vertical thin veils extending rather far out and
upward from their site of origin.

The formation of a lamellipodium is rapid; time-lapse movies show that
maximal extension may be reached within a few minutes. Its edge constantly
moves fairly rapidly back and forth: 4 min has been given as the average interval
between one maximal protrusion and the next (Abercrombie et al., 1970a). The
maximal distance covered by the edge in this time interval may be of the order of
20 um. These movements are irregular, with interposed periods of standstill.



FIGURE 5. A cell with an unusually well-developed “ruffled membrane.” The nucleus and an adjacent large vacuole are at
the lower end of the cell. Upward a wide leading lamella is spread from a broad indistinct base. Along its entire periphery
lamellipodia extend. A few spread along the solid substrate but most form complicated arrays of roughly vertical “ruffles”
which extend toward the observer into the fluid medium. In the lower right corner of the cell, the bases of afew retraction
fibers may be discerned. Phase-contrast microscopy.

FIGURE 6. Possible sequence in glia cells of the formation of a lateral ruffle. The extended
lamellipodium swings backward. At the same time, its base moves a short distance inward. The ruffle
disappears relatively close to the lateral edge where it was originally formed. Note that the cell is
attached to the solid substrate via specialized attachment devices.
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FIGURE 7. Scanning picture of the ruffling margin of a normal human glia cell. Ruffling is confined to a
distinct fan-shaped broad segment of the lateral edge. Lamellipodia which extend horizontally along
the solid substratum can be seen in all stages of transformation into a complicated array of thin ruffles.
Courtesy of Dr. Nils Forsby, Uppsala.

Segments of the leading edge separated by only some 6 um may move indepen-
dently of each other. In a cell in locomotion, the forward extensions cover alarger
distance than the retractions (Abercrombie et al., 1970b).

How lamellipodia disappear is not completely clear. Part of the membrane in
the ruffles takes part in pinocytosis. The characteristic vesicles are formed via
complex infoldings of the ruffles which are sequestered from the plasma
membrane and internalized into the cytoplasm (Abercrombie etal., 1970¢). Other
parts are either resorbed back into the cell or remain as microvilli.

A leading lamella is also provided with so-called microspikes. These are thin,
apparently rather rigid extensions from the edge of the ruffled membrane.
Microspikes stretch out close to the solid substrate and may move about a “hinge”
at their base (Fig. 8).

The membrane of the leading lamella is subject to a further type of movement.
This was revealed by observation of small particles brought into contact with
moving fibroblasts (Abercrombie et al., 1970¢; Harris, 1973a). They were seen to
be transported on the dorsal surface at a steady speed toward the nucleus. The
movement seemed independent of the ruffling and oscillation of the leading edge.

The internal structure of the fibroblastic locomotory organ has been studied by
Abercrombie et al. (1971) in chick heart explants. The cytoplasm of the bulk part



FIGURE 8. Details of marginal lamellipodia ruffles and microspikes. The latter extend from the
most peripheral parts of a lamellipodium. Courtesy of Dr. Nils Forsby, Uppsala.

of theleadinglamella has the usual set up of organelles. It contains microfilaments
basically arranged as in the cell at rest. Sheaths of microfilaments tend to extend
only halfway toward the edge of the leading lamella. Some of the dorsal tracts of
microfilaments may extend obliquely forward to the ventral surface, where they
may connect with the “attachment devices” (Abercrombie et al., 1971).

Lamellipodia, including their appearance as ruffles, do not contain mitochon-
dria, microtubules, or polysomes (Abercrombie et al., 1971). The most conspicu-
ous ultrastructural feature of the lamellipodium is its content of microfilaments,
which are arranged in an irregular lattice. Bundles of microfilaments extend into
the base of the leading lamella and are possibly in connection with the lattice
microfilaments (Wessells et al., 1973; Buckley, 1974).

Locomotion is carried out by the leading lamella. The most compelling evidence
is that such a lamella is invariably present at the forward end of a moving cell.

The mechanism by which a leading lamella is formed and by which it pulls the
‘cell in a certain direction are still far from clear and have been subject of much
debate. For the formation of the leading lamella and its lamellipodia, at least four
alternatives have been suggested. One is that new membrane is preferentially
assembled at a segment of the cell periphery, which then gradually extends to
become the leading lamella (Abercrombie et al., 1970c¢); a second is that the
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mechanical strength of the cell membrane is weakened, thus permitting the
development of a sheetlike aneurysm. A third possibility is that the
microfilament-microtubular apparatus contracts locally, whereby part of the
cytoplasm is actively thrust forward (Allison, 1973). One could also conceive of a
fourth mechanism based on local osmotic inhibition of water, which would create
a volumetric expansion.

The pull which the leading lamella exerts is generally believed to be exerted by
microfilaments which take their origin from the attachment points between the
substrate and the ventral cell surface. Accompanying this contraction, attachment
points at the rear end of the cell loosen up, thus permitting gross translocation in
the direction of the leading lamella with its newly formed “feet.” The relative lack
of attachment points under the tail of a moving cell supports the idea that
loosening of attachment to a support is instrumental in converting the energy of
internal cellular contraction to net cellular locomotion (Boyde et al., 1969; Revel et
al., 1974; Revel, 1974).

When the rear of the cells is displaced forward, long, thin, so-called retraction
fibers are formed behind (Fig. 5). They run from a few remaining attachment
points as straight threads of cytoplasm into the cell body proper (cf. Revel, 1974).

3.2. Locomotion of Epithelial Cells

In common with fibroblasts and glia, epithelial cells move by way of leading
lamellae and lamellipodia which they extend along the solid substrate. In contrast
to fibroblasts and also to glia cells, there is usually no clear polarity of the epithelial
cell shape. This in conjunction with rather feeble extension of lamellipodia
(Middleton, 1973) could explain why isolated chick pigment epithelium was
found to move ata speed of only 7 um/h, i.e., more than 10 times slower than chick
fibroblasts.

3.3. Locomotion of Wandering Cells
3.3.1. Macrophages

A macrophage is distinguished by (1) a pronounced tendency to attach to solid
substrates, (2) an extreme capacity for assuming alarge variety of shapes, and (3) a
strong capacity for phagocytosis. Such cells are found in virtually all tissue
explants, particularly from embryos, but are most conveniently obtained in almost
pure form from either sterile peritoneal exudates or blood monocytes (Jacoby,
1965).

The macrophage membrane is highly motile, with numerous extrusions of
varying form. Most are thin lamellipodia with ruffles (Fig. 9). Pinocytosis and
phagocytosis are both intimately connected with this membrane activity (¢f. Berry
and Spies, 1949).

In dense cultures, macrophages will assume a flat, polygonal, rather uniform
shape with a centrally placed nucleus (Lewis and Webster, 1921). Multinucleation
is common, presumably caused by cell fusion (Goldstein, 1954).



Macrophages move faster (100 um/h) than fibroblasts. When in isolation, their 71
walk is essentially random, with frequent changes of direction. Positive CONTACT
chemotaxis has been repeatedly suggested (Jacoby, 1938; Lasfargues and INHIBITION
Delaunay, 1947; Harris, 1953), but it has never been satisfactorily clarified
whether this is reinforced “contact guidance” (Weiss, 1961) caused by oriented
strings of the material used to “lure” the cells, availability of unoccupied solid
surface when dying cells have been used as “baits,” or true chemical diffusible
signals (see Jacoby, 1965). The locomotory organs of macrophages in culture do
not seem to have been as thoroughly studied as those of fibroblasts, and their
ultrastructure remains largely unknown.

3.3.2. Lymphoblastoid Cells

Lymphoblastoid cell lines of human origin are composed of modified lympho-
cytes (B cells) with capacity for immunoglobulin synthesis (Benyesh-Melnick et al.,
1963; Moore and Minowada, 1969; Tanigaki et al., 1966; Philipson and Pontén,
1967). Irrespective of their source, these cells have identical properties and are
therefore assumed to represent a cell type present in normal lymphoid tissue or
blood which is unusually easy to select for prolonged in vitro passage (Nilsson,
1971; Nilsson and Pontén, 1975).

FIGURE 9. Phase-contrast photomicrograph of normal mouse peritoneal macrophages in culture showing the granule-free
peripheral cytoplasm and ruffle membranes. From Allison (1973).
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lymphoblastoid cells have a great preference for other cell surfaces (fibroblasts,

glia, etc.) but may also migrate in isolation on plastic or glass (Nilsson et al., 1970).
When associated with other normal cells in culture, lymphoblastoids exhibit a
characteristic phenomenon—peripolesis (Pulvertaft, 1959). This means that the
lymphoblasts exist in intimate contact with the outside of the cell membrane. Here

the lymphoblasts extend lamellipodia from their lateral surface which form,
contract, and withdraw faster than the corresponding fibroblastic structures.
Another striking difference from fibroblasts, glia, epithelium, and macrophages is

that the lively activity of lymphoblasts is never associated with formation of dorsal

(or ventral) ruffles. The lamellipodia are located in the front end of the cell and are

able to move a lymphoblast with considerable speed (> 2000 um/h). A common
peripoletic pattern is that of a cluster of lymphoblasts within which the individual

cells move about randomly in one plane outside the cell membrane but confined to

a rather stationary groove between the ventral surface of a “feeder” fibroblast and

its solid support (Fig. 10). Movement is violent enough to push the feeder cell
nucleus around. The ameboid, very flexible peripoletic lymphoblastoid cells

FIGURE 10. Lymphoblastoid cells interacting with a feeder layer of normal human glia attached to a solid plastic substrate.
Lymphoblastoid cells are rounded, with a large variety of cell shapes. Note pear-shaped cell below center with three tiny
extensions in its forward end and a single retraction fiber as its tail. In the right part of the picture are about half a dozen
lymphoblastoid cells engaged in peripolesis.



sometimes sever a sufficient number of attachment points to loosen the feeder cell
from the solid substrate. More commonly, however, peripolesis goes on without
any visible mutual disturbance of the feeder cell or the lymphoblasts.

Another frequent type of lymphoblastoid movement may be labeled “ping-
pong” locomotion. Here one end of the cell extends a leading lamella with
lamellipodia, which contract and drag the cell forward. The rear end then loses its
grip on the substratum except for five to ten long retraction fibers which remain
attached. After a while, these may contract and lamellipodia may be formed at the
antipod of the first leading lamella. These will contract, pulling the cell back to its
former position. The new rear end will now be the site of retraction fibers,
apparently the only remnants of the original lamellipodia. Many such cycles may
occur in rapid succession and the cell nucleus will travel like a ping-pong ball over
a distance of 30-50 pum (Nilsson et al., 1970). Sometimes the leading lamella will
persist at the front end, which will then be the site of cycles of extrusions and
contractions which rapidly pull the whole cell in one direction.

In suspension, the lymphoblastoid cells do not extend any thin veil-like
lamellipodia. Instead, numerous thin rods protrude from the entire cell surface.
These move randomly and will usually not produce any net cellular movement.
Sometimes, however, they arise from a rather broad base, giving the cell a
polarized appearance. In this case, the cells can move in the direction of the
protruding highly mobile rodlike extensions or even reverse. How these exten-
sions propel the cell forward or backward has not been systematically analyzed.
When lymphoblastoid cells form clumps, which they readily do, the cytoplasmic
extensions are always directed away from the center of the clump (Nilsson and
Pontén, 1975).

3.4. Comparison Between Movements of Different Normal Cell Types

Available evidence strongly supports that the basic locomotory mechanism is the
same for all eukaryotic cells. The most compelling evidence is the finding of
actomyosinlike proteins in all thoroughly investigated nonmuscle cells (Bettex-
Galland and Lischer, 1965; Adelstein et al., 1971; Bray, 1973).

Morphological time-lapse observations strongly suggest that all attached cells
move by means of leading lamellae, i.e., cytoplasmic extensions provided with
specialized portions which generally either manifest themselves as lamellipodia or
microspikes. Sometimes cytoplasmic blebbing is intermingled with lamellipodial
activities (Harris, 1973 a). Lamellipodia and microspikes are confined to the lateral
edges.

Table 5 summarizes the differences in locomotory pattern between the cell
types that can be distinguished in vitro. The most important feature is the
enormous differences in the speed by which the cells can move. The reasons for
these variations are obscure. At the morphological level, a rough direct correla-
tion seems to exist between the relative size of a front-end lamellipodium and the
rest of cell body on the one hand and the speed of translocation on the other. In
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TABLE 5
Locomotory Pattern of Cultivated Normal Cells

Approximate

speed (pm/h) Ruffles Marginal lamellipodia
Epithelium 70 Sparse Sparse
Glia 20 Common Moderately common
Fibroblasts 70 Common Moderately common
Macrophages 100 Common Abundant
Lymphoblastoids 1,200 Absent Abundant

epithelium only a minor fraction of the cytoplasm is even “transformed” into a
lamellipodium, whereas a very substantial part of a macrophage or lymphoblast
cytoplasm acts as a locomotory organ at any given instant.

This cannot be the only (or even the major?) explanation, because there are
clear signs that organized formation of attachment areas is of great importance.
Ruflles, which probably arise only when alamellipodium fails to attach to the solid
support (Revel, 1974), are nonexistent in lymphoblastoids but common in all the
other more slowly moving cell types. This suggests that either the newly formed
front-end attachments are too weak or the loosening of aft attachments does not
occur efhiciently enough to permit net movement each time a lamellipodium is
formed. On the other hand, lymphoblastoid cells seem always successful since a
contraction of the leading lamella will lead to some net displacement of the cell
body even if this is again reversed.

Obviously other factors would also enter into the picture. The arrangement of
the combined microfilament—microtubular system in the different cell types has
not been critically compared. Physiological studies of contractility within indi-
vidual cells seem hardly possible to perform with present techniques but would be
highly illuminating. Fluidity within the cell membrane may differ from cell type to
cell type and so on.

It is a comforting fact that the speed and mobility of the different cell types in
vitro are distributed in the same fashion as they are in vivo.

3.5. Summary of Normal Cell Locomotion

A still very speculative and incomplete general model of normal cell locomotion
would be as follows:

A stretched cell attached to a solid substrate has a tendency to throw out
lamellipodia. The process is limited to the lateral cell margins, where it engages
only part of the circumference at any one time, usually from a thinned portion
of the cytoplasm (the leading lamella). External agents have not been shown to
induce formation of lamellipodia. Instead, they apparently arise at random.

Microfilaments are obligate components of lamellipodia. They may arise by
polymerization from preexisting soluble subunits. A sol-gel transition may be part



of this process. The principal movement of the lamellipodium is a forward
extension along the solid substrate.

Usually the ventral surface does not form any lasting adhesions with the solid
substratum. Sometimes, however, such adhesions are formed either near the base
of a lamellipodium or via tips of the microspikes. The contraction of the
microfilaments will then pull the cell forward. Forward locomotion probably
requires directed loosening of attachment sites in the rear end of the cell.

In all cell types except lymphoblastoid cells, contraction of the lamellipodium
may also lead to an upward lift of its edge and body which then as a thin ruffle
travel slowly a short way toward the nucleus before being resorbed back into the
cell usually as a pinocytotic vesicle.

The intracellular signal for the assumed polymerization of actin, which would
be the essential feature of formation of lamellipodia, is unknown, and neither is
the trigger for the assumed contraction of the newly polymerized microfilaments,
but it may be caused by local depolarization of the cell membrane in analogy with
the contraction in striated muscle.

In muscle, an obligate association exists between actin and myosin. The latter
protein carries ATPase activity and is instrumental in triggering contractile
activity (Stracher and Dreizen, 1966; Huxley, 1969). According to the sliding
filament model, shortening of a muscle fiber is caused by creation of new links
between actin and myosin which cause the ends of the actin filaments to approach
each other. In the electron microscope, no regular array of myosin/actin has been
seen in nonmuscle cells. There are, however, indications of myosin molecules
inside of the cytoplasm. How these molecules govern contraction of a microfila-
ment system and if this is feasible according to the sliding filament model are
presently wholly unclear (cf. Allison, 1973).

Intense membrane fluidity accompanies formation of leading lamellae. So far,
only movement inward (“receptor sites” for carbon pigment) has been noted.
Whether this means that new membrane is assembled at high speed at the tip of
the lamellipodium (Abercrombie et al., 1972) or whether the inward motion is
counterbalanced by outward movement of other portions of the membrane (de
Petris and Raff, 1973) is unsettled.

Microtubules play an indirect role in cell locomotion. In their absence,
lamellipodia are formed almost normally but the cell does not move in any
direction. No cell tail is formed under these circumstances. Therefore, the
required ordered loosening of trailing attachment points may not be possible,
making microfilament contraction ineffective (Vasiliev et al., 1969, 1970) for
locomotion (but not for ruffling).

4. Locomotion of Isolated Neoplastic Cells

In view of the enormous differences between normal cells, predominantly
depending on their histogenetic type (Table 5) and also on the age of the donor, a
search for a general locomotion pattern specifically “neoplastic” seems futile. Only
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in situations (and it is doubtful if they ever have existed in any experiments) where
precisely the same cell type is compared in a nonneoplastic and a neoplastic state
will it be possible to get decisive data on locomotory deviations characteristic of
neoplastic cells. Such a study calls for “minimal-deviation” neoplasia in vitro—an
ideal not yet achieved.

4.1. Locomotion of Spontaneously Transformed (Tumorigenic) Cells or Cells
Derived from Tumors in Vivo

4.1.1. Carcinoma Cells

Carcinoma cells have often been described as more mobile and flexible than
normal epithelium, but this impression has never been documented in any depth.
Certain carcinoma cells (HeLa, etc.) may grow in suspension. This stands in sharp
contrast to normal epithelium which always requires a solid support for survival.
This fact—which also applies to sarcoma cells vs. fibroblasts—shows that at least
some neoplastic cells have profoundly altered surfaces compared to their normal
counterparts. The nature of this “loss of anchorage dependence” (Montagnier
and Macpherson, 1964) is obscure, although an increased net negative electric
charge often has been proposed (Weiss, 1967). The commonly made observation
that carcinoma cells—in contrast to normal epithelium—move in isolation, is
probably another aspect of a decreased cohesiveness.

4.1.2. Glioma Cells

Locomotion of human glioma cells has been studied in our laboratory (Wester-
mark, 1973a; Bell, Westermark and Pontén, unpublished). Preliminary observa-
tions suggest that their lamellipodia are more prominent than in normal human
adult glia. Many glioma lines show “vertical” ruffles not seen in control cells
(Westermark, 1973a). These appear as complicated arrays of thin veils extruding
upward in to the fluid medium from the perinuclear region (Fig. 11). How these
ruffles arise is somewhat obscure, but observation of living cells suggests that they
build up in situ and are not the result of a transport of an original lateral
lamellipodium over the dorsal cell surface. The increased formation of lamel-
lipodia is accompanied by increased pinocytosis. Individual glioma lines differ
considerably from each other and it has not yet been possible to discern acommon
abnormal “glioma pattern” of locomotion (Forsby, unpublished).

4.1.8. Sarcoma Cells

The original observations of a disturbed social behavior of tumor cells were made
on a transplantable mouse sarcoma S-180 (Abercrombie et al., 1957). In general
the sarcoma cells had more active surface movements than normal fibroblasts.
Individual sarcoma cells could assume a variety of interchangeable shapes and
were thus more plastic than normal fibroblasts. Similar observation were made by
Barski and Belehradek (1965, 1966) on other murine sarcomas.
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FiGURE 11. Human malignant glioma cells. In panel A, the contact line between two cells is filled with ruffles, indicating a
failure of the contact between the cells to paralyze lamellipodia. Panel B shows a large number of thin vertical ruffles from
the dorsal surface of a glioma cell.
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Spontaneously transformed tumorigenic rat fibroblasts (sarcoma cells) were
studied by Vesely and Weiss (1973). There was possibly more active ruffling in the
transformed cells compared to normal rat fibroblasts; otherwise, no significant
differences were reported.

4.1.4. Lymphoblastoid Cells

Lympbhoblastoid cells have been rather well compared with malignant human
heématopoietic cells (Nilsson et al., 1970; Nilsson and Pontén, 1975). The overrid-
ing principle which emerges is the individuality of the neoplastic cells. By scanning
electron microscopy and time-lapse photography, it was possible among a sample
of about ten different lines to sort out each as unique with respect to details in
surface structure and dynamic morphology. A second finding was that, contrary.
to expectations, the neoplastic cells were morphologically less flexible than normal
lymphoblastoid cells. The latter could vary their behavior over an extremely wide
pattern. The lymphoma or myeloma cells studied were, on the other hand,
comparatively rigid. Their pattern of locomotion seemed more predictable and
stereotypic. This may be an example of how neoplastic cells follow a general rule
of “dedifferentiation,” i.e., inability to perform highly specialized functions, since
lymphoblastoid cells may be thought of as differentiated for high well-
coordinated motility.

In summary, spontaneously neoplastic lines show a much wider spectrum of
individuality than the corresponding normal prototype cells. Quantitative differ-
ences in amount of ruflling, speed of locomotion, etc., have been reported but
have not been consistent enough to permit any conclusions about a neoplasia-
specific aberration of locomotion of isolated cells.

4.2. Locomotion of Virally Transformed Cells

4.2.1. Polyoma Virus

A very detailed and illuminating study has been performed by Bell (1974) on 3T3
mouse cells (Todaro and Green, 1963) and a polyoma-transformed derivative
(Py3T3) (Todaro et al., 1964). It was basically designed to study contact behavior
and this aspect will be referred to later.

Isolated 3T3 and Py3T3 were found to move with about the same speed
(Medium values about 10 um/h). Both types formed lamellipodia or lamellipodia-
like cytoplasmic extensions. These differed morphologically. In 3T3 cells the
lamellipodia were usually broad and fan-shaped and essentially similar to the
normal pattern shown in Fig. 5. The Py3T3 sites of locomotory cell margin activity
differed by being composed of small sites of ruffling, often at the tips of long
cytoplasmic extensions. Sequences were filmed (Bell, 1974) where an originally
broad lamellipodium was broken up into smaller units—a phenomenon only
rarely observed among 3T3 cells.



3T3 as well as Py3T3 advanced by similar cycles of protrusion and withdrawal of
a lamellipodium at the front-end, where the distance covered by the protruding
edge is longer than that of the retraction phase.

4.2.2. C-Type RNA Viruses

C-type RNA virsues transform fibroblasts and other cells of various species. In the
process the cells undergo characteristic morphological changes. Two common
transformed cell types are (1) a bipolar elongated cell with pointed ends and (2) a
large, round, loosely attached basophilic cell (Tenenbaum and Doljanski, 1943;
Temin, 1960). These highly typical effects are most clearly seen when normal
fibroblasts are used as targets. In spite of the tremendous virological and cell
biological interest shown in Rous sarcoma virus induced transformation of
chicken fibroblasts—a system which would seem ideally suited for studies of cell
locomotion—no systematic studies seem to have been published. The large
number of pinocytotic vesicles often seen suggests hyperactive ruffling but
quantification of this impression seems to be lacking.

Spontaneously transformed rat cells already referred to (Vesely and Weiss,
1973) have been “supertransformed” by RSV (Vesely et al., 1968). Such cells lack
broad lamellipodia. Instead, they have a few narrow protrusions with a ruffling
edge (Vesely and Weiss, 1973) apparently similar to the structures described in
Py3T3 by Bell (1974). In addition, vertical ruffles were seen. In spite of marked
membrane motility, cell translocation was slow or absent. Movement into a wound
was sluggish and disorganized as if the RSV-transformed cells had lost the
capacity to become polarized with a defined frontand rear end (Vesely and Weiss,
1973). In this respect they resembled normal cells whose microtubules have been
destroyed by colchicine (Vasiliev et al., 1970; Gail and Boone, 1971).

Thus all studies on virally transformed cells suggest that they have very
profound disturbances of the locomotion and cell membrane behavior which
exceed what is usually seen among spontaneously transformed cells. Lamellipodia
are often narrow and do not work in coordination so that directed migration may
become ineffective.

5. Social Behavior of Normal Cells in Culture

From the very beginning of the tissue culture era, it became apparent (Congdon,
1915; Uhlenhuth, 1915; Loeb, 1921; Lewis and Lewis, 1924) that cells in culture
do not behave as autonomous units but interact with each other to form patterns.

Abercrombie and collaborators (see reviews by Abercrombie 1965, 1967, 1970)
introduced systematic studies of social behavior of normal and neoplastic cell
populations. The basic proposal has been that normal cells interact in such a way
that they are prevented from crawling over each other. By this mechanism they
will be confined to a monolayer with all cells in extensive contact with their solid
substrate (Abercrombie and Heaysman, 1954). Malignant cells, on the other
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hand, have (at least partly) lost this property and are able to mount normal
adjacent cells (Abercrombie et al., 1957). The idea of a neoplastic “loss of contact
inhibition” received strong support when it was shown that virally transformed
cells (Rubin, 1960, 1962; Vogt and Dulbecco, 1962) layered themselves in
three-dimensional piles and thus did not obey the command to remain as a
monolayer.

Subsequent work has shown this dichotomy between “contact inhibition” in
normal cells and “loss of contact inhibition” in neoplastic cells to be an oversimpli-
cation.

5.1. Definition and Assay of Contact Inhibition

A collision between two cells on a plane surface will usually lead to some kind of
interaction. Contact inhibition (CI) is said to have occurred if the locomotion of
the colliding cells in its original direction is reduced or stopped (Abercrobie,
1970).

The definition of CI is purely operational. It does not say anything about its
mechanism. In very general terms, the inability of one cell to continue its
migration without any disturbance, if it finds another cell in its way, may depend
on either or both of two factors: (1) nonspecific mechanical or physicochemical
hindrance or (2) a specific cell-to-cell interaction.

A nonspecific locomotion restraint could be due to a failure of the colliding cell
to move under or over the other cell, which would then function as a mechanical
obstacle. Another variant is the so-called differential adhesion theory (Abercrom-
bie, 1967; Carter, 1965), which in essence says that a moving cell will stay on the
most adhesive surface available. If the upper cell surface of the contacted cell is
less adhesive than the solid substratum, the colliding cell will prefer not to climb
the back of its neighbor and thus register as contact inhibited.

The specific cell-to-cell interaction idea postulates that CI depends on paralysis
of locomotion induced by membrane-to-membrane interactions upon collision.

Obviously, both types of mechanisms will result in monolayering but for quite
different reasons.

The simplest estimate of presence of CI is based on the morphology of a fixed
culture. If no multilayered areas are found, CI is presumed to exist. This “assay”
does not say anything about the nature of the CI. The same holds true for
quantifications based on the number of overlapping nuclei (Abercrombie and
Heaysman, 1954; Curtis, 1961; Oldfield, 1963; Weston and Hendricks, 1972;
Martz, 1973).

Low-power filming permits determination of whether a population is essen-
tially monolayered. It also resolves whether cells remain in fixed positions after
collision or continue to move about. The latter finding suggests that specific
cell-to-cell binding is not very prominent, but otherwise this method does not tell
us very much about the details of cellular interaction.



The only way by which the mechanisms for CI can be reliably observed is by
high-resolution time-lapse filming and direct microscopy of living cells (Aber-
crombie et al., 1970a). There are not many such studies and it is not surprising in
view of the extremely varied locomotory pattern for normal cells that we still have
rather vague ideas even about the morphological events after cell collision.
Filming may with advantage be complemented with ultrastructural studies (Bell
and Brunk, unpublished).

“Lack of contact inhibition” may basically depend on (1) nonspecific causes and
(2) a defunct specific cell to cell interaction.

Many of the nonspecific reasons for multilayering as a sign of lost contact
inhibition are obvious from the considerations above. To this can be added that
piles and multiple sheets can be nonspecifically formed by cell division (the new
daughter cells may not find any empty space on the solid substrate), by local
retractions within a cell sheet (not uncommonly misinterpreted as foci of virally
transformed cells), and by interposition of secreted collagen. The last situation has
been shown for human lung fibroblasts, where “pancake” after “pancake” of
well-ordered fibroblasts can be layered on top of each other provided that the cells
are permitted to produce interposed collagen (Elsdale and Foley, 1969; Elsdale
and Bard, 1972).

Again it is obvious that valid observations on the mechanism behind multilayer-
ing and other abnormal patterns interpreted as “loss of contact inhibition” can be
made only from time-lapse films or direct visual inspection under high optical
resolution, preferably supplemented with ultrastructural studies.

5.2. Contact Inhibition Among Normal Cells

5.2.1. Fibroblasts

The original (Abercrombie and Heaysman, 1953) as well as most subsequent work
on colliding cells in culture has concerned early passage embryonic fibroblasts
usually of rat or chicken origin.

Abercrombie and Heaysman (1953, 1954) observed the velocity and direction
of cell migration in chick tissue explants in plasma clot cultures. When cells from
the circular outgrowth zones of two explants met, it was noted that the mean
velocity in the junction area decreased by a factor of about 4 and that the direction
of locomotion changed. Before the two zones of outgrowth made contact, the
fibroblasts moved radially outward from the center of the explant. After junction,
no directional preference existed. From these observations it is clear that
embryonic fibroblasts show CI, however, its mechanism was not elucidated by
these low-power time-lapse movies.

Subsequent studies under higher optical resolution have attempted to deter-
mine the mechanism for CI among fibroblasts. It is important to recognize that
three types of collisions may occur: front to front (F-F), front to side (F-S), and side
to side (S-S) (Fig. 12).
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F-F or F-S contacts often resulted in cessation of ruffling and apparent adhesion
between the two colliding cells (Abercrombie and Ambrose, 1958). This led the
authors to conclude that CI is caused by a type of specific cell-to-cell interaction,
involving the locomotory organ of atleast one of the colliding cells: “The adhesion
and cessation of activity of a leading ruffled membrane appears to be the visible
expression of . . . contact inhibition . . .”

A detailed analysis mainly of F-F encounters has shown that there is first adelay
of some 10-20 min during which the undulating movements of the edge and the
push forward of a lamellipodium may continue. At this stage the lamellipodium
will be placed under the contracted cell, particularly if F-S collisions are observed
(Boyde et al., 1969; Weston and Roth, 1969; Harris, 1973b).

The first clear light microscopic reaction on contact seems to be a contraction
within the leading lamella (Abercrombie and Heaysman, 1954). This occurs
without any severance of its underlying adhesion plaques to the solid substratum
(Abercrombie and Dunn, 1975). After contraction, the lamella ceases to move and
does not extend any new lamellipodia in the original direction. Pinocytosis and
ruffling disappear. The contraction of the leading lamella leads to a shortening of
the cell which mainly concerns its tail. Its rearmost part may be loosened from the
substratum, leaving a few retraction fibers behind.

After these events, the colliding cell can follow different courses (Fig. 13). It may
remain in firm attachment with or without formation of new lamellipodia. If such
are formed, they may pull the cell away from its new associate. This is ac ompanied
by formation of intercellular retraction fibers (“snap-back” in Fig. 13). A new

FIGURE 12. Schematic drawing of three types of cell collisions.



FIGURE 13. Different results of collisions between two cells. In the upper part,
absence of contact inhibition is shown as overlapping or underlapping. The lower
part of the figure shows four different possibilities of intercellular reactions when
contact inhibition is present. Cells can remain in close apposition either with
formation of a stable adhesion or with continued ruffling of the leading lamella of
the colliding cell. If the cell leaves its position at impact, it may either snap back or
veer off along the side of the contacted cell.

lamellipodium may form at the original site, and on this second attempt a lasting
contact is usually formed.

Sometimes no lasting adhesion is built up. In that case, the cell or its leading
lamella may either back away or more commonly move along the side of the
contacted fibroblast. S-S contacts among fibroblasts do not usually lead to
adhesion of inhibition of locomotion.

Ultrastructural studies (Heaysman and Pegrun, 1973) have documented that
within 20s after collisions areas of submembraneous specialization can be
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visualized. After 2 min, very well-developed microfilaments can be seen to
converge toward the attachment plaques (Heaysman and Pegrum, 1973).

The overall effect of these events will be a tendency of cells to stick together
rather than to move around as bumping cars. If cell division occurs simultane-
ously, available solid substrate will soon be filled by fibroblasts which—at least
before collagenization becomes important—are confined to a monolayer (Aber-
crombie and Heaysman, 1954). Within this, the cells are clearly bipolar and
capable of a slow sliding S-S motion (Elsdale and Foley, 1969).

5.2.2. Glia Cells

The most noteworthy difference between fibroblasts and glia is that only the latter
have been shown to become essentially stationary, i.e., remain in fixed positions
when a monolayer has been formed. In this layer there is a moderate amount of
cytoplasmic (but no nuclear) overlapping. Ruffling has disappeared, but it is not
known whether this is a sign of paralysis of lamellipodia and creation of extensive
cell-to-cell adhesions or mechanical blocking of ruffling in the presence of
continued lamellipodial activity (Pontén et al., 1969).

5.2.3. Epithelium

Contacting epithelia are particularly likely to establish lasting contacts with each
other on collision. These cells show no distinct polarity and every type of collision
has a high probability of ending as a permanent junction between the two
colliding elements. This is shown indirectly by the great cohesion among epithelial
cells, which tend to move as large multicellular sheets with little or no reshuffling
of their constituent cell units. Extrusion of lamellipodia is confined to the free
borders of these cells which are not in complete lateral contact with each other.

5.2.4. Macrophages

Interactions among macrophages have not been very widely studied. They tend
strongly to remain as a monolayer even when they are dense. Whether this is
caused by paralysis of lamellipodia or perhaps more likely by a strong adhesion to
the solid substrate does not seem to have been critically studied.

5.2.5. Lymphoblastoid Cells

Collisions between lymphoblastoid cells have not been quantitatively studied. One
very obvious impression from high-resolution films is, however, that they quickly
change direction after a collision and that they never form stable associations with
each other as long as there is a solid substrate available (a feeder cell, plastic, glass,
etc.) to crawl on.

Lymphoblasts in suspension have a strong tendency to agglutinate. This
phenomenon is very poorly understood, but may not be of the same nature as, for
instance, the adhesion of a fibroblast to a solid substratum or another cell. Only the



latter is sensitive to proteolytic enzymes and removal of calcium, two procedures
which have no effect on clumps of lymphoblasts (unpublished).

5.2.6. Interactions Between Different Types of Normal Cells

a. Epithelium vs. Fibroblasts. In encounters between epithelial cells and fibro-
blasts, as reviewed by Abercrombie and Middleton (1968), epithelial sheets
remain intact. Approaching fibroblasts are strongly contact inhibited and veer off
sideways along the margin of the epithelial sheet. Only occasionally do they
migrate under an intact sheet of epithelium. Fibroblasts cannot attach to the
upper surface of epithelial cells and do not move over contacted epithelia
(DiPasquale and Bell, 1974). In a random mixture of fibroblasts and epithelia, the
two kinds of cells will eventually arrange themselves as epithelial islands well kept
together and separated from each other by a sea of dense bundles of fibroblasts.
Strong interepithelial adhesion in combination with mutual contact inhibition of
locomotion would explain such a pattern. Histiotypic reassortment (¢f. Moscona,
1974) has not been extensively studied in monolayer cultures. It is by no means
excluded that, for instance, epithelial cells migrating on a solid surface attach to
each other specifically by way of surface-located cell-to-cell ligands in a fashion
similar to what occurs in suspensions of embryonic cells (¢f. Moscona, 1974).

b. Lymphoblastoid Cells vs. Fibroblasts or Glia. Lymphoblastoid cells prefer to
move around on a fibroblast and glia cell surface rather than an artificial solid
support. Their characteristic peripolesis between the ventral surface of a “feeder”
cell and its solid support has already been referred to.

Peripolesis may eventually lead to detachment and death of the feeder cells,
presumably because attachment plaques are severed. Apart from this nonim-
munological and apparently altogether nonspecific effect, lymphoblastoid cells do
not inhibit the locomotion of the feeder cells, which continue to extrude
lamellipodia, to ruffle, and to migrate as if they did not carry any lymphoblastoid
cells with them. Conversely, lymphoblastoid cells show no signs of contact
inhibition when they encounter a glia cell or a fibroblast but move freely across the
contacted cell, usually along its ventral surface.

The social behavior of different normal cell types shows a strong resemblance to
the in vivo situation, where epithelia and glia remain relatively stationary, whereas
fibroblasts move about slowly. The wandering cells in vivo perform extensive
migrations and do not seem to be stopped by a variety of cells and tissue barriers.
They are, for instance, capable of migration through vessel walls.

5.3. Mechanism of Normal Contact Inhibition

The only unequivocal common denominator of several types of normal cells is
that contact inhibition, defined as a restraint on directional locomotion, exists in
all normal cell systems studied. However, the mechanisms may be entirely
different. Epitheliumshows the strongestindications that specific events(paralysis,
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adhesion, contraction) in a contacting lamellipodium are of overriding impor-
tance. In fibroblasts, such events are also important but differential adhesion and
other “nonspecific” mechanisms probably also play a role. On the other end of the
scale, macrophages and lymphblastoid cells have no demonstrated signs of
specific membrane-to-membrane interactions. Their CI may be totally “non-
specific” and particularly for the lymphoblastoid cells a pure “bumping-car”
situation.

In his highly illuminating study of 3T3 cells, Bell (1974) showed that CI, in these
cells at least, can be explained by a combination of factors. In all F-F or F-S
encounters, the lamellipodium practically always extended in close apposition to
the solid substratum and not onto the dorsal surface of the contacted cells,
“underlapping.” Two factors combine to make this extension inefficient in terms
of continued locomotion. One is that 3T3 cells move by broad lamellipodia and
the other is that they are equipped with densely and evenly distributed ventral
attachment plaques. This “mismatch” makes it almost impossible for one cell to
undermine its neighbor and thus continue migration in the original direction. It
seems beyond experimental reach at present to analyze why certain cells have a
specific shape and a defined number of attachment plaques. Not until more of the
fundamental biology of the cellular musculoskeletal system and its linkage to the
cell membrane is understood does it seem possible to resolve how “nonspecific”
hindrance of locomotion dependent on specializations within the individual cell of
the type described can arise.

For the lamellipodial cycle paralysis—adhesion—contraction, which also was part
of the CI in 3T3, it seems necessary to invoke special interactions between
molecules of the cell coat. The process is rather well described in morphological
terms but its biochemistry remains unresolved. No successful experiment has
been reported where specific movement inhibition or contraction or a lamel-
lipodium has been elicited by isolated molecules or cell fractions. The triggering
mechanism is therefore unknown. The formation of submembraneous microfila-
ments within only 20 s (Heaysman and Pegrum, 1973) suggests polymerization of
actin from subunits, but new synthesis or even transport within the cell to the
contacting membrane is not excluded. The contraction which occurs in a
lamellipodium upon contact suggests that actinomyosinlike complexes are trig-
gered into a tonic contraction within this specialized locomotory organ. Actinlike
material is quantitatively a major protein estimated at about 10-20% of all cell
proteins (cf. Pollard and Weihing, 1974). It would be most important for an
understanding of contact inhibition to analyze the intracellular distribution of
soluble and insoluble actin in relation to the specific morphology of contact
inhibition. It would be surprising if contractility in nonmuscle cells were not found
to be governed by the same principles as in the well-studied actomyosin complex
of muscle.

Primary specific intercellular attachment at least in F-F situations in 3T3 seems
to be initiated at discrete points along the contacting lamellipodium. Underlap-
ping by further extension of the lamellipodium from the contacting cell will then
continue, but the contacted lamellipodium which no longer is in contact with a
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the presence of a unidirectional signal with very local effects, presumably CONTACT
involving coordinated movements and interaction of intramembraneous INHIBITION
molecules within the contact area of two cells.

6. Social Behavior Among Malignant Cells

6.1. Carcinoma Cells

Interactions between demonstrably malignant cells of epithelial origin have been
only rather cursorily studied. Santesson (1935) noted a diminished coherence and
an irregular growth pattern among mouse mammary carcinoma cells. Trevan and
Roberts (1960) and Wilbanks and Richart (1966) made similar observations on
other types of carcinoma. As pointed out by Abercrombie et al. (1970a), these early
studies cannot easily be interpreted in terms of contact inhibition.

6.2. Glioma Cells

Only preliminary studies of glioma cells have been made, which suggest that these
malignant cells, in contrast to normal glia, tend to continue to migrate even under
crowded conditions (unpublished). Contact inhibition in a strict sense has not
been studied.

6.3. Sarcoma Cells

6.3.1. Spontaneous Tumors

The original observations (Abercrombie et al., 1957) in vitro with two “old”
transplantable mouse sarcomas concerned their interactions with normal mouse
or chick fibroblasts. Upon collision, the sarcoma cells showed no CI but continued
along their previous paths without any diminished speed. Thus sarcoma cells
migrated over the normal cells apparently without sensing any interference from
them.

Barski and Belehradek (1965), using another mouse sarcoma, modified the
original conclusions. When their malignant cells encountered coherent sheets of
normal cells identified as endothelium, migration stopped for the majority of the
malignant cells. Only a few isolated “sentinel cells” penetrated the territory
occupied by normal cells. This indicates that the “loss of contact inhibition”
claimed for sarcoma cells may not be absolute.

Bell (1974) later reinterpreted the results of Abercrombie et al. (1957). He
points out that the sarcoma cells were contained in a plasma clot and that their
migration past the normal cells may not have depended on lack of contact
inhibition but rather an artificial passage may have been created by the experi-
mental design, with fibrin fibers precipitated on top of and over the normal cells.
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6.3.2. Virally Transformed Cells

A disordered criss-cross array of fibroblasts has for more than a decade been used
in focus-forming assays of different oncogenic viruses (Vogt and Dulbecco, 1962;
Stoker and Macpherson, 1961; Todaro and Green, 1964; Temin and Rubin,
1958). The mechanism behind this easily scored morphological change has not
been very much studied in terms of contact inhibition.

Vesely and Weiss (1973) studied a spontaneously neoplastic rat line before and
after infection by RSV. The RSV-infected variant had acquired a high cloning
efficiency in soft agar and was also more polygonal compared to the bipolar shape
of the noninfected cells. The cells altered by RSV had largely lost their capacity of
directed growth into an empty space. A wound of a cell layer was only slowly filled
by cells which appeared to get there more by random migration than by
directional locomotion. After mutual contact, the cells did not cross over each
other, but membrane activity continued and pinocytosis, which may be considered
an indirect sign of ruffling, was uninhibited even under dense conditions.

Careful analysis of collisions between normal embryonic rat fibroblasts and the
established fibroblast line before and after infection by RSV (Table 6) revealed
that all homotypic collisions lead to arrest of forward displacement and thus by
definition to contact inhibition. Paralysis and contraction of the lamellipodium
were rare in the RSV-exposed cultures but common in the two other types.
Adhesion between colliding cells was more common among the RSV-treated
fibroblasts than among the other two types of cells (Table 6). In terms of Fig. 13,
the normal fibroblasts showed positive CI with formation of adhesions, the
established line showed positive CI but usually with continued ruffling, and the
RSV-treated sarcoma cells showed positive CI commonly with formation of
adhesions. This similarity between normal and RSV-exposed cells disappeared
when collisions with embryonic fibroblasts were considered. As shown under the
heading “No contact inhibition” in Table 6, no mutual over- or underlapping was
recorded in homotypic interactions between embryonic fibroblasts. When RSV-
infected (and uninfected) sarcoma cells met embryonic fibroblasts, there was, on
the other hand, very significant over- and underlapping.

One main conclusion by Vesely and Weiss (1973) was that malignant cells may
show a high degree of homotypic CI, which also results in monolayering, but that
the same cells may reveal lack of CI when cocultivated with normal cells. Another
important principle is that CI may not be reciprocal. Whereas normal fibroblasts
were inhibited and their leading lamellae contracted after collision with sarcoma
cells, the reverse was not true. This confirmed a previous observation by
Heaysman (1970).

The social behavior of 3T3 cells transformed by polyoma virus (Py3T3) was
followed with time-lapse cinematography by Bell (1974). As already stated, there
was only a moderate quantitative difference in the contact behavior of the two cell
types. When crossing over occurred, it practically always had the form of
underlapping by the contacting cell. In spite of this, Py3T3, in contrast to control
3T3, form thick irregular multilayers. Bell (1974) considered three possibilities to
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explain this apparent paradox: (1) dense Py3T3, which are difficult to film in
detail, could change from a predominant underlapping to an overlapping
behavior; (2) Py3T3 could produce collagen and thus form interposed layers of a
solid substrate; (3) Py3T3 could continue to divide irrespective of cell density and
the new daughter cells would settle on top of underlying PY3T3. Of these
possibilities, the last seemed most likely because it would explain all observations
in this system in the most simple manner.

6.4. Social Behavior of Lymphoma and Leukemia Cells

Only a few preliminary observations have been made (see Nilsson and Pontén,
1975, and unpublished) on the social behavior of lymphoma and leukemia cells.
These suggest that differences between lymphoma lines are considerable. One
common factor may be that they are less adhesive against each other and against
any feeder cells present. Their locomotion does not seem to be specifically
influenced by the presence of other cells.

6.5. Significance of Contact Inhibition for Tumor Dissemination in Vivo

Contact inhibition among normal cells potentially involves all the possibilities of
Fig. 13. The degree to which each one is realized is predominantly determined by
the cell types directly involved in collisions but also by other factors such as
presence of adjoining cells (Vesely and Weiss, 1973) and probably the nature of
the solid substrate (Carter, 1965).

Epithelial cells almost always form stable contacts on their first contact with each
other. Glia cells change direction, snap back, or form stable adhesions as one of
their first choices but only rarely continue to ruffle (Fig. 13) after collision. The
most likely alternative seems to be adhesion, and after several encounters the glia
cells will eventually arrange themselves as a stable monolayer with specialized
attachment areas between over- and underlapping parts of extended cytoplasm.
The intercellular adhesions between glia seem less strong than between epithelia.
Epithelium therefore tends to move as coherent sheets into a wound, whereas glia
cells move in isolation. Fibroblasts may show all four types of “positive CI”
illustrated in Fig. 13 and also “no CI” in the form of underlapping. Eventually,
stable adhesions become most prominent but never to the exclusion of the other
possible outcomes of close cellular interactions. Fibroblasts therefore remain in
slow motion relative to each other even in dense cultures. Wandering cells finally
show extensive cytoplasmic underlapping, no stable adhesions, and frequent
changes of direction of movement after mutual contacts. Their migration pattern
is largely independent of the cell density and they are in constant motion, perhaps
with the exception of dense macrophage cultures where locomotion may become
somewhat restricted.

Heterotypic interactions between normal cells show one well-established fea-
ture: epithelial sheets are not broken up by any other approaching normal cells.



Apart from this, different combinations have not been well-enough studied to
permit firm conclusions.

The pattern just described is exactly that expected from what is known about
the respective cell types in vivo. Epithelium is distinguished by its coherence and
tendency to occupy defined territories without any intermingling with other cells.
In the repair of wounds it tends to move as coherent sheets. Glia cells are probably
stationary in the undisturbed adult brain but may be induced to move short
distances after brain damage without apparently being able to penetrate into
mesenchyme (meninges, vessels). Fibroblasts will migrate extensively in wound
repair and penetrate deeply into muscle, vessel walls, tendons, articular cartilage,
glia, and other tissue to form a connective tissue scar. Wandering cells, as the name
implies, move freely in and out of vessels, within the mesenchyme, across
epitheliomesenchymal borders, and between epithelial cells.

Very little is understood about the factors which regulate these behaviors. The
parallelism between in vive and in vitro should encourage studies of cultivated
cells. It would be most interesting to find out the mechanism which determines the
path (see Fig. 13) that any given cell type will follow after a homotypic or
heterotypic collision. In all likelihood, the cell coat and the adjacent cell mem-
brane are of overriding importance. The mere fact that F-F-, F-S, and S-S
collisions (Fig. 12) have different effects shows that the outer cell surface
presumably is highly specialized and differentiated with respect to capacity to
react to cellular contact. With the rapidly accumulating knowledge about the
internal organization of the cell’s musculoskeletal system and locomotory organs
and the availability of well-defined cocultivation systems, it seems within reach to
analyze normal contact inhibition in vitro in at least crude molecular terms.

Normal cells in vivo have extensive capacity for invasion, i.e., translocation from
one place to another through a territory occupied by a foreign cell species. This is
called into action during embryonic life (extension of nerve cells, outward
migration of neuroectodermal cells, etc.) butis also at work in adult life (“homing”
by lymphocytes, formation of inflammatory exudates, scar formation, implanta-
tion of trophoblasts including migration through vessel walls, etc.). The essential
feature of this scheme is that it is regulated so that certain paths are forbidden.
Adult epithelium does not invade mesenchyme, glia cells do not trespass into
meninges, fibroblasts do not penetrate through vessel walls, trophoblasts do not
invade the deeper parts of the uterus, and so on. The social behavior of normal
cells in vitro looks like a simplified but principally faithful reproduction of this
complicated scheme.

Local and distant spread of malignant tumors can be thought of as a deviation
from the normal pattern outlined above. This means that all histiotypically
recognizable kinds of cells have their special criteria for pathological invasive
behavior. For adult epithelium, then, any encroachment on mesenchymal terri-
tory is pathological and signifies acquisition of infiltrating properties. This
becomes very clear in the progression of carcinoma in situ to invasive carcinoma.
For fibroblasts, the situation is different. Penetration into muscle is, for instance,
not per se pathological; however, if fibroblasts are found in vessel lumina this can
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be taken as a sign of malignant infiltration. For leukocytes, which normally do not
respect any tissue borders, invasive growth is a meaningless criterion of malig-
nancy.

Viewed in this light, it is not unexpected that studies of the social behavior of
malignant cells in vitro have failed to shed much light on the mechanism of tumor
invasion and metastasis. “Lack of contact inhibition” is far too crude to be a
biologically meaningful counterpart of malignant invasion. The emphasis in
experiments on sarcoma cells may have been misleading. Observed shifts in the
frequency of different collision events (Fig. 13) do not follow the same pattern in
different systems. The recording of these events may at best have only an indirect
bearing on how sarcoma cells may spread as distinct from normal fibroblasts. Itis
not unlikely that malignancy in this particular class of cells primarily depends on a
failure to stop proliferating rather than any qualitative disturbance in locomotion
capability.

It is difficult to predict how studies on contact inhibition will aid in understand-
ing and preventing metastasis. Cell culture methods are very powerful tools for
attacking difficult problems in cell biology. A much better understanding of
normal cell interaction seems a likely possibility. An important but unresolved
problem is whether contact inhibition is related to proliferation control. In normal
glia, a precise correlation seems to exist between regulation of cell locomotion and
proliferation (Pontén et al., 1969). To a large extent this also seems true for
fibroblasts. Still, however, critical high-resolution comparisons have not been
made. It would not be surprising if regulation of proliferation and movement
turned out to operate independently. In vivo the two are apparently often
dissociated, as indicated by classes of cells (e.g., wandering macrophages) that
migrate extensively but do not divide much and intestinal crypt epithelium, which
proliferates continuously but only slides passively toward the tips of the villi to be
shed into the lumen of the gut. Another example is squamous cell carcinoma in
situ, which shows all the hallmarks of malignancy including unregulated prolifera-
tion but in spite of this does not invade its stroma.

A very obvious fact which has never been much discussed and which should not
be regarded as self-evident is that malignant cell populations almost always will
acquire the potential for infiltrative growth, i.e., enter a path which normally is
forbidden. This suggests that a deficient proliferation control is very likely to
develop into a deficient locomotion control. Since the former as well as the latter
can be quantified in viire, it would be of significance to know how strong the
correlation between the two variables is. Locomotion per se may not be the
important parameter but rather a certain aspect such as the capacity of forming
specific adhesions to a lamellipodium. It is possible that elucidation of the nature
of the locomotion control may also shed light on the important problem of why
malignant cells do not submit to physiological growth control.

A very interesting avenue would be to try to recapitulate embryonic and other
regulated types of cell translocations in vitro to attempt to isolate the signals
responsible for these phenomena. Which cells can respond by chemotaxis? When



are cell contacts necessary? Which molecules function in chemotaxis and contact-
regulated locomotion and adhesion? How are signals from the exterior received
and translated into a certain locomotory behavior?

Not until these and other questions have been answered does it seem likely that
one could profitably start to understand the abnormal migration patterns which
so often follow a malignant transformation.

Metastasis is in all probability not a nonspecific mechanistic result of invasion
and transport via vessels. It probably reflects aberrations in cell behavior which in
turn depend on more or less subtle disturbances in a biological system for cell and
tissue recognition that we are deplorably ignorant about (see Chapter 3).

7. Conclusion

Contact inhibition can be defined as a restraint of directional locomotion of a cell
after contact with another object, usually a cell. Contact inhibition can lead to
either (1) a changed direction of locomotion without formation of intercellular
adhesions, (2) reversed locomotion with retention of intercellular contact fibers,
(3) a standstill with continued activity of the locomotory organ of the contacting
cell (extension of lamellipodia, ruffling), or (4) a standstill with formation of
lasting intercellular adhesion, tonic contraction, and paralysis of the locomotory
organ of the contacting cell. If no contact inhibition exists, the contacting cell
usually moves under the contacted cell.

All normal cells show strong contact inhibition but by different mechanisms.
Epithelium preferentially reacts according to (4). Glia cells may show all four types
of contact inhibition but eventually alternative (4) becomes predominant. Fibro-
blasts show all four types but eventually (1) and (4) become dominant. Mac-
rophages prefer (1) and (3) and lymphoblastoid cells (1). The end result will be
that epithelium and glia cells form monolayers with no movement of the
individual cells. Fibroblasts grow into three-dimensional sheets, bundles, or
whorls where individual bipolar cells, often in a cohort, slide slowly past each
other. Macrophages move around within a monolayer without any fixed positions
for the individual cells. Lymphoblastoid cells migrate rapidly only on the outside
of other (“feeder”) cells, where they never form a stable array.

Only alternative (4)—i.e., adhesion—contraction—paralysis of a lamel-
lipodium—seems to be a highly specific event. It may reflect an important control
mechanism for locomotion in vive as well as in vitro. The molecular mechanism
behind its triggering and execution is unknown.

After malignant transformation, cells have always shown some departure from
the normal pattern described above. Malignant epithelium shows diminished
tendency for intercellular adhesion. Malignant glia cells also seem to be less likely
to form stable cell-to-cell adhesions. Malignant fibroblasts have shown variable
patterns, with increased underlapping, decreased tendency to establishment
of adhesions, and extensive continued ruffling in dense layers. Malignant
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macrophages have not been studied, and malignant lymphoma cells have been
less mobile than normal lymphoblastoid cells.

The aberrations in malignant cells cannot indiscriminately be described as “lack
of contact inhibition.” Instead, they reflect a more or less subtle deviation from a
normal migration pattern which only sometimes conforms to criteria for a loss of
contact inhibition. It is possible that the normal adhesion—contraction—paralysis
cycle of lamellipodia may always be disturbed in malignancy, but too few precise
studies have been made to permit any generalizations.

A disturbed contact behavior among malignant cells in vitro has often been
assumed to reflect infiltrative growth in vive. Infiltration in vivo relates to very
specific situations involving malignant cells against normal cells. Few attempts
have been made to simulate these conditions in viiro and analyze the results in
terms of contact inhibition. It is still unknown if and how a disturbed contact
behavior in vitro relates to tumor cell invasion in vivo, butit does not seem unlikely
that the two in some as yet undetermined fashion reflect a membrane change
characteristic of the malignant state.

A promising start has been made in the elucidation of the function and
structure of the cell’s musculoskeletal system and its connection with specific
molecules in the cell membrane. Links between this and putative cell recognition
sites on the outer cell surface need to be identified in order to understand normal
and pathological regulation of cell locomotion.
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Mechanisms of Cancer
Invasion and Metastasis

ISAIAH J. FIDLER

1. Introduction

The spread of cancer cells from a primary site to a distant organ is called
metastasis. It is one of the most intriguing phases in the pathogenesis of the
disease; indeed, cancer metastasis is responsible for most therapeutic failures, as
patients succumb to the multiple tumor growths. It would seem that, short of the
complete prevention of cancer, the most urgent goal of oncologists should be the
arrest and/or prevention of such tumor spread. In this regard, it is remarkable
that current theories of the mechanisms responsible for cancer metastasis are
fragmented and controversial. The following discussion is not intended to be
totally inclusive or an exhaustive review of the literature. The prime intent is to
summarize and consolidate early findings, hypotheses, and suggestions, and to
describe some recent experiments. It is hoped that this presentation will promote
further collaborative efforts to clarify and elucidate the mechanisms responsible
for the pathogenesis of metastasis.

Neoplasms can be conveniently categorized into two major groups. Highly
differentiated tumors that grow slowly, are usually encapsulated, and differ only
minimally from their normal precursors are classified as benign. In the second
group, malignant neoplasms ordinarily consist of fast-growing cells that may have
a variety of abnormal chromosomes and usually are pleomorphic, with various
degrees of anaplasia (Prehn, 1972). This morphological classification of neo-
plasms is based on the supposition that microscopic examination can be used to
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predict the biological behavior of the tumors in vivoand thus serve as a prognostic
tool. Unfortunately, although the cellular structure of a tumor may give a rough
guide to its potential clinical course, attempts at prognosis by morphological
grading of tumors are at best arbitrary. The morphological and histological
features of a malignant tumor should be considered as only one of several
parameters on which the outcome of the disease depends. In the final analysis, the
only two major characteristics unique to malignant cells are their invasive and
metastatic properties. ‘

The development of tumor metastasis involves five major steps: (1) invasion of
cells from the primary tumor into surrounding tissue and penetration of blood
and/or lymph vessels; (2) release of tumor cell emboli into the circulation; (3)
arrest of the emboli in small vascular channels of distinct organs; (4) tumor cell
invasion of the wall of the arresting vessel, infiltration into adjacent tissue, and
multiplication; and (5) growth of vascularized stroma into the new tumor as
proliferating tumor cells invade the distant organ (Zeidman, 1957). The final
development of arrested tumor embolileads to the formation of secondary tumor
growths, or metastases. The process of invasion, embolization, arrest, and
development of emboli can then commence once again.

2. Invasion

The first and most crucial step in the pathogenesis of metastasis is the invasion of
normal host tissues by malignant cells. The mechanisms responsible for the
phenomenon are complicated and controversial, and they depend on many
tumor and/or host factors. Tumor cell invasion could be caused by tumor
multiplication and growth leading to increased tissue pressure and mechanical
expansion, by loss of tumor cell adhesiveness and increased or excessive motility,
by destruction of host stroma by tumor cell products, or by the effects of the host
response to tumor cell invasion. In fact, it is conceivable that all of these processes
could be involved in the invasive phenomenon, and that the importance of each
could differ from one tumor system to another, making comparisons and
generalized conclusions unnecessary if not impossible.

2.1. Cellular Multiplication and Mechanical Expansion

By histological criteria, malignant invasive neoplasms are frequently found to be
anaplastic, with many mitotic figures, indicating rapid cell multiplication. Such
rapidly dividing anaplastic tumors are more invasive and lead to a higher
incidence of metastasis than more differentiated tumors (Franks, 1973). Clearly, a

' continuous and progressive multiplication of tumor cells within a restricted space

could bring about an increase in tissue pressure, leading first to disruption in
blood supply and later to pressure atrophy, and the latter could easily account for
destruction of otherwise normal tissues. Eaves (1973) has expanded and sup-
ported the hypothesis by Young (1959) that the invasion of host tissue by



malignant tumor cells can be accounted for by purely mechanical factors. They
suggested that the invasive properties of malignant neoplasms stem from the
increased hydrostatic pressure in tumor cells as compared with adjacent normal
cells, the higher intracellular osmotic pressure causing an increase in tissue
pressure. Thus they maintained that tumor cells penetrating normal tissues are
comparable to plant roots penetrating the soil, exerting mechanical hydrostatic
pressures to move along lines of lesser resistance.

Although tumor cell proliferation usually precedes invasion, it is probably not
essential to invasion per se. Generally speaking, the rate of cell multiplication does
not correlate well with invasive properties. Itis well known that normal leukocytes
can invade tissues with great ease, yet they do not divide at the site of invasion. On
the other hand, many rapidly dividing normal cells that participate in wound
healing or organ regeneration have no invasive characteristics. Similarly, the rates
at which tumor cells proliferate in vivo do not necessarily correlate with their
invasive properties. Some rapidly growing tumors, such as breast fibroadenomas,
do not invade host tissues, whereas breast carcinomas grow very slowly and are
highly invasive (Willis, 1960). Therefore, although mechanical forces may aid
tumor cell invasion, their influence on the outcome of the phenomenon probably
is minimal.

2.2. Characteristics of Tumor Cell Growth in Vitro

There are clear differences between the in vitro growth characteristics of normal
and neoplastic cells. Normal cells grown in culture generally migrate on the
surface of the vessel until they form an organized monolayer, and, upon
cell-to-cell contact, cell movement is stalled and division ceases. This property,
which is called “contact inhibition” (Abercrombie and Heaysman, 1954; Aber-
crombie and Ambrose, 1962) or “density-dependent inhibition” (Stoker and
Rubin, 1967), appears to be a general property of normal cells. In contrast,
neoplastic-cells in vitro are less inhibited by cell-to-cell contact, and their locomo-
tion and division continue unabated, leading to multilayered, randomly oriented
cultures. Aaronson and Todaro (1968) found a direct relationship between loss of
growth inhibition upon cell-to-cell contact in vitro and tumorigenicity in vivo.

Abercrombie and Heaysman (1954) originally suggested that in vitro contact
inhibition of division could be due either to restraint of cellular locomotion in the
direction of cell contact or to inhibition of overlapping with another cell of the
same type. Steinberg (1973) demonstrated that the latter mechanism is in fact
responsible for the phenomenon. His data show that the locomotion of contact-
inhibited cells is not decreased but that the cells, which adhere strongly to the
surface of culture vessels, do not accept the relatively weak adhesive forces offered
by other cells as a substitute for the stronger forces, and this lack of “adhesion
substitution” results in an avoidance of overlapping. Presumably, then, either
cancer cells do not adhere strongly to the substratum or they prefer overlapping,
leading to the formation of multilayered cultures.
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2.3. Adhesiveness and Motility of Tumor Cells

The invasive properties of malignant tumor cells have also been attributed, at least
in part, to their reduced adhesiveness (Coman, 1944, 1953; deLong et al., 1950;
Zeidman, 1957). Coman defined “adhesiveness” as the tendency of a cell to attach
to another cell of the same type, and he showed that loss of adhesiveness was
accompanied by an increase in “stickiness,” which he defined as the tendency to
attach to a histologically different cell. Reduced adhesiveness of tumor cells would
facilitate their separation from each other and allow for cells with increased
motility to invade normal tissues. Indeed, Coman (1953) found that a variety of
human tumor cells attach only loosely to one another and separate easily to
migrate into surrounding normal tissues. The loss of adhesiveness was attributed
to a deficiency of calcium bound to the cell surface, due not to lack of available
exogenous calcium but rather to a defect in calcium binding (Coman, 1953;
Zeidman, 1957). Perfusion of livers with a chelating agent alters the structural
integrity of the membranes of normal cells, which form tight intercellular
junctions (Coman, 1954, 1961). Thus if a calcium bridge is important for
intercellular adhesion (Steinberg, 1958; Lilien and Moscona, 1967), cancer cells
could become detached and migrate from the primary site.

However, the hypothesis that the invasiveness of neoplastic cells is directly
related to their reduced adhesive properties has been questioned. Dorsey and
Roth (1973) demonstrated that malignant tumor cells of different types behave
differently in cell aggregate capture assays, indicating that malignancy or invasive-
ness per se is not necessarily determined by decreased intercellular adhesiveness.
Instead, they proposed that tumor cell invasiveness results from a decrease in
intercellular recognition and in adhesion between tumor cells.

Several investigators have reported that the degree of cell adhesion in vitrodoes

" not regulate the rate of cell locomotion. Curtis and Buultjens (1973) showed that

changes in cell adhesiveness induced by alteration of cell surface lipid composition
do not affect the average speed of motility or the rate of pseudopod initiation and,
moreover, that changes in cell adhesion do not alter contact inhibition of growth,
confirming studies by Steinberg (1973). Similarly, Easty and Easty (1974),
investigating the relationship of tumor cell locomotion to invasive properties,
found that neither colcemid, which inhibits the formation of cell processes and
presumably affects locomotion, nor dibutyryl cyclic AMP, which might restore
certain aspects of normal behavior to tumor cells in vitro, has any effect on the
invasion of biological membranes by mouse tumor cells.

The importance of increased tumor cell motility in vivo to invasiveness was
recognized by many early investigators. Willis (1960) cited the findings of Virchow
in 1863 and Grohe in 1865, who demonstrated the in vitro migration and motility
of cells from tumor explants. Those findings have been questioned repeatedly,
since the migrating cells could have been normal host leukocytes or fibroblasts;
nevertheless, their significance is obvious.

Clearly, increased motility in vivois not unique to tumor cells. Some normal cells
are quite motile. During embryogenesis there is a mass organized migration of



normal differentiating cells; and in the adult, although cell locomotion is
restricted mostly to white blood cells, some parenchymal and stromal cells are
potentially motile, as is evident from their behavior during wound healing,
regeneration, and repair processes. One interesting case of apparent invasive
properties or normal adult cells has been reported by Taptiklis (1968). In his
experiments, dissociated thyroid cells of mice injected intravenously into
syngeneic animals were able to survive in the lungs in a dormant state and
proliferate up to a year later in response to stimulation by thyrotropic hormone. It
was clear from the data that the normal adult thyroid cells were able to penetrate
endothelial walls and migrate to the extravascular tissues.

In general, however, increased or excessive motility in vivo is one of several
common characteristics of malignant cells. Unfortunately, motility of tumor cells
in vivo has not been investigated in such minute detail as in in vitro systems, and
several questions remain unanswered. Wood et al. (1967) used microcinemato-
graphic techniques to investigate the in vivo motility of V X 2 carcinoma cells in
rabbit tissues. Their studies confirmed many in vitro observations and suggested
that the locomotion of tumor cells in vivois nondirectional and lacks chemotaxis.
The latter finding was contradicted, however, in studies by Ozaki et al. (1971), who
used a different tumor system. They reported the isolation of a tumor cell product
that is chemotactic for other tumor cells. The factor, isolated from some tumor
tissues of animal and human origin, is a highly purified protein free of nucleopro-
teins and proteolytic activities. It induces extravascular migration of circulating
tumor cells but has no effects on vascular permeability or leukocyte migration. On
the other hand, a chemotactic factor isolated from inflamed sites attracts leuko-
cytes but has no effect on tumor cells. These data suggest that a chemotactic factor
secreted by some tumor cells may influence their motility and subsequent
invasiveness.

2.4. Destruction or Modification of Host Tissues

Disruption or destruction of the normal tissues around a tumor would weaken the
natural barriers to its growth, invasion, and spread. Increased tissue pressure
could be responsible for such pathology, as discussed above. However, most data
suggest that destruction of surrounding tissues is probably due to lyticenzymes or
toxic substances produced by, stored in, and secreted from invasive tumor cells.
The evidence is compelling. Direct observations of tumor cell invasion in vivowere
reported by Franks (1973), and there have been many ultrastructural studies of
tumor invasion in epithelial systems, since the basal lamina provides a clear
demarcating line between neoplastic and normal tissues. Sequential studies have
demonstrated that tumor cell infiltration is always preceded by lysis and damage
to the basal lamina. Hashimoto et al. (1973) reported, on the basis of electron
microscopic and physiochemical studies of squamous cell carcinoma of human
skin, that a tumor-specific collagenolytic enzyme facilitates the breakdown of the
collagen-containing basal lamina, which allows for the subsequent migration of
tumor cells into underlying tissues.
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One major biochemical prerequisite of an invasive tumor could be its ability to
synthesize, store, and secrete high levels of proteolytic enzymes that disrupt host
stroma and facilitate invasion by tumor cells. Recently, Unkeless et al. (1973) and
Ossowski et al. (1973) described an apparent general enzymatic change accom-
panying malignant transformation. They found the fibrinolytic or proteolytic
activities in a wide variety of tumor cells to be much higher than those in normal
cells. Proteolytic enzymes have been demonstrated in many animal and human
tumors, such as human squamous cell carcinoma, basal cell epithelioma of skin,
and malignant melanoma (for review, see Hashimoto et al., 1973). In addition,
Daniel (1970) reported that malignant mouse fibroblasts produce two substances,
one affecting differentiation of embryonic chick epidermis and the other causing
toxicity. Increased levels of proteolytic enzymes in and around invading tumor
cells were reported by Sylvan (1973), who found cathepsin B, a lysosomal
proteinase similar to trypsin and papain, at the cell surface in isolated tumor cells
but not in normal cells. Cathepsin B brings about detachment of cells growing
firmly on glass. Obviously, the findings suggest that increased levels of such
proteolytic enzymes active at physiological pH could provide the means for the
separation of tumor cells from one another, facilitating their locomotion and
subsequent penetration into normal host tissues.

2.5. Effects of Host Factors on Tumor Invasion

Susceptibility to tumor cell invasion varies with tissue type: cartilage, tendons,
ligaments, and arteries are relatively resistant, whereas veins, lymphatics, soft
tissues, and muscles are easily invaded. It appears that tissues rich in ground
substance or in elastic or dense collagen fibers provide a successful barrier to
malignant cells. In vitro, tumor cells can actively penetrate normal tissue, but their
invasion stops when they are confronted by cells from another tumor (Schleich,
1973). Prior to invasion, tumor cells must adhere to normal tissues, but they are
not able to penetrate all tissues to which they adhere. For example, adult rat
scrotal sac was found to be completely resistant to infiltration by tumor cells that
easily invaded the rat omentum, and invasion of the scrotal sac was not facilitated
even after a week of intimate contact with tumor cells, apparently because of the
dense layers of collagen and elastic fibers in the sac (Easty and Easty, 1973).

Interestingly, a normal host response to injury, the inflammatory response,
may actually aid the invasion of malignant neoplasms. Actively growing tumors
may induce a localized inflammatory reaction and accumulation of neutrophils,
lymphocytes, and/or macrophages. Itis well known that leukocytes contain a large
number of proteolytic enzymes, and if neutrophils accumulate in an area and
their emigration is slow they may begin to break down, discharging enzymes such
as lysozymes, which are destructive to autochthonous tissues. There are many
enzymes associated with lysozymes, including collagenases, elastases and other
hydrolytic enzymes (Ward, 1971), all of which can destroy host tissues and, as a
result, enhance tumor cell invasion.



3. Maetastasis

Invasion and metastasis are the only reliable criteria that distinguish malignant
neoplasms from benign. Although all tumors that metastasize are malignant, not
all malignant tumors develop clinical metastases. The most common examples of
the latter are the basal cell carcinoma of skin and glioma of the brain. Both are
highly invasive but almost never produce clinical metastases. Whether these
tumors do not invade blood vessels or lymphatics, or whether their cells cannot
survive in the circulation (as discussed below), is unclear. Most other malignant
neoplasms will, in time, spread to distant organs, with the number, size, and
distribution of secondary tumor growths dependent on the clinical duration of the
disease. The spread of tumor cells could take place by three major routes: by
direct extension or transplantation, through the lymphatic system, and through
the bloodstream.

3.1. Metastasis by Direct Extension

Tumors that grow in or invade body cavities could release cells or fragments that
would travel in the cavity to seed on serosal and/or mucosal surfaces and develop
into new growths. Primary or metastatic cancers of the ovary often shed many cells
into the peritoneal cavity, where they subsequently grow to cover all peritoneal
surfaces. It is interesting to note, however, that with primary ovarian tumors the
shed tumor cells rarely infiltrate the parenchyma of organs, although they firmly
adhere to their surfaces. Apparently, initial adherence and invasion are two
properties that are not interchangeable.

Primary tumors of the central nervous system, although highly invasive, rarely
develop metastases in organs outside the nervous system. Their mode of spread
appears to be by direct extension or via the cerebrospinal fluid. Batzdorf (1973)
reported that tumor cells shed from primary malignant neoplasms can gain
entrance into the cerebrospinal fluid and in time attach to meningeal surfaces and
develop into new tumor foci. Such invasive cells from brain tumors have a
decreased cell-to-cell adhesiveness in vitro, a characteristic associated with malig-
nancy.

3.2. Lymphatic Metastasis

The lymphatic system provides the most common pathway for the initial spread of
many carcinomas. The pattern of lymph node involvement depends on the site of
the primary tumor and its lymphatic drainage. Lymphatic spread represents the
infiltration of a draining regional lymph noede (RLN) by tumor cells, with
metastasis to distant lymph nodes occurring later. Alternatively, tumor cells may
bypass the chain of regional lymph nodes due to obstruction of RLNs by
proliferating tumor cells, acute inflammatory changes, or fibrosis following
preventive local X-irradiation.
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In 1860, Virchow stated that within the lymph node “the elements lie crowded
together like a charcoal flter.” This basic concept, that the lymph node acts as a
purely mechanical organ, has since been expanded. The role of lymph nodes
in initiation and maintenance of hostimmune response, in addition to their role as
a barrier to infections, is well established. That carcinomas frequently metastasize
to the lymphatic system has been recognized almost from the beginning of
investigative studies of tumors. However, the role of the lymph, lymph nodes, and
lymphatics in the biology of metastasis is still controversial and unclear and lacks
unifying concepts. It should be pointed out that many investigations performed to
study experimental lymphatic spread of tumors have used normal animals
inoculated with transplantable or induced tumors. In these essentially artificial
models, an otherwise normal lymph node or lymphatic system is suddenly
confronted with alarge number of tumor cells. Whether the results of such studies
are totally relevant to clinical oncology is questionable. Animal models paralleling
clinical situations are rare, especially for the late events of clinical lymphatic
spread.

3.2.1. The Lymphatic System

The lymph represents a collection of tissue fluids in lymphatic capillaries, which
merge into larger lymphatic vessels. These connect and pass through the lymph
nodes, where the lymph becomes enriched with lymphocytes. The lymph empties
into the bloodstream via the thoracic duct at the venular angles in the neck at the
region of the supraclavicular lymph nodes.

The lymph node is surrounded with a thick connective tissue capsule, from
which trabeculae are extended internally, and reticular fibers extend from these
trabeculae into the substance of the node. The cortex of the node consists of large
numbers of lymphocytes organized into nodules with distinct germinal centers.
Deeper cortical zones contain the postcapillary venules. The medulla contains
phagocytic cells in addition to lymphoid elements. The anatomy of lymph nodes
helps convert the lymph flow to percolation. The lymph entering a node passes
through the subcapsular, intermediary, and medullary sinuses to reach the
efferent lymphatics. As discussed below, the growth of tumor in lymph nodes
tends to follow this direction of flow. There are two major functions attributed to
the lymph nodes—filtration of foreign matter and production of immune cells,
the lymphocytes.

3.2.2. Spread of Cancer in the Lymphatic System

Theoretically, there are two mechanisms by which cancer spreads in the lymphatic
system. The first and probably least frequent was advanced by Handley (1922),
who claimed that metastasis did not occur by embolism but rather by permeation
of lymphatics. Some carcinomas do tend to permeate the lymphatic vessels of
nerves, where direct extension of tumor from primary site to lymph nodes was
suspected to occur, but subsequent pathological studies of many tumor systems
failed to substantiate Handley’s suggestion. Microscopic examination of serial
blocks of tissues between a primary tumor and the regional lymph nodes failed to



demonstrate the presence of “extending” tumor growth. It is no longer ques-
tioned that the initial spread of tumor in lymphatics takes place by tumor
embolism in lymph vessels. Tumor emboli may be trapped in the first lymph node
encountered on their route; alternatively, they may transverse lymph nodes or
even bypass them to form distant nodal metastases (the “skip” metastasis).

Originally, it was thought that the only lymphatic-venous communication
occurred at the venular angles in the neck; however, several studies established
that the vascular and lymphatic systems have numerous communications. In the
rat, lymph can reach the venous circulation without passing through any lymph
nodes (Engeset, 1959). There are many nodal bypasses in the paracapsular tissue
which directly connect afferent lymphatics. Once in the lymphatic vessels leading
to the thoracic duct, emboli can reach the neck veins to enter the circulation. Other
pathways for tumor dissemination in the lymphatic system have been shown to
exist. When Zeidman (1965) injected V X 2 carcinoma into the thoracic duct in
rabbits, he observed direct lymphatic pathways from the thoracic duct to the
mediastinal, intercostal, and supraclavicular lymph nodes. This finding indicates
that metastases from a primary gastric carcinoma that are found in supraclavicu-
lar lymph nodes may be due to tumor emboli from the thoracic duct thatreach the
node via direct pathways, and not to obstruction and retrograde extension of
tumor from the duct. The great interest in bloodborne metastases has tended to
minimize the role of the lymphatics in metastasis. Tumor cells can readily pass
from blood to lymphatic channels and back again (Fisher and Fisher, 1966),
indicating that the two systems are probably inseparable in the pathogenesis of the
disease.

3.2.3. Tumor Growth in Lymph Nodes

Lymph nodes in the area of a primary neoplasm often are enlarged and clinically
palpable. Histologically, the increase in their size may be due to active growth of
tumor cells or to hyperplasia of follicles accompanied by proliferation of
reticulum cells and sinus endothelium. Often, lymph node sinuses may be filled
with histiocytes. Lymph node hyperplasia and sinus histiocytosis may indicate a
host reactivity to autochthonous tumors. Berg et al. (1973) suggested that the
presence of any enlarged, nontumorous, apical (regional) lymph node in patients
with breast cancer could be taken as a sign for better prognosis than if the nodes
were small or clinically absent. In their studies, reactive nodes (better prognosis)
exhibited a high degree of germinal center hyperplasia rather than sinus
histiocytosis. A more favorable prognosis has also been described for patients
demonstrating lymphocytic infiltration iito tumor, since Lane et al. (1961)
observed that such infiltrations were more frequent in tumors from patients who
lived at least 10 years after surgical removal than in those from patients who were
not cured by surgery.

Lymph nodes are immunologically reactive in patients with neoplasms. The
presence of a tumor may stimulate the production and release of immunocompe-
tent cells (Alexander et al., 1972) in the lymphoreticular system. The reaction
commences in the RLNs but later extends to distant nodes and even the spleen.
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Proliferative changes in the RLNs may therefore precede the spread and
subsequent growth of tumor emboli therein.

Tumor emboli reaching a lymph node are usually arrested in the subcapsular
sinus of one or more lobules, where initial growth takes place. Subsequently,
tumor cells may grow toward the hilum of the node to reach the efferent channels.
Ludwig and Titus (1967) studied such progressive tumor growth of the Walker
256 carcinoma in normal lymph nodes of rats. Two hours after intralymphatic
injection, tumor cells began to infiltrate the cortical pulp from the marginal sinus,
and 0.2% of the injected cells reached the medullary sinus 24 h later. Growth of
tumor cells began under the limiting membrane of the marginal sinus, and by
2 wk after the intralymphatic injection there was evidence for some tumor cell
death within the node.

Zeidman (1965) injected small doses of tumor cells intravenously and intralym-
phatically into different groups of rabbits and found that metastases were always
more numerous in the lungs than in the nodes. The difference was thought to be
due to different levels of local immune response; that is, tumor cells arrested in
lymph nodes were subjected to a large number of immunocompetent cells. In
subsequent studies (Zeidman and Fidler, 1970), rabbits were exposed to either
total-body X-irradiation or local nodal irradiation. The effectiveness of the dose
was monitored by sequential peripheral blood cell counts. No increase in nodal
metastases was noted after irradiation; however, lung metastases increased
significantly. Moreover, deLong and Coman (1950) studied the growth rate of the
V X 2 carcinoma implanted directly into various organs. The largest growths
appeared in the spleen, an organ of greatimportance for a viable immune system.
The success of lymph node metastasis may depend on the relative number of
arrested tumor emboli. Injection of large numbers of cells may lead to 100% takes
in nodes, although small numbers of emboli may indeed be destroyed, as
suggested by Zeidman and Buss (1954), who proposed that lymph per se may be a
relatively noxious milieu for the growth of tumor cells.

3.2.4. The Barrier Function of Lymph Nodes

Lymph nodes may act as an efhicient filter for early circulating tumor emboli.
Strauli (1970) reviewed the experimental models utilized to study the barrier
(complete) vs. filter (incomplete) function of the lymph node. He pointed out that
many experiments are conducted with normal nodes, which may not resemble the
reactive RLNs in cancer patients. Furthermore, in many studies the lymph nodes
are challenged by intralymphatic injection of carbon particles, bacteria, or
erythrocytes, the relevance to circulating malignant cells being at best question-
able. It seems that the lymph node can act as an effective filter for small quantities
of intralymphatically injected red blood cells. Injection of larger quantities of
erythrocytes leads to a marked reduction in filtration efficiency.

The lymph nodes (of normal animals) can be an effective but temporary barrier
to tumor spread. Zeidman and Buss (1954) injected Brown-Pearce or V X 2
carcinoma cells into the afferent popliteal lymphatics of rabbits and removed the



lymph nodes 1-42 days after injection. Later, only two of 30 animals developed
distant metastases. This was taken as evidence for the effectiveness of the lymph
node as a temporary barrier to tumor spread for atleast 6 wk after the initial arrest
of the tumor emboli. Conversely, Fisher and Fisher (1965) reported that the
lymph node is not an effective barrier to the spread of cancer. Their evidence was
based in part on studies of tumor cells labeled with *’Cr and injected into the
afferent popliteal lymphatics of rabbits. When efferent popliteal lymph was
collected and monitored for radioactivity, high radioactive counts in the lymph
were found, which were interpreted to be direct proof of the ineffectiveness of the
lymph node as a barrier to the spread of cancer. These seemingly conflicting
findings are not mutually exclusive. A new study might determine that tumor cells
which easily traverse the lymph node fail to develop into metastases. Tumor cells
trapped in the node may be the ones with the potential to develop into secondary
growths. On the other hand, it is conceivable that the unreliability of the *'Cr
labeling technique is responsible for the conflicting results, as discussed below.

The filtration capacity of a lymph node can be altered by several mechanisms.
Tumor proliferation and acute or chronic inflammatory reactions can lead to a
decreased efhciency. Local X-irradiation, which is common in radiotherapy of
neoplasms, could lead to fibrosis of the node and thus to cessation of filtration. In
experimental studies, local X-irradiation of a lymph node has been shown to
decrease its filtration for erythrocytes but not for tumor cells (Fisher and Fisher,
1967b). In contrast, Herman et al. (1968), who perfused the popliteal node of a
dog with a small number of autologous erythrocytes, observed that the primary
filtration mechanism was phagocytosis, and that local irradiation with
1000-3000 R in a single dose had no detectable effect on the filtering function.
These opposite findings indicate that the unique properties of malignant tumor
cells rather than the functional characteristics of lymph nodes may determine
whether tumor cells traverse the structure or are arrested.

3.2.5. The Role of the Regional Lymph Node in Neoplasia

Itis unquestionable that the RLN is immunologically involved in the host response
to neoplasms. The importance of the RLN to the initiation of systemic immunity
has been established in various systems. Billingham et al. (1956) demonstrated that
skin allografts lacking lymphatic connections are tolerated until there is a
restoration of the lymphatic system. Apparently, either soluble products or
lymphocytes from the graft must reach the RLN by afferent lymphatics to initiate
proliferation of immunocompetent cells responsible for the rejection. Numerous
reports by Fisher and coworkers (for review, see Fisher et al., 1974) have
demonstrated that, in mice, initiation and maintenance of immunity and reactivity
to tumor reside within the draining RLN. Specifically, they reported thatimmune
cells from the RLN are more cytotoxic in vitro to tumor cells than are immune cells
obtained from other sources. This suggests that the RLN contains immune
cytotoxic mechanisms, so that the histological absence of growing tumor cells
should not be interpreted as evidence for lack of lymphatic metastases.
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There are several limitations inherent in experimental studies of the RLN that
use transplantable tumors in rodents. Since the animals in such models are
essentially normal and die shortly after tumor challenge, at best only early events
in the reaction of the RLN to transplantable neoplasms can be investigated,
whereas clinical oncology is concerned with later stages of the disease, which are
not approximated by such experimental models. Studies from our laboratories
(Fidler et al., 1974) have attempted to overcome these limitations. We investigated
the in vitro cell-mediated reactivity of non-glass-adherent lymphocytes to
autochthonous spontaneous neoplasms of dogs, and for each test we used
lymphocytes obtained from RLNs, distant lymph nodes, and peripheral blood.
Our data are preliminary, but so far we have found that the reactivities mediated
by lymphocytes from the three sources are very similar. Spontaneous tumors of
dogs are probably a good animal model for investigations of neoplasia, since the
biological behavior of many dog tumors parallels that of human tumors. Thus our
findings may be more relevant to human disease than findings obtained in
experimental rodent systems. It must be pointed out that in vitro studies of
cell-mediated reactivity do not always correlate with the extent of the disease in
vivo. In vitro lymphocyte-mediated destruction of autochthonous or allogeneic
human breast tumor cells can almost always be detected, whether the donor of the
lymphocytes has been free of tumor for some time or has an actively growing
tumor (Hellstrém et al., 1971).

Perhaps the conclusions of Crile (1969) may serve as an appropriate summary
for the dilemma of how to deal with RLNs in cancer patients. He suggested that
earlyin the course of breast cancer development, when the primary tumor is small
and the RLNs are not involved grossly, their removal may lead to an increase in
the incidence of metastasis. However, late in the course of the disease, or when
tumor is already growing in the RLNs, they are probably of noimportance to host
immunity and should be removed.

3.3. Hematogenous Metastasis

3.3.1. Tumor Cell Embolism

Prior to their embolization, malignant tumor cells must invade blood vessels. The
thin-walled veins (and lymphatics), in contrast to arteries, whose walls contain
elastic and collagen fibers, offer little resistance to penetration and thus provide
the most common pathways for bloodborne tumor emboli. After infiltrating the
vessels, tumor cells may be carried away passively in the bloodstream, or they may
remain localized and proliferate at the site of invasion. Frequently, a thrombus
may form around the actively growing tumor cells. A direct association between
the growth potential of a malignant tumor and the formation of fibrin around it
has been suggested by many investigators. Initially, O’'Meara (1958) demonstrated
that fibrin is always found around the growing edge of a cancer. He suggested that
the growth of the tumor actually depends on the formation of a nearby fibrin
lattice meshwork, and that the formation of such fibrin is maintained by the tumor



cells themselves. Later studies established that the factor secreted by tumor cells is
thromboplastic in nature, and it was called “cancer coagulative factor” (O’Meara,
1964). Many observers have noted that patients with advanced cancer show
increased blood coagulability and increased levels of fibrinogen. Indeed, it is not
uncommon to diagnose thrombophlebitis of the legs in patients with either
pancreatic or ovarian carcinomas. Also, some patients with terminal lung cancer
could develop extensive venous thrombosis (Cliffton and Grossi, 1974).

Once a thrombus is formed around single or clustered tumor cells, pieces may
break off and be carried away in the venous circulation. Although thrombus
formation is frequent, it does not represent a constant feature of metastasis.
Evidence presented below suggests that the tumor cells themselves may have
unique properties which determine their fate. In either case, embolization of
tumor cells is probably a continuous process. Most malignant tumors have a
well-established blood supply with multiple thin-walled vessels. Franks (1973)
suggested that the pathogenesis of metastasis begins immediately with the
development of primary cancers. In support, he cited the large number of clinical
cases in which primary tumors have been surgically removed, yet the patient has
succumbed to metastatic lesions many years later; and there is some evidence from
experimental studies to support his hypothesis. Romsdahl et al. (1961) demon-
strated that tumor emboli can be isolated from the circulatory system long before
metastases are formed. Cytological analysis of blood from animals implanted with
tumors by intramuscular injection revealed the presence of tumor cells as early as
24 h after injection. However, if the leg of the animal was amputated up to 6 days
after tumor injection, metastasis was completely prevented, suggesting that
although the tumor cells circulated they failed to form metastases. Obviously, not
all tumor emboli represent metastases. Some years ago, Lubarsch (1912)
suggested that tumor cells which arrive at the microvascular system of distant
organs die to release a toxin that prepares the vascular endothelium for
implantation of subsequently arriving emboli. Alternatively, multiple tumor cell
emboli may be released rapidly. Zeidman (1957), in a review of the mechanisms of
metastasis, suggested that a sudden change in venous pressure, such as may occur
during a cough, could lead to a sudden blood turbulence, releasing a large
number of emboli. Diagnostic procedures, surgical trauma, or general manipula-
tion of primary invasive neoplasms can also cause a sudden increase in the number
of tumor cells circulating in the blood of patients (Griffiths, 1960; Fisher and
Fisher, 1967¢). And once in the bloodstream the tumor cells can be transported
passively to be arrested in the capillary beds of distant organs.

3.8.2. Tumor Cell Arrest

The mere presence of tumor emboli in the blood does not constitute metastasis.
Whether a tumor will metastasize is determined by the ability of circulating tumor
cells to survive the turbulence of the bloodstream, evade possible host defense
mechanisms, attach firmly to the endothelium of distant small vessels, and gain
entrance to the extravascular tissues. Therefore, the prognostic value of the
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presence or absence of circulating tumor cells in cancer patients is unclear. The
number of tumor emboli does seem to correlate well with the clinical duration and
size of the primary tumor and whether there are areas of necrosis present that
cause blood vessels to hemorrhage and provide easy access for tumor cells.
Malmgren (1967) reported no correlation between the presence of tumor emboli
and prognosis, since the incidence of later metastases in patients without evidence
of circulating emboli did not differ from that in patients found to have tumor cells
in their blood. In addition, it is well known that many patients exhibiting high
numbers of circulating tumor cells have survived for many years after their
primary neoplasms have been surgically removed.

Warren (1973), in a review of the mechanisms by which tumor cells are arrested
in the microcirculation and begin to grow, divided the process into several steps.
The survival of tumor cells in the circulation is probably related to unique surface
properties. Tumor emboli have to attach firmly (as contrasted with passive
lodgement) to the internal layer of the intima of a vessel, and after attachment the
successful tumor cells must penetrate the vessel wall to reach and grow in the
extravascular tissues.

The importance of tumor cell surface characteristics to their survival and
growth cannot be overemphasized. Indeed, the subject has been reviewed
repeatedly (Abercrombie and Ambrose, 1962) and is discussed in great detail in
another chapter in this volume. Among the many unique surface characteristics of
tumor cells are decreased adhesiveness and increased stickiness. The latter and
cell surface charge could determine the degree of initial interaction with the
endothelium of distant microvasculature. Berwick and Coman (1962) demon-
strated that calcium, which is deficient in tumor cells, is not involved in the
property of stickiness, which was reduced by treatment of tumor cells with
neuraminidase. This suggested that tumor cell surface mucopolysaccharides may
be associated with the degree of in vivo tumor cell arrest. The sialomucin coat of
transformed fibroblasts was demonstrated to govern their loss of contact inhibi-
tion of growth, light cellular junctions, and stable cell contacts (Martinez-Palomo
et al., 1969; Ambrose, 1967).

Cell surface charge, as reflected by the mobility of cancer cells and related to
formation of metastases, has been the subject of several investigations. Abercrom-
bie and Ambrose (1962) demonstrated that tumor cells migrate further in an
electric field than do normal cells. Increased electrophoretic mobility is related to
an increase in the net negative charge per unit area of the tumor cell membrane
(Purdam et al., 1958), and surface charge differences are correlated with a
reduction in mutual adhesiveness. For example, ascitic sarcoma cells capable of
metastasis have been shown to possess a greater net negative charge than cells
from solid tumors that rarely metastasize (Klein and Klein, 1956).

The electrophoretic mobility of tumor cells in vitro does not appear to reflect
their degree of malignancy. Weiss and Hauschka (1970) transplanted TA3 mouse
ascites carcinoma cells into six different strains of mice. Despite obvious differ-
ences in “malignancy,” defined as the mean survival time of recipient animals, of
various strains, the excised tumors from any mouse strain retained the same



electrophoretic mobility as TA3 cells (syngeneic to the A/HeHa). Neuraminidase
treatment of the different tumors reduced their electrophoretic mobilities to the
same degree, suggesting that their surface sialic acid contents were similar. In
other studies of metastasis, Hagmar (1972a,b) investigated the effects of substi-
tuted dextran- and heparin-treated tumor cells on experimental metastasis.
Polyanions such as heparin, dextran, and dextran sulfate increased the tumor cell
net negative surface charge, but the polycation DEAE-dextran reduced it, as
determined by cell electrophoresis. Little is known of the nature of cell surface
receptor sites for these polymers, nor isit clear how polyelectrolytes bound to cells
affect host-tumor interaction in vivo.

Several investigators have studied the enzymatic modifications of cell surface
residues as reflected in cell surface charge. Hagmar and Norrby (1973) demon-
strated that reduction of the electrophoretic mobility after trypsinization of B-16
melanoma cells altered their behavior in vivoto bring about an unusual increase in
extrapulmonary metastases. Membrane changes related to plant lectin binding
sites, sugar content, and ultrastructural details are discussed elsewhere (see
Robbins and Nicolson, Chap. 1). Any orall of these changes may lead to alteration
in the net cell surface charge. The arrest of tumor cells may be due to such
negative cell surface charge, stemming from tumor cell membrane sialic acid
residues. Increased metastatic capabilities of tumor cells in vivo have correlated
well with increased sialic acid contents (Bosmann et al., 1973), but the observation
is not necessarily applicable to all tumor systems.

Gasic and Gasic (1962) reported that pretreatment of mice with Vibrio cholerae
neuraminidase brought about a dramatic reduction in metastases after intraven-
ous injections of tumor cells. The effects of the injected neuraminidase were
attributed to induction of profound thrombocytopenia. Metastasis was also
inhibited by pretreatment of recipient mice with heterologous antiplatelet serum,
and transfusion of platelets easily reversed this inhibition (Gasic et al., 1968). Later
studies (Gasic et al., 1973) correlated the ability of tumor cells to aggregate
platelets in vitro with their ability to produce thrombocytopenia in vivo, which
corresponds to a low yield of metastases. When thrombocytopenia followed the
intravenous injection of tumor cells, platelets concentrated in the lung capillary
bed, the site of embolic lodgement.

Active attachment of tumor cells to vascular endothelium must be distinguished
from passive lodgement. The attachment of tumor cells could be facilitated by
several factors. The relationship of fibrin formation in the microvasculature and
its effects on tumor cell arrest and survival have been studied extensively. Patients
with advanced cancer may be hypercoagulable, demonstrating increased levels of
clotting factors 11, V, VII, and VIII. Increased levels of fibrinolysin inhibitors
have also been found in cancer patients who developed venous thrombosis.
Formation of fibrinogen and fibrin clot enhances tumor cell attachment and
survival in the microvasculature (Cliffton and Grossi, 1974). The exact event in
vivo is still unclear, but some information has been gained. Wood (1958) used
direct microscopic observation of an ear chamber to study the arrest, attachment,
and emigration of V X 2 carcinoma cells injected into the vessels of a rabbit.
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Infused tumor cells became fixed in a clump with fibrin and then penetrated the
vessel wall to reach the extravascular tissues. A selective localization of radioac-
tively labeled plasmin and fibrinogen was found around arrested tumor cells.
Moreover, fibrinolysin injected locally reversed the sequential tumor cell clump-
ing, attachment, and penetration of the vessel wall (Wood, 1964). Anticoagulants
in general, and heparin or fibrinolysin in particular, administered before
intravenous injection of tumor cells can reduce the incidence of experimental
metastases. Indeed, fibrinolytic agents were found to be effective in reducing
metastasis in several animal models and clinical trials in man (Cliffton and Grossi,
1974; Thornes, 1972).

The adhesion of tumor cells to endothelium may lead to damage in vessel wall
and subsequent accumulation of neutrophils. Tumor cells may then gain access to
the extravascular tissues by following the pathway set by leukocytes that have
traversed the vessel wall (Zeidman, 1961; Wood etal., 1961). As mentioned above,
platelets may aggregate at the site of tumor cell lodgement and release mediators
that contribute to vascular spasm, increased permeability, and, perhaps, increased
motility of tumor cells (Gasic et al., 1973). The release of histamine may cause
interendothelial gaps and increased vascular permeability (Majno et al., 1969).
However, Ozaki et al. (1971) demonstrated that neither histamine nor bradykinin
enhances endothelial adhesion or emigration of tumor cells. On the other hand,
they isolated a specific tumor cell product that influences the extent of tumor cell
adhesion and penetration through vascular endothelium, although the purified
protein has no effect on normal leukocytes.

The degree of tumor cell attachment in the microvasculature can be enhanced
by localized trauma. Fisher et al. (1967) reviewed the mechanisms that could be
responsible for localization of tumor cells at sites of trauma. They suggested that
tissue damaged physically, chemically, or even by reduction of oxygen tension
provides a better environment for the development of bloodborne tumor cells.
Hepatic metastases could be enhanced by direct trauma, altered blood flow, or
conditions resulting in liver cirrhosis. Moreover, tumor cells dormant in the liver
were stimulated to proliferate by manipulation of organs. Apparently, trauma
may lead to endothelial damage and increased adherence of tumor cells. In
addition, general repair mechanisms or stimuli of proliferation or normal
regeneration may directly aid the growth of the tumor. Since manipulation and
diagnostic procedures have been shown to result in an increase of circulating
tumor emboli and also might enhance tumor growth, they should be kept to a
minimum.

3.83.3. The Fate of Circulating Tumor Emboli

The frequency of circulating tumor cells in patients with malignancies does not
correspond with development of metastases. For many years, the fate of such
emboli has been unclear. The inability to correlate the presence of emboli in the
blood to metastasis or to explain the appearance of secondary growth in organs
past the capillary bed of the lungs led Virchow to suggest that tumor spread was



actually due to the circulation of tumor juices rather than viable cells (Fisher and
Fisher, 1967c¢). Indeed, only in 1952 did Zeidman and Buss conclusively demon-
strate that viable tumor cells could traverse the capillary beds of organs encoun-
tered and thus yield metastases in other parts of the body.

Early studies in experimental metastasis dealt largely with the problem of
explaining the unusual distribution of bloodborne metastases. Both in man and in
experimental animals, metastases are frequent in some organs, such as the lung
and liver, and relatively rare in the spleen, skeletal muscle, and thyroid. Coman et
al. (1951) found that direct intravascular injection of tumor cells was followed by
cell arrest in the capillaries of organs in which metastases are more frequent, and
that no tumor cells were arrested in the arterioles of organs where metastases are
rare. This observation suggested that the distribution of metastases depends
primarily on mechanical factors, such as the arrest of emboli in capillaries of
secondary organs. Local host factors were not eliminated entirely, as explanations
were lacking for arteriolar arrest in some organs without the establishment of
metastases after such arrest. Further evidence for the importance of local “soil”
factors can be found elsewhere. In 1889, Paget suggested the “soil” hypothesis,
which attributed to various tissues different metabolic or biological properties that
could either enhance or inhibit the growth of arrested tumor cells. Lucké et al.
(1952) compared experimental metastases of V X 2 carcinoma in the liver and
lung of rabbits; liver metastases were larger and more numerous. Also, mitotic
counts in liver metastases in man are higher than counts in lung metastases (Willis,
1960). Collectively, the evidence suggests that both mechanical and local “soil”
factors determine whether metastases will develop after the arrest of tumor
emboli.

In other experiments, the fate of circulating tumor cells was followed by direct
observation. Wood (1958) made microcinematographic studies of the develop-
ment of a metastasis following arrest of V X 2 carcinoma emboli in the rabbit ear
chamber. In similar microcinematographic studies, Zeidman (1961) observed the
incidence of arrested emboli in mesenteric capillaries of rabbits. Some tumor cells
could distort and pass through the narrow capillary tube, but others appeared
more rigid and were arrested. The incidence of arrest varied with the type of
tumor used. This work established the morphological foundation for previous
indirect demonstrations that some tumor cell emboli could pass immediately
through the vascular bed of the lung (Zeidman and Buss, 1952), liver, and kidney
(Zeidman et al., 1956).

The above experiments yielded rather qualitative information in the fate of
circulating tumor cells. Some cells pass through the narrow vessels of an organ
immediately. Of those cells arrested, some yield metastases, others die. It would be
of obvious importance to obtain quantitative information relating to these
observations. Is recirculation of tumor cells emboli a short-lived phenomenon?
How many tumor cells die, and what is their death rate? How many surviving cells
are needed to produce a metastasis? These and related questions can only be
answered with more precise quantitative methods permitting easy identification
and counting of tumor cell emboli.
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Some quantitative studies of various phases of metastasis have been made.
Zeidman et al. (1950) demonstrated that the number of metastases is directly
proportional to the number of tumor cells injected intravenously, and that the
great majority of injected tumor cells fail to form tumors. Others have used
morphological identification to study the fate of circulating tumor cells. Greene
and Harvey (1964) injected tumor cell suspensions intravenously into recipient
animals, the animals were killed, and attempts were made to identify and count
the arrested tumor emboli by routine microscopy. Indeed, morphological identifi-
cation of tumor cells has been used extensively as an experimental tool; however,
such identification is considered unreliable. Often, isolated tumor cells cannot be
identified with certainty, and inflammatory cells may be mistaken for tumor cells
(Joansson, 1958).

Goldie et al. (1953) used a different approach to study the fate of circulating
tumor cells. After intravenous injection of tumor cells, blood or organ brei from
the recipient was injected intraperitoneally into normal animals, and the rate of
peritoneal growth indicated the number of tumor cells in the original inoculum.
Wexler et al. (1969) collected the venous blood draining a primary tumor, injected
this blood intravenously into normal animals, and then counted the number of
lung metastases. The lung counts were used as an index of the number of tumor
cell emboli released from the primary growth. Although this approach yields a
rough idea about the number of tumor cell emboli released into the circulation,
“the sensitivity in detecting the presence of circulating tumor cells and the ability
to quantitate the numbers of cells remain to be established” (Wexler et al., 1969).
Agostino and Cliffton (1965), in related studies, inoculated normal rats with
samples of organ brei taken from animals that had received tumor cells
intravenously. Their results, which agree with those of Greene and Harvey
(1964), indicate that tumor cells may lodge in organs and yet fail to develop into
metastases.

The search for quantitative information dealing with tumor cell arrest and
dissemination was considerably advanced with the advent of radioactive labeling
of living cells. Several conditions must be satisfied if labeled cells are to be used for
the study of metastasis. The radioactive label should be firmly bound to the cell
while it is viable. Upon cell death, the label must not be reutilized but rapidly
excreted from the body. The label must not alter the biological behavior of the
tumor cell, yet must be of sufficient radioactivity to allow in vivo detection of
relatively few cells. Injected tumor cells must be homogeneous and test animals
syngeneic.

Tumor cells labeled with [*H]thymidine or °’Cr have been used in several
studies of dissemination (Baserga et al., 1960; Fisher and Fisher, 1967a), but the
results obtained were controversial because the techniques failed to meet one or
more of the above criteria. Experiments in our laboratory have been carried out
with a homogeneous population of tumor cells labeled in vitro with '**1dUrd, an
analogue of thymidine that is incorporated exclusively into the DN A of proliferat-
ing cells. The label is released only after cell DNA breaks down after cell death,
and in contrast to tritium from labeled thymidine it is reutilized very little. After



cell death the label is released mostly as '*’I, and most of the free radioiodine is
excreted. The data obtained in our experiment (Fidler, 1970) demonstrated that
the majority of the cells injected intravenously were arrested in the narrow
capillary bed of the first organ encountered. After this initial arrest, some of the
cells were released back into the circulation and recirculated, depending on their
viability. The phenomenon was not observed when dead labeled tumor cells were
injected into another set of mice.

It has long been recognized that the majority of intravenously injected tumor
cells fail to form metastases. Such findings have reinforced a widespread opinion
that most tumor cell emboli die. The data seem to rule out the possibility that the
emboli remain alive but dormant. Death probably begins shortly after injection,
and in our system only 1% of the cells survived for 24 h. The majority of the cells
were arreasted in the lungs, where 14 days later gross metastases were observed.
The metastases were derived from very few surviving tumor cells, and it is
conceivable that even a single tumor cell could suffice (Fidler, 1970).

3.3.4. Development and Growth of Arrested Tumor Emboli

As discussed above, tumor cells arrested in the microcirculation may traverse the
vessel wall to reach the extravascular tissues. The process may be facilitated by a
specific tumor cell product that is chemotactic to other tumor cells but not to
normal cells. Such a factor, which has been isolated from tumors of human and
animals as a purified protein free of proteolytic activity (Ozaki et al., 1971), causes
endothelial adhesion and emigration of tumor cells of extravascular tissues. The
tumor cells may also reach the perivascular connective tissue. Multiplication of
tumor cells starts soon after new blood vessels begin to grow to supply the
developing tumor colony, and recent studies suggest that tumor cells are able to
initiate and maintain vascular proliferation in the host. A diffusible factor called
“tumor angiogenesis factor” has been isolated from several tumors of humans and
animals. The characteristics of the factor and its possible relationship to the
development of primary and secondary neoplasms are discussed in detail
elsewhere (Folkman, Chap. 13, Vol. 3).

The most frequent sites for metastases are the lung and liver (Willis, 1960),
possibly because most of the venous blood drains into these organs. All the
systemic venous circulation returns through the right side of the heart to be
filtered through the capillary bed of the lung. Similarly, the portal circulation
passes through the liver. Metastases are also commonly seen in the bones of many
cancer patients. Cancer cells in the venous system could reach the bones via the
paravertebral plexus of veins. Numerous interconnections to the plexus from the
inferior vena cava, pelvic veins, internal mammaries, and intercostal veins have
been found. Alternatively, tumor emboli could reach the bones directly via
Batson’s plexus, possibly under conditions of increased intraabdominal pressure,
which tend to reflux blood towards the plexus (Sandberg and Moore, 1957).
Infrequent sites of metastasis are organs such as muscle, spleen, thyroid, and
cartilage. Coman et al. (1951) suggested that the number of metastases is
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proportional to the number of tumor emboli arrested within the capillary bed of
an organ. In muscles, spleen and thyroid, tumor cells are arrested in arterioles
that present an effective barrier to extravascular invasion. The mechanisms
responsible for the latency and organ selectivity of metastasis are unclear. Do
tumor cells home to particular organs, or are they arrested in many organs but
develop only in selective ones? Although in our quantitative analysis of the fate of
circulating tumor cells (Fidler, 1970) metastatic growths of mouse melanoma were
observed only in the lungs, the lask of metastases elsewhere could not be
attributed to the failure of arrest of tumor cells in those sites. Many tumor cells
were arrested in the liver, yet no metastases or viable tumor cells were found there
14 days later. Only future studies can clarify the factors responsible for the
development and growth of arrested tumor emboli.

3.3.5. Alterations in Tumor—Host Relationship

Many experimental factors have been investigated which significantly affect the
outcome of bloodborne metastases. The duration and rate of tumor growth can be
related to the incidence of development of metastases. Various hormones, such as
growth hormones, adrenocorticotropic hormone, adrenal steroids, and med-
roxyprogesterone, can bring about an increase in metastases. Physical trauma as
well as X-irradiation of the host has been reported to enhance the process. On the
other hand, several factors have been reported to have beneficial effects on
metastasis, causing a reduction in tumor spread. Among these are
chemotherapeutic cytotoxic agents, which act directly on tumor cells, anticoagu-
lants such as heparin, warfarin, and fibrinolytic agents (plasmin), and X-
irradiation of primary cancers. Since hormones and X-irradiation are used
extensively in clinical oncology, they warrant special consideration.

a. X-Irradiation and Metastasis. The effects of X-irradiation on the outcome of
experimental metastasis are well documented. Irradiation of host animals before
but not after intravenous injection of tumor cells enhances the incidence of
pulmonary metastasis in mice (Fidler and Zeidman, 1972), rats (Dao and Yogo,
1967), and rabbits (Zeidman and Fidler, 1970). Although itis tempting to attribute
the observed enhancement of pulmonary metastasis to host immunosuppression
as seen in some systems (Vaage et al., 1974), such a generalized relationship is
contradicted by results obtained with other tumor systems. Dao and Yogo (1967)
irradiated only one side of the chest of rats, the other side being shielded
completely; after injection of tumor cells, metastases increased only in the
irradiated lobes. We (Zeidman and Fidler, 1970) investigated the effects of X-rays
to either the lungs or lymph nodes on experimental metastasis of the V X 2
carcinoma in rabbits. Tumor cells were injected intravenously into one set of
rabbits and intralymphatically into another set. X-irradiation prior to tumor cell
injection enhanced the incidence of pulmonary metastasis but had no effect on
metastasis to lymph nodes. Later quantitative analysis of the enhancement of
experimental metastasis by X-irradiation of mice (Fidler and Zeidman, 1972)



suggested that irradiation causes an increase in immediate arrest of tumor cell
emboli in the pulmonary vascular bed. This effect on trapping action is probably
related to endothelial injury such as cellular congestion, increased permeability,
or narrowing of small vessel lumina, which leads to slowing of the blood flow
(Arena, 1971). The narrowing of vessel lumina, added to the tendency of tumor
cell emboli to localize at sites of tissue damage (Fisher et al., 1967), would enhance
the trapping of tumor cells in the pulmonary capillary bed. The subsequent
appearance of increased lung metastases is probably directly related to the
number of initially arrested tumor cells. Since X-irradiation, which leads to
enhancement of cancer metastasis in several animal models, is used for therapy in
human patients with surgically inoperable cancers, it is of primary importance to
attempt to minimize these potentially harmful enhancing effects.

b. Effects of Glucocorticoids (Cortisone) on Metastasis. The enhancement of experi-
mental metastasis by steroid hormones such as cortisone is well documented.
Agosin et al. (1952) observed that cortisone treatment of mice injected with a
transplantable mammary carcinoma led to widespread metastases, while no
metastasis was found in control tumor-bearing mice. Later investigators con-
firmed this finding in different mouse-tumor systems (Albert and Zeidman, 1962;
Baserga and Shubik, 1955; Fidler and Lieber, 1972), and similar results have been
observed in other tumor systems. Zeidman (1962) reported enhancement of
metastasis by cortisone in rabbits inoculated with the Brown-Pearce carcinoma.
Enhancement of the growth and spread of spontaneous neoplasms in human
patients treated with corticosteroids has also been suspected for a long time
(American Medical Association, 1951), and enhancement of metastasis have been
directly related to the glucocorticoid activity of the steroid (Albert and Zeidman,
1962). Several explanations have been proposed for the possible mechanism
responsible for the phenomenon. Agosin et al. (1952) first suggested that cortisone
affects connective tissue in a way that allows larger numbers of tumor emboli to be
released from the primary tumor into the circulation. However, the work of
Baserga and Shubik (1955) demonstrated that cortisone can increase the
number of metastases even when it is administered after the transplanted tumor
has been removed. Further microcinematographic studies by Zeidman (1962)
clearly indicated that, at least within the first 30 min after injection of tumor cells
into cortisone-treated rabbits, the arrest of tumor cells within mesenteric capil-
laries is greatly enhanced. And our studies (Fidler and Lieber, 1972) have
demonstrated quantitative differences in initial tumor arrest, circulation, and
survival of '*IdUrd-labeled tumor cells between normal and cortisone-treated
syngeneic mice. In the latter, initial cell arrest was higher than in control animals,
but cell survival did not differ. The result was a net increase in surviving tumor
cells, and hence an increase in pulmonary metastases. Glucocorticoids may alter
the capillary endothelial surface, which may lead to increased stickiness and arrest
of tumor cell emboli. This mechanism was first proposed by Zeidman (1962), who
observed Brown—Pearce tumor cells injected into mesenteric arteries of cortisone-
treated and normal rabbits. Even though capillary and tumor cell diameters
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remained constant in both groups, more tumor emboli were arrested in the
capillaries of treated rabbits. It is possible that glucocorticoids alter capillary
endothelium and increase its adhesive properties in the same manner as was
reported for hepatoma cells (Ballard and Tomkins, 1970).

4. Speculations on Tumor—Host Interaction
4.1. Unique Characteristics of Metastatic Tumor Cells

Data suggesting that tumor cell properties may determine the outcome of
metastasis have been reported by several investigators. Sugarbaker (1952)
injected tumor cell suspensions from different types of tumors into the same site
in rats and found that each type established its own unique pattern of metastasis.
Fisher and Fisher (1967a) demonstrated that tumor cells can traverse different
organs at different rates, and data of Zeidman and Buss (1952) proved that tumor
cells from different tumors interact differently with the capillary bed of an organ.
Furthermore, the rate at which tumor cells pass through capillaries is not related
tc their size but rather is attributed to their plasticity and ability to distort their
shape (Zeidman, 1961).

In earlier quantitative studies of the fate of tumor cells, we demonstrated that
the mere presence of tumor cells in the blood does not constitute a metastasis,
since most circulating tumor cells die rapidly, with only about 0.1% surviving to
form secondary growths (for review, see Fidler, 1974 a). Several questions remain
unanswered: What affects the distribution, survival, and fate of circulating tumor
cells? Is the process of metastasis dependent mostly on mechanical or “soil” factors
in the host, or is the process also determined by qualities unique to malignant
tumor cells? Do tumor emboli survive at random to yield metastases, or do the few
surviving circulating tumor cells have properties that determine their success? Itis
well known that the number of experimental pulmonary metastases is propor-
tional to the total number of circulating tumor emboli. Moreover, dead tumor
cells or even syngeneic embryo cells injected intravenously along with live tumor
cells can significantly increase the incidence of metastasis, and tumor cells in small
clumps are more successful in forming metastases than are the same malignant
cells suspended singly (Fidler, 1973a).

Evidence supporting the hypothesis that malignant cell properties may deter-
mine the outcome of metastasis came from our studies in which B-16 melanoma
tumor cell lines were selected for their capacity to form successful artificial
metastases in their syngeneic hosts, C57BL/6 mice. Tumor cells were injected
intravenously into mice, and 3 wk later pulmonary metastases were harvested and
adapted to growth in tissue culture. The cultured tumor cells were then injected
intravenously into normal mice, and the subsequent pulmonary metastases were
again harvested and placed into new tissue cultures. The procedure was repeated
several times, and all such tumor lines were assayed for their ability to form
metastases. With each successive line, the incidence of pulmonary metastases



increased significantly, suggesting that the survival of tumor cells in the circula-
tion is not a random phenomenon but rather depends on unique tumor cell
properties (Fidler, 1973b). The development of B-16 melanoma tumor lines is
particularly useful for studying cell properties that render one line highly
“metastatic” while another is not. Moreover, since all the lines are tumorigenic,
they serve as controls for each other; that is, “normal” controls are not necessary in
comparing tumor cell characteristics for malignancy.

Studies with the B-16 lines have confirmed many early hypotheses and
observations. Bosmann et al. (1973) reported several major biochemical differ-
ences between the two cell lines (low and high metastasis) in electrophoretic
mobility and in levels of degradative enzymes, surface glycoproteins, glycosyl
transferases, glycosidases, and proteases. Also, the degree of initial arrest of
?*IdUrd-labeled tumor cells in the microvasculature is directly proportioned to
the subsequent number of pulmonary metastases. Tumor cells that yield high
numbers of metastases tend to clump with peripheral blood lymphocytes (Fidler,
19744a) and also cause aggregation of platelets in vivo and in vitro, an event that
may directly enhance metastasis (Gasic et al., 1973). Thus the accumulating data
strongly suggest that metastatic tumor cells have unique properties that allow for
their success.

4.2. Host Immune Response and Metastasts

Immune reactivity to neoplasia is one host factor that could influence metastatic
spread (Alexander et al., 1972). For many years, investigators have suspected that
some circulating tumor cells were destroyed by specific host immune mechanisms,
but evidence for such a hypothesis is still lacking. In fact, some studies actually
contradict the view that a patient’s resistance to tumor is related to the activity of
his reticuloendothelial system (Fisher and Fisher, 1967¢). Borberg et al. (1972)
reported that intravenous injection of lymphocytes from immunized syngeneic or
allogeneic mice or even from sheep inhibits tumor grafts in mice; but, on the other
hand, Fisher et al. (1972) did not find injection of sensitized lymphocytes to be
inhibitory to the growth of transplanted tumors. It would appear that the outcome
of such experiments may be related to the number of lymphocytes transferred (a
high number of lymphocytes may be required to inhibit tumor growth in vivo), as
well as to the antigenic characteristics of the tumor cell line itself.

When an animal is preimmunized and then challenged with live tumor cells, an
acceleration of tumor growth can sometimes be observed. The phenomenon has
been termed “tumor enhancement,” and it can be transferred by passage of
immune lymphocytes (Hutchin et al., 1967). Generally, the mechanism responsi-
ble for enhancement of tumor growth in vive is thought to be related to presence
of the so-called blocking factors. These serum factors, which interfere with
cell-mediated cytotoxicity, are presumed to be either antibodies,
antigen—-antibody complexes, antigen alone, or even of nonimmunological nature
(for review, see Heppner, 1972). Presence of blocking factors in serum has been
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correlated to enhancement of metastasis in an experimental system. Duff et al.
(1973) reported that injection of herpes simplex virus type I or type II or simian
virus 40 into weanling golden hamsters failed to induce immunity to transformed
hamster cells; on the other hand, prior immunization with type I virus resulted in
a marked enhancement of metastatic tumors. The authors proposed that blocking
factors to the type I virus prevented cell-mediated cytotoxicity and so enhanced
metastasis.

Many experimental and/or spontaneous tumors of animals and some of man
are known to possess specific antigens on their cell surfaces that differ from the
transplantation antigens of the host’s normal cells. The capacity of the host to
recognize these tumor-associated antigens as foreign and to react toward their
destruction constitutes the immune surveillance mechanism, and it has been
suggested that the occasional tumor cell which evades the host’s immune
surveillance mechanism proliferates to cause clinical cancer. Recently, the
generalized concept of immune surveillance to neoplasia has come under critical
questioning (Kripke and Borsos, 1974) and challenge (see also Melief and
Schwartz, Chap. 5, Vol. 1). Prehn and Lappé (1971) have advanced the theory that
the normal immune response to neoplasia might have a dual role: in the early
course of the development of cancer or with tumors that are weakly antigenic, the
cell-mediated response would directly stimulate rather than inhibit tumor
growth; but the tumor would be inhibited at a later stage, when the immune
response is strongly active, or if it were highly antigenic.

We have confirmed the hypothesis of Prehn and Lappé (1971) in several
experimental tissue culture systems, using transplanted mouse tumors or spon-
taneous cancers of dogs. Similarly, we reported that immune reactivity to
circulating tumor emboli may have a dual function; small numbers of sensitized
immune cells (lymphocytes) could actually aid in the successful spread of the
neoplasms, whereas high numbers of the same immune cells would dramatically
reduce the incidence of pulmonary nodules (Fidler, 1974 a). Further experiments
comparing various controls with syngeneic mice that were either immunized
against the B-16 melanoma or thymectomized and X-irradiated demonstrated a
significant decrease in the incidence of experimental pulmonary metastases after
intravenous injection of tumor cells. This decrease in pulmonary metastases in
immunosuppressed mice was completely reversible by intravenous injection of
lymphocytes 24 h prior to tumor cell injection. Again, however, the administra-
tion of a high number of lymphocytes 24 h before tumor cell injection brought
about a significant decrease in the incidence of metastases.

What is the mechanism by which a low ratio of lymphocytes to tumor cells aids in
the survival of the tumor? We observed that after in vitro incubation of B-16
melanoma cell with lymphocytes, clumps consisting of tumor cells and lympho-
cytes were formed. Many studies of the mechanisms of metastasis demonstrated
that larger tumor emboli survive better than single cells to yield metastases. If
lymphocytes cause tumor cells to clump but do not kill them, the resulting larger
emboli may be more readily trapped in the capillary bed of a distant organ,



leading to a subsequent increase in metastases; but once a critical ratio of immune
cells is exceeded, cytotoxicity to tumor cells may occur.

What is the nature of the reacting immune cells? Why do immune cells stimulate
tumor growth when present in small numbers but inhibit growth when presentin
large numbers? Lymphocytes and macrophages are known to cooperate in the
mediation of cellular cytotoxicity (for review, see Alexander et al., 1972), but the
role of the normal or activated macrophage in the phenomenon of immune
stimulation of tumor growth is unknown. Specifically, do macrophages cooperate
in mediation of cytotoxicity only, or do they aid lymphocytes in stimulating tumor
growth? Moreover, can normal or activated syngeneic macrophages abrogate the
stimulation to tumor growth mediated by low numbers of syngeneic lymphocytes?
Our preliminary n vitro studies have demonstrated that, although lymphocytes
from tumor-bearing animals do indeed have a dual role in their relationship to the
cancer cells, macrophages are only cytotoxic, suggesting that macrophages may be
important in host defense to neoplasia (Fidler, 1974a,b).

Stimulated lymphocytes are known to release a large number of biologically
active mediators that participate in the phenomenon of cellular reactivity in vivo.
In vitro investigations of these mediators strongly suggest that some are chemotac-
tic to macrophages, preventing their migration out of the area and, in some cases,
activating the macrophages and perhaps rendering them cytotoxic (for review,
see David, 1971). Several questions can be raised when host-tumor interactions
are scrutinized in a patient with a progressive cancer. Did the tumor escape host
defense mechanisms? Did lymphocyte-macrophage interaction take place, or is
one of the cell populations functionally defective?

It is well known that the macrophage plays an important role in specific
immunity to neoplasia (Alexander et al., 1972) In vitro cytotoxicity mediated by
macrophages has been demonstrated in a variety of tumor systems after cell-to-
cell interaction, and Hibbs et al. (1972) have suggested that the selective in vitro
toxicity mediated by macrophages is directed against abnormal growth charac-
teristics of cells rather than their antigenic composition. Normal macrophages,
although not demonstrably cytotoxic to tumor cells, can be “armed” (made
specifically cytotoxic) either by exposure to supernatants derived from cultures of
syngeneic spleen cells sensitized in vivo and mixed with tumor cells or by
incubation with sensitized syngeneic thymocytes (Evans and Alexander, 1970;
Fidler, 1974b). Studies from our laboratories (Fidler, 1974b) have dealt with
activation of mouse macrophages by a factor released from sensitized xenogeneic
lymphocytes obtained from rats sensitized to the mouse B-16 melanoma tumor.
Mice with established pulmonary metastases (which untreated would have prog-
ressed to kill the host) were inoculated intravenously with syngeneic macrophages
that had been activated in vitro. Two to three weeks later, treated and untreated
mice were killed and examined for pulmonary metastases. Mice treated with
activated macrophages showed a dramatic decrease in pulmonary tumor nodules.
It appears, then, that the macrophages obtained from tumor-bearing mice were
either not cytotoxic in vive or not sufficiently effective, as seen by the constantand
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rapid progression of tumor growth leading to death of the host. Thus it is most
significant that these macrophages could be rendered cytotoxic by xenogeneic
lymphocyte supernatants. Indeed, this approach to macrophage activation could
be a method of overcoming or even bypassing the possible defectin the syngeneic
immune mechanism that permits the growth and spread of cancers.

5. Conclusion

Several major limitations are encountered in attempts to interpret experimental
data dealing with mechanisms of tumor metastasis. Many, if not most, studies
represent experiences with one tumor—animal or in vitrosystem. Malignant tumor
cells in general probably have some common properties, but there are many
quantitative and qualitative differences in their biological behavior. It is also well
known that host responses to spontaneous and induced tumors differ quantita-
tively. For one, tumor cells from virally or chemically induced neoplasms in
rodents elicit a much stronger host immune reactivity than do cells from
spontaneous tumors. The immune response may indeed have a dual role in the
response to neoplasia. Enhancement of tumor growth (Prehn and Lappé, 1971)
and of growth and metastasis (Fidler, 1974a) has been reported. On the other
hand, numerous reports of immune inhibition of cancer metastasis (Vaage, 1973;
Milas et al., 1974; Carnaud et al., 1974; Fidler, 1974b) have also been published.
These seemingly conflicting findings could simply be due to different properties
inherent to the tumor cells in the studies. Ideally, future studies should employ
several tumor-animal models simultaneously to indicate whether experimental
results are general in scope.

Another major difficulty lies with the selection of an appropriate animal model
for investigation. Experimental research should use a model as similar to human
cancer as possible, but most investigations have been performed with transplant-
able or induced tumors and have been carried out in essentially normal animals.
Do such experimental data fail to correspond to the clinical situation confronting
the oncologist? Is that the reason for the clinical failure of so many agents or
therapeutic modalities that are promising at the experimental level? Animals
injected with tumor cells may simply not be good models for patients who develop
cancer spontaneously. Ideally, future studies of the mechanisms of tumor
invasion and spread should be carried out in primary animal hosts, to determine
whether results obtained with experimentally induced tumor systems are relevant
to clinical oncology.

The data summarized in the preceding sections indicate that the oucome of
cancer metastasis depends on the interaction of tumor cells with their host. The
phenomenon is complex and is affected by a multitude of factors. The main factor
may be the malignant characteristics of cancer cells—including loss of adhesive-
ness, increased motility, secretion of proteolytic enzymes, and/or presence of
surface characteristics that allow for survival in the circulation. Host immune
defense mechanisms, involving a possible stimulation and/or inhibition of tumor
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Studies ot Soluble
Transplantation and

Tumor Antigens

Lroyp W. LAw and ETTORE APPELLA

1. Introduction

Considerable progress has been made in the last 15 years in solubilizing and
purifying transplantation antigens (H-2) of the mouse. Until recently, adequate
biological assays for activity of solubilized materials were not performed; thus
activity was measured principally in terms of inhibition of complement-
dependent cytotoxicity of lymphoid cells or inhibition of hemagglutination using
specially prepared antisera against known determinants. Neither assay is a
measure of completeness of antigen; haptenic or nonantigenic fragments may be
detected as well as definitive determinants. Recently, newer methods—for exam-
ple, the use of nonionic detergents—have been used to solubilize H-2 antigens;
these so far have precluded adequate biological testing because of the nature of
the solubilized material.

Our objective in the present chapter is to discuss present knowledge in this field
following the use of more intense biological assays of solubilized material and also
to discuss the progress achieved in attempts to isolate, solubilize, and purify
tumor-associated antigens specifically of the transplantation type, the so-called
TSTAs.

Lroyp W. LAw and ETTORE APPELLA ¢ Laboratory of Cell Biology, National Cancer
Institute, Bethesda, Maryland.
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2. Biochemical Properties of H-2 Antigens

The cell membrane is under the control of alarge number of geneticloci. Some of
the products of these loci can be detected by immunological methods as alloan-
tigens. In the mouse, about 43 different cell surface alloantigens have been
discovered, among which is the H-2 complex, the main locus concerned in
transplantation phenomena. Genetically, the H-2 complex appears to contain at
least two H genes, H-2D and H-2K, in two genetic regions (Dand K) separated by
the Ss (Slp) gene (Klein and Shrefller, 1972; Snell et al., 1971). A considerable
amount of genetic material which comprises approximately 500 genes lies
between H-2D and H-2K (Shreffler and Klein, 1970). By recombination experi-
ments, three Irloci have been located near the K region; genes other than H-2D
have so far not been assigned to the D region (Lieberman et al., 1972; McDevitt
and Sela, 1965). A great many different alleles, about 30 in all, have been detected
in the H-2 loci. The extent of this polymorphism has surpassed all expectations.

A substantial body of data on the biochemical characteristics of the H-2 antigens
has been accumulated (Nathenson, 1970; Mann and Fahey, 1971). The studies so
far have involved only two H-2 products but have established the protein nature
of H-2 antigens. Little information, however, has been obtained on the chemical
structure of any single specificity. Whether there are only two H-genes in the H-2
complex remains also an open question. The H-2K and H-2D genes can actually
be clusters of cistrons so closely linked that they have not yet been separated by
recombination.

Since H-2 antigens are membrane-bound components, one of the major
concerns has been their solubilization. Among various methods, limited papain
digestion (Shimada and Nathenson, 1969; Hess and Davies, 1974; Appella et al.,
1975) is the best-documented approach. The solubilization followed by monitor-
ing for alloantigenic activity has given reasonable yields, in the range of 20-40% of
the total activity of the membrane suspension taken as 100%. The solubilized
protein components were purified by ion-exchange chromatography, gel filtra-
tion on Sephadex, affinity chromatography on a column of Lens culinaris lectin
Sepharose, and discontinuous polyacrylamide gel electrophoresis (Hess and
Davies, 1974; Appella et al., 1975). The final products were 300-700 times more
active than the starting material. No disulfide bonds could be detected after
alkaline cleavage, and this has suggested the absence of covalently linked protein
subunits in papain-solubilized molecules. An estimate of the molecular weight of
these components was of the order of 50,000 (Appella et al, 1975). Highly
purified material showed a diffuse staining pattern after electrophoresis; this
characteristic appears to be due to an inherent molecular heterogeneity of the
molecules, although other factors causing it have not been investigated.

Procedures have been described for solubilizing presumably intact H-2 alloan-
tigen molecules using the nonionic detergent Non-Idet P-40 (NP40). This method
has been combined with indirect immunoprecipitation and sodium
dodecylsulfate—polyacrylamide gel electrophoresis. The molecular weight was
found to be 88,000 when the antigens were treated with sodium dodecylsulfate



and electrophoresed, and to be about 45,000 when the same sample was reduced
with 2-mercaptoethanol (Schwartz et al., 1973). These results point out that the
antigens may exist at least partially as dimers linked by disulfide bonds. When this
material was chromatographed on a Biogel A 1.5-m column in buffered 0.5%
NP40, the approximate molecular weight of the peak of H-2 activity was
calculated to be 380,000. The peak material appears to be an aggregate made of
noncovalent bonded units that may represent the actual native form of the
antigen; however, this has not been definitely established. Membranes of labeled
cells have also been solubilized with 0.5% Triton X-100 (Silver and Hood, 1974).
H-2 alloantigenic activity was immunoprecipitated and electrophoresed on
sodium dodecylsulfate polyacrylamide. Two polypeptide chains with molecular
weights of 47,000 and 11,500, respectively, were obtained. These two chains
resemble the large and small fragments of the HL-A molecules (Tanigaki et al.,
1974). Besides the molecular weights, further evidence for the high degree of
similarity between the small component and human fs-microglobulin was
obtained at the level of the primary structure (Rask et al., 1974). Chymotryptic as
well as tryptic digests have revealed a large number of peptides shared by the two
proteins. In addition, it could be demonstrated that antibodies against human
Bo-microglobulin cocapped FITC-labeled antibodies directed against H-2K* or
H-2D* and lysed more than 85% of mouse spleen cells in the presence of
complement (Rask et al., 1974).

Evidence has been given that highly purified papain-solubilized HL-A antigens
are composed of two polypeptide chains, the smaller of which is identical
chemically and immunologically to fi;-microglobulin. It has also been shown that
B2-microglobulin is physically linked to the HL-A antigen on the cell surface. In a
similar fashion, highly purified papain H-2 alloantigens have been dissociated by
exposure to acid to yield a small polypeptide chain and a larger component. Both
H-2K and H-2D molecules are composed of a 11,000-12,000 mol wt component
and a 36,000-37,000 mol wt component (Table 1). The large component retains
most of the alloantigenic specificities of the parental molecules, while the small
component carries the antigenic specificity similar to the small polypeptide
isolated with the aid of nonionic detergent or from 3 M NaSCN extracts of liver

TABLE 1
Molecular Weight Estimations of Papain-Solubilized H-2 Alloantigens’

Average mol wt of Mol wt of
papain fragment intact molecule®
H-2.4 (H-2¢, D gene) 39,000° 43,000
H-2.4 (H-2*, D gene) 37,000°
H-2.31 (H-2¢, K gene) 44,000° 47,000
H-2.23 (H-2°, K gene) 37,000°

“Data refer to the large component. The small component was shown to be 11,000 mol wt.

®Values taken from Schwartz et al. (1973). The molecular weight for the intact molecule was
obtained after solubilization of the alloantigens with NP40.

“Values taken from Natori et al. (1975b).
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cell membranes (Natori et al., 1974a,b). Specificities of the D and K ends of the H-2
complex have been shown by both immunological and immunochemical methods
to be separate entities on the cell surface and to be expressed on different
molecules (Neaport-Santes et al., 1973; Cullen et al., 1972). This differentiating
function appears to reside with the large polypeptide chain; the small component
is common to both the K and D products of the H-2 loci. It has been reported that
some antigenic specificities are limited to only one or a few H-2 alleles (private),
whereas others are shared by several alleles (public). Data have been obtained that
show that private and public specificities are located on the same molecule (Cullen
et al., 1972; Cullen and Nathenson, 1971; Natori et al., 1975b).

3. Biological Properties of H-2 Antigens

Papain-solubilized alloantigens have been subjected in this laboratory to intensive
biological studies. The material used for such studies consisted of partially
purified preparations obtained after chromatography on a Sephadex G150
column. A fraction designated F2 in the included volume that has a molecular
weight of about 50,000 contained all the H-2 serological specificities assayed for by
inhibition of immunocytolysis of lymph node cells labeled with *'Cr. However, this
assay may be positive for haptenic fragments as well as complete antigens.
Fraction F2 accelerated skin graft rejection in congenic strains of mice that differ
only at the H-2 locus (Strober et al., 1970). This association strongly suggested that
serological specificities and transplantation antigens were located on the same
molecules or on molecules of similar molecular weights. However, these studies
did not provide critical evidence for the completeness of the antigen. Specific
immunological enhancement (protection against rejection of tumor cells) both
active and passive was elicited by this F2 fraction (Law et al., 1971). Since in order
to achieve enhancement alloantibodies must combine with all the determinants of
the transplantation antigens, it was presumed that the F2 fraction of soluble
antigen represented a complete molecule containing all the major determinants
detected in situ.

When the F2 fraction of H-2* antigen was injected into B10.D2 mice at birth
with continuous daily injections through a period of 4-5 wk, antibody tolerance
was achieved; however, skin graft rejection of congenic B10.A grafts occurred at
the same time as in controls (Law et al., 1972, 1974b). GVH, MLR, and CML
activity were preserved in lymphoid cells of these humorally tolerant mice (Law et
al.,+1973). Sera from humorally tolerant animals did not block in an in vitro
microcytotoxicity assay (Wright et al., 1974). These results are compatible with the
concept that serum fractions are required for the induction and maintenance of
tolerance to skin grafts. However, sera from B10.D2 made tolerant to H-2*
antigens either by intact cells or by soluble antigens did not interfere with the in
vitro cytotoxicity of sensitized lymphoid cells when a short-term °'Cr release
assay was used, nor did these sera from tolerant mice have capacity to induce
specific immunological enhancement of sarcoma I (Law et al., 1974b). These
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Yield: 65% of crude membrane (CM); specific activity: 32 times that of CM TRANS-
Specific activities confined to this fraction and peaked in same tube PLANTATION

Activity of all allogeneic specificities assayed = H-2.1, 3,4,5,11,23,25,28 (immunologically specific)
L . . L. S L AND TUMOR
Transplantation immunity (skin graft and neonatal heart rejection) elicited in congenic mice by F2 and
not F1 and F3 fractions ANTIGENS
Cytotoxic and hemagglutinating antibodies induced by F2 in congenic B10.D2 and B10.B mice
Specific immunological enhancement induced by F2 fraction (A strain tumors in congenic mice)
Humoral tolerance induced in congenic B10.D2 mice (Specific and long lasting)

observations clearly do not support the concept that immunological tolerance
results from an interposed serum factor preventing immunological reactivity.
Our evidence that all biological activities assayed were confined to a single peak
(the F2 fraction) strongly suggests that we are dealing with a single molecular
entity. We have reported that the ;-microglobulin activity is also confined to our
fraction F2 and therefore resembles what is found in situ on the cell membrane
(Natori et al., 1975a). Table 2 summarizes biological activities of H-2* antigen.

The mechanism responsible for induction by soluble H-2* antigen of humoral
tolerance (but not complete tolerance) in B10.D2 newborn mice is not understood
but may be related to isoantigenic differences between recipient and donor
(Howard et al., 1962). We have now been able to induce complete operational
tolerance in more than 20% of B10.A mice through the use of soluble H-2°
antigen obtained by papain digestion of the membrane antigens of B10.D2 spleen
cells (Law, Appella, and Strober, unpublished observations). Multiple H-2
antigenic differences are effective in the donor—-recipient pair of congenic strains
B10.A—B10.D2, and complete tolerance in the newborn using spleen or bone
marrow cells is difficult to achieve even with large numbers of cells. In the
reciprocal donor-recipient situation B10.D2—B10.A, only H-2.31 (and possibly
H-2.34) antigenic differences are effective; thus complete tolerance is also
attained more easily and with lower numbers of viable spleen or bone marrow
cells. Also, in contrast to the rather high level of immunogenicity provided by H-2*
soluble antigen in adult congenic mice as detected by skin graft rejection, H-2¢
soluble antigen is relatively nonimmunogenic. It is likely, therefore, that these
differences in the induction of tolerance in the reciprocal donor-recipient
combinations used are related to factors (for example, differences in combina-
tions of haplotypes used) other than modifications of the antigen as a result of the
solubilization procedures.

4. Tumor Antigens

Tumor-associated antigens (T AAs) are of diverse types and have been detected by
diverse methods in vivo or in vitro; however, some of these identified antigens are
not strictly tumor specific. These antigens may be found on the cell membrane or
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located within the cytoplasm or nucleus. The present discussion will be restricted
to those antigens occurring on the membrane of neoplastic cells of experimental
animals. Important membrane antigens occurring on many but not all neoplastic
cells are those designated TST As. They are probably tumor specific and have the
capacity to induce a rejection response in the syngeneic animal; they resemble
closely in function the histocompatibility antigens (H antigens) in the induction of
homograft reactions. There are many other classes of antigens occurring on the
cell membrane of both normal and neoplastic cells. These antigenic alterations are
accessible to host surveillance and are therefore targets, as are histocompatibility
antigens and TSTAs, of cellular and humoral immune reactions. Unlike his-
tocompatibility antigens and TSTAs, they do not usually induce tumor or tissue
rejection reactions. The existence of other membrane components, however,
should be borne in mind in any studies attempting to characterize TSTAs by in
vitro methods or in attempts to isolate and solubilize TSTAs. These other
membrane antigens may be grouped for convenience into certain categories, as
follows (see Hauschka, 1973).

4.1. Tissue Specificity Antigens

Tissue specificity antigens (T1s) are also designated “differentiation antigens” and
have been thoroughly analyzed on normal and leukemic mouse thymocytes and
lymphocytes. Ly-1,2,3,4, Thy-1 (), and Tla (TL) antigens are typical examples.
Tla antigen coded by the Tlagene is of special interest since it appears to be tumor
specific, occurring only on leukemic thymocytes. Although the presence of Tla
antigen probably represents gene activation, this antigen is not responsible for the
malignant behavior of leukemic cells nor does Tla act as a TSTA. It is detectable
only by serological assays, as are the other TTIs.

4.2. Species Antigens

Species antigens (SPs) are probably numerous. The best example is the lympho-
cyte antigen of the mouse MSLA detectable by adsorption with heteroantisera.

4.3. Receptor Site Antigens

Receptor sites antigens on the cell membrane were initially viewed as “tumor
specific.” Some virus-transformed cells showed increased agglutination over
normal controls by lectins such as agglutinins of wheat germ (WGA) or the jack
bean (Con A). However, it has been shown that normal cells also show agglutina-
bility, particularly during cell division or following protease treatment; nonethe-
less, these receptor sites may be more commonly expressed on neoplastic cells.



4.4. Fetal and Embryonic Antigens

The recent increasing use of in vitro techniques has led to the discovery of
tumor-associated antigens expressed on some neoplastic cells; some of these
appear embryonic in nature. The exact mechanism for their appearance after
malignant transformation is unknown. Derepression of genes responsible for the
synthesis of fetal antigens (postulated for the CEA of Gold) or uncovering of
binding sites similar to lectin agglutinin reactivity is a likely explanation. Studies by
Baldwin et al. (1972a) and by Ting et al (1972) in which isoantigenic differences
were controlled reveal that the fetal antigens, at least of certain neoplasms of the
rat and mouse, do not function as TSTAs and are distinct entities.

4.5. Tissue- or Organ-Type Specific Antigens

Although there is evidence for the existence of unique antigens existing on
neoplastic cells of man, the usual finding employing in vitro assays is that of
common cross-reacting antigens. Cross-reactions have been reported among
histologically similar humah tumors of 15 or more types—for example, neoplasms
of breast, lung, ovary, and urinary bladder. There is a strong possibility that these
are normal organ- or tissue-specific antigens. It remains to be seen what the roles
of these antigens are in vivo. The existence of organ- or tissue-specificboundaries
in neoplasms of experimental animals is not well defined, but recent in vitro
studies employing colony inhibition and the microcytotoxicity assay indicate
cross-reactivities of some nature apparently unrelated to TSTA (Ankerst et al.,
1974; Steele and Sjégren, 1974).

4.6. Other Antigens Provided by H Loci

Much attention is given usually only to strong histocompatibility loci (e.g., H-2 of
the mouse). It is estimated by Snell (1974), however, that there are probably at
least 80 additional Hloci providing membrane antigens detectable by transplanta-
tion rejection, lymphocytotoxicity, and red cell agglutination. To rule out such
factors, one must always deal with strictly syngeneic systems.

4.7. Virion and Cellular Antigens of MuL Vs

Mice of certain strains infected with or bearing leukemias induced by the FMR
group of viruses or by G (Gross) virus have detectable soluble antigens in their
plasma. These are of two types: infectious virus antigens and a nonvirion antigen.
The latter has the same specificity as a cell surface antigen. These antigens have
been detected by adsorption, complement-dependent cytotoxicity, and
immunofluorescence. Their relationship to in vivo tumor rejection—also specific
for the FMR group of leukemias as distinct from G leukemias—remains obscure.
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5. Tumor-Specific Antigens of Transplantation Type

TSTAs more properly designated tumor rejection antigens, conveniently fall into
three distinct groups: (1) membrane of neoplastic cells induced by chemical
carcinogens, (2) those on neoplastic cells induced by DNA oncogenic viruses (e.g.,
polyoma, adeno- and SV40 viruses), and (3) those on cells induced by the
RNA-containing oncogenic viruses (e.g., leukemia—sarcoma complex viruses and
MTV.

Many spontaneously occurring neoplasms do not induce tumor rejection, and
in vitro assays also indicate the absence of TSTA; in addition, tumors induced by
certain carcinogens—for example, by aminoazofluorene—are not usually detecta-
bly antigenic. This finding along with the observation that MCA-transformed
fibroblasts in Millipore diffusion chambers lack detectable TSTA indicates a
positive role for certain carcinogens in inducing antigenic changes on the cell
membrane.

A striking characteristic of TSTAs of chemically induced neoplasms of various
histological types and in several species is the lack of cross-immunization against
each other—that is, the existence of individually distinct TST As. This specificity is
known to extend also to other antigenic reactions such as indirect immunofluores-
cence, delayed cutaneous reactivity, and inhibition of leukocyte migration. It must
be admitted, however, that such studies of concordance have not been extensive.
As mentioned above, there are reports of cross-reacting antigens of certain
carcinogen-induced neoplasms. These studies concern chiefly the results
obtained from in vitro lymphocytotoxicity assays and appear not to be related
directly to TSTA.

In contrast to the diversity of TSTAs expressed on carcinogen-induced
neoplasms (principally of sarcomas and hepatomas), tumor cells induced by
polyoma virus, the adenoviruses, and SV40 (DNA oncogenic viruses) contain
TSTAs that cross-react and are therefore common antigens. This group-specific
cross-reactivity extends across species and histological type of neoplasms and
strongly suggests viral induction or coding of TSTA. These neoplasms do notas a
rule release infectious virus, nevertheless, specific virus fingerprints are detecta-
ble. The use of classical serological assays reveals a second group of antigens
(neoantigens) confined to the cytoplasm or nucleus; this group bears no close
biological relationship to TSTA. Neoantigens of this type may be detectable also in
in vivo infections and in early in vitro lysis.

The TSTAs of DNA-virus-induced neoplastic cells are not identical with the
mature virus particle, whereas the distinction between TST As and virion antigens
is less clear in neoplasms induced by enveloped C-type viruses (RNA oncogenic
viruses), where infectious virus is continuously released. Since these viruses, for
example, on leukemic cells, mature by budding from the cell surface, this surface
localization may represent effective antigen. There are methods available to
distinguish between TSTA and virion antigen and these are discussed later. Most
identified TSTAs on neoplastic cells induced by RN A-containing viruses show, as
do DNA viruses, group-specific cross-reactivity. In addition, however, TSTAs



have been identified that are individually distinct (Law and Takemoto, 1973;
Morton et al., 1969).

6. Characterization of TSTA

Tumor rejection carried out in a completely syngeneic system—that is, one in
which genetic differences between host and tumor are eliminated—provides the
most critical and convincing evidence for the presence and functioning of TST As.
This assay is cumbersome and sometimes difficult. As a consequence, other in vivo
and in vitro antigen assays have been used in studies of membrane-expressed
tumor antigens and the immune responses they induce. In attempts to demon-
strate TSTAs (tumor rejection antigens) by other in vive reactions or by
serological reactions in vitro, it should be borne in mind that immune reactions
may be directed against membrane receptors other than the membrane receptor
in question. These other sites detailed previously—fetal antigens, differentiation
antigens, tissue-specific antigens, etc.—may be totally irrelevant to the antigen
being investigated, or indeed the immune response may be nonspecific. It is
therefore necessary to examine the specificity of each reaction very carefully and,
more importantly, to obtain a good correspondence between the specificity of the
rejection-inducing response and its in vitro counterpart. The value of many
in vitro assays for assessing the rejection potential of an in vivo host is not
clear; in fact, the recent literature is contradictory on this point. The puzzling
findings employing colony inhibition and microcytotoxicity assays and the
effects of “blocking” and “deblocking” factors do not have as yet a
reliable in vivo counterpart. Thus studies restricted to in vitro assays must be
interpreted with caution as to their relevance to a specific host-tumor immune
response.

Although contamination of passaged neoplasms with passenger viruses, par-
ticularly type C RNA viruses, has not proved a serious limitation to studies of
TSTAs, it may seriously influence interpretations of results based strictly on in
vilro cytotoxicity assays. Target cells, particularly lymphoid cells, are known to
acquire cell surface changes as a result of infections with nononcogenic viruses
such as LCM or measles virus that render them vulnerable to cytotoxic antibodies
or sensitized lymphoid cells.

7. Isolation, Solubilization, and Purification of Tumor-Associated
Membrane Antigens

Numerous attempts have been made to isolate and then solubilize and purify
tumor antigens existing on neoplastic cells of several species of animals. The
methods used to solubilize and purify histocompatibility antigens have been
employed extensively in these investigations. A typical feature of most attempts,
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however, has been a low yield of antigenic material, heterogeneity of the
recovered material, and usually a striking lability. The starting material used by
several investigators was a solid tumor mass. It is difficult to envision a distinct
separation of membrane materials from internal organelles unless there are
included markers for organelle-specific enzymes, for example, or membrane
markers of some type, say histocompatibility (transplantation) antigens.

Table 3 lists some features of investigations of pertinence to the isolation,
solubilization, and in some cases purification of TSTAs, or in instances where
TSTAs have not been characterized, to presence of tumor-associated antigens,
TAAs. Assays for antigenic activity have been varied, some restricted to a single
assay, and in most instances the major function of TST As—that is, the capacity to
reject a tumor in specific fashion, using host and tumor that are syngeneic—has
not been assayed or was found to be nonexistent.

Allegedly solubilized TSTAs have been described from membranes of guinea
pig sarcomas (Holmes et al., 1970; Oettgen et al., 1968) and from adenovirus 12
tumors of the hamster and mouse (Potter and Oxford, 1970). Specific tumor
rejection was obtained, and in the case of the guinea pig sarcomas specificdelayed
cutaneous hypersensitivity reactions were striking. These investigators, however,
used ultracentrifugation in the range of 100,000g preceded by homogenization,
exposure to low-intensity sonic energy, or freeze-thawing. Certainly, alloantigens
are known not to be solubilized in this manner and there is no evidence to rule out
the existence of membrane fragments in the preparations of these investigators.
Investigations have been extended by one of the groups (Suter et al., 1972) using
MCA-induced sarcomas of inbred strain 13 guinea pigs; further fractionation was
performed by ammonium sulfate precipitation followed by gel filtration on
Sephadex G150 and DEAE-Sephadex chromatography. Specific antigenic activity
was detectable by delayed cutaneous reactivity and by macrophage migration
inhibition; however, antigenic activity was not restricted to a single species of
molecule. Apparently, tumor rejection was not studied.

Manson et al. (1963) have used decompression in the nitrogen bomb followed by
ultracentrifugation in sucrose solutions of different concentrations. They used
leukemic cells L-5178Y of DBA/2 mice. Homograft sensitization in C57BL/6
was obtained with the microsomal lipoprotein fraction (MLP). Later, Manson et al.
(1974) reported that preparations obtained in a similar manner provided immun-
ity against a cell challenge in DBA/2 mice of L-5178Y, thus indicating the
existence of a tumor antigen of the transplantation type. The specificity of this
response, however, has not been documented. Effective MLP is a particulate
material and further studies of its activity following solubilization and fractiona-
tion should be pursued.

Turning now to the findings of cell membrane expressed tumor antigens
detailed in Table 3, the following are pertinent:

1. Meltzer et al. (1971) and Leonard et al. (1972, 1974) used 3 M KCl for
extraction of antigen (TSA) from guinea pig hepatomas; this was followed by
Sephadex G200 fractionation. At least for one line of tumor (line 1), the extracted
membrane material is soluble, with an antigen yield of 10% and a molecular
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weight in the range of 70,000-100,000. The soluble TSA extracts had positive
reactivity, specific for the tumor tested, in delayed cutaneous reactions, inhibition
of migration of peritoneal cells, and stimulation of lymphocyte transformation;
relatively large amounts of soluble antigen (maximal responses obtained with
1500 u g/ml) were necessary to elicit these responses. Satisfactory immunogenic-
ity as detected in tumor rejection has not been reported.

2. Baldwin and colleagues report studies of isolation and solubilization of cell
membrane expressed antigens from rat hepatomas and sarcomas; their most
complete studies deal with a single carcinogen-induced hepatoma, D-23, and
membrane fractions (ENMs) of this hepatoma. The ENMs were obtained by
nitrogen cavitation followed by centrifugation at 105,000g for 60 min (Baldwin et
al., 1973; Baldwin and Moore, 1969). The antigenic activity was detected by the
ability of the membrane preparation to specifically adsorb antibody from the sera
of rats immunized against tumor cells and to elicit tumor-specific antibody
response as measured by indirect immunofluorescence and by specific comple-
ment-dependent cytotoxicity for D-23 hepatoma cells in the colony inhibition
assay. Relatively large amounts of crude membrane material (16.9 mg protein)
were required to elicit detectable levels of antibody. These membrane prepara-
tions did not elicit transplantation immunity, however, nor did the soluble
antigens of D-23 discussed below.

Later studies used limited papain digestion followed by DEAE-cellulose
chromatography to solubilize D-23 antigen (Baldwin et al., 1972b). The major
antigenic fraction (determined by fluorescent antibody neutralizing activity) was
found to be quite heterogeneous as revealed by polyacrylamide gel elec-
trophoresis. Recently this soluble D-23 antigen preparation, stated to have
components with molecular weights in the region of 55,000, was shown to
neutralize the “blocking” activity of tumor-bearer serum in colony inhibition
assays. Further biological studies of this solubilized material are necessary in order
to properly identify the material as TSTA distinct from other measurable
membrane components (see Chap. 7).

3. Hollinshead et al. (1972) reported immunogenic activity in preparations of
an Ad12-induced tumor in the inbred PD-4 hamster. Sonication followed by
Sephadex gel filtration (G200 column) yielded a fraction that specifically
immunized against this tumor. A disturbing feature, however, was that a similar
fraction derived from PD-4 embryo membranes was also immunogenic.

4. Smith et al. (1970) used papain digestion and fractionation on a Sephadex
G150 column to study TSTA on an SV40-induced neoplasm of the AL/N strain
mouse. Inhibition of complement-dependent cytotoxicity was observed with
soluble material from all three peaks obtained (excluded volume, also); specificity
assays were not done with the fractionated material. “Crude membrane” was
studied for in vivo tumor rejection using small numbers of animals in this system
where even after sublethal irradiation control animals seldom develop progres-
sively growing tumors.

5. Several of the studies listed in Table 3 used only a single assay system to
detect activity in tumor preparations isolated and solubilized by different proce-
dures: antigen binding radioimmunoassays (Thomson et al., 1973; Bystryn et al.,



1974), delayed cutaneous hypersensitivity reaction (Brannen et al., 1974), and
inhibition of macrophage migration (Blasecki and Tevethia, 1973). Strong TSTA
had been previously identified in some of the neoplasms studied and indirect
evidence indicates that the soluble antigen(s) detected may in fact be identical or
similar to TSTA; however, in no case, was there any evidence to indicate that these
soluble preparations had tumor rejection potential. There is ample evidence to
indicate that a number of antigenic systems may be expressed following neoplastic
conversion. Many of these are detectable by in viire assays that may have no
significance to in vivo events.

6. Nonvirion TSTAs distinct from virus structural proteins are difficult to
characterize on lymphomas that usually release infectious C-type viruses. There
was no attempt to make this distinction in two studies listed in Table 3 employing
lymphoma tissues as a source of membrane antigens. A soluble fraction obtained
by autodigestion and electrofocusing was observed by Martyré et al. (1973) to
adsorb cytotoxic activity from allogeneic antisera specific for FMR. This proce-
dure does not allow distinction from the known serologically detectable virion
structural antigens. Preimmunization with this fraction was stated to inhibit the
induction of leukemia by virus and to facilitate the growth of ascitic grafts of the
leukemia (Jolles et al., 1970). Neither assay specifically characterizes the activity as
that of TSTA. Prager et al. (1973) used the long transplantable lymphoma
6C3HED to solubilize membrane material by sonication and Sephadex G200
fractionation. Two fractions of the solubilized material were found capable of
immunizing against the 6C3HED neoplasm. Specificity studies were, however,
not included. Allogeneic lymphoid tissues from many strains of mice are also
capable of providing protection against grafting of 6C3HED cells (see Prager et
al., 1973; Merino et al., 1973). Thus the identity of the component being
solubilized remains to be answered.

8. Isolation, Solubilization, and Partial Purification of Tumor Antigens
with Tumor Rejection Activity

In this laboratory, our efforts at solubilizing and purifying tumor antigens have
been directed at those membrane-bound antigens of the transplantation type
specified by the DNA and RNA oncogenic viruses. Tumor-associated cell surface
antigens of the transplantation type (TST As) are consistently found on neoplastic
cells transformed by the oncogenic viruses. They are of interest because they
provide targets for immune repression and also because they may reflect
membrane changes intimately related to the malignant behavior of the cell.
Tumor viruses might induce TSTA by one of several methods: (1) by interfering
metabolically with membrane biosynthesis (but only if this is a permanent
interference), (2) by derepressing cellular (embryonal) genes (this now appears to
be unlikely in view of the more recent functional studies of fetal or embryonal
antigens), (3) by the budding infectious virus acting as antigen, and (4) by coding
for a nonvirion protein component (that is not a structural component of the
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virion). The coding may be in the form of altering normal histocompatibility
antigens.

8.1. Characteristics of Soluble TSTA on SV40-Induced Neoplasms

mKSA (Tu-5) is an SV40-transformed neoplasm of BALB/c mice. One subline of
this undifferentiated sarcoma was adapted into the ascites form (ASC) and
another subline was adapted to grow in monolayer tissue culture (TC). Through
continuous passage, this latter subline has lost its oncogenic potential so that its
TDso is now 2 X 10° to 2 X 107 cells. The ASC line remains virulent with a TDs,
near 10° cells. The SV40 cells will immunize against 2 X 107 ASC neoplastic cells.
As shown by Howell et al. (1974) the T cell is effective in causing tumor regression
in this system.

The method previously used for isolation and solubilization of H-2 antigens was
adapted to obtain immunogenic TSTA from this non-virus-producing mKSA
neoplasm. Briefly the method was as follows: mKSA-ASC containing 2-6 X 10°
tumor cells was harvested in tris-buffered saline (TBS), usually from 300 animals.
Cells were equilibrated in a cell disruption bomb (model 4635, Parr Instrument
Company, Moline, Illinois) at 400 psi nitrogen for 30 min and rapidly released to
effect disruption of 90% or more of all cells. The resulting cell homogenate was
centrifuged at 600g for 12 min to remove nuclei and cell debris. The supernatant
was centrifuged at 55,000g for 90min, and the sediment was suspended in 0.05 M
tris, pH 8.4, at approximately 10 mg dry weight/ml. This crude membrane (CM)
was either used in experiments or digested with papain (Worthington Biochemi-
cal Corporation, Freehold, New Jersey) at a ratio of 1 mg papain to 100 mg
protein, at 37°C in the presence of 0.01 M dithiothreitol. The reaction was
stopped after 1 h by the addition of iodoacetamide to a final concentration of
0.022 M, and insoluble sediment was removed after centrifugation at 105,000g
for 90 min.

Soluble supernatant was exhaustively dialyzed against 0.15 M tris, pH 8.2, and
was then concentrated by ultrafiltration with use of a UM-2 membrane (Amicon
Corporation, Lexington, Massachusetts). The resulting crude soluble material
(CS) was either utilized in experiments or applied to Sephadex G150; the eluate
was collected and a chromatogram was obtained by measuring its optical density
(OD280). F1, F2 and F3 fractions were collected.

The immunogenicity of our various fractions has been given in detail (Drapkin
et al., 1974). CM prepared from ASC cells afforded complete protection against
challenge with 10* and 10° cells and partial protection against 10° neoplastic cells
(TDso = 10° cells). CS afforded complete protection at 10* cells and partial
protection at 10° cells. CM preparations from both the ASC and TC cell lines were
equally immunogenic. Immunization with both the F2 and F3 fractions (Sepha-
dex G150) provided striking resistance to challenge with 10* neoplastic cells. This
resistance was reflected not only in the “takes” of tumor in syngeneic BALB/c
hosts but also in the rate of tumor growth. For example, 50% of the tumor-bearing



control mice had died of large tumors at 40 days, whereas none of the F2 and F3
fraction recipients was dead at this time.

Poor resolution was obtained in all of our preparations of F2 and F3 fractions
and this raises the question of whether F3 carries some F2 activity. To demon-
strate specificity of the immune response, animals given mKSA-ASC CM were
again made strongly immune to challenge with mKSA-ASC but demonstrated no
immunity to challenge with Adj-PC-5, a BALB/c plasma cell tumor containing its
own strong TSTA, at a dose 5-50 times its TD,,. Using additional preparations of
our mKSA-CS material, we immunized BALB/c mice with graded doses and
challenged with the SV40-induced mKSA. A total immunizing dose of as little as
5.0 ug CS material (2.5 ugx 2) provided protection against a challenge of
7 x 10° and 7 X 10" neoplast cells (Law et al., 1975). This protection approximates
that provided by immunization with 10° intact mKSA (TC) cells. Immunogenic
yield is probably therefore close to 20% for this CS preparation.

We had initially hoped to develop an appropriate in vitro®'Cr-release cytotoxic-
ity assay to monitor TSTA titers at progressive stages in our isolation and
purification procedures. Anti-mKSA serum was net cytotoxic for any of the SV40
target cells used, nor could effective antiserum be produced despite the strong
immunogenicity observed in our tumor rejection studies. This contrasts with
studies in which in vitro assays were capable of detecting specific antigenicity but
not in vivo tumor rejection (Baldwin et al., 19725, 1973) and should indicate the
need for caution in interpreting results with assays other than tumor rejection to
indicate the presence of solubilized TSTA. Recently we have observed our CS and
F2 fractions to be capable of inhibiting in specific fashion migration of peritoneal
exudate cells (Maurer et al. 1975) and of eliciting specific lymphocyte stimulation
in the mixed lymphocyte-tumor cell assay (Dean et al. 1975). In the migration
inhibition study 10 pg/ml (3.3 ug/chamber) and in lymphocyte stimulation
0.1 ug/well had significant activity.

8.2. Characteristics of Soluble RBL-5 TSTA

RBL-5, a lymphoblastic leukemia, was induced by Rauscher leukemogenic virus
(RLV) in a C57BL/6 mouse. It is routinely passaged in syngeneic mice in the
ascitic form. RBL-5 cells are immunogenic and provide immunity against other
leukemias of the FMR group. RBL-5 is a good target cell; it is easily and specifically
lysed in vitroby sensitized syngeneic lymphocytes and by specific cytotoxic antisera
in the presence of complement, as discussed later; however, it is not very
immunosensitive. As a consequence, our in vivo assays have been with a challenge
of leukemic cells from LSTRA, an MLV-induced leukemia, and FBL-3, an
FLV-induced leukemia. Both are known to contain TSTAs of the FMR group.
CBF, mice have been used as recipients since LSTRA is of BALB/c origin and
FBL-3 of C5B1/6 origin.

The methods used for extraction and further purification of soluble TSTA
from RBL-5 membranes were similar to those used and tested for H-2 and for
SV40 antigens.
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Significant inhibition of growth reflected in tumor “takes” and growth rates was
observed for both LSTRA and FBL-3 following immunization with CM and the
F2 fraction of the chromatographed material. F1 and F3 fractions used at the
same concentrations as F2 were found ineffective. Crude soluble (CS) prepara-
tions of FBL-3 cells were also found to be immunogenic as assayed in the Winn test
(Law et al.,, 1975). Specificity controls were of two types: (1) C57BL mice
immunized with the CM and CS preparations of RBL-5 at concentrations and
schedule providing resistance to leukemic cells did not resist a polyoma-induced
neoplasm No. 89, and (2) CS and F2 fraction preparations of normal C57BL
spleen cells failed to protect against challenge with sensitive FBL-3 leukemic cells.

In contrast to the immunogenic preparations of mKSA, both CM and CS
preparations of RBL-5 membranes induced cytotoxic antisera in syngeneic mice,
and inhibition of complement-dependent cytotoxicity, using *'Cr release, has
provided a reliable assay for monitoring our solubilization and purification
procedure. The CM preparation, papain-solubilized CS, and pooled F2 fraction
(but not F1 and F3) inhibited lysis of the syngeneic antiserum using RBL-5 targets.
This antiserum was not cytotoxic for normal lymph node cells nor for SV-AL/N
fibroblasts known to contain S40 TSTA (Law and Appella, 1973).

We tried to calculate the overall yield of activity of this TSTA using inhibition of
!Cr release. If inhibition titers obtained with the CM antigen preparations are
used (titers ranging from 1/64 to 1/128 at 50% inhibition of lysis), the F2 fraction
contains 4-6% of the CM total activity.

In the pooled F2 fraction as well as in the CM preparation, H-2 specificities 2
and 28 were also detected using monospecific alloantisera. The activity we
observed in our cytotoxicity assays coincides with the pooled F2 fraction of H-2
specificities.

8.3. Diustinction Between New Cellular Antigen (TSTA) and Viral Antigenson
RBL-5 Leukemic Cells

TSTAs of neoplasms induced by DNA oncogenic virus (e.g., SV40 and polyoma
neoplasms) are easily distinguished from virion antigens. In the case of RNA-
virus-induced neoplasms, this distinction is much less clear since most of these
neoplastic cells continuously release infectious virus. This is true with RBL-5
leukemic cells, the source of our surface antigen preparations. We have therefore
attempted to distinguish whether or not these antigens are virus structural
proteins or are of nonvirion origin but nevertheless coded by the virus (Chang et
al., 1974). The following findings are pertinent:

1. X-irradiated and freeze-thawed RBL-5 cells released infectious type-C virus
as detected by the XC syncytial cell plaque assay; in contrast, none of our
antigen preparations, even at concentrations as high as 500 ug/ml (protein),
showed infectious virus by this assay.

2. The antiserum prepared in syngeneic C57BL mice by immunization with
our RBL-5 CM or CS preparations was found not to manifest any neutraliz-
ing activity against the homologous virus RLV by the XC assay or by focus



reduction assay using MSV(RLV). Thus these antigen preparations were
free of virion antigens, at least in concentrations capable of inducing
detectable amounts of neutralizing antibody by these assays.

3. Through the use of a more sensitive microcomplement fixation (CF) assay, it
was found that our CS and F2 (but not F3) preparations reacted with
syngeneic antiserum. This syngeneic antiserum did not react, however, with
high-titered RLV (homologous virus) or with MLV. These results indicate
the existence of a component in CS and the F2 fraction, both known to be
immunogenic (as reflected in tumor rejection), that is not virion antigen.
However, all of our antigenic preparations reacted with broad
antisera—Fischer rat anti-MSV(MLV) and hamster anti-RLV—in trace
amounts, indicating cross-contamination with viron antigen. This differen-
tial reactivity of syngeneic antiserum with CS and the purified F2 fraction
indicates the existence of a detectable component that is not a virion antigen.
Further work is necessary to confirm that this detectable component
provides the biological activity we have observed, that is, immunogenicity
and blocking of cytoxicity, and in fact represents a new cellular antigen of the
TSTA type coded by the virus (RLV).

An approach to decisively differentiate TSTA from virion antigens is to utilize
“nonproducer” tumor cells. Recently we have studied leukemia RBL-3, which was
originally induced in BL/6 mice by RLV in a similar manner to RBL-5 and
maintained by in vitro culture. This line proved to be immunogenic in vivoin BL/6
mice against leukemia FBL-3, which possesses FMR tumor antigen shared by
RBL-5, and vice versa. Moreover, this lymphocytic neoplasm produced no
infectious RLV but was nevertheless MuLV gs-antigen positive. Therefore, this
can be defined as a “nonproducer” neoplasm in the classical sense. The syngeneic
anti-CM sera were cytotoxic against RBL-3 cells as well as against RBL-5 cells,
suggesting again the dissociation of tumor cell surface antigen (TSTA) from
virion antigen.

Thus, in summary, our results show that TSTAs on SV40-induced neoplastic
cells (mKSA) were isolated and solubilized. The immunogenic activity (that is,
tumor rejection activity) was contained mainly in the peak (F2 fraction) that was
positive for alloantigenic activity. This specific activity could be titrated in vivo by
serial dilutions to as low as 5 ug (protein) per mouse. This represents a yield in
terms of immunogenicity of approximately 20% . Tumor-specific antibody was
not evoked with the CM antigen preparations in syngeneic mice.

TSTA on RLV-induced leukemic cells (RNA oncogenic virus induced) was also
isolated and solubilized from RBL-5 leukemic cell membranes. Specific
immunogenicity was retained, again in the peak (F2 fraction) containing alloan-
tigenic activity. Cytotoxic antisera were induced by these antigenic preparations.
When a micro-CF assay was used, these antisera appeared to detect a specific
component that was not related to structural viral proteins. Thus the solubilized
antigen of this RNA oncogenic virus-induced neoplasm appears to be a new
cellular antigen analogous to the TSTA of DNA oncogenic virus-induced
neoplasms.
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9. Conclusion

The methods used in this laboratory to solubilize and partially purify H-2 antigens
are found to preserve biological activity as detected by in vitro and in vivo assays.
All biological activity was confined to a single peak following Sephadex G150
fractionation. This strongly suggests that we are dealing with a single molecular
entity that has a molecular weight of approximately 50,000. No evidence was
obtained for the existence of separate classes of fragments in our preparations. In
addition By,-microglobulin activity was confined to this same peak and therefore
resembles what is found in situ on the cell membrane.

Tumor-associated antigens (TAAs) have been solubilized by a variety of
methods. Antigenic activities sometimes specific in nature have been detected in
these preparations. In many syngeneic systems used, the evidence is neither
extensive nor conclusive that it is the TSTAs that have been solubilized and are
responsible for the detectable activity. Tumor rejection has not been achieved or
attempted in many studies, principally as a result of the low yield of antigenic
materials. The relevance of the in vitro or indirect in vivo assays used to in vivo
surveillance of tumor growth has not been assessed adequately in many studies.

The H-2 model has provided clues and methodology for solubilization of
well-defined TSTAs in this laboratory. The isolated and solubilized TSTAs from a
DNA-virus-induced and from an RNA-virus-induced neoplasm were contained
in the peak (F2 fraction) that was in each instance positive for alloantigenic
activity. Specific tumor rejection was achieved in syngeneic mice by each prepara-
tion. Cytotoxic antibodies were also induced by the membrane preparation of
RNA-virus-induced neoplastic cells. This activity was apparently not related to
structural viral proteins. The fact that TSTA and H-2 cochromatograph on the
Sephadex G150 column points to some similarity in molecular size and structure
between the two types of antigen.
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RNA Oncogenic Virus-
Associated Antigens

And Host Immune Response to Them

TADAO AOKI and Louis R. SIBAL

1. Introduction

The rapid development of analytical techniques has revealed the complexity of
antigens associated with type B and type C RNA viruses. These antigens may be
broadly categorized as either viral, cellular, or soluble (Aoki, 1973) (Table 1).
Based on the morphological structure of viruses, which consists of an inner
nucleoid and an outer shell surrounded by an envelope acquired during budding
of the virus from the surface of infected cells (deHarven, 1968), viral antigens can
additionally be divided into viral envelope antigens (VEAs) and intraviral
antigens. Cell surface antigens (CSAs) induced by viruses and by malignant
transformation (mutation of the cellular genome) possess several type specificities
(Klein, 1969; Old and Boyse, 1965). To date, while viral antigens have been found
intracellularly, no viral-genome-induced cellular antigens have been demon-
strated there. Several groups of soluble antigens corresponding to the above
specificities have been detected in the circulation and in the kidneys of virus-
infected animals (see below).

This chapter will cover the specificities and characteristics of RNA oncogenic
virus-associated antigens from the biological, virological, and biochemical points
of view, as well as the host immune response to these antigens. The focus of
attention will be on mammalian systems, especially the mouse, with occasional

TADAO AOKI AND LOUIS R. SIBAL e Viral Oncology Area, Division of Cancer Cause and
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160 TABLE 1
Classification of RNA Oncogenic Virus Associated Antigens
TADAO AOKI

AND LOUISR.  vyjral; a. Envelope antigens (VEAs)®
SIBAL i. Group-specific VEA
ii. Subgroup-specific VEAs
ili. Type-specific VEAs
iv. Subtype-specific VEAs
b. Intraviral antigens
i. gs-1,2,3,4,5 (type C virus)
ii. S-1,2,3,4,5 (type B virus)
iii. Reverse transcriptases
Cellular: a. Cell surface

i. Several classes identified by serological techniques
ii. Tumor-associated transplantation antigens (TATAs)
iii. VEAs (type C virus)
b. Intracellular—intraviral antigens
Soluble:

m

. In circulation—several classes of VEA and cell surface antigens
b. In kidney—most antigens described above

“See Table 2.

reference to the avian system. Because of the ready availability of inbred,
recombinant inbred, and congenic strains, studies essential for the definition of
antigenic specificities have been possible in the mouse (Snell and Stimpfling,
1966).

2. Virion Antigens

Studies of virion antigens have long focused on well-known murine leukemia
viruses (MuLVs) [Gross (G), Graffi, (Gi), Friend (F), Moloney (M), and Rauscher
(R)] as representatives of type C viruses and on murine mammary tumor virus
(MuMTYV) as the only established type B virus (Old and Boyse, 1965). Presently,
many as yet uncharacterized endogenous type C viruses are being detected and/or
isolated from various transformed as well as nontransformed cells (Todaro, 1972;
Lowry et al., 1971; Aaronson et al., 1971b). In both cases, questions of oncogen-
icity, vertical and/or horizontal transmission, existence of single or multiple viral
genes, and relationship between environmental factors and phenotypic expres-
sion of these and other viruses remain to be answered.

2.1. Viral Envelope Antigens

2.1.1. Biological Specificities

The unexpected diversity of VEAs in type C virus populations was revealed by
immunoelectron microscopy, neutralization tests, and radioimmunoassay (Aoki et
al., 1974a; Strand and August, 1974; Eckner and Steeves, 1972; Levy et al., 1969;
Geering et al., 1966). Depending on the use of sera from nonimmunized and
immunized hosts of different species, four major specificities of VEAs were



demonstrated on type C viruses (Aoki, 1974) (Table 2): (1) group-specific VEA
(gsVEA) broadly reactive with the sera of selected aged autoimmune NZB mice,
includes VEA of type C viruses released from other species; (2) subgroup-specific
VEAs (sub-gsVEAs) shared by several virus populations, demonstrable with
xenogeneic antisera, also includes VEAs of type C viruses from other species;
(3) type-specific VEAs (tsVEAs) detectable specifically on individual virus popula-
tions by mouse hyperimmune sera; and (4) subtype-specific VEAs (sub-tsVEAs)
consisting of at least two tsVEAs in mixed form on individual viruses of some
populations, demonstrable by different mouse hyperimmune sera. A new classifi-
cation of type C viruses has been made possible by use of these antigenic
specificities as markers. This method of categorization may likewise be applied to
type B virus.

An important question which needs to be studied pertains to the release of
endogenous type C viruses. In particular, different virus populations, in terms of
host ranges and VEAs, predominate from time to time during in vitro passages of
cultured nonmalignant as well as malignant cells and during in vivo transplanta-
tion of tumors (paper in preparation). Depending on the population(s) of
endogenous type C viruses, cells sometimes acquire new cell surface antigens,
such as MEV-SA1 (mouse endogenous virus—surface antigen 1: Herberman et al.,
1974). This phenomenon may be explained by the following possibilities: (1)
alteration or mutation of original endogenous type C viruses, (2) hybridization
between different classes of endogenous viruses, and (3) replacement of original
type Cviruses with other classes of viruses or selection of some special endogenous
viruses. Among these hypotheses, replacement or selection seems most likely; that
is, individual cells may possess several different genes, each of which produces a
respective class of endogenous type C virus as a phenotypic expression. The
phenotypic expression of certain types of virus may prevent the simultaneous
phenotypic expression of other types of endogenous viruses. When circumstances

TABLE 2
Classification of Type C Virus Envelope Antigens (VEAs)

Serum or antiserum

Designation of VEA used for detection Description

gsVEA Serum from selected A common VEA among
autoimmune aged NZB most, if not all,
mice type C viruses

sub-gsVEAs Rat or rabbit anti-MuLV VEAs common to some
sera® groups of type C

viruses
tsVEAs Mouse anti-MuLV sera Specific VEAs of

individual type C

viruses
sub-tsVEAs’ Mouse anti-MuLV sera Further individually

specified tsVEAs

“These antisera also recognize some tsVEAs.
® One mouse-typing serum reacts occasionally with VEAs of several different type C viruses. In addition, one virus
also reacts sometimes with at least two different mouse typing sera.
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induce the phenotypic expression of the second type of virus, expression of the
first disappears (replacement). If an extremely small number of certain endogen-
ous viruses exist among the predominant virus populations, under special
circumstances those few viruses may become the predominant population which
suppresses the previously predominant viruses (selection). However, it is difficult
to distinguish experimentally between these two possibilities.

2.1.2. Chemically and Physically Purified Viral Envelope Antigens

Polyacrylamide gel electrophoresis of disrupted, purified virions has resolved
many molecules ranging from less than 10,000 to more than 100,000 daltons, of
which only five to seven are considered major components. These antigenic
specificities have been clarified to some extent. A uniform nomenclature for the
components of RNA oncogenic virus used in this chapter seems to have been
generally accepted by most investigators (August et al., 1974). This designation is
based on expressing molecular weight in thousands, e.g., the 30,000 dalton
protein of MuLV is referred to as MuLV p30 and the 69,000 dalton glycoprotein
as MuLV gp69 (Table 3).

Two glycoproteins, gp69 and gp71, appear to be VEAs and to contain multiple
antigenic determinants ranging from tsVEA to gsVEA (Strand and August, 1973,
1974; Nowinski et al., 1972). These glycoproteins are difficult to separate by
high-resolution chromatography and their biochemical differences have not yet
been fully defined. They seem, however, to be antigenically quite similar, if not
identical, since antisera against gp69 and gp71 prepared in rabbits showed strong
and similar capacities to neutralize a variety of MuLVs and other type C viruses.

A similar VEA of type B virus has been found to be gp52 (S-1), which can be
purified from MuMTYV in the milk of all mouse strains with a high incidence of
spontaneous mammary tumor (Parks et al., 1974; Teramoto et al., 1974). This
glycoprotein is also associated with mouse mammary adenocarcinomas and is
antigenically common to all MuMTVs and mammary tumors tested. Recent

TABLE 3
Magjor Virion Polypeptides Purified by Polyacrylamide Gel Electrophoresis

Mammalian Avian
Type C virus Type B virus Type C virus
(R-MuLV)* (MuMTV)* (AMV)?
gp69~71° gp5H2 gp85
gp36 gp35
p30 p27(28) p27
pl9
plb pl4 plb
pl2 pl2
plo plO plo

“R-MuLV, Rauscher murine leukemia virus: MuMTV, murine mammary tumor virus;
AMYV, avian myeloblastoma virus.
* gp69, glycoprotein 69,000 daltons; p30, protein 30,000 daltons.



investigations indicate the presence of gp52 on the viral envelope. This new
observation is contrary to the previous finding that S-1 exists inside the virion
(Nowinski et al., 1971). Therefore, gp52 seems to be gsVEA but, as noted before,
the species for immunization should be selected with care so that the specificity of
the VEA detected can be determined. Although the location of gp52 needs to be
clarified by further studies, its specificity has been found to differ considerably
from that of the major polypeptides on the envelope of type C viruses.

2.2. Intraviral Antigens

2.2.1. Biological Specificities

Historically, five intraviral components of type C virus were demonstrated by
Ouchterlony gel immunodiffusion and the specificity of two major antigens, gs1
and gs3, was well defined (Geering etal., 1966, 1970; Gregoriades and Old, 1969).
These were later shown to coexist on a single molecule (Gilden and Oroszlan,
1972; Parks and Scolnick, 1972). One reason for distinguishing between these
antigenic determinants is that gs1 antibody belongs to 1gG class and gs3 antibody
to IgM class, resulting in a difference in mobility of the antibodies. While gs1 is
specific for all isolates of type C viruses including endogenous viruses from a given
species, making it possible to determine the species of origin of the virus, the
specificity of gs3 is shared by type C viruses derived from many different species
such as the mouse, rat, hamster, cat, woolly monkey, gibbon, and baboon (Gilden
etal., 1974). Thus gsl and gs3 are also designated as intraspecies and interspecies
antigens, respectively (Schifer et al., 1970). When a new type C virusis detected in
a species which has hitherto not been found to produce the virus, it is helpful for
its characterization to examine whether the virus contains gs1 cross-reacting with
known type C virus or only with gs3. The latter case suggests the possibility that a
new type C virus exists in this species.

Specific RNA-directed DNA polymerases (reverse transcriptase) have been
detected in various classes of RNA type C and type B viruses (Green and Gerard,
1974). Humoral antibody to reverse transcriptase was found by its inhibiting effect
on enzyme activity in the serum of rats with MuLV-releasing tumors (Aaronson et
al., 1971a). Since antiserum against the reverse transcriptase of some MuLVs
showed a cross-reaction with other groups of MuL. Vs, it seems most likely that the
reverse transcriptases of several mammalian type C viruses are antigenically
related (Table 4). In fact, although reverse transcriptase is a universal component
of RNA oncogenic viruses, there are distinct classes of reverse transcriptases: (1)
antibodies to the avian enzyme do not inhibit the enzyme activities of other type C
or type B viruses; (2) antibodies to mammalian type C reverse transcriptases do
not inhibit the enzyme activity of type B viruses; and (3) antibodies to the baboon
type C and RD-114 virus reverse transcriptases do not inhibit that of MuL'V or
woolly monkey sarcoma SSV-1. Antisera to reverse transcriptases have been
prepared by immunizing rabbits with partially purified reverse transcriptases.
Naturally occurring antibodies to MulV reverse transcriptases have been
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164 TABLE 4
Antigenic Relatedness of RNA Virus Reverse Transcriptase (RT)

TADAO AOKI
AND LOUIS R. Reverse transcriptase inactivated by antiserum®
SIBAL
Anti-MuLV*® Anti-RD-114 virus® Anti-avian virus® Anti-MuMTV®
RT RT RT RT
RT of RT of RT of RT of
MuLV RD-114 virus Schmidt-Ruppin strain MuMTV
Rous sarcoma virus®
Rat leukemia Baboon type C virus M7 Bryan strain
virus Rous sarcoma virus
Hamster leukemia Rous-associated
virus leukosis viruses RAV-1
and RAV-2
Feline leukemia
virus®
Simian sarcoma Avian myeloblastosis
virus SSV-1°¢ virus
(woolly monkey
virus)

Gibbon type C

virus

“The RTs of a relatively large group of viruses—viper, Visna, Mason—Pfizer monkey, and simian “foamy”
viruses—were not inhibited by antibodies to the RTs of MuLV and avian leukosis virus.

®MuLV, murine leukemia virus; RD-1 1:1 virus, feline endogenous viruses acquired by human rhabdomyosarcoma
114 cell line during transplantation in fetal cats; MuMTYV, murine mammary tumor virus.

“Reciprocal cross-reactivity with anti-MuLV demonstrated.

detected as antigen—antibody complexes in the kidney of virus-infected hosts.
When homologous antisera to the MuLV reverse transcriptase were used, rat,
hamster, cat, woolly monkey, and gibbon reverse transcriptases were only
partially inactivated (Parks et al., 1972). These findings suggest antigenic related-
ness but not identity among the viral reverse transcriptases of these species.
Therefore, it may be stated that reverse transcriptases contain both intraspecies
(group) specific and interspecies determinants.

2.2.2. Physical-Chemical Properties

A major intraviral polypeptide of approximately 30,000 daltons, (range
27,000-33,000), referred to as p30, accounts for almost 30% of the virion mass
(Oroszlan et al., 1970). The p30 was defined as having gs1 and gs3, which reside on
a single molecule as mentioned before. In addition, this protein possesses
type-specific antigenic determinants (Strand and August, 1974; Stephenson et al.,
1974); competition radioimmunoassays in combination with different murine
type C viruses, anti-R-MuLV serum, and labeled R-MuLV p30 demonstrated
different antigenic activities in the order of R-MuL.V > M-MuLV > F-MuLV > G-
MuLV (Strand and August, 1974). In another study using a similar assay, the
reactivities of the p30 polypeptides of three MuLV strains were readily distin-
guishable on the basis of the different slopes of the inhibition curves (Stephenson



et al., 1974). The p30 reactivities of two endogenous isolates from BALB/cembryo
cells were indistinguishable from AKR-MuLV but were unlike R-or M-MuLV. In
both studies, however, the significance of the results remains to some extent
questionable, because standard stock viruses were not derived from single clones.

Although the p30 possesses gs1, there are some exceptions, as is the case with
RD-114 virus, which arose in the human rhabdomyosarcoma cell line RD-114
after passage through a fetal cat. From hybridization data, however, RD-114 virus
has been determined to be of feline origin (Okabe et al., 1973). The p30 molecule
does not share reactivity with this FeLV (feline leukemia virus) p30, but does show
considerable immunological activity to other endogenous feline type C isolates
and to baboon M7 and other endogenous type C viruses (Sherr et al., 1974).
Another exception is the recent finding that while group-specific antisera to lower
mammalian type C viruses are nonreactive to woolly monkey and gibbon p30,
essentially complete cross-reactivity occurs between woolly monkey and gibbon
proteins. Thus group-specific (intraspecies) intraviral antigenic determinants can
generally be taken to indicate the species of origin, but failure to detect them is not
decisive, and the combined utilization of virological, biochemical, and
immunological data is usually needed for the identification of new virus isolates.

The p30 also carries common intraspecies reactivities of type C viruses (Gilden
and Oroszlan, 1972; Parks and Scolnick, 1972). To date, all mammalian type C
viruses contain this protein. This does not imply that each p30 molecule contains a
fixed number of identical antigenic determinants, but rather a spectrum of
determinants which are common to mammalian type C viruses. In addition, it is
worth noting that the p30 of the M7 baboon virus cross-reacts strongly with p30 of
the RD-114 virus, suggesting a close relationship but little or no cross-reactivity
with woolly monkey sarcoma virus SSV-1 or gibbon viruses isolated from other
nonhuman primates. These findings indicate the need for the careful selection of
reagents for the detection of viral expression in cells of other primates, including
man. Other viruses tested in this system—avian type C, murine type B,
Mason-Pfizer monkey, and feline and primate syncytium-forming viruses—had
no detectable interspecies reactivity; hence the observations described above
appear to be entirely limited to mammalian type C viruses. Furthermore, the p27 of
MuMTYV is antigenically unrelated to the p30 of mammalian type C viruses. Its
usefulness as a probe should be clarified by further studies.

Another purified component of type C viruses is pl12, which is antigenically
distinct from other biochemically defined viral proteins and possesses only
type-specific determinants (Tronick etal., 1973, 1974). The high degree of its type
specificity is attested to by the fact that differences in antigenic reactivities among
type C virus strains, including murine endogenous, woolly monkey, and gibbon
type C viruses, can be readily distinguished by radioimmunoassay. The signifi-
cance of these observations is heightened by the fact that p12 (as well as p30) is
fully translated in cells in the absence of detectable virus release and can be
concentrated to levels that are measurable by radioimmunoassay (Stephenson et
al., 1974). Consequently, this antigenic marker may be extremely useful in
identifying closely related type C viruses.
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Reverse transcriptases have been solubilized and partially purified from RNA
tumor viruses of several animal species. Because of the limited amounts available
of some of these viruses and the fact that the enzyme represents only approxi-
mately 0.1% of the viral protein moiety, rigorous antigenic characterization of
reverse transcriptases has not yet been possible (Green and Gerard, 1974). It
appears, however, that the enzymes of type C viruses of mammalian origin have a
single subunit of approximately 70,000 daltons, whereas those of type B and
Mason—-Pfizer monkey viruses are larger, approximately 110,000 daltons. A
reverse transcriptase has been isolated from the peripheral blood leukocytes of a
patient with acute myelogenous leukemia. This enzyme has a molecular weight of
70,000 daltons and is strongly inhibited by antisera to woolly monkey sarcoma
virus SSV-1 and gibbon type C viruses (Gallagher et al., 1974). Although these
studies require confirmation, the authors suggest the presence of a common viral

protein in this human disease.

3. Virus-Induced Antigens

Virus-induced antigens have been studied extensively in murine leukemias,
especially in G, Gi, F, M, and R systems, and in sarcoma systems, by serological and
transplantation methods (see below). The analysis of type B virus induced cell
surface antigens has been limited to transplantation studies because of the
difficulty of preparing suitable cell suspensions from the solid mammary tumor.
Although many endogenous type C viruses are being found, the study of
virus-induced cellular antigens is still in its initial stages. This section will review
mainly the murine leukemia system, particularly the G antigen system.

3.1. Cell Surface Antigens

3.1.1. Biological Specificities

Cell surface antigens were first demonstrated by the rejection of transplanted
MuLV-induced tumors. During rejection, the host produced specific antibody
which was cytotoxic to the tumor cells in the presence of complement. Rigorous
serological studies have demonstrated that leukemias induced by the same strains
of MuLV share common antigens while leukemias induced by other strains of
MuLV possess antigens with different specificities (Old and Boyse, 1965). These
phenomena were also observed in different animal species. This finding is in
major contrast to the situation with chemical-carcinogen-induced tumors, in
which individual antigen specificities are found (Old etal., 1962). Both shared and
individual antigenicities were found in mammary tumors (Dezfulian et al., 1968;
Vaage, 1968a,b; Silobreic and Suit, 1967; Suit and Silobreic, 1967; Morton et al.,
1965).

In the Gleukemia system, G cell surface antigens (GCSAs) demonstrated to date
are GCSAa, b, c (Aoki et al., 1972; Herberman, 1972; Geering et al., 1966; Old et



FIGURE 1. C57BL/6 Gross leukemia ESG2 cells were reacted with the G-typing mouse
serum; only sectors of the cell surface are labeled with southern bean mosaic virus.
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FIGURE 2. C57BL/6 Gross leukemia ESG2 cells were reacted with the G-typing rat serum;
the entire viral envelope and sectors of the cell surface are labeled with ferritin.



al., 1965), G., Gr (Nowinski and Peters, 1973), and G;x (Stockert et al., 1971). As
observed in other tumor systems, different species can recognize different specific
antigens in this system; the G-typing mouse serum contains antibodies only against
GCSAa, c, but the G-typing rat serum contains, in addition, antibodies against
GCSAD, G, G, and Gx (Aoki et al., 1972). Among them, Gix is a normal T-cell
antigen of certain mouse strains, inherited in Mendelian fashion, but may be
induced by G-MuLV in cells of any genotype and in cells of phenotypes other than
the T-cell (Ikeda et al., 1973). Immunoelectron microscopy demonstrated that the
G-typing rat serum reacts with both the viral envelope and the cell surface,
whereas the G-typing mouse serum reacts only with the cell surface and not with
the viral envelope (Aoki, 1971, 1973; Aoki etal., 1970) (Figs. 1 and 2). Moreover, it
is well known that G-MuLV is broadly transmitted horizontally as well as vertically
to most, if not all, strains of mice and rats (Aoki et al., 1968¢; Boyse et al., 1967).
Therefore, it is reasonable to detect some G antigens on the surface of Gi, F, M,
and R leukemia cells (Levy et al., 1969; Old etal., 1964). F leukemia cells have been
shown to possess three classes of CSAs (Ting and Herberman, 1974; Ting et al.,
1974): (1) fetal antigen common among F, M, and R leukemias; (2) a CSA common
between F and M, and another CSA common between F and R; and (3) F-specific
CSA. It has become evident that a common antigen among F, M, and R leukemias
previously reported (Old and Boyse, 1965; Old et al., 1964) is a fetal antigen or a
combination of common antigens between F and M, and between F and R.

In addition to MuLV-associated CSAs, there are other type C virus-induced
CSAs, namely, MSV-induced CSAs. Surprisingly, although MSV has obtained its
viral envelope from MuLV and/or endogenous type C viruses, in vitro MSV-
transformed and subcloned mouse and rat nonproducer cells induce a small
amount of common specific CSAs different from MuLV and its induced antigens
(Aoki etal., 1973a). No difference is demonstrated in the specificity of Kirsten (Ki)-
and M-MSV-induced nonproducer CSAs. It has also been shown that a species
other than mouse, the rabbit, is able to recognize at least two MSV-induced CSAs
differing from those of mouse and rat nonproducer cells (Aoki et al., 1974c).
Furthermore, woolly monkey sarcoma virus SSV-1-transformed mouse and rat
nonproducer cells have been found to carry two more CSAs. The latter four
different antigen classes are designated sarcoma cell surface antigens SCSAa, b, c,
d (Table 5). SCSAa is uniquely conferred by SSV-1, SCSAD is shared with MSV-
and SSV-1-transformed rat nonproducer cells, SCSAc is common to MSV-
transformed mouse nonproducer cells and SSV-1-transformed rat nonproducer
cells, and SCSAAJ is broadly reactive with the rabbit antiserum against these three
nonproducer cell lines.

Besides virus-induced antigens, an antigen common to VEA is present on the
cell surface. In the NZB lymphoma system, type C virus producer and non-
producer cell lines carry a common glycoprotein on cell surfaces (Kennel et al.,
1973). This glycoprotein stimulates the host to produce neutralizing antibody
against this type C virus. Additionally, some gs* and cellular helper factor positive
avian embryo fibroblasts (nonmalignant) possess an antigen common to VEA of
Bryan strain Rous sarcoma virus (B-RSV) on the cell surface (Hanafusa et al.,
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170 TABLE 5
Summary Data of Antigenic Specificities Detected on the Surface of Kirsten Murine Sarcoma Virus

TADAO AOKI (Ki-MSV) and Woolly Monkey Sarcoma Virus (WSV) Transformed Cells
AND LOUIS R.
SIBAL Detected on cell surfaces of
Ki-MSV- Ki-MSV- WSV-trans-
transformed transformed formed normal
Antigenic BALB/3T3 cell normal rat rat kidney
specifi- line kidney fibroblast fibroblast
city K-BALB line K-NRK line W-NRK Interpretation
SCSA“a - - + WSV-induced CSA’ in
W-NRK
SCSAb - + + A common Ki-MSV- and

WSV-induced specific
CSA in K- and W-NRK

SCSAc + - + A common Ki-MSV- and
WSV-induced specific
CSA in K-BALB and
W-NRK

SCSAd + + + A common specific CSA
induced by Ki-MSV and
WSV in K-BALB, K-NRK
and W-NRK

“SCSA, sarcoma cell surface antigen.
? CSA, cell surface antigen.

1973; Aoki, 1975). This antigen can absorb antibody to VEA of B-RSV from chick
anti-B-RSV serum, as detected by immunoelectron microscopy and neutralization
tests. These findings may open a way to detect defective human oncogenic type C
virus, if it exists in this form.

Itis of great interest that during long-term cell culture or long-term transplan-
tation of malignant cells, cell surface antigens apparently associated with
endogenous type C viruses and/or their viral genome, as well as VEAs, frequently
convert from one specificity to another as described above, and are accompanied
by changes in CSAs (paper in preparation). Although many genes seem to be
involved in the appearance of various endogenous type C viruses, it remains
unclear which of the endogenous viruses are responsible for the conversion of cell
surface antigens.

3.1.2. Physical-Chemical Properties

What little is known biochemically about RNA oncogenic virus induced cell
surface antigens in the G, F, M, and R leukemia systems contrasts with the more
solid information on VEAs. Solubilized G-MuLV-associated surface antigens,
following papain digestion and precipitation with ammonium sulfate, were
fractionated by chromatography into two peaks of 60,000 and 45,000 daltons on
Sephadex G150, sucrose density 1.05 g/ml (Herberman etal., 1973). The antigens
were labile, being inactivated by two cycles of freeze-thawing or storage at 4°C for



1 wk. Similar results were obtained with F-, M-, and R-MulLV-associated surface
antigens (Lilly and Nathanson, 1969). The relationship between solubilized
virus-induced surface antigens and circulating free soluble antigens (see below)
has not been established.

A solubilized CSA common to VEA in the NZB lymphoma system was found to
be a glycoprotein with a molecular weight of 70,000 daltons (gp70) (Kennel et al.,
1973). This finding is consistent with the presence of VEAs gp69 and gp71 of
MuLV, and provides a better marker for detecting VEAs on nonmalignant as well
as malignant nonproducer cells infected with type C viruses. If indeed certain
human tumors might be induced by type C viruses, the tumor cells could be
nonproducers, because no mature type C viruses have been detected to date.
Pending the detection of mature viruses, CSAs common to VEAs would be very
important markers for the detection of possible human oncogenic type C viruses.

3.1.83. Antigenic Modulation

The phenomenon of antigenic modulation is a special case of progressive tumor
growth. When tumor-specific antigen-positive malignant cells are transplanted
into syngeneic hosts preimmunized with the antigen, host resistance to the tumor
cells is lacking or is extremely weak. As long as the specific antibody is present, the
phenotype of the tumor cells is changed from antigen positive to antigen negative.
When the tumor cells are transplanted back into untreated hosts, the antigen
again become phenotypic. The phenomenon was originally observed in vitro as
well as in vivo in the murine TL (thymus-leukemia) antigen system (Boyse and
Old, 1969); although the responsible oncogenic viruses have not yet been
discovered, their existence is inferred. Incomplete antigenic modulation also has
been observed in some GCSAa, ¢ of G-MuLV-induced C57BL/6 leukemia (Aoki
and Johnson, 1972) and in fetal antigen of R- and F-MuLV-induced C57BL/6
leukemias (Ortaldo et al., 1974). The MuLV-induced leukemia showed only
incomplete antigenic modulation in animals; the original amount of antigen
diminished markedly but was not entirely abolished. This phenomenon may
occur in other virus-induced tumors, such as MSV-induced sarcoma (Green-
berger et al., 1974). Indeed, antigenic modulation could be more general than
initially expected. Further investigation of this problem may provide a means to
analyze the relationship among genes, phenotypic expression of antigen, virus
infection, and tumor growth.

3.2. Iniracellular Antigens

Itis well known that intraviral antigens including virus-specific reverse transcrip-
tases can be detected intracellularly, sometimes in both cytoplasmic and nuclear
areas (Stephenson et al., 1974; Hilgers et al., 1972). In particular, type B virus
exists in the cytoplasmic area as naked type A particles, which are occasionally
detected in tumors such as Leydig’s tumor as an inclusion body under the light
microscope or as a crystal under the electron microscope (Pourrean-Schneider et
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al., 1968). Consequently, such tumor cells may provide a better source of type B
intraviral components than the milk of MuMTV-positive mice, because type B
components are often heavily contaminated with type C viruses in the milk
(Nowinski et al., 1968).

The presence of gs3 has also been revealed on the surface of type C virus
induced and/or associated malignant cells by immunofluorescence and
immunoelectron microscopy (Yoshiki et al., 1964, 1973).

3.3. Soluble Antigens

Soluble antigens associated with RN A oncogenic viruses have been demonstrated
in the circulation in free form and in the kidney as antigen—antibody complexes.
Free soluble antigens were first detected in the plasma of mice infected with F-,
M-, and R-MuLV (Stiick et al., 1964a), but have not been studied as extensively as
the G soluble antigen (GSA) system (Aoki et al., 1968a,b, 1972), which will be taken
as the model system in this chapter and described in detail.

3.3.1. Biological Specificities

Based on the knowledge of the diverse classes of G surface antigens, GSAs in the
circulation corresponding to GCSAa, b, ¢, tsVEA, and gsVEA have been demon-
strated by inhibition studies using indirect immunofluorescence and immunoelec-
tron microscopy (Aoki et al., 1972). While GSAs corresponding to G,x, G, G+, and
intraviral antigens have not yet been detected in the circulation, GCSAs, VEAs,
and most known intraviral antigens have been found as antigen-antibody
complexes in the kidney (Hollis et al., 1974; Oldstone et al., 1972a; Mellors et al.,
1971).

What is the origin of soluble antigens? They may be released into the body fluids
(1) during turnover of the cell membrane, including virus budding, and (2) from
destroyed cells and virions. However, when GSAs adsorbed on G™ indicator cells
were examined by immunoelectron microscopy, neither cellular nor viral frag-
ments were detectable in the labeled areas. This finding suggests that GSAs may
be molecules carrying antigenic sites. The situation observed in vitro may also
occur in vivo; that is, after release, soluble antigens may be adsorbed onto the
surface of cells and viruses. This is a kind of antigenic conversion in which
originally MuLV-associated antigen-negative cells become positive by the adsorp-
tion of soluble antigens onto the cell surface (Stiick et al., 1964b). In animals, the
source of soluble antigens may be nontransformed MuLV-infected cells as well as
foci of malignantly transformed cells.

The detection and/or isolation of soluble antigens can aid significantly in (1) the
early diagnosis of a given virus infection, (2) the understanding of the relationship
among oncogenic viruses, tumors, and hosts, (3) the analysis of geneticinfluences
on virus infection or virus production, and (4) the evaluation of potential methods
of therapy, especially immunotherapy.



3.3.2. Physical-Chemical Properties

Although MuLV passes the 200-nm but not the 50-nm Millipore filter, GSAs are
filtrable through 50- and 10-nm Millipore filters (Aoki et al., 1968a). They are not
sedimented by centrifugation of infective plasma at 100,000gfor 2 h. At this time,
the supernatant fluid is free of G-MuLV, as shown by the absence of leukemogenic
activity. Most GSAs, however, are sedimentable by centrifugation at 100,000g for
18 h. In addition, they have sedimentation coefhlicients of 6.4 S on sucrose rate
zonal centrifugation (unpublished observations). The stability of GSAs is similar
to that of solubilized GCSAs; three cycles of freeze-thawing, storage at 4°C for 46
days, or heating at 56°C for 30 min inactivates the antigenicity (Herberman et al.,
1973; Aoki et al., 1968a). Soluble antigens associated with MuMTV have been
found to have similar properties (Plata et al., 1973).

4. Host Immune Response

After oncogenic virus infection and activation or the initiation of tumor growth,
hosts respond immunologically to tumor- and/or virus-associated antigens,
regardless of whether the tumor progresses or regresses. Several pathways of host
immune response will be reviewed briefly.

4.1. Protection

When on occasion a tumor patient goes into spontaneous remission without
having undergone medical treatment, it is assumed that his condition has been
brought about by an appropriate immune response (Southam, 1960). Such host
resistance has been studied in experimental animal systems using transplanted
instead of spontaneous and/or primary tumors because of convenience and
availability (Klein, 1968); although studies with spontaneous tumors might more
nearly approximate the human situation, experimental findings to date have been
scant.

Investigations of the host immune response to transplanted tumors have
proven more promising, especially in the areas of tumor-associated transplanta-
tion antigen(s) (TATA)' and cell:-mediated immunity. When surface antigens
derived from tumors are used to transfer adoptive immunity with sensitized
lymphocytes and to carry out active immunization, the antigens must be rendered
safe from the biohazard standpoint without loss of antigenic activity. Optimum
conditions for fixation and stabilization of virus-induced tumor cells by formalin
have been found (Kudo et al., 1974); these conditions obviate the oncogenic
potential of the cells while retaining antigenicity. Formalin-fixation of antigens

' The term “tumor-associated transplantation antigen” (TATA) denotes two or more restrictive
antigens: (1) tumor-specific transplantation antigen (TSTA) formed by malignant transformation
and (2) virus-induced specific transplantation antigen (VSTA) acquired by virus infection.
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may become useful in immunotherapy as well as in the diagnosis of tumor
patients.

Whenever passive immunization with humoral antibody shows effective results,
it has been assumed that humoral antibody has stimulated immunologically
competent cells which play a primary role in tumor rejection (Ortez de Landazuri
etal., 1974). And since wild-type G-MuL.V-induced spontaneous leukemia cells of
AKR mice were recently found to be destroyed by transfusion of the fifth
component of complement (Kassel et al., 1973), humoral antibody also should be
considered as an essential factor in tumor regression. Moreover, the formation of
natural antibody to various classes of RN A oncogenic virus-associated antigens is
a special host immune response in cases of virus-induced tumor-bearing hosts.
Such instances include the G natural antibody production in some mouse strains
resistant to G-MuLV (Aoki et al., 1966) and the formation of natural antibody to
gsVEA in NZB mice (Aoki et al., 1970) and apparently to tsVEA or sub-gsVEA in
other strains of mice (Aaronson and Stephenson, 1974; Batzing et al., 1974). This
natural antibody formation is to a certain extent effective in the protection against
tumor induction by viruses. In contrast, the production of natural antibody to
chemical-carcinogen-induced tumor antigens is rare, if it exists.

4.2. Escapes

Although hosts may respond to antigens associated with virus-induced tumors
and produce weak but specific antibodies, the tumors usually grow too fast to
regress by host immunity. In this case, antigen and antibody coexist, possibly as
antigen—antibody complexes which may constitute one type of serum blocking
factor (Baldwin et al., 1974; Sjogren et al., 1971; Hellstrom et al., 1971). Both the
virus infection and the growth of virus-induced tumors suppress the general host
immune response, resulting in the acceleration of tumor growth (Wedderburn
and Salaman, 1968; Salaman and Wedderburn, 1966; Southam, 1960). Further-
more, phenomena like antigenic modulation and immune suppression are
difficult to distinguish from each other in detail, because they may appear
simultaneously.

The classic concept of immunological tolerance holds that as a result of the
exposure to a large amount of given antigens in embryonic or neonatal stages a
host is rendered incapable of producing humoral antibodies against these
antigens in the course of his lifetime (Billingham et al., 1956). Immunological
tolerance has long been considered to play a role in the growth of RNA oncogenic
virus induced tumors. It has been revealed, however, that MuLV-associated
antigen—antibody complexes are trapped by glomeruli of the neonatally MuLV-
infected mouse kidney while free antibodies are not detectable in the circulation
(Hollis et al., 1974; Oldstone etal., 1972a; Mellors etal.,1971). Specific neutralizing
antibody was isolated from kidney eluates of neonatally M-MuLV-infected
BALB/c mice, and several classes of specific antibodies to cell surface as well as
intraviral G antigens (including MuL. V-specific reverse transcriptase) were found



to exist in the kidney of AKR mice as complexes with antigens, as demonstrated by
complement fixation tests, immunofluorescence microscopy, immunoelectron
microscopy, and enzymatic assays.

A possible interpretation of these findings is that the excess amount of antigens
in the circulation reacts immediately with humoral antibodies produced in
extremely small amounts by neonatally infected mice to make antigen-antibody
complexes, which are of an appropriate molecular size to be trapped by kidney
glomeruli. Consequently, although no antibodies seem to be produced in these
mice, they are capable of making a small amount, indicating the lack of the
“complete” immunological tolerance described by many investigators. We feel
that this concept should be modified to indicate “incomplete” immunological
tolerance.

Is a type of incomplete immunological tolerance analogous to that found in
humoral antibody formation also present in cell-mediated immunity? When
C57BL/6 mice were neonatally infected with M-MuLV, after immunological
maturation their spleen cells did not show positive °’Cr-releasing lymphocyte-
mediated cytotoxicity against syngeneic M-leukemia cells, although specific
humoral antibodies to M-MuLV-associated antigens were detectable as immune
complexes in the kidney eluates of these mice (Chieco-Bianchi etal., 1974). In this
case, it was found that a state of thymus-derived (T)-cell unresponsiveness
occurred in neonatally infected mice. Since only spleen lymphocytes were
examined, however, it is possible that active lymphocytes from other organs may
be detectable. Nevertheless, partial tolerance to M-MulL.V-associated antigens also
did occur in this system.

5. Comments

Based on the present discussion of antigens associated with RNA oncogenic
viruses, we wish to discuss some related problems and hypotheses.

5.1. Detection of Virus Expression

Mammalian RNA tumor viruses contain major structural proteins and induce a
series of cell surface and soluble antigens. Many of these have already been
sufficiently well characterized to serve as markers for tumor virus expression
(Table 6). At present, the components of a number of mammalian tumor virus, of
species ranging from the mouse to the higher primates, are readily detectable by
immunological techniques and process broadly cross-reactive determinants
(interspecies determinants); these are gsVEA, sub-gsVEA and gp69~71 on the
cell surface, as well as, intracellularly, p30 (gs3) and reverse transcriptase. If a
human oncogenic virus is found, it may or may not possess these antigens;
nonetheless, the probability of contamination of human tumor cells with a known
type C virus from other species can be ruled outif the intraspecies antigens.of this
virus show no cross-reaction with known intraspecies antigens.
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TABLE 6

Application of Type C Virus Antigens to Detection of New Viruses

Purified
antigen Characteristics Application
pl2 Type specific; found in cells in absence  Useful for distinguishing closely related
of mature viruses viruses; possibly intraviral compo-
nent(s)
p30 Major intraviral component(s); inira- Intraspecies: Useful in identifying species
and interspecies specific; found in cells Interspecies: Common among most
without mature viruses mammalian species, useful probe for
human virus activity
Reverse Minor intraviral component(s); inéra- Intraspecies: Useful in identifying species
transcriptase and interspecies specific Interspecies: Useful probe for human
virus activity with limitations
gp69-71 Major component(s) of viral envelope; Group specific: May be useful probe for

group-, subgroup-, type-, subtype-
specific; possibly found in absence of

human virus activity; not

evaluated (see Table 3)

fully

mature viruses

Many considerations must be taken into account concerning the use of
well-defined viral reagents in test systems. Virus and virus-induced antigens are
considerably more complex than expected and may possess antigenic determin-
ants which differ in concentration and affinity. Hence one can expect differences
in the populations of antibodies produced against them, depending on the nature
of host species and the mode of immunization. For example, antibodies to p30
produced in the goat are predominantly directed to interspecies determinants
(gs3) of the molecule, where amino acid sequences are homologous among type C
viruses from different species. On the other hand, antibodies produced in the
guinea pig may be almost nonreactive to shared sequences reacting preferentially
to group-specific (gsl) determinants where amino acid sequences are more
variable in different species.

To date, the presence of human RNA oncogenic viruses has not been
demonstrated in spite of the efforts of many investigators. However, results
obtained from experimental studies strongly suggest the presence of these viruses
in human tumors, and it would appear that the antigenic markers found in
experimental systems could serve as probes for virus and virus expression in
human tumors. Such markers should satisfy the following conditions: (1) be
detectable by immunological techniques as a defined viral component, (2) be
produced in the absence of detectable mature or budding viruses, and (3) have
broad cross-reactivity between possibly human RNA oncogenic viruses and those
of other species.

5.2. Host Immune Response

Utilization of the antigens mentioned above makes it possible to study several
problems concerning the host immune response to these antigens. In the



prophylaxis and immunotherapy of those human tumors which may have been
caused by human RNA oncogenic viruses, the demonstration and characteriza-
tion of such human viruses represent but one approach to the ultimate goal. The
other is to consider the range of host immune responses which might be evoked by
the viruses. Recent studies in animals suggest some mechanisms which may be
paralleled in humans.

In some mouse strains with a high incidence of spontaneous leukemia such as
AKR and C58, it has long been considered that “complete” immunological
tolerance applies in the case of vertically transmitted RN A oncogenic viruses and
their associated antigens (Gross, 1951). Some new work, on the other hand, has
revealed that immunological tolerance to MuLV is “incomplete” in these mice (see
above), an encouraging finding which points to the application of immunological
methods in the prevention and cure of virus-induced tumors. For instance, in
prophylaxis, both active and passive immunizations could be undertaken with
gsVEA or sub-gsVEA, because of their broader antigenic spectrum. In contrast,
when tsVEAs with their narrower antigenic range are being used for immuniza-
tions, multiple tsVEAs must be utilized to cover different classes of viruses. In
these approaches, however, we have to consider two important problems: (1) Does
reaction with tumor-specific antigens induced by malignant transformation
occur? If we take advantage of incomplete immunological tolerance against
antigens associated with oncogenic RN A viruses for the prevention and treatment
of virus-induced tumors, the enhanced immune response to the antigens may also
damage nonmalignant somatic cells infected with the viruses, because the somatic
cells carry these antigens. Therefore, in virus-induced tumors, tumor-specific
antigens should also be considered, and the method to prevent such a risk must be
investigated. (2) Deposit of antigen—antibody complexes sometimes induces
autoimmune diseases such as nephritis (Oldstone et al., 1972b). We have to pay
attention to this risk in cases of incomplete immunological tolerance.

In addition to active and passive immunizations, immunotherapy may be
established by the transfer of adoptive immunity against CSAs as well as VEAs; the
latter also induce cytolysis with antisera to VEAs in the presence of complement.
There is a recent trend toward inducing the rejection of transplanted tumors by
using sensitized lymphocytes. It is interesting, moreover, that the intravenous
injection of the fifth component of complement alone into leukemic AKR mice
destroys many of the leukemia cells (Kassel et al., 1973). This finding seems to
indicate (1) the importance of humoral antibody in the treatment of AKR
spontaneous leukemias, because complement is not required in cell-mediated
immunity, and (2) the retention of antibody activity by humoral antigen—antibody
complexes in the circulation either because active antibody sites are incompletely
saturated by soluble antigens or because antibodies bind antigens on the surface of
malignant cells. Therefore, it would seem that the role of humoral antibody in the
treatment of tumors cannot be ignored.

Antigenic modulation presents a problem which, unless it can be overcome or
circumvented, would permit some tumors to escape from effective
immunotherapy. Demonstration of antigenic modulation has been based on in
vitro experiments (Old &t al., 1968), indicating a humoral immune response;
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however, it is still questionable whether this modulation also occurs in cell-
mediated immunity.

Ideal tumor treatment might combine immunotherapy with chemotherapy.
For this, the chemotherapeutic reagent should have two effects, a direct effect on
malignant cells and an indirect effect through the enhancement of host immune
response, or at least no suppressive effects. Because of their immunosuppressive
effects, conventional antitumor drugs do not satisfy these conditions. Therefore,
new reagents are being sought to meet such needs. BCG is one of the candidates
(Borsos and Rapp, 1973). In addition, a preparation of dried Streptococcus
hemolyticus with a low virulence (Okamoto et al., 1972) has been found to satisfy
these conditions in experimental and clinical applications (Kurokawa et al., 1972;
Okamoto et al., 1966). The cocci showed a direct antitumor effect and induced an
increase in the production of natural antibodies (Aoki et al., 1974b) both to GCSAs
(Aoki et al., 1966) and to a cell surface differentiation antigen PC1; the latter
antigen seems most likely to be induced by xVEA™ type C viruses (Aoki et al.,
1973b; Aokiand Todaro, 1973; Aokiand Takahashi, 1972; Herberman and Aoki,
1972). These new reagents indicate a direction which may become important for
the immunotherapy of tumors.

In conclusion, while the results of experimental systems suggest useful
immunological approaches to the prevention and treatment of possibly virus-
induced human tumors, the demonstration of the existence of human RNA
oncogenic viruses is a prime requirement. Because mature or budding viruses
have yet to be detected in human tumors, it is considered likely that certain
suppressive mechanisms affect the maturation of such oncogenic viruses. Progress
in elucidating this problem lies as much in drawing fruitful analogies from model
systems as in being aware of possible differences in the human system.

6. References

AARONSON, S. A., AND STEPHENSON, J. R., 1974, Widespread natural occurrence of high titers of
neutralizing antibodies to a specific class of endogenous mouse type-C virus, Proc. Natl. Acad. Sci.
U.S.A. 71:1957.

AARONSON, S. A., PARKS, W. P., SCOLNICK, E. M., AND TODARO, G. ]J., 19714, Antibody to the
RNA-dependent DNA polymerase of mammalian C-type RN A tumor viruses, Proc. Natl. Acad. Sci.
U.S.A. 68:920.

AARONSON, S. A., TODARO, G. J., AND SCOLNICK, E. M., 19715, Induction of murine C-type viruses
from clonal lines of virus-free BALB/3T3$ cells, Science 174:157.

AOKI, T., 1971, Surface antigens of murine leukemia cells and murine leukemia viruses, Transplant.
Proc. 3:1195.

AoOKI, T., 1973, An analysis of antigens on the surface of murine leukemia viruses and cells, in:
Unifying Concepts of Leukemia (R. M. Dutcher and L. Chieco-Bianchi, eds.), Bibl. Haematol. (Basel)
39:307.

Aoki, T., 1974, Murine type-C RNA viruses: A proposed reclassification, other possible
pathogenicities, and a new immunologic function, J. Natl. Cancer Inst. 52:1029.

AOKI, T., 1975, Surface antigens of normal and neoplasticlymphohematopoietic cells, in: Immunolog-
ical Aspects of Neoplasia (E. Hersh, ed.), presented at the 26th Annual Symposium on Fundamental
Cancer Research, Houston, Texas, pp. 149-167, Williams & Wilkinson, Baltimore, Md.



AOKI, T., AND JOHNSON, P. A., 1972, Suppression of Gross leukemia cell-surface antigens: A kind of
antigenic modulation, J. Natl. Cancer Inst. 49:183.

AOKI, T., AND TAKAHASHI, T., 1972, Viral and cellular surface antigens of murine leukemias and
myelomas: Serological analysis by immunoelectron microscopy, J. Exp. Med. 135:443.

Aoki, T., AND TODARO, G. ]J., 1973, Antigenic properties of endogenous type-C viruses from
spontaneously transformed clones of BALB/3T3, Proc. Natl. Acad. Sci. U.S.A. 70:1598.

Aoki, T., BOYSE, E. A,, AND OLD, L. J., 1966, Occurrence of natural antibody to the G (Gross)
leukemia antigen in mice, Cancer Res. 26:1415.

AoOKk1, T., BOYSE, E. A,, AND OLD, L. J., 19684, Wild-type Gross leukemia virus. I. Soluble antigen
(GSA) in the plasma and tissues of infected mice, J. Natl. Cancer Inst. 41:89.

AoKI, T., BOYSE, E. A,, AND OLD, L. J.,, 1968b, Wild-type Gross leukemia virus. II. Influence of
immunogenetic factors on natural transmission and on the consequences of infection, J. Natl. Cancer
Inst. 41:97.

AOKI, T., BOYSE, E. A, AND OLD, L. J., 1968¢, Wild-type Gross leukemia virus. I11. Serological tests as
indicators of leukemia risk, J. Natl. Cancer Inst. 41:103.

AOK1, T., BOYSE, E. A, OLD, L. ]., DEHARVEN, E., HAMMERLING, U., AND WOOD, H. A., 1970, G (Gross)
and H-2 cell surface antigens: Location on Gross leukemia cells by electron microscopy with visually
labeled antibody, Proc. Natl. Acad. Sci. U.S.A. 65:569.

Ao0k1, T., HERBERMAN, R. B., JOHNSON, P. A., Liu, M., AND STURM, M. M., 1972, Wild-type Gross
leukemia virus: Classification of soluble antigens (GSAs), J. Virol. 10:1208.

AOkK1, T., STEPHENSON, ]J. R., AND AARONSON, S. A., 19734, Demonstration of a cell-surface antigen
associated with murine sarcoma virus by immunoelectron microscopy, Proc. Natl. Acad. Sci. U.S.A.
70:742.

AOKI, T., POTTER, M., AND STURM, M. M., 1973b, Analysis of type C viruses associated with primary
and short-term transplanted mouse plasma cell tumors by immunoelectron microscopy, J. Natl.
Cancer Inst. 51:1609.

AOKI, T., HUEBNER, R. J., CHANG, K. S. S., STURM, M. M., AND L1U, M., 19744, Diversity of envelope
antigens on murine type C RNA viruses, J. Natl. Cancer Inst. 52:1189.

AOKI, T., KVEDAR, J. P.,, Kupo, T., PLaTA, E. J., SENDO, F., AND HoOLLIS, V. W,, Jr., 1974b,
Enhancement of host immune response to cell surface antigens by the extract of Streptococcus
hemolyticus, in: Comparative Leukemia Research, 1973 (Y. Ito and R. M. Dutcher, eds.), pp. 237-240,
University of Tokyo Press, Japan.

AOKI, T., STEPHENSON, J. R., AARONSON, S. A., AND Hsu, K. C., 1974¢, Surface antigens of mammalian
sarcoma virus-transformed nonproducer cells, Proc. Natl. Acad. Sci. U.S.A. (in press).

AUGUST, ]J. T., BOLOGNESI, D. P., FLEISSNER, E., GILDEN, R. V., AND NOWINSKI, R. C., 1974, Letter to
Editor: A proposed nomenclature for virion proteins of oncogenic RNA viruses, Virology 60:595.

BALDWIN, R. W., BOWEN, J. G., EMBLETON, M. J., PRICE, M. R., AND ROBINS, R. A., 1974, Serum factors
modifying lymphocyte cytotoxicity for tumor cells, Adv. Biosci. 12:539.

BATZING, B. L., YURCONIC, M., Jr.,, AND HANNA, M. G., Jr., 1974, Autogenous immunity to
endogenous RNA tumor virus: Chronic humoral immune response to virus envelope antigens in
B6C3F, mice, J. Natl. Cancer Inst. 52:117.

BILLINGHAM, R. E., BRENT, L., AND MEDAWAR, P. B., 1956, Quantitative studies on tissue transplanta-
tion immunity. III. Actively acquired tolerance, Philos. Trans. R. Soc. London 239:357.

Borsos, T., AND RAPP, H. ., eds., 1973, Conference on the use of BCG in therapy of cancer, Natl.
Cancer Inst. Monogr. 39.

BOYSE, E. A., AND OLD, L. J., 1969, Some aspects of normal and abnormal cell surface genetics, Ann.
Rev. Genet. 3:269.

Boysg, E. A., OLD, L. J., AND Aok1, T., 1967, Immunogenetics of leukemia in the mouse, in: Treatment
of Burkitt’s tumor (J. H. Burchenal and D. P. Burkitt, eds.), UICC Monograph Series, Vol. 8, pp.
248-257, Springer, New York.

CHIECO-BIANCHI, L., SENDO, F., AOKI, T., AND BARRERA, O. L., 1974, Immunologic tolerance to
antigens associated with murine leukemia viruses: T-cell unresponsiveness? J. Natl. Cancer Inst.
52:1345.

DEHARVEN, E., 1968, Morphology of murine leukemia viruses, in: Experimental Leukemia (M. Rich,
ed.), pp. 97-129, Appleton-Century-Crofts, New York.

DEZFULIAN, M., ZEE, T., DE OME, K. B., BLAIR, P. B., AND WEISS, D. W., 1968, Role of the mammary
tumor virus in the immunogenicity of spontaneous mammary carcinomas of BALB/c mice and in
the responsiveness of the hosts, Cancer Res. 28:1759.

179

RNA
ONCOGENIC
VIRUS-
ASSOCIATED
ANTIGENS



180

TADAO AOKI
AND LOUIS R.
SIBAL

ECKNER, R. J., ANDSTEEVES, R. A., 1972, A classification of the murine leukemia viruses: Neutralization
of pseudotype of Friend spleen focus-forming virus by type-specific murine antisera, J. Exp. Med.
136:832.

GALLAGHER, R. E., Toparo, G. J., SMITH, R. G., LIVINGSTON, D. M., AND GALLO, R. C., 1974,
Relationship between RNA-directed DNA polymerase (reverse transcriptase) from human acute
leukemic blood cells and primate type-C viruses, Proc. Natl. Acad. Sci. U.S.A. 71:1309.

GEERING, G., OLD, L. J., AND BOYSE, E. A_, 1966, Antigens of leukemias induced by naturally occurring
murine leukemia virus: Their relation to the antigens of Gross virus and other murine leukemia
viruses, J. Exp. Med. 124:753.

GEERING, G., AOK1, T., AND OLD, L. J., 1970, Shared viral antigen of mammalian leukemia viruses,
Nature (London) 226:265.

GILDEN, R. V., AND OROSZLAN, S., 1972, Group-specific antigens of RNA tumor viruses as markers for
subinfectious expression of the RNA virus genome, Proc. Natl. Acad. Sci. U.S.A. 69:1021.

GILDEN, R. V., Toni, R., HANSON, M., Bova, D., CHARMAN, H. P., AND OROSZLAN, S., 1974,
Immunochemical studies of the major internal polypeptide of woolly monkey and gibbon ape type C
viruses, J. Immunol. 112:1250.

GREEN, M., AND GERARD, G. F., 1974, RNA-directed DNA polymerase—Properties and functions in
oncogenic RNA viruses and cells, in: Progress in Nucleic Acid Research and Molecular Biology,
Academic Press, New York.

GREENBERGER, J. S., STEPHENSON, J. R., AOKI, T., AND AARONSON, S. A., 1974, Cell surface antigens of
murine sarcoma virus transformed nonproducer cells: Further evidence for lack of transplantation
immunity, Int. J. Cancer 14:145.

GREGORIADES, A., AND OLD, L. ], 1969, Isolation and some characteristics of a group-specific antigen
of the murine leukemia viruses, Virology 37:189.

Gross, L., 1951, Pathogenic properties, and “vertical” transmission of the mouse leukemia agent, Proc.
Soc. Exp. Bid. Med. 78:342.

HANAFUSA, H., AOk1, T., KAwaAl, S., MIYAMOTO, T., AND WILSNACK, R. E., 1973, Presence of antigen
common to avian tumor viral envelope antigen in normal chick embryo cells, Virology 56:22.

HELLSTROM, I., SJOGREN, H. O., WARNER, G. A., AND HELLSTROM, K. E., 1971, Blocking of
cell-mediated tumor immunity by sera from patients with growing neoplasms, Int. J. Cancer 7:226.

HERBERMAN, R. B., 1972, Serological analysis of cell surface antigens of tumors induced by murine
leukemia virus, J. Natl. Cancer Inst. 48:265.

HERBERMAN, R. B., AND AOKI, T., 1972, Immune and natural antibodies to syngeneic murine plasma
cell tumors, J. Exp. Med. 136:94. )

HERBERMAN, R. B., A0OkI1, T., AND NUNN, M. E., 1973, Solubilization of G (Gross) antigens on the
surface of G leukemia cells, J. Natl. Cancer Inst. 50:481.

HERBERMAN, R. B., AOKkI, T., NUNN, M. E,, LAVRIN, D. H., SOARES, N., GAZDAR, A., HOLDEN, H., AND
CHANG, K. S. S., 1974, Specificity of *'Cr-release cytotoxicity by lymphocytes immune to murine
sarcoma virus, J. Natl. Cancer Inst. 53:1103.

HiLGERs, J., Nowinski, R. C., GEERING, G., AND HARDY, W., 1972, Detection of avian and mammalian
oncogenic RNA viruses (oncornaviruses) by immunofiuorescence, Cancer Res. 32:98.

HoLLis, V. W., Jr., AOKI, T., BARRERA, O. L., OLDSTONE, M. B. A., AND DIXON, F. J., 1974, Detection of
naturally occurring antibodies to RNA-dependent DNA polymerase of murine leukemia virus in
kidney eluates of AKR mice, J. Virol. 13:448.

IKEDA, H., STOCKERT, E., ROWE, W. P., BOYSE, E. A, LILLY, F., SATO, H., JACOBBS, S., AND OLD, L. J.,
1973, Relation of chromosome 4 (linkage group VIII) to murine leukemia virus-associated antigens
of AKR mice, J. Exp. Med. 137:1103.

KAsseL, R. L., OLD, L. J., CARSWELL, E. A, FIORE, N. C., AND HARDY, W. D_, Jr., 1973, Serum-mediated
leukemia cell destruction in AKR mice: Role of complement in the phenomenon, J. Exp. Med.
138:925.

KENNEL, S. J., DEL VILLANO, B. C., LEVY, R. L., AND LERNER, R. A., 1973, Properties of an oncornavirus
glycoprotein: Evidence for its presence on the surface of virions and infected cells, Virology 55:464.
KLEIN, G., 1968, Tumor specific transplantation antigen, Cancer Res. 28:625.

KLEIN, G., 1969, Tumor antigens, Ann. Rev. Microbiol. 20:223.

Kupo, T., AOKI, T., AND MORRISON, J. L., 1974, Stabilization of antigens on surfaces of malignant cells
by formalin treatment, J. Natl. Cancer Inst. 52:1553.

Kurokawa, T., HATTORI, T., AND FURUE, H., 1972, Clinical experiences with the streptococcal
anticancer preparation, OK-432 (NSCB116209), Cancer Chemother. Rep. Part. I 56:211.



LEVY, J. P., VARET, B., AND OPPENHEIM, E., 1969, Neutralization of Graffi leukemia virus, Nature
(London) 224:606.

LiLLY, F., AND NATHANSON, S. G., 1969, Studies on the FMR antigen, Transplant. Proc. 1:85.

LOWRY, D. R., ROWE, W. P, TEICH, N., AND HARTLEY, J. A., 1971, High frequency activation in vitroby
5-iododeoxyuridine, Science 174:155.

MCALLISTER, R. M., NELSON-REES, W. A., JOHNSON, E. Y., RONGEY, R. W., AND GARDNER, M. B,, 1971,
Disseminated rhabdomyosarcoma formed in kittens by cultured human rhabdomyosarcoma cells, J.
Natl. Cancer Inst. 47:603.

MELLORS, R. C., SHIRAI T., AOKI, T., HUEBNER, R. J., AND KRAWCZYNSKI, K., 1971, Wild-type Gross
leukemia viruses and the pathogenesis of the glomerulonephritis of New Zealand mice, J. Exp. Med.
133:113.

MORTON, D. L., MILLER, G. F., AND WOOD, D. A., 1965, Demonstration of tumor-specific immunity
against antigens unrelated to the mammary tumor virus in spontaneous mammary adenocar-
cinomas, J. Natl. Cancer Inst. 42:303.

NOWINSKI, R. C., AND PETERS, E. D., 1973, Cell surface antigens associated with murine leukemia virus:
Definition of the G, and G+ antigenic systems, H. Virol. 12:1104.

Nowinskl, R. C., OLD, L. J., BOYSE, E. A., DEHARVEN, E., AND GEERING, G., 1968, Group-specific viral
antigens in the milk and tissues of mice naturally infected with mammary tumor virus or Gross
leukemia virus, Virology 34:617.

NowiINskl, R. C., SARKAR, N. H., OLD, L. J., MOORE, D. H., SCHEER, D. 1., AND HILGERS, J., 1971,
Characteristics of the structural components of the mouse mammary tumor virus. I1. Viral proteins
and antigens, Virology 46:1.

NOWINSKI, R. C., FLEISSNER, E., SARKAR, N. H., AND AOKI, T., 1972, Chromatographic separation and
antigenic analysis of proteins of the oncornavirus. II. Mammalian leukemia—sarcoma viruses, J.
Virol. 9:359.

OKABE, H., GILDEN, R. V., AND HATANAKA, M., 1973, Extensive homology of RD114 virus DNA with
RNA of feline cell origin, Nature New Biol. 244:54.

OKAMOTO, H., MINAMI, M., SHOIN, S., KOSHIMURA, S., AND SHIMIZU, R., 1966, Experimental anticancer
studies. Part XXXI. On the streptococcal preparation having potent anticancer activity, Jpn. J. Exp.
Med. 36:175.

OkAMOTO, H., SHOIN, S., KOSHIMURA, S., AND SHIMIZU, R., 1972, B- Hemolytic Streptococcus as a Cancer
Controller, (H. Okamoto, ed.), Chugai Pharmaceutical Co., Japan.

OLD, L. J., AND BOYSE, E. A., 1965, Antigens of tumors and leukemias induced by viruses, Fed. Proc.
24:1009.

OLD, L. J., BOYSE, E. A., CLARKE, D. A., AND CARSWELL, E. A., 1962, Antigenic properties of chemically
induced tumors, Ann. N.Y. Acad. Sci. 101:80.

OLD, L. J., BOYSE, E. A., AND STOCKERT, E., 1964, Typing of mouse leukemias by serological methods,
Nature (London) 201:777.

OLp, L. J.,BOYSE, E. A., AND STOCKERT, E., 1965, The G (Gross) leukemia antigen, Cancer Res. 25:813.

OLp, L. J., STOCKERT, E., BOYSE, E. A., AND K1M, J. H., 1968, Antigenic modulation, loss of TL antigen
from cells exposed to TL antibody: Study of the phenomenon in vitro, J. Exp. Med. 127:523.

OLDSTONE, M. B. A,, Aokl, T., AND DIXON, F. J., 19724, The antibody response of mice to murine
leukemia virus in spontaneous infection: Absence of classical immunologic tolerance, Proc. Natl.
Acad. Sci. U.S.A. 69:134.

OLDSTONE, M. B. A., TISHON, A., TONIETTI, G., AND DIXON, F. J., 1972, Immune complex disease
associated with spontaneous murine leukemia: Incidence and pathogenesis of glomerulonephritis,
Clin. I ol. I pathol. 1:6.

OROSZLAN, S., FISHER, C. L., STANLEY, T. B., AND GILDEN, R. V., 1970, Proteins of the murine C-type
RNA viruses. 1. Isolation of a group-specific antigen by isoelectric focusing, J. Gen. Virol. 8:1.

ORTALDO, J. R., TING, C. C., AND HERBERMAN, R. B., 1974, Modulation of fetal antigen(s) in mouse
leukemia cells, Cancer Res. 34:1366.
ORTEZ DE LANDAZURI, M., KEDAR, E., AND FAHEY, J. L., 1974, Studies of antibody dependent cellular
cytotoxicity (ADCC) to a syngeneic Gross virus-induced lymphoma, J. Natl. Cancer Inst. 52:147.
PARkS, W. P., AND SCOLNICK, E. M., 1972, Radioimmunoassay of mammalian type C viral protein:
Interspecies antigenic reactivities of the major internal polypeptide, Proc. Natl. Acad. Sci. U.S.A.
69:1766.

PARKS, W. P., SCOLNICK, E. M., ROss, ]J., TODARO, G. ]., AND AARONSON, S. A., 1972, Immunological
relationships of reverse transcriptases from ribonucleic acid tumor viruses, J. Virol. 9:110.

181

RNA
ONCOGENIC
VIRUS-
ASSOCIATED
ANTIGENS



182

TADAO AOKI
AND LOUIS R.
SIBAL

PARkS, W. P., HOWK, R. S., SCOLNICK, E. K., OROSZLAN, S., AND GILDEN, R. V., 1974, Immunochemical
characterization of two major polypeptides from murine mammary tumor virus, J. Virol. 13:1200.

PLATA, E. J., Aokl, T., COLLINS, F., AND S1BAL, L. R., 1973, Mammary tumor virus (MTV): Soluble
antigen (MSA) in the plasma of infected mice, Annual Meeting of the American Society of
Microbiology, abst. 133, p. 216.

POURREAN-SCHNEIDER, N., STEPHENS, R. J., AND GARDNER, W. U., 1968, Viral inclusions and other
cytoplasmic components in a Leydig cell murine tumor: An electron microscopicstudy, Int. J. Cancer
3:155.

SALAMAN, M. H., AND WEDDERBURN, N., 1966, The immunodepressive effect of Friend virus,
Immunology 10:445.

SCHAFER, W., SZANTO, J., ANDERER, F. A, FRANK, H., GELDERBLOM, H., LANGE, J., AND PISTER, L., 1970,
Tests for mouse leukemia viruses and isolation of some of their components, in: Comparative
Leukemia Research (R. M. Dutcher, ed.), pp. 327-332, Karger, New York.

SHERR, C. J., LIEBER, M. M., BENVENISTE, R. E., AND TODARO, G. J., 1974, Endogenous baboon type C
virus (M7): Biochemical and immunologic characterization, Virology 58:492.

SILOBREIC, V., AND SUIT, H. D., 1967, Tumor specific antigen(s) in a spontaneous mammary carcinoma
of C3H mice. 1. Quantitative cell transplants into mammary-tumor-agent-positive and free mice, J.
Natl. Cancer Inst. 39:1113.

SJOGREN, H. O., HELLSTROM, 1., BANSAL, S. C., AND HELLSTROM, K. E., 1971, Suggestive evidence that
the “blocking antibodies” of tumor bearing individuals may be antigen-antibody complexes, Proc.
Natl. Acad. Sci. U.S.A. 68:1372.

SNELL, G. D., AND STIMPFLING, J. H., 1966, Genetics of tissue transplantation, in: The Biology of the
Laboratory Mouse (E. L. Green, ed.), pp. 457-492, McGraw-Hill, New York.

SouTHAM, C. M., 1960, Relationships of immunology to cancer, a review, Cancer Res. 20:271.

STEPHENSON, J. R., TRONICK, S. R., REYNOLDS, R. K., AND AARONSON, S. A., 1974, Isolation and
characterization of C-type viral gene products of virus-negative mouse cells, J. Exp. Med. 139:427.

STOCKERT, E., OLD, L. J., AND BOYSE, E. A, 1971, The G system: A cell surface alloantigen associated
with murine leukemia virus; implications regarding chromosomal integration of the viral genome, J.
Exp. Med. 133:1334.

STRAND, M., AND AUGUST, J. T., 1973, Structural proteins of oncogenic ribonucleic acid viruses:
Interspec I1, a new interspecies antigen, J. Biol. Chem. 248:5627.

STRAND, M., AND AUGUST, ]J. T., 1974, Structural proteins of mammalian oncogenic RNA viruses:
Multiple antigenic determinants of the major internal protein and envelope glycoprotein, J. Virol.
13:171.

STUCK, B., OLD, L. J., AND BOYSE, E. A., 19644, Occurrence of soluble antigen in the plasma of mice
with virus-induced leukemia, Proc. Natl. Acad. Sci. U.S.A. 52:950.

STUCK, B., OLD, L. J., AND BOYSE, E. A., 1964b, Antigenic conversion of established leukemias by an
unrelated leukemogenic virus, Nature (London) 202:1016.

Suit, H. D., AND SILOBREIC, V., 1967, Tumor specific antigen(s) in a spontaneous mammary carcinoma
of C3H mice. II. Active immunization of mammary-tumor-agent-free mice, J. Natl. Cancer Inst.
39:1121.

TERAMOTO, Y. A., PUENTES, M. ]., YOUNG, L. J. T., AND CARDIFF, R. D., 1974, Structure of the mouse
mammary tumor virus: Polypeptides and glycoproteins, J. Virol. 13:411.

TiNG, C. C., AND HERBERMAN, R. B., 1974, Serological analysis of the immune response to Friend
virus-induced leukemia, Cancer Res. 34:1676.

TiNG, C. C,, SH1U, G., RODRIGUES, D., AND HFRBERMAN, R. B., 1974, Cell-mediated immunity to Friend
virus-induced leukemia, Cancer Res. 34:1684.

Tobaro, G. ], 1972, “Spontaneous” release of type C viruses from clonal lines of “spontaneously”
transformed BALB/3T3 cells, Nature (London) 240:157.

TRONICK, S. R., STEPHENSON, ]. R., AND AARONSON, S. A., 1973, Immunological characterization of a
low molecular weight polypeptide of murine leukemia virus, Virology 54:199.

TRONICK, S. R., STEPHENSON, ]J. R., AND AARONSON, S. A, 1974, Comparative immunological studies of
RNA C-type viruses: Radioimmunoassay for a low molecular weight polypeptide of woolly monkey
leukemia virus, Virology 57:347.

VAAGE, ]., 1968a, Non-virus-associated antigens in virus-induced mouse mammary tumors, Cancer
Res. 28:2477.

VAAGE, ]J., 1968b, Non-cross-reacting resistance to virus-induced mouse mammary tumors in
virus-infected C3H mice, Nature (London) 218:101.



WEDDERBURN, N., AND SALAMAN, N. H., 1968, The immunodepressive effect of Friend virus. II.
Reduction of splenic hemolysin-producing cells in primary and secondary responses, Immunology
15:439.

YosHikIl, T., MELLORS, R. C., HARDY, W. D., Jr., AND FLEISSNER, E., 1964, Common cell surface
antigens associated with mammalian C-type RNA vir<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>