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Hematogenous metastasis is a major consideration in the staging, treatment and
prognosis of patients with cancer. Key events affecting hematogeneous metastasis
occur in the microvasculature. This is a brief, selective review of some
interactions involving cancer cells and the microvasculature in pathologic
sequence, specifically: (1) intravasation of cancer cells; (2) the arrest of circulating
cancer cells in the microvasculature; (3) cancer cell trauma associated with arrest;
(4) microvascular trauma; (5) the inflammatory; and (6) the hemostatic coagula-
tive responses associated with arrest, and finally (7) angiogenesis, leading to
tumor vascularization. The evidence shows that through a series of complex
interactions with cancer cells, the microvasculature acts as a rate-regulator for the
metastatic process, in addition to providing routes for cancer cell dissemination
and arrest sites for cancer cell emboli,

Introduction

The blood-stream is the ultimate disseminative route for most metastases, and
the interactions of cancer cells with blood-vessels play a pivotal role in the metastatic
cascade.

The metastatic potential of cancer cells cannot be determined by any single
parameter, but is probably represented by a sum of many phenotypic characteristics
(e.g. surface receptors, proteolytic enzymes, growth factors, etc.) some of which may
be transiently expressed during the metastatic process [222,227]. Each of these
phenotypic characteristics may not be of equal importance, as cancer cells may use
several strategies to achieve the same result. For example, human lung carcinoma
cells prefer thrombospondin over laminin as an attachment substrata, whereas the
opposite is true for melanoma cells [214]; nevertheless, the attachment of circulating
cancer cells to endothelium/subendothelial matrix is recognized as a critical event in
the metastatic cascade [241].

In this review the major focus will be on interactions involving cancer cells and
the microvasculature, particularly those associated with cancer cell entry, arrest,
adhesion and exit; events which affect the efficiency of the metastatic process.
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(1) Intravasation

Cancer cells usually enter the circulation via small veins and the microvascula-
ture. Larger veins may also be invaded, for example the renal vein in carcinomas of
the kidney. However, arterial invasion is a rare and usually terminal event [224].

Intravasation is often but not invariably associated with degradation of peri-
vascular basement membrane, which is composed primarily of type IV collagen and
lesser amounts of laminin, heparan sulfate proteoglycan, fibronectin and vitronectin.
Enzymes directed against any of these substrates are expected to promote intravas-
ation by weakening basement membrane ‘barriers’ to invasion. Correlations have
been demonstrated between various facets of invasion and metastasis and the release
of type IV collagenase [10a, 65, 116, 207, 251], cathepsin B [187] and plasminogen
activators [39, 157] from cancer cells, as well as cancer cell-associated heparanase
(heparan sulfate endoglycosidase) [139,140]. Some correlations with enzyme
production have also been shown for the behavior of human tumors, including
survival in head and neck cancer, invasion and metastasis in colon and breast cancers
[reviewed in 45]. However, such relationships do not seem to apply to all systems,
possibly because cancer cell proteolytic activity is influenced by a variety of factors,
e.g. cell cycle, cell density, or the presence of protease inhibitors [45,101, 204].

Emphasis on basement membrane degradation by cancer cell-associated enzyme
should not be taken to imply that these are the only, or even the most important,
mechanisms. In the rat mammary tumor system loss of basement membrane, which
is associated with increased invasive potential, is independent of collagenase
production [218]. The steady state of basement membrane integrity may be
perturbed by the malignant process itself. Thus, cell transformation by retroviruses
is sometimes associated with reduced synthesis of connective tissue components [2],
and decreased levels of mRNAs [188] and transcription rates [209]. However, while
failure to maintain basement membrane is not invariably due to decreased synthesis
[5, 6, 62], it seems prudent to consider both of the non-exclusive mechanisms of
decreased synthesis and increased degradation.

Additional degradative mechanisms may include the transition from a state of
confrontational coexistence between a cancer and host tissue, to one of host tissue
atrophy caused by the increasing hydrostatic pressure exerted by an expanding
tumor, with subsequent competition for nutrients [62,211].

In sarcomas, blood is often carried in vascular clefts, which are lined by cancer
cells as distinct from vascular endothelium. Intravasation via these clefts therefore
does not require prior focal destruction of a basement membrane. The neovascula-
ture of tumors also provides an intimate entry point for cancer cells and, by virtue of
fenestrations and general leakiness, intravasation under these circumstances would
appear to require little or no prior degradation. Cancer cells may also enter the
blood-stream via lymphaticovenous anastomoses, and entry into the lymphatic
saccules or capillaries will also require minimal degradation, since these structures
contain only irregular patches of basement membrane [15]. Even in the case of the
‘normal’ vasculature, the thickness of the basement membranes or analogous tunica
adventitia, varies considerably in different sites, from 45 to 70 um in the larger veins
(inferior vena cava, renal veins, etc.) down to the pulmonary alveolar capillaries,
where the combined thickness of epithelium, basement membrane and endothelium
is only 100 um.

Finally, as discussed later, leukocytes in the region of the invasive interface of
tumors and endothelial cells are also an important potential source of histiolytic
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enzymes [250]. Cancer cell-associated enzymes play a role in invasion, culminating
in intravasation. However, it is unlikely that they provide the only mechanism for
these processes, and the extent to which these or other mechanisms are involved
would appear to vary considerably with the site of intravasation and the differenti-
ation of the invading cells. In common with other invasive processes, cell motility
may also be important [192,242].

(2) Cancer cell arrest and adhesion

In the present context it is important to discriminate between arrest of circulating
cancer cells in the microvasculature, and their adhesion to the walls of the
microvasculature. As discussed later, arrest or trapping can be accounted for in
macroscopic terms, whereas adhesion, which follows arrest, can be accounted for in
microscopic terms at the molecular and submolecular levels. For example, a non-
deformable, chemically inert sphere falling down a tapered, non-deformable,
chemically inert tube will be arrested and the mechanical impaction can be
accounted for in the macroscopic terms of sphere and tube diameters. In contrast, a
sphere falling down a tube of greater diameter than its own will not be arrested.
However, if one or other is coated with glue, movement of the sphere may cease due
to adhesion, which can be accounted for in microscopic terms of the properties of the
adhesive and the two adherends.

Arrest

The site of arrest of cancer emboli within the vasculature depends to a large
extent on their size. Thus, multicellular aggregates will not enter capillaries, but will
remain confined to larger vessels, and may even pass directly through organs [254],
although this is a rare event. Entry into the microcirculation appears to be confined to
single cancer cells. The disparity between cancer cell and capillary diameters
requires that either the cells and/or the capillaries be deformable. In fact, deformed
cancer cells have been observed passing through capillaries [253].

Cancer cells are viscoelastic [232], and as a consequence, when a cell is deformed
into a capillary, its elastic recoil will tend to force it against the vessel wall. When a
cell moves through a fluid some of the fluid moves with the cell, constituting its
hydrodynamic field. Contact between the cell and a vessel wall will depend on
expulsion of the fluid film between them [44,238].

In the case where the cell is more deformable than the vessel, the driving force for
fluid expulsion is the elastic recoil of the deformed cancer cell towards the capillary
wall. Contact, resulting in cancer cell arrest, will occur when the ‘recoil’ time is less
than the time taken for the cancer cell to be driven through the capillary bed (transit
time) under the action of a blood-pressure gradient. The rate of approach of the cell
to the vessel wall has been calculated as a function of cell velocity, driving force,
viscosity and geometry [44]. Detailed theoretical studies indicate that contact
between cancer cells and capillary walls can occur by these mechanisms within
realistic transit times [234, 235], in accord with the observation that most of the
cancer cells delivered to the lungs of mice via the systemic circulation, are almost
immediately arrested in the pulmonary circulation [236].

As cancer cells approach the vessel wall, rheologic factors limit/retard their
interactions. However, in spite of hydrodynamic barriers [46] and electrostatic
repulsion between their negatively charged surfaces [239], adhesion can occur
through the agency of adhesive macromolecules, as discussed later.
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It should be emphasized that arrest of cancer cells in the microvasculature can be
accounted for in terms of their relative biomechanical properties and the fluid
mechanical behavior of thin films of plasma. However, in the present absence of
experimental data, specific-site arrest or non-arrest cannot be accounted for in these
terms. Although the mechanical and biochemical properties of cancer cells and the
microvasculature are often treated as separate and distinct entities, they are mutually
dependent to some extent,

Adhesion and adhesive macromolecules

General comments on adhesion of cancer cells to the endothelium. Arrest and survival
of cancer cells within the microvasculature is mandatory for hematogenous
metastasis. During the hematogenous phase of the metastatic cascade, cancer cells
must interact with host cells (i.e. platelets/endothelial cells) in order to be arrested
and adhere to the endothelial/subendothelial matrix [92, 241]. Therefore the factors
(i.e. receptors, platelets, hemodynamic factors) regulating initial cancer cell arrest
and adhesion are of critical importance to the development or the prevention of
metastases [97, 241].

In animal models and i vitro, kinetic studies on experimental metastasis have
demonstrated initial attachment of cancer cells to the endothelial surface at junction
points between adjacent endothelial cells, followed by endothelial retraction and by
adhesion of cancer cells to the underlying basement membrane [35, 108]. Possibly
because tissue culture studies have suggested that cells attach more readily to the
basement membrane than to the endothelium [107, 141, 215] and because of a wide
interest in the chemistry of connective tissue, the mechanisms involved in adhesion
of cancer cells to the endothelium have not been examined as widely as have the
interactions with extracellular matrix adhesion molecules in the basement mem-
brane. Nonetheless, studies in vitro have provided evidence for the hypothesis that
variations between the surface properties of endothelial cells from different target
organs may account for some differences in the initial binding rates of circulating
cells, leading to organ preference in metastatic localization {8, 141]. The important
topic of specificity with particular reference to metastatic pattern is covered in a
recent, excellent, exhaustive review by Nicolson [142], and will not be dealt with
here. Others have observed correlations between cancer cell adhesiveness to
endothelial monolayers and malignancy in vive [200].

As discussed below, numerous adhesive proteins (e.g. laminin, fibronectin,
thrombospondin, etc.) and their receptors are implicated in metastasis. Recent
evidence suggests that a platelet glycoprotein receptor (Gplb) and receptors of the
integrin family may play a heretofore unexpected, but a major, role in cancer cell
interaction with other cancer cells, host cells, and subendothelian and/or other
extracellular matrices.

Cancer cell adhesion molecules and metastasis. There is evidence that carbohy-
drates on the surface of cancer cells are involved in metastatic interactions with host
cells and the extracellular matrix [96]. Briefly, some experiments have demonstrated
positive correlations between metastatic potential and the degree of sialylation or
beta 1-6 linked branching of complex-type asparagine-linked oligosaccharides [e.g.
43,252]. In the latter case it has been reported recently by Dennis et al., [43] that
increased beta 1-6 linked branching can alter the expression of a cell surface
glycoprotein gp130, which is associated with acquisition of metastatic potential. In
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other experiments, cell lines resistant to treatment with plant lectins had altered
metabolism of carbohydrates, modified surface carbohydrate structure, and were
less metastatic than the parental lines from which they were derived [103]. In some
experimental systems [97, 149], modification of cancer cell surface carbohydrates by
drugs or enzymes can alter metastatic potential. The mechanisms possibly involve
interference with adhesive interactions between cancer cells and the extracellular
matrix (after treatment with tunicamycin) or some other other, as yet undefined,
mechanism, possibly acting at a stage of metastasis distal to arrest [castanospermine
or swainsonine treatment; 97]. Cell surface sialylation has been shown to correlate
with the platelet-activating activity of human cancer cell lines {11]. Endogenous
cancer cell surface lectins may also be involved in the formation of homotypic
aggregates by some cancer cells, and treatment of such cells by monoclonal
antibodies against the endogenous lectins can cause marked reduction in the
formation of experimental metastases [129]. In addition, molecular interactions
between various attachment molecules are postulated to be of potential importance
when one or more of the molecules is produced endogenously by the cell, e.g.
production of laminin, permitting attachment of type IV collagen, proteoglycans,
nidogen [9] or thrombospondin, a high molecular weight glycoprotein released from
the alpha granules of platelets during activation [214]. Injection of thrombospondin
intravenously into mice prior to injection of T241 sarcoma cells has been shown to
potentiate subsequent lung colony formation [208].

It is reemphasized that cancer cell adhesion to the vasculature cannot be
considered exclusively in terms of cancer cells.

Platelet GpIb and integrin receptors, including the GpIIb/IIla complex. Gly-
coprotein Ib is the principal sialoglycoprotein of the platelet membrane. The intact
glycoprotein has an apparent molecular weight of 170000, and it consists of two
disulfide-linked subunits, containing hydrophobic sequences. GpIb is an integral
membrane glycoprotein [165] and a platelet receptor for von Willebrand factor (in
the presence of restocetin [164] thrombin [64] and immunoglobulin Fc fragment
[131].

The integrins are a family of transmembrane glycoproteins composed of
noncovalent heterodimers of two basic subunits, a(M,=140-200kDa) and
B(M,=95-150kDa). The fibronectin receptor (FnR), the vitronectin receptor

Table 1. Characteristics of Yoshida ascites hepatomas and Yoshida sarcoma (YS)

in rats.
Percentage
viable cells Lung
Deforming after one Post-pulmonary metastasis Cancer cells
pressure® pulmonary spread after from i.p. in blood
Tumor (cmH,0) passage L.v. injection tumor from i.p.
AH100B 7-6340-71 1-7 - — 10-15 days
AH130 540+0-35 41-5 + + 3 days
AH66F 1-:95+013 92-0 + + + 1 day
YS 1:62+0-12 92-2 ++ + 12-24 h

?Data from ref. 181.
b Using 6'5 um diameter micropipettes.
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Table 2. Intraperitoneal (i.p.) bioassays on myocardium and lungs removed 5 min
after left ventricular injections (LVI) of cancer cells [49].

IP Bioassays

LVI Percentage
Numbers of dose Tumor Survival of

Cell type cancer cells received” incidence tumor-bearers
Bi6 5x 105

Heart 47 3/14 30 days

Lungs 22 11/14 27 days
EAT 10°

Heart 47 0/15 > 60 days

Lungs 2-2 9/14 31 days

#Using ['**I]microbead arrest data to avoid label-distribution artifacts [48].

Table 3. Intraperitoneal (i.p.) bioassays on quadriceps muscles, 65 days after LVI
of 5x 10° b16 cells [54].

Femoral nerve Intact Electrically
transected control stimulated
Weight of cancer in implants 063 +0-08° 0-03 +-0-004 0-001 +0-001°
(g£SE) (n) (25) 37 (13)
Proportion of 1i.p. takes 27/31 37/42 4/134
(87%) (88%) (31%)

“ Significantly different from controls (p <0-01).

(VnR), and the platelet membrane glycoproteins GplIIb/IIIa are representative
members of the family of integrins [52,99, 179]. GplIb and GpIIla exist asa Ca2*-
dependent heterodimer complex (GplIlb/I11a) on inactivated human platelets [51].
Only in the presence of EDTA can the distinct proteins be found. GpIIb and Gpllla
are probably always complexed in vive [123, 167]. The fibronectin receptor and the
vitronectin receptor appear to exist as CaZ*-independent heterodimers. This
functional difference has allowed immunological discrimination between these
receptors and related receptors on the cancer cell surface (see below).

The GpllIb/IIla complex has been implicated in the binding of four adhesive
proteins (fibrinogen, fibronectin, von Willebrand factor, and vitronectin). The
Gpllb/Illa complex is known to play a role in platelet aggregation and platelet
adhesion to subendothelial matrix. Both platelet Gplb and GpllIb/IIla are
transmembrane proteins [23,58]. However, in the resting platelet, both gly-
coproteins have been localized both on the platelet surface and to internal platelet
structures [249]. Woods et al. [249] have recently demonstrated that the reap-
pearance of GplIb/IIIa on the surface of antigenically denatured platelets originates
from a compartment within the platelet, probably the canalicular system. Gplb is
also stored intracellularly in membrane-bound vacuolar structures [246]. These
proteins exist on the surface of platelets as transmembrane proteins which may bind
directly to endogenous membrane actin [148, 161, 190, 249] Monoclonal antibodies
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against various epitopes on GplIb/IIla results in time-dependent patching and
capping followed by internalization of the complex [249]. However, GpIb could not
be shown to cap upon exposure to specific monoclonal antibodies [180].

Evidence for the presence of immunologically related GpIb and GpIlb|I11a on cancer
and endothelial cells. Recent evidence suggests that glycoproteins related to GpIb and
GpllIb/Illa are present on a variety of cell types. Tabilio et al. [197] first
demonstrated the presence of platelet glycoprotein Ib in a minority of cells of the
human leukemic cell line (HEL), and Kieffer et al. [105] selected a stable HEL
subclone with increased expression of glycoprotein Ib. A protein was isolated which
was a single polypeptide chain of an apparent molecular weight M, =60 000, which
was precipitated under reducing and non-reducing conditions by specific polyclonal
antibodies to platelet glycoprotein Ib and monoclonal antibodies to the a-complex
of Gplb. There was no evidence for the f subunit of GpIb (i.e. GplIx) [105], a small
(M,=17000-22 000) membrane protein which is co-isolated with GpIb by im-
munoafhinity chromatography [105]. This protein also demonstrated abnormal
oligosaccharide chains. Thiagarajan et al. [202] isolated a functionally active
GplIb/IIla complex from HEL cells; however, Ca?*-dependent binding of
fibronogen to this glycoprotein was not demonstrated in intact cells.

In addition to the studies with leukemic cell line (HEL), recent evidence suggests
the presence of GpIb and GplIb/I11a-like glycoproteins on human and rodent solid
tumor cells. These glycoproteins have been termed immunologically related GpIb
(i.e. IRGplb) and immunologically related Gpllb/I1la (i.e. IRGpIIb/I1Ia) [82].
Immunological evidence has been reported for the presence of IRGpIb and
IRGpIIb/IITa on human colon carcinoma (close A), human cervical carcinoma
(MS751), rat Walker 256 carcinosarcoma, murine B16 amelanotic melanoma and
Lewis lung carcinoma cancer cells [27, 82, 88, 90]. Immunological identification was
determined with specific polyclonal antibodies and monoclonal antibodies
{mAb10ES, mAb7E3, mAbP-2) raised against the human GplIb/IIla, complex.
The monoclonal antibodies used in these studies are complex-directed (i.e. they do
not interact with the disassociated monomeric glycoproteins). One of the mono-
clonal antibodies (mAb7E3) cross-reacts with the vitronectin receptor which
allowed for the determination of a functional relationship between cancer cell
IRGpIIb/IIIa and platelet Gpllb/Illa, in addition to discrimination from the
vitronectin receptor. Endothelial cells (which possess the vitronectin receptor [52])
do not demonstrate decreased binding of complex-directed mAb7E3 in the presence
of EDTA or calcium Ca?*-Mg?2*-deficient media [27,87], consistent with the
calcium independence of the vitronectin receptor complex. In contrast, human and
rodent cancer cells do demonstrate decreased binding of GplIIb/IIIa complex-
directed monoclonal antibodies in the presence of EDTA [27, 87, 88], consistent
with their similarity to platelet GpIIb/I1]1a.

The IRGpllIb/IIla receptor mediates cancer cell attachment to platelets,
endothelial cells, subendothelial matrix, and isolated components of the subendo-
thelial matrix. Grossi et al. [27] have demonstrated that human clone A and MS751
cell adhesion to fibronectin was mediated by the IRGIIb/IIIa receptor, in that
adhesion was blocked by specific monoclonal and polyclonal antibodies to
GplIb/I1Ia, but not by antibodies against unrelated antigens. Similar results have
been reported for the Bl16a and 3LL cancer cell adhesion to fibronectin [88, 90]. As
stated above, the integrin receptor GplIb/IIlais multifunctional, i.e. it is capable of
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interacting with at least four known adhesive proteins [52, 99, 179]. At least one of
those adhesive proteins (i.e. von Willebrand factor) is known to be expressed on the
surface of endothelial cells and several of these adhesive proteins (i.e. von Willebrand
factor, fibronectin and vitronectin) are components of the subendothelial matrix.
Finally, another adhesive protein (fibrinogen) which binds to GpIIb/IIlacomplex is
known to be present on surface of platelets [166]. Therefore, cancer cell
IRGIIb/II1a may serve as a multifunctional receptor for interaction with platelets
and endothelial cells, and the subendothelial matrix. In fact, cancer cell
IRGplIIb/II1a may mediate, in part, adhesion to a variety of cell types and matrices
[27, 82, 88-90], including the adhesion of B16a and 3L.L cells to endothelial cells
[88, 907 and subendothelial matrix [88-90], on the evidence that can be inhibited by
specific polyclonal and monclonal antibodies to GpIIb/I1Ia. In addition, cancer cell
IRGpIb may also contribute as an adhesive protein receptor, mediating cancer cell
interaction with endothelial cells and subendothelial matrix, possibly via von
Willebrand factor. The adhesion of several cell types to those substrata is inhibited
by specific polyclonal and monoclonal antibodies to GpIb (K. V. Honn and 1. M.
Grossi, unpublished observation). Similarly, IRGplIb/IIla may serve as an
attachment site for platelet adhesion to the cancer cell plasma membrane. Human
and rodent cancer cells treated with polyclonal and monoclonal antibodies to
GpllIb/IlIa, but not antibodies against unrelated antigens, demonstrate partial to
complete inhibition of their ability to induce platelet aggregation [27,87,89],
suggesting that IRGpIIb/I11a may serve as an adhesion site for platelet attachment
to the cancer cell plasma membrane (see below). In addition, ultrastructural
examination of treated cancer cells and untreated platelets reveals a lack of platelet
attachment to cancer cell surface and a lack of specific cancer cell membrane process
formation in response to platelet attachment {87, 89 and see below]. These results
suggest that IRGpIIb/IIla, and possibly IRGplb, may play a role in metastasis.
Onoda et al. [150] reported the separation, by centrifugal elutriation, of
subpopulations of B16a cells which differed in their lung colonizing ability. Using
these subpopulations it was determined that plasma membrane expression of
IRGplIb/I11a, correlated positively with their ability to adhere to fibronectin,
induce platelet aggregation, and form long colonies following tail vein injection
[82,89]. Interestingly, the plasma membrane expression of IRGplIb/IIla and
IRGplb correlated with the phase of the cell cycle, i.e. increased expression by cells
in the G, phase [89]. Similarly, the ability of cancer cells to induce platelet
aggregation, adhere to endothelial cells, subendothelial matrix, and its components
also correlates positively with cells in the G, phase of the cell cycle [89], and increases
in lung colonizing ability have been observed in cells in the G, phase of the cell cycle
[76,124, 150]. These results suggest that intrinsic factors, which may be cell-cycle-
related, and external stimuli may regulate expression of these glycoprotein receptors
by cancer cells. They lend support to the hypothesis that cancer cells may transiently
pass through high and low metastasis states, as first discussed by Weiss [222, 227].
Immunofluorescence studies of cancer cells labeled with monoclonal antibodies
against Gplb or Gpllb/IIla have suggested a difference in the pattern of
distribution of these glycoprotein receptors on the cancer cell surface. GpIb appears
to demonstrate a homogeneous labeling pattern [27], in contrast, IRGpIIb/I1]Ia is
distributed heterogenously, with areas of high and low fluorescent intensity [27, 87].
Cancer cell IRGpIIb/II1a)GplIb/II1a complex appears to be linked to cytoskeletal
elements and undergoes patching and capping in response to specific monoclonal
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antibodies. Cancer cell IRGpIIb/IIIa and IRGpIb may also be stored in intra-
cellular vacuolar structures (K. V. Honn, unpublished observation).

These differences are more obvious at the ultrastructural level, and immunocyto-
chemical studies have demonstrated that IRGplb is confined to the cancer cell
plasma membrane (in non-permeabilized cells) and demonstrates a homogeneous
labeling pattern on the plasma membrane [27]. Immunocytochemical labeling of
human and rodent cancer cells for IRGpIIb/IIIa reveals a punctate distribution of
reaction product on their surface membranes [27,82,87], in addition, clusters of
high-density reaction product are also evident. This heterogeneous distribution of
the IRGpIIb/I1Ia receptor on the cancer cell surface suggests the possibility of
preexistent sites for preferential attachment to platelets, endothelial cells, and
subendothelial matrix [27,90]. In addition to the immunological and functional
correlation between platelet G'11b/II1a and cancer cell IRGplIb/I11a, the presence
of mRNA transcripts coding for IRGpIIb and IRGpllla dre reported for a variety
of human and rodent cancer cells [25,87]. When Northern blot analysis was
performed using cancer cell RNA and GplIb and Gpllla cDNA probes, the size of
the transcripts hybridized with the GpIlla cDNA probe were approximately 3-7 kb
and 2-1 kb, while the size of the transcript detected with the GpIIb cDNA probe was
approximately 3-7 kb with a minor band of 18S rRNA position [87]. The transcript
for IRGplIb in cells derived from solid tumors differed from the transcript size
observed in a leukemic cell line [25].

Only recently has the expression of adhesion molecules by endothelial cells been
studied in detail. In the past the ability of endothelium to bind fibrinogen,
vitronectin, von Willebrand factor, and fibronectin has been taken as evidence for the
existence of receptors for these molecules, and in most cases the specificity of this
binding has been defined by the ability of monoclonal antibodies to inhibit
attachment or to cause detachment of the endothelial cells from extracellular
substrates. The endothelial receptors for extracellular matrix constituents generally
have properties attributed to members of the integrin class of adhesion molecules,
and can be isolated from affinity matrices consisting of peptides containing the
sequence Arg—-Gly—-Asp (RGD).

Thus Fitzgerald et al. [50], using Western blot analysis, recently demonstrated
the presence of glycoproteins related to IIb and IIla on human umbilical vein
endothelial cell (HUVE) and bovine aortic endothelial cell (BAE) [26, 53]. These
proteins were immunoprecipitated with polyclonal antibodies prepared against
purified human platelet GplIb/IIla complex. Two membrane proteins were
detected on both HUVE and BAE which were similar to human platelet GpIIb and
Gpllla. However, the GplIb/IIIa complex from human endothelial cells [50] or rat
endothelial cells [87] does not dissociate following chelation of calcium. It is now
known that the glycoprotein complex on endothelial cells is the vitronectin receptor
and not the IIb/I11a complex [52]. Fitzgerald et al. [50] have obtained the sequence
of Gpllla from translation of the cDNA for endothelial cell GpIIIa. The translated
cDNA sequence is exactly matched to the amino acid sequences of platelet GpI1la,
indicating that platelet and endothelial cell GpIIla are identical primary translation
products. This has led to the realization that several intergrin receptors share
common f subunits (i.e. IIla and vitronectin ) which is the basis for the
immunologically cross-reactivity of the various integrin receptors [30, 52,71, 196].

Some endothelial surface receptors appear to be constitutively expressed, and
published experiments suggest a role for them in the attachment of endothelial cells
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to the surrounding matrix. The possibility that such receptors could be involved in
the attachment of intravascular cancer cells to the apical surface of endothelial cells
has yet to be shown. One problem relates to the observation by immunofluorescence
microscopy that some of the receptors are localized at cell substratum contact points
[30]. Thus, identification of endothelial adhesion molecules isolated from cells in
suspension may be difficult to relate to metastasis, since the basal and apical surfaces
of attached endothelial cells exhibit polarization in the distribution of their integral
membrane proteins [136].

Effects of endothelial metabolism on adhesion. Studies on the interactions between
the endothelium and circulating leukocyte or platelets indicate that endothelial cells
carry interactive sites for stimulants such as interleukin-1, tumor necrosis factor, and
interferon. Perturbation of the endothelium by these cytokines is followed by cell
activation with the synthesis and expression of a second group of adhesion molecules
which are either not present, or are present in only small amounts on unstimulated
endothelium [168-170]. Experiments ¢n vitro and in vivo have shown that the
expression of this group of inducible molecules is associated with enhanced
attachment of neutrophils, monocytes, and lymphocytes to the perturbed endo-
thelial cell surface and that this occurs at sites of inflammation [16,24,33]. In
addition, perturbed cells also release a variety of humoral products of endothelial
metabolism including interleukin-1, tissue factor, inhibitor of tissue plasminogen
activator, platelet activating factor, prostacyclin, and platelet-derived growth factor
[32a].

It is likely that the expression of such inducible surface adhesion molecules and
the release of humoral mediators from perturbed endothelium are also relevant to
metastatic processes. Recent experiments have demonstrated that the adhesiveness
of human umbilical vein endothelial cells for A549 human lung carcinoma cells is
increased following perturbation of the endothelium with interleukin-1 or peptide
chemoattractants. In addition, there was enhance retention of intravenously injected
A549 cells in the lungs of nude mice pretreated with interleukin-1 [112]. Other
experiments have demonstrated that the motility of human A549 lung carcinoma
cells is stimulated in response to endothelial-derived interleukin-1 (Orr et al.,
unpublished results, 1988), suggesting the existence of a mechanism by which the
endothelium could regulate cancer cell motility following intravascular cancer cell
arrest. These two mechanisms may be involved in the localization of neoplastic cells
at inflamed sites where endothelium is likely to be in an activated state.

Subendothelial attachment sites. Due to endothelial retraction, the subendo-
thelium is exposed, and many of the major components of the subendothelial
basement membranes have the ability to act directly as cellular binding sites. Among
these are type IV collagen [9], the glycoproteins laminin [175] and fibronectin [179],
and heparin sulfate proteoglycan [59]. In the case of laminin, specific receptors have
been found and identified as integral plasma membrane proteins in malignant cells,
and it has been shown that there are functional domains in the laminin molecule
which variously regulate attachment and spreading, migration and growth, and
metastasis [116, 176]. Fibronectin has also been shown to contain distinct domains
which regulate the adhesion and motility of metastatic melanoma cells [122]. Cell
surface receptors have been identified for fibronectin, type I collagen, vitronectin,
and laminin [18,41,42,118,173,174].
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RGD sequences. The amino acid sequence arginine—glycine-aspartic acid (RGD)
appears to be common to the cell adhesion site of many attachment molecules, having
been identified in fibronectin [99, 179], vitronectin, type I collagen, fibrinogen, von
Willebrand factor and osteopontin, and may also be important in other attachment
molecules, e.g. laminin [179]. The relevance of this specific sequence to attachment
has been shown by the ability of immobilized RGD peptides to act as attachment
sites for a variety of cells, and by the ability of soluble RGD peptides to inhibit the
attachment of cells to surfaces which also contain the sequences [85]. RGD-receptor
expression may be modulated by environment. For example, selection of a human
osteosarcoma cell line for growth in the presence of RGD peptides, results in
development of a cell line with increased numbers of fibronectin receptor [42]. The
possible relevance of RGD sequences to metastasis has been demonstrated by
Humphries et al. [95, 98], who reported that co-injection of Gly—Arg—Asp—Ser with
intravenous B16-F10 murine melanoma cells inhibits the subsequent development
of pulmonary colonization by these cells [96] and is associated with extension of
survival time in recipient animals [98]. The potential importance of the RGD
peptide sequence is also indicated by the lesser ability of peptides with amino acid
inversions or substitutions to block metastasis, with correlations between the relative
inhibitory activity in vivo and the ability to disrupt adhesion ¢n vitro. The diminished
lung colonization was associated with an increased rate of loss of cell incorporated
[*251]IUdR from the lung within 6 h of intravenous injection. The effects did not
appear to be due to interference with platelet or natural killer cell activity [98]. RGD-
containing synthetic peptides have also been reported to inhibit the penetration of
melanoma cell lines and a glioblastoma through human amniotic basement
membrane [67].

In addition to acting as attachment points, binding of cells to some of the
basement membrane adhesion molecules is followed by enhanced cell migration.
This may take the form of chemotaxis, i.e. movement in a concentration gradient of a
soluble stimulus, or haptotaxis, i.e. movement in the context of an adhesive gradient
on the substratum. Fibronectin, laminin, and collagen-derived peptides [121-
123,137], can stimulate cell motility which may contribute to penetration of the
basement membrane. The mechanisms involved in such motility responses seem to
be analogous to those in leukocytes with receptor—-ligand interactions, activation of
intermediate metabolites (cyclic nucleotides and arachidonic acid) [13]. The
response of cells to interaction with basement membrane molecules may not be
restricted to cell migration. There is also evidence for increased cell adhesiveness by
cancer cells and the release of degradative enzymes (Type IV collagenase and
plasminogen activator) in response to chemotactic stimulation by humoral sub-
stances [204,213]. Whether similar phenomena result from interactions with the
basement membranes is not clear.

Increased metabolism of arachidonic acid via the cyclo-oxygenase enzyme
pathway to generate a number of prostanoids, and via the lipoxygenase enzyme
pathway to form a number of monohydroxy fatty acid metabolites [17,94], also
simulate platelets, leukocytes, and endothelial cells. Important among these
products are 12-L-hydroxy-eicosatetranenoic acid (12-S-HETE or 12 HETE) from
platelets, 5-HETE and the leukotienes from leukocytes, and 15-HETE from the
endothelium. More recent studies indicate that, under basal conditions, leukocytes
and endothelial cells also synthesize linoleic acid via the lipoxygenase pathway to a
monohydroxy fatty acid 13-hydroxy-octadecadienoic acid (13-HODE) 19, 189].
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The production of 13-HODE seems to contribute to the nonadhesive properties of
the endothelium with platelets and leukocytes under basal conditions [19]. Follow-
ing stimulation, 13-HODE production stops and HETE production commences (5-
HETE in leukocytes; 12-HETE in platelets; 15-HETE in endothelial cells). Under
these conditions, leukocytes adhere to the endothelium and initiate migration
through it; platelets adhere to and spread on the damaged vessel wall [20, 162].

Analogous pathways of fatty acid metabolism have now been identified in cancer
cells and have been shown to influence their adhesiveness. Under basal conditions
several human cancer cell lines produce both 13-HODE and HETEs, the intra-
cellular levels of which were found to have a marked effect of adhesivity. When non-
metastatic and metastatic cells from the same line were compared, it was found that
the non-metastatic cells syhthesized predominantly 13-HODE while the metastatic
cells showed predominant HETE metabolism. Stimulation of the cells with the
synthetic peptide FMLP decreased 13-HODE synthesis and increased HETE
synthesis. The production of HETE molecules was associated with increased
adhesion of cancer cells to the endothelium and to the extracellular matrix.
Conversely, inhancing 13-HODE synthesis by increasing intracellular cAMP was
associated with decreased adhesion [12].

Regulation of cancer cell membrane expression of integrin receptors by lipoxygenase
products of arachidonic and linoleic acids. Honn et al. [82] reported that exposure to a
phorbol ester (TPA) increased the surface expression of IRGpIIb/II1a on human
cervical carcinoma cells. TPA is also known to increase cancer cell adhesion and
metabolism of arachidonic acid via the cyclooxygenase and lipoxygenase pathways
[54], suggesting that TPA enhanced adhesion is, in part, mediated via the
IRGplIb/I1Ia receptor, possibly also involving cancer cell metabolism or ara-
chidonic acid. When cancer cells are stimulated with TPA, labeled with monoclonal
antibodies to GplIb/IIIa, and subjected to flow cytometric analysis, the level of
surface expression that receptor may be quantitated [82]. Cancer cells treated with
TPA demonstrate an enhancement of fluorescence intensity, indicating increased
surface expression and/or activation of IRGplIIb/IIla receptors, and an increase in
the percentage of cells labeling positive for IRGpIIb/III1a[81, 82]. This effect can be
blocked by an inhibition of the lipoxygenase enzyme, but not by inhibition of the
cyclooxygenase enzyme [81, 82]. These results suggest that cancer cell lipoxygen-
ation products of arachidonic acid may mediate the enhanced expression of
IRGpIIb/IIIa. In fact, the effects of TPA can be ‘mimicked’ by 12(S)-HETE, but
not by 12(R)-HETE, 5-HETE, or 15-HETE [81]. Both TPA and 12(S)-HETE
enhanced expression of IRGplIb/II1a can be inhibited by the endothelial cell
cyclooxygenase product, prostacyclin, and the endothelial cell lipoxygenase product
of linoleic acid, 13-HODE [81]. In parallel with the observed effects of TPA and
12(S)-HETE on enhanced expression of IRGpIIb/IIIa, these factors also enhanced
cancer cell adhesion to endothelial cells, subendothelial matrix and fibronectin
[81, 90]. An increase in adhesion was not observed with 12(R)-HETE, 15-HETE, or
5-HETE, consistenit with their lack of effect on IRGplIb/Illa expression as
observed by flow cytometric analysis {81, 82, 90]. TPA and 12(S)-HETE enhanced
adhesion to all of the previously mentioned substrata were inhibited by: (1) specific
polyclonal antibodies and monoclonal antibodies to GpIIb/I11a; (2) lipoxygenase,
but not cyclooxygenase inhibitors in the case of TPA; (3) prostacyclin; and (4) 13-
HODE [81, 82, 88, 90]. These results suggest that external stimuli, possibly by an
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intracellular lipoxygenase-dependent mechanism, can increase cancer cell ex-
pression of the integrin receptor IRGplIIb/IIIa [81] and also IRGpIb (K. V. Honn
and I, M. Grossi, unpublished observation) and thereby facilitate cancer cell
adhesion to endothelial cells, subendothelial matrix, and its components.

Possible involvement of the cancer cell cytoskeleton and the mobility of membrane
receptors in cancer cell|platelet interaction. It has been reported that agents disrupting
specific components of the cancer cell cytoskeleton [177] modify parts of hematog-
eneous metastasis [14, 68, 83, 84].

One mechanism for this metastasis-inhibitory activity, which has only recently
been considered, is an alteration in the mobility of cancer cell membrane receptors
and the ability of cancer cells to induced platelet aggregation. Chopra et al. [27]
recently reported that disruption of cancer cell microfilaments and/or intermediate
filaments, but not microtubules, inhibits their ability to induce the aggregation of
homologous platelets. Ultrastructural studies confirmed a lack of platelet adhesion to
the cancer cell surface and an absence of specific membrane processes associated with
cancer cell platelet interactions [27,125,126, 128, and see below]. This effect was
due to an inhibition of plasma membrane receptor mobility, but not membrane
fluidity because paraformaldehyde treatment inhibits the ability of cancer cells to
induce platelet aggregation concurrent with an inhibition of receptor mobility, but
no inhibition of membrane fluidity [27]. Monoclonal antibodies directed to
Gpllb/I1lainduced the patching and capping response of cancer cell IRGpIIb/IIIa
receptors. This response was inhibited by disruption of microfilaments and
intermediate filaments, but not by disruption of microtubules [27, 28]. As stated
above, pretreatment of cancer cells with specific antibodies to GplIlb/IIla inhibits
their ability to induce platelet aggregation and platelet attachment to the cancer cell
surface [27, 28, 87]. These results were interpreted as evidence that IRGplIb/I1Ia
may serve as at least one receptor for platelet adhesion to the cancer cell surface, and
that the ability of this receptor to undergo patching and capping is necessary for the
induction of a platelet aggregation response (27,28, 87]. This phenomenon may
explain the observed focal interaction of platelets with the cancer cell surface
[125,126, and see below]. In a follow-up study, Chopra et al. [28] used calcium
channel blockers to disrupt elements of the cancer cell cytoskeleton; once again,
disruption of cancer cell intermediate filaments and inhibition of IRGpIIb/IIIa
receptor mobility correlated with an inhibition of platelet aggregation and platelet
adhesion to the cancer cell surface. Disruption of microfilaments and intermediate
filaments also results in decreased cancer cell adhesion to endothelial cells,
subendothelial matrix, and its components (K. V. Honn and H. Chopra, un-
published observation) suggesting that mobility of the IRGpIIb/IIIa, and possibly
other receptors, are necessary for cancer cells to secure stable adhesion to a variety of
substrata.

Interpretation of adhesion experiments

In addition to differences between arrest and cancer cell/vessel wall adhesion, it is
important to recognize differences between the various techniques used to study
adhesion, since interpretations are technique-dependent. Many direct experiments
on adhesion, particularly those designed to explore the role of adhesive macro-
molecules, have been made in vitro, when cancer cells are often allowed to sediment
under the influence of gravity, on to monolayers of endothelial-derived cells or films
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of subendothelial constituents. Although hydrodynamic factors are also thought to
play a role in determining the rates of cancer cell adhesion in these in vitro systems
[238], there are obvious physical differences between them and the in vivo situation,
where the driving force is cancer cell elastic recoil.

In the in vivo situation, cancer cells interact with the subendothelium only after
its exposure by endothelial retraction or loss [111]. This situation is mimicked in in
vitro experiments, in which cancer cells are allowed to sediment onto endothelial
monolayers which cover films of stromal constituents [144]. It is not known whether
the endothelial retraction process is different in vivo with respect to mechanism and
rate, under conditions of shear due to blood-flow and cancer cell recoil.

(3) Cancer cell trauma associated with arrest

It appears from many observations on humans, and other animals, that there is a
gross disparity between the millions of cancer cells released into the blood per day
from primary tumors [72,75] and the comparatively small numbers of metastases
developing [228]. This disparity has been termed metastatic inefficiency {225], and is
mainly due to cancer cell death, much of which occurs in the microcirculation as a
consequence of rapid and slow mechanisms.

Rapid killing

Bioassays of the lungs [119,223], liver [244], myocardium [230] and skeletal
muscle [231] of mice after they had received tail-vein, portal vein or left ventricular
injection of cancer cells, indicate that the majority of these cells are killed in the
microcirculation of these organs within the time taken to remove them for bioassay
(2-3min). The rapidity of cell killing suggested that mechanical trauma was a
distinct possibility.

Cell deformability. Pioneering observations on mechanical aspects of intra-
vascular damage to circulating cancer cells were made by Sato and Suzuki [181].
Different types of cancer cells were introduced into, and recovered from, the
pulmonary circulation of rats, and the damage inflicted on them by transpulmonary
passage was estimated by dye-exclusion tests. A positive correlation was obtained
between the percentage viability (dye-exclusion) of recovered cells, and the ease with
which they could be deformed. Deformability was measured by determination of the
negative pressures required to such bulges from cancer cells into micropipettes
applied to their peripheries [221].

In these experiments [181], although the percentages of dye-excluding cells
leaving the pulmonary circulation increase with increasing cell deformability, the
number of cells leaving or remaining in the lungs are not given, presumably because
of the technical difficultues associated with this type of sampling. Therefore,
although there is an increasing tendency of the different cell types to generate post-
pulmonary tumors following intravenous injection, it is not apparent to what extent
this is due to variation in cancer cell number or percentage viability. In addition, the
invasive capabilities of the different cell types vary considerably, as assessed by the
time taken for them to intravasate from intraperitoneal ascites tumors. Therefore,
their metastasis-related behavior could be at least partially accounted for by
differential invasiveness. Thus, as deformability and invasiveness have not been
demonstrated as dependent variables, the relationship of cancer cell deformability to
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metastasis is not defined by Sato and Suzuki’s analysis of their experimental data.
Finally, as discussed below, the relationship of (micropipette) deformability
measurements to membrane properties is complex, and varies with the degree of
deformation.

Shape transitions. When approximately spherical, circulating cancer cells enter a
capillary from a larger vessel, they undergo a shape transition. At constant cell
volume any deviation from spherical shape requires an increase in surface area,
which may be apparent or true. Apparent increases in cell surface area may be
achieved by unfolding a previously folded surface membrane. True increases in cell
surface area may be achieved by stretching. In general, bending or unbending of
membranes requires less energy than stretching [48]. Therefore, unfolding will
occur before stretching and, if the increase in surface area required for shape
transition can be accommodated by unfolding, then stretching is not expected to
occur.

Experiments have been made to demonstrate the feasibility of the unfolding
hypothesis, by suspending cancer cells in hypotonic solutions, in fixing them, and
subsequently examining them by electron microscopy. The degree of surface folding
was determined by computerized planimetric measurements made on electron
micrographs of the cell membrane. The results show that some, but not all, types of
cancer cells examined, respond to the demand for increased surface area (in response
to hypotonic swelling) by unfolding of their surfaces [24]. However, with decreasing
osmolarity of the suspending fluid the membranes rupture, indicating that, beyond a
critical yield point, a reversible unfolding process cannot meet the demand for
increase in surface area.

When parts of cancer cells were sucked into micropipettes, and the cells were
then expelled by positive pressure, hemispherical bulges were rapidly ‘resorbed’,
and the cells returned to spherical shape, indicating reversible deformation of a
viscoelastic structure. However, if elongated sausage-like protrusions were sucked
from cells, they remained after expulsion, indicating plastic deformation beyond an
irreversible vield-point [232]. This dual type of deformability has also been
documented in leukocytes [182]. The irreversible phase of membrane expansion is
associated with loss of membrane integrity, since when true membrane expansion
results in an increase in area of more than 2—4 per cent, the increase in membrane
tension results in rupture [48, 149].

This sequential model for the cancer cell periphery (figure 1), in which transition
from a spherical shape is associated first with unfolding and then possible stretching
[229], is in accord with independent observations on leukocytes {182]. The model
partially accounts for the mechanically induced death of cancer cells during transit
through 5 pum diameter, glass pipettes [181], through 5 um pores in Nuclepore
membranes [63, 104], and in the microcirculation [229]. The differential survival of
cancer cells exposed to mechanical trauma may therefore indicate differential
capacities of their peripheries to unfold, and to accommodate to shape transition
without membrane stretching.

As it is technically impossible, at present, to directly observe cancer cells within
the microcirculation in the deeper parts of organs, most of the information is derived
from indirect experiments and theoretical studies.

Attempts have been made to predict the outcome of these mechanical interac-
tions on cancer cell viability and metastasis, by calculating the tensions at the
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Figure1. Shape transition occurring when a spherical cancer cell with a folded surface enters
a capillary. First the surface unfolds, next it is stretched and finally, if the areal increase
exceeds approximately 3 per cent, the increased tension results in membrane rupture.

surfaces of the cells and vessels; a critical value for rupture of 50 per cent of some cell
populations appears to be approximately 4dyn.cm™! [233-235]. Although the
calculations for the vessels appear reasonable, the abolute values obtained for the
cancer cells are questionable because they were based on micropipette measurements
of cell deformability [181], which depend not only on cell surface tension, but also
folding and the contribution of internal structures particularly the cytoskeleton
[229,234]. However, as the same assumptions were made with respect to the cancer
cells throughout, the variables associated with vessel wall properties could be
quantitatively assessed, and have served to establish the feasibility of mechanically
induced trauma to circulating cancer cells.

Factors influencing intravascular destruction: (a) Relative deformability. The true or
apparent increase in cancer cell surface area depends on the degree of cellular
deformation within the microcirculation which, in turn, depends on the relative
deformabilities of the cancer cells and the microvessels. In the extreme case, where
cancer cells are very much less deformable than the vessel, a bulge in the vessel
caused by the hydrodynamic field surrounding the cancer cell could move along the
vessel, preceding the cell during its transit. Under these circumstances cancer cell
deformation, transit time, arrest, adhesion and destruction would be minimal. In
contrast, when the vessel wall is much less deformable than the cancer cell, cell
deformation transit time, arrest, adhesion and destruction would be maximal. An
intermediate situation would arise, when the vessel wall and the cancer cell were
equally deformable; and mechanical heterogeneity is covered by these three
cases [234].

Calculations based on lung tissue elasticity and alveolar surface tension indicate
that during expiration, when tension in the capillary walls is minimal, cancer cells
can enter and travel along the capiilaries without lethal damage, because the vessels
are deformed by the cells and the hydrodynamic fields surrounding them [234].
Under these circumstances any cancer cell deformation is expected to be associated
with unfolding only. During inspiration, when significant increases in capillary wall
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tension occur, intravascular cancer cells are expected to be deformed to a major
extent, and their surface membranes to become both unfolded and stretched, and
therefore develop tensions above the critical level for rupture and cell death.

(b) Tissue pressure. The capillary beds of the myocardium and skeletal muscles
are other examples of sites in which physiologic changes (contraction) may be linked
to differential cancer cell-killing properties. These sites illustrate the effects of
pressures developed in the surrounding tissues, on cells trapped in the
microvasculature.

(¢) Death of cancer cells in the myocardium. Intramyocardial pressures vary from
approximately 120mmHg near to the endocardium, to 90 mmHg near to the
epicardium (in the dog), corresponding to ‘hoop’ tensions in the muscles of 3-3 to
22 x 10° dynes respectively [7]. These tensions are orders of magnitude higher than
those required to rupture cancer cell membranes. It is therefore of interest that,
under specified circumstances, there is a slow incidence of myocardial metastases in
patients with cancer, compared with other target organs. It has been suggested that
this is in part due to mechanically induced cancer cell death in the myocardial
microcirculation [230, 235].

In mice, immediately following injections of radiolabeled cancer cells into the left
ventricular cavity (LVI), 47 and 2-2 per cent were arrested in the myocardial
capillary bed and lungs respectively [243]. After receiving LLVI of non-labeled B16
melanoma cells, evidence of cancer cell death was provided by many intramyocadial
deposits of cell-free melanin. Immediately following LVI of non-labeled cancer
cells, the lungs and heart were removed from each animal. minced and transplanted
into the peritoneal cavities of two fresh mice. The incidence of tumors in the
myocardial implants was significantly less than in the lung implants, in spite of twice
as many cancer cells originally being arrested in the heart. That the rapid death of
cancer cells was not due to inherent toxicity of the heart muscle, was shown by
experiments resulting in 100 per cent of tumor takes, when similar numbers of
cancer cells to those delivered by LVI were added to minced myocardium and then
implanted. Thus the rapid death of cancer cells arrested in the myocardial capillaries
was dependent on myocardial contraction, in accord with the mechanical trauma
hypothesis. Two observations which at least partially account for the occurrence of
myocardial metastases in the face of this trauma, are: (1) that not all of the cancer cells
are killed, and (2) that metastases initially tend to develop at the myocardial surface,
where there is pressure relief [230].

(d) Death of cancer cells in skeletal muscle. In humans, hematogenous metastasis
to skeletal muscle is uncommon [217, 226, 247] and, for example, in 347 autopsies on
cases with a history of metastatic colon carcinoma, only 10 had detectable metastases
in skeletal muscle [237].

In order to study trauma associated with muscle contraction, anaesthetized mice
were given left ventricular injections (LLVI) of cancer cells; the quadriceps femoris
muscles were ultimately removed within several minutes and implanted into the
peritoneal cavities of separate mice, for bioassay. The muscles fell into three major
experimental groups: those with intact muscle, which in the anesthetized animals did
not contract, but which possessed tone; those animals which the femoral nerve on
one side was transected 1 h before L VI, in which the muscle was flaccid; and animals
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in which, immediately after LVI, the muscle on one side was made to contract by
electrical stimulation. The results showed that cancer cell survival was greatest in the
flaccid muscle, intermediate in the non-contracting intact muscle, and least in the
electrically stimulated (contracting muscle [321]. These observations are in accord
with the hypothesis that mechanical trauma to cancer cells, associated with muscle
contraction, can act as a rate-regulator for metastasis in skeletal muscle.

(e) Tissue compliance. In ‘solid’ organs the deformation of the microvasculature
by cancer cells will depend only only on their own properties, but also on the
properties of the tissues surrounding the vessels; for finite deformations of the type
discussed here, any analysis must take account of their highly complex, non-linear,
stress—strain relationships [60]. At present, apart from the lungs, myocardium and
skeletal muscle, no analyses have been made which are relevant to other organs, and
which might indicate the contribution of site-specific, differential mechanical
trauma to seed-and-soil effects [160] in metastatic pattern.

(f) Blood-pressure differentials. In theoretical studies [233-235] attempts were
made to calculate the effects of blood-pressure differentials, on cancer cells deformed
into ‘sausage’ shape following entry and arrest in capillaries. In these calculations a
number of simplifying assumptions were made: first that the cancer cell surface was
planar, consistent with non-lethal unfolding; second, that an arrested cancer cell
completely blocks the vessel in which it is arrested, and third, as a consequence of
blocking, that the blood-pressure differential which formerly acted over the whole
length of a capillary, now acted between the free ends of the arrested cancer cell. It
was calculated, that under these conditions, physiologic blood-pressure differentials,
added on to the effects of shape-transition, would generate enough tension at the
surface of the cancer cell to cause lethal rupture. Against this third assumption is the
suggestion that, in the case of leukocytes trapped in a capillary network with patent
and obstructed vessels, the pressure differentials between the ends of a trapped
leukocyte are thought not to exceed the viscous pressure drop in a neighboring
capillary [183]. However, the often incomplete capillary blockage caused by
granulocytes is not analogous to the complete blockage observed with cancer cells,
and it is not clear whether the short-term sequelae of cancer cell arrest affect the
patency of neighboring capiliaries, and whether the microvascular anatomy and
pressures across capillary beds in different organs permit lethal blood-pressure
gradients along cancer cells. At present the contribution of blood-pressure gradients
to the mechanical destruction of cancer cells cannot be quantitatively assessed.

Slow killing
Arrest of cancer cells shares many features with microembolism in general,
including elicitation of the inflammatory response. The traumatic effects of

inflammatory and associated processes on arrested cancer cells are discussed below
(sections 4-6).

(4) Microvascular trauma

Historical considerations

Since cancer cells attach to extracellular matrix components in preference to
endothelial surfaces [107, 215], it has been postulated that endothelial damage might
facilitate the metastatic process by causing endothelial retraction or denudation.
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Indeed, many antineoplastic treatments are potentially cytotoxic to the endo-
thelium, and have been reported to enhance the metastasis of intravenously injected
cancer cells or spontaneously metastatic tumors. These include commonly employed
antineoplastic drugs [22,102,130,172,193,212], high concentrations of oxygen
[194], and X-irradiation [38,86,132]. Many of the antineoplastic drugs induce
retraction of confluent endothelial monolayers when added to tissue cultures in
concentrations comparable to those found in plasma during chemotherapy

[115,143].

Correlation between endothelial damage and metastasis

Using established experimental models of lung injury it has been possible to
obtain more direct evidence for the existence of correlations between endothelial
injury, retention of arrested cancer cells, and metastasis. In one study, pulmonary
endothelial damage was induced in C57BL/6 mice by intravenous bleomycin
(120 mg/kg) or by exposure of 90 per cent oxygen for 2—4 days [3, 4, 155]. Vessel wall
injury was detected by swelling and retraction of endothelial cells in the lung
microvasculature and by finding increased content of protein or intravenously
injected ['?IJalbumin in bronchoalveolar lavage fluids. There was a 6-30-fold
increase in the arrest of [1*!I]Jiododeoxyuridine-labeled fibrosarcoma cells when
these were injected intravenously during periods of endothelial injury. Sub-
sequently, more metastatic tumors formed in the experimental groups with injured
endothelium and there were direct correlations (r=0-9) between the extent of
endothelial injury and the numbers of metastatic tumors. The importance of the
endothelium as a target was emphasized by the observation that no increase in tumor
localization or metastasis was found after endothelial repair even if there was
pulmonary fibrosis.

Enzymatic degradation of the basement membrane

Penetration and degradation of the vascular basement membrane by extravasat-
ing cancer cells has been observed by electron microscopic analysis in several
experimental systems [35,186], and generally appears to be a requirement for
metastasis. As the composition of the vascular basement membrane is analogous but
not identical to that of other extracellular matrices, it has been postulated that
proteolytic enzymes are also involved in its penetration. This has been examined in
vitro where production of proteases and glycosidases by cancer cells facilitates their
ability = to  degrade endothelial basement membrane constituents
[107,140,144,146,215,216]. Some of these analysis have shown correlations
between the differing metastatic potential of related cancer cell lines in vivo and their
ability to degrade specific basement membrane components, e.g. HS proteoglycans
[138] and type IV collagen [140]. Nakajima et al. [140] have also shown that
collagenolysis could be attributed to the action of more than one proteinase, and that
much of the type IV collagenolytic activity was secreted in a latent form, requiring
activation by trypsin-like enzymes or the presence of serum for its expression. The
relevance of enzyme production by cancer cells to the degradation of vascular
basement membranes in vivo requires further analysis since, in at least one group of
experiments, infusion of biologically effective doses of inhibitors of these enzymes
failed to block experimental metastasis of the B16 murine melanoma [158].



146 L. Weiss et al.

In contrast, Ossowski [157] has demonstrated that inhibition of urokinase-type
plasminogen activator with antiurokinase results in inhibition of metastasis in the
chick chorioallantoic membrane model. In this study she has indirect evidence that
urokinase may act at the level of cancer cell intravasation through the basement
membrane into the vasculature. This may explain the discrepancy between the two
studies. An alternative explanation for the failure of inhibitors to prevent metastasis,
and one raised by Ostrowski et al. [158], is that the inhibitors are ineffective against
membrane-associated enzymes. Urokinase-type [for review see 16 a] and tissue-type
[83 a] plasminogen activators, metalloproteinases [255, 256] and cysteine proteinases
[for review see 187a] have all been found to be membrane-associated. More
importantly, both types of plasminogen activator [16 a, 83 a] and cathepsin B [178 a]
are resistant to inhibition by inhibitors, when membrane-associated.

(5) Inflammatory responses associated with arrest

Systemic reactions

The effect polymorphonuclear leukocytes (PMN) have on metastasis is con-
troversial. Some laboratories have reported that PMNs (in particular neutrophils)
can inhibit metastasis, whereas others have demonstrated that PMNs augment
cancer cell metastasis. In examining the egress of intravascular VX2 carcinoma cells
from the vessels on the rabbit ear, Wood observed that the cells appeared to leave the
vessel through defects caused by leukocytes [248]. Indirect evidence for involvement
of neutrophils in metastasis comes from studies where activation of systemic
inflammatory processes has been shown to promote metastasis. For example, it has
been observed that intravenous injection of inflammatory stimuli leads to increased
experimental metastasis associated with a systemic reaction, characterized by
intravascular activation of inflammatory mediators, leukocytosis, and pulmonary
damage [71, 73,156, 210]. Ishikawa et al. [99 a] reported that mice bearing the BMT-
11 fibrosarcoma demonstrated increased numbers of PMNs associated with tumor
growth. The i.v. injection of B16 cells into these tumor-bearing mice resulted in a
pulmonary retention of cancer cells which was 3—10 times greater than pulmonary
retention in non-tumor-bearing controls. These effects were attributed to the
granulocytosis present in the tumor-bearing mice. Ward and Weiss [219] have also
demonstrated that the i.v. injection of cancer cells into mice increases the lung colony
retention of subsequent injections with the same cancer cells. Similarly, leukocytosis
has been associated with a poor prognosis in human cancer. Shoenfeld et al. [185]
reported that 30 per cent of patients with 10 different types of non-hematological
malignancies demonstrated leukocytosis at the time of diagnosis. Leukocytosis in
these patients was associated with the presence of metastasis, and was associated with
a shorter survival time. The mechanism for this increased leukocytosis in tumor-
bearing patients is unknown, but it could be due to metastasis-associated local
damage to host tissues. In addition, Takahashi et al. [198] observed that the
conditioned medium from cultured human gall bladder carcinoma cells contained a
colony-stimulating factor for human leukocytes. I'n vivo the stimulation of neutro-
phils by non-tumor-derived agonists has also been associated with an increase in
metastasis.
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Leukocytes could promote metastasis by several means, Orr and Mokashi [153]
examined inflammatory exudates following intratracheal injection of suspensions of
carbon particles in mice. Neutrophils accounted for more than 75 per cent of the
inflammatory cells in the first week following intratracheal injection. In vitro, cancer
cells were found to undergo chemotaxis in response to lavage supernatants from
animals with inflamed lungs. The magnitude of this chemotactic response was
directly proportional to the number of neutrophils in the exudate. Intravenous
injection of cancer cells into animals previously receiving intratracheal injection of
carbon particles resulted in a 5-fold increase in pulmonary retention of these cells.
Since activation of neutrophils is followed by their sequestration in the lung
microvasculature, release of hydrolytic enzymes, and by the generation of activated
oxygen species [133, 205], it is also possible that systemic activation of circulating
neutrophils could facilitate metastasis by causing damage to the endothelium and
basement membrane. To test this hypothesis directly, Sprague-Dawley rats were
given intravenous injections of cobra venom factor resulting in complement
activation, rapid sequestration of netrophils in the lung, and endothelial damage.
The latter was demonstrated by edema of lung endothelium, retraction of
endothelial cells from the lung basement membrane, and by increased protein
content and leakage of intravenous [*23TJalbumin into bronchoalveolar lavage fluids.
When radiolabeled Walker 256 carcinosarcoma cells were injected intravenously
during the period of endothelial injury, there was a 3-fold increase in the number of
these cells retained in the lung after 24 h in treated animals, compared to controls.
This enhanced localization was prevented by pretreatment of the rats with catalase or
by antineutrophil antisera. When animals were examined 2 weeks after cell injection,
treatment groups had significantly more metastatic tumor nodules and a greater area
of lung tissue involved by metastases. In this model the formation of aggregates
between cancer cells and leukocytes could also contribute to metastasis. Such
heterotypic aggregates can be formed within 3 min of leukocyte activation in vitro
and are not necessarily toxic to cancer cells [153]. Starkey et al. [192] have reported
that the presence of polymorphonuclear leukocytes or activated macrophages in
cancer cell aggregates promotes the attachment of the cancer cells to endothelial
monolayers, and that intravenous injection of such multicellular aggregates in-
creased pulmonary metastasis over that obtained by injection of cancer spheriods
alone.

In contrast to the above studies there is also evidence in the literature which
suggests that neutrophils are an effective component of the cytolytic host cell
response in circulating cancer cells. Glaves [73] reported decreased pulmonary
retention of B16 melanoma cells in mice following i.v. injection of the vital dye,
trypan blue. Macrophage function was normal or depressed in the trypan blue-
treated mice; however, there was an increase in the numbers of circulating
polymorphonuclear leukocytes. Treatment of mice with an anti-polymorphonuclear
leukocyte antiserum resulted in a decrease in circulating PMNs and a concomitant
increase in the pulmonary retention of B16 melanoma cells in leukocyte-depleted
animals. In a subsequent study the pulmonary retention of Lewis lung carcinoma
cells was significantly increased in animals treated with the oxygen radical scavenger,
superoxide dismutase [74]. In addition, following injection of superoxide dismutase,
there was a parallel increase in the number of pulmonary tumor colonies formed in
mice injected with Lewis lung carcinoma cells. These results were interpreted as an
indication that superoxide anion plays an important role in the destruction of
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arrested cancer cells. Lichtenstein et al. [114] reported the destruction of a murine
ovarian teratocarcinoma after the intraperitoneal injection of Corynebacterium
parvum. The increased cytotoxicity of intraperitoneal cancer cells following i.p.
C. parvum injection correlated with the presence of neutrophils in the peritoneal
cavity. Recently Lichtenstein [113] has demonstrated that the destruction of murine
ovarian teratocarcinoma cells in the peritoneal cacity is mediated by reactive oxygen
intermediates released from PMNs. Although C. parvum-elicited neutrophils are
demonstrated to have cytotoxic effects against ascites tumor cell lines, it is not clear
what effect these neutrophils would have on hematogenously circulating cancer cells
(1.e. increased or decreased lung colony formation). Nevertheless, the studies of
Glaves [71, 73, 74] indicate that mild stimulation of neutrophils (e.g. trypan blue)
elicits an antimetastatic effect, while depletion of neutrophils with specific polyclonal
antiserum abrogates this effect. Glaves [72] has demonstrated that large numbers of
Lewis lung carcinoma cells (3L.1) are released into the circulation from primary
subcutaneous tumors. In addition, large numbers of circulating cancer cells are
found in animals bearing Lewis lung carcinomas. However, the actual numbers of
metastases found in these animals are orders of magnitude lower than would be
predicted from the number of circulating cancer cells, suggesting that metastasis is
an inefficient process. Honn et al. [reviewed in 241] demonstrated that tail vein
injection of elutriated 3LL cells into C57BL/6] mice results in the formation of few
(range 0-7) lung colonies 21 days later. In contrast, tail vein injection of a similar
number of B16 amelanotic melanoma (B16a) cells, results in a significantly larger
number (range 50-80) of lung tumor colonies. Animals injected with 3L L cells were
sacrificed, the lungs removed and processed for ultrastructural examination. The
number of arrested cancer cells in close proximity (i.e. membrane—-membrane
interaction) with PMNs was recorded. At 10 min following injection, 20 per cent of
the arrested 3L.L cells were found to be in association with PMNs [100, 241]. This
figure increased to a maximum of 95 per dent at 4 h. When a comparable number of
B16a cells were injected into C57BL./6] mice less than 10 per cent of the arrested
cancer cells were found in association with neutrophils. These results suggest a role
for circulating PMNs in the destruction of arrested Lewis lung carcinoma cells, and
the absence of such a role for arrested B16a cells. Therefore, C57BL/6] mice were
pretreated with the IgG fraction of rabbit anti-mouse neutrophil antiserum.
Injection of antiserum 1h prior to the injection of 3LL cells resulted in a dose-
dependent increase in the number of pulmonary colonies.

These results implicate PMNs in the destruction of intravascular arrested 3LL.
cells and demonstrate a heterogeneity in the response to neutrophils by various
cancer cell types within the same strain of murine host. However, these results do not
resolve the conflict which exists in the literature regarding the role of neutrophils in
metastasis. In most experimental protocols involving the intravascular stimulation
of neutrophils and/or an increase in their number [99 a, 156] a positive effect (i.e.
increase) on metastasis is observed. However, depletion of the circulating pool of
neutrophils also results in increased metastasis {100]. Therefore, a general nonspec-
ific activation of circulating neutrophils may result in endothelial cell damage with
concomitant exposure of the subendothelial matrix. As noted above, cancer cells
preferentially attach to components of the subendothelial matrix compared with
attachment to endothelial cells [108]. However, in untreated animals, neutrophils
may exist in a ‘resting’ state, from which they are activated in response to arrested
cancer cells. In the latter case the cytolytic effect of these neutrophils may be
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specifically directed against cancer cells. It would be interesting to observe whether
the intravenous injection of C. parvume-elicited neutrophils [113, 114] prior to the tail
vein injection of cancer cells would increase or decrease their lung colony formation.
Alternatively, the discrepancies which exist may be due to the differential sensitivity
of various cancer cell lines to the cytolytic effect of activated neutrophils, as has been
observed for the Lewis lung carcinoma and the B16 amelanotic melanoma.

Ouxygen-derived free radicals

There is reasonable evidence that the endothelial damage observed after
bleomycin and hyperoxia is the consequence of oxygen-derived free radical
generation [40, 163]. Likewise, in the experiments on neutrophil-mediated lung
injury described above, the effects on metastasis have been postulated to be the
consequence of oxygen-derived free radical release by neutrophils, especially H,O,
since pretreatment of animals with catalase (to be deplete H,0,) blocked the
enhancing effect of leukocyte activation and since the effect of complement activation
was diminished in animals depleted of neutrophils [156]. It has been well established
that neutrophils are capable of damaging vascular basement membranes by
synergistic mechanisms dependent upon oxygen free radical generation, activation
of latent proteases and inactivation of protease inhibitors [31,184,245]. The
possibility that free radicals released from intravascular cancer cells might degrade
basement membranes by a similar means is suggested by evidence that many non--
neoplastic and neoplastic cell types can generate free radicals [110, 147]. In addition,
like leukocytes, the cancer cell line, Walker 256 carcinosarcoma, is capable of being
activated by environmental factors which generate oxygen-derived free radicals
[112 a]. Taking the experiments of Glaves into account, it appears that free radicals
may have an enhancing or an inhibitory effect on metastasis. On the one hand, free
radicals released from cancer cells, host leukocytes, or generated in endothelial cells,
could facilitate metastasis by causing damage to the endothelium or vascular
basement membrane. On the other hand, as superoxide anion is toxic to some cancer
cells, this radical may be involved in clearing arrested cells from the
microvasculature.

Influence of localized inflammation

There are obvious analogies between the processes of metastasis and acute
inflammation. Thus it has seemed reasonable to look for similar regulatory
mechanisms in both. Evidence for this includes the observations that the arrest and
metastasis of circulating cancer cells is often promoted at locally inflamed sites. As
noted above, in models of peritonitis and experimental pneumonitis [152-154], it has
been demonstrated that acute inflammatory reactions are associated with the local
generation of chemoattractants for cancer cells, most likely due to digestion of the
C5a component of complement by leukocyte-derived lysosomal enzymes [151]. It
has also been suggested that inflammatory processes could promote metastasis
through the local generation of growth factors [210], although in some experiments a
search for these has been unsuccessful [152]. It has been repeatedly observed that
local or systemic infusion of vasopermeability factors does not alter the colonization
of cancer cells injected into the circulation [152,159, 210]. As suggested earlier in
this review, inflammatory processes may also be associated with the expression of
endothelial adhesion molecules or the release of humoral mediators which could alter
the properties of local cancer cells.
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(6) The hemostatic response associated with cancer cell arrest

The platelet is believed to be a major factor in promoting metastasis, on account
of its role in cancer cell arrest and initial adhesion to the vessel wall. In 1968 Gasic
and co-workers [66] provided the first experimental evidence for the participation of
platelets in metastasis, by demonstrating that the induction of thrombocytopenia,
prior to tail vein injection of cancer cells, reduced subsequent lung colony formation.
However, subsequent studies, using a variety of anti-platelet agents, have produced
equivocal results [93].

Numerous human and animal cancer cells have been shown to induce the
aggregation of platelets [11,199,206]. This ability has been demonstrated to
correlate positively with their metastatic potential in some [11, 89, 199, 206] but not
all [47,105 a] cell lines examined. Crissman and colleagues [34, 35,126] recently
described cancer cell-platlet-endothelial cell interactions in vive following the
injection of either B16a, 3LL of 16C mammary adenocarcinoma cell lines in
syngeneic mice. Platelet/cancer cell emboli were observed in the pulmonary
vasculature immediately following tail vein injection of elutriated cancer cells of the
three histological types mentioned above [34, 126]. The degree of platelet association
with arrested cancer cells was time-dependent [34, 35, 126]. Initial signs of platelet
aggregates were observed as early as 10 min post-cell injection, and they increased to
their maximum between 4 and 8 h. Platelets were not observed interposed between
the cancer cell and endothelial cell plasma membrane [34, 35]. Cancer cells arrested
at early time intervals demonstrated a limited focal association with activated
platelets [35]. These results suggest that in wive cancer cell-induced platelet
aggregation occurs after cancer cell arrest and attachment to the vascular
endothelium—subendothelial matrix. Arrested cancer cells exhibit process formation
similar to that reported by Honn and colleagues for studies of in vitro cancer cell
platelet interactions [28,87,125,126,128]. In vivo and in vitro, these processes
interdigitate with the platelet aggregate. These processes were found only in areas of
cancer cell plasma membrane contact with activated platelets, and not in areas of
cancer cell plasma membrane contact with unactivated platelets, endothelial cells, or
blood elements [34, 35, 126]. Intravascularly, platelet activation and degranulation
were observed primarily in platelets associated with the cancer cell processes [35]
and increased in a time-dependent manner. Specifically, at early time intervals, less
than 10 per cent of the cancer cell plasma membrane, exposed to the vascular lumen,
was associated with activated platelets. This association with activated platelets
increased with time (i.e., —4 h) until the entire luminal surface of the cancer cell was
surrounded by activated platelets. The associated thrombi disappeared approxi-
mately 24 h after arrest; however, cancer cells remained inside vessels for up to 3-5
days and demonstrated evidence of intravascular proliferation [34, 35]. The decrease
in platelet thrombi associated with arrested cancer cells correlates with the increase
in cancer cell association with the subendothelial matrix following endothelial cell
retraction. Itis of interest to note that, at early time intervals, up to 100 per cent of the
arrested cancer cells were found associated with activated platelets, whereas at later
time intervals (i.e. > 24 h) intravascular cancer cells, adherent to the subendothelial
matrix, were observed with unactivated platelets juxtaposed to their luminal surface
[34, 35]. This effect was not due to a fibrin coat on the cancer cell surface. Honn and
colleagues have previously demonstrated that platelets can enhance the level of
cancer cell adhesion to endothelial cell monolayers [91] and their subendothelial
matrix [127, 128] in vitro. This effect was dependent upon elements of the platelet
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plasma membrane (i.e. GplIb/IIIa) and intact platelet microfilaments [127, 128].
Thus it seems reasonable to suggest that platelets may participate in facilitation of
cancer cell metastasis by stabilizing the initial cancer cell adhesion to endothelial
cells and possibly subendothelial matrix during the early time intervals post-cancer
cell arrest. Once a cancer cell establishes significant plasma membrane contact with
the subendothelial matrix, the associated thrombi disappear, suggesting a lack of
platelet participation in this stage of cancer cell adhesion and/or extravasation from
the vasculature.

Gorelik and co-workers [77, 78] have suggested that platelets/fibrin protect
intravascular cancer cells from cytolytic destruction by circulating natural killer
cells. However, such a function for platelet/fibrin could be operative only for the first
24h following cancer cell arrest, since there is an absence of platelet/fibrin
association with arrested cancer cells after 24 h [34, 35]. While undergoing prolifer-
ation, cancer cells remain intravascular up to 5 days in the absence of a platelet/ fibrin
barrier to circulating NK cells [34, 35].

It has also been suggested that platelets facilitate cancer cell metastasis by
releasing adhesive glycoproteins stored in their alpha granules and dense granules.
Several adhesive proteins (i.e. fibronectin, von Willebrand factor, and thrombos-
pondin) are contained within platlet granules and have been shown to enhance
cancer cell adhesion in vitro when coated on plastic or glass surfaces. Nevertheless,
Menter et al. [128] could not demonstrate positive effect of a platelet lysate or
thrombin-induced platelet releasate on adhesion of cancer cells to subendothelial
matrix. Isolated components of platelet granules (i.e. fibrinogen, serotonin, throm-
bospondin, etc.) were also ineffective at enhancing cancer cell adhesion to
subendothelial matrix [128]. However, an intact platelet cytoskeleton, platelet
membrane components, and the mobility of the platelet GpIlb/IIla receptor were
necessary for platelet enhanced cancer cell adhesion [127, 128].

Ultrastructural studies have, under defined in vitro conditions, revealed a specific
and reproducible interaction between cancer cells and platelets, which is not
exhibited during cancer cell interaction with endothelial cells or blood elements
[126]. These studies indicate that cancer cells are not passive participants in their
interaction with platelets, but rather suggest that a bidirectional interaction occurs
with each cell type responding to the presence of the other. Initial interaction begins
with the adhesion of isolated platelets to distinct areas of the cancer cell surface,
rather than the entire circumference [87,125,126]. This effect is blocked by
pretreatment of cancer cells with antibodies which react with IRGplIIb/I11a [87]
suggesting that this intergrin receptor may serve as a site for initial platelet
attachment. This hypothesis is supported by the fact that IRGpIIb/IIIa is not
homogeneously distributed on the cancer cell plasma membrane, but rather is
heterogenously distributed, with focal areas of high receptor concentration [27, 87].
Following the focal interaction of a few isolated platelets with the cancer cell surface,
aggregation proceeds by recruitment of additional platelets to this initial site. Within
30s following the addition of cancer cells to homologous PRP, individual platelets
are found associated with the cancer cell plasma membrane. Samples removed
during mid-phase of a normal aggregation curve typically reveal a single, small
aggregate of platelets attached to the cancer cell plasma membrane, some demon-
strating evidence of degranulation. Platelets are not found to envelop the entire
cancer cell circumference, and multiple focal points of attachment were rarely
observed [87, 125, 126]. During mid-phase, cancer cell processes extended into the
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developing platelet aggregate. As stated above, the development of these processes,
adhesion of platelets to the cancer cell surface and induction of aggregation are
dependent upon intact cancer cell microfilaments/intermediate filaments and
mobility of the IRGplIIb/II1a receptor [87].

Ultrastructural studies of cancer cells arrested in the pulmonary microvascula-
ture do not support the hypothesis that heterotypic cancer—platelet aggregates lodge
in the microvasculature by mechanical trapping, but rather that platelet aggregation
is initiated following initial cancer cell arrest and adhesion [34, 35]. Further, in vivo
observations suggest that platelets are only transiently associated with cancer cells
during the intravascular phase of hematogeneous metastasis. Finally, these studies
do not support the hypothesis [77,78] that platelets form a cocoon around
intravascular cancer cells protecting them from destruction by effectors of the
cellular immune system, because the maximum association of neutrophils and
lymphocytes with arrested Lewis lung carcinoma cells resulting in cancer cell
destruction, coincided with the maximum association of activated platelets [65]. In
addition, neutrophils were not associated with intravascular cancer cells after
dissolution of the platelet thrombi [100].

(7) Angiogenesis

Important interactions of cancer cells with the microvasculature include those
with pericancerous venules, leading to tumor neovascularization which on the one
hand is necessary for growth and, on the other, provides one route for intravasation
and initial dissemination.

Angiogenesis is the subject of a number of excellent recent reviews [55, 61, 220],
and is briefly covered here, mainly to illustrate its relationship to preceding
interactions involving cancer cells and the microvasculature.

A key observation linking tumor growth to neovascularization was that free-
floating cancer spheroids in the avascular anterior chamber of the rabbit’s eye,
reached a volume of 0-5mm? after 14 days and then stopped growing; when
spheroids were displaced onto the vascular iris they became vascularized and grew
rapidly [69]. The size limitation on avascular tumors is probably related to inward
diffusion of oxygen and outward diffusion of metabolites, once tumor radius exceeds
150-200 um {21].

It should be emphasized that angiogenesis occurs in a very wide range of
physiologic and pathologic processes and that, in addition to being present in tumors
and other pathologic states including chronic inflammation and some immune
reactions where neovascularization is overt, angiogenic peptides are also found in
tissues where it is not [36]; this suggests a tight control of physiologic expression of
angiogenic factors [57].

Stimuli from the region of non-vascularized tumors act on nearby venules,
causing concomitant, focal activation of endothelial cells (EC) and fragmentation of
the basement membrane. Although it has been suggested that EC-derived proteases
are responsible for this fragmentation, as discussed in the section on intravasation, it
is difficult to pinpoint this type of invasive phenomenon to any specific cell type.
Next, EC migrate towards the tumor in the form of ‘sprouts’ which, initially at least,
may not require EC proliferation. In view of the modulation of EC behavior by
interactions with surrounding tissue matrices [145], it is possible that their
degradation could act as a trigger for angiogenesis. Later, EC proliferation occurs
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under the action of a number of mitogens and lumina are formed; this process may
also be modulated by the surrounding matrix. Adjacent capillary sprouts next fuse to
form new capillary loops, and a new basement membrane is formed [10, 36, 61, 220].
The relative contributions of EC and pericytes to basement mer:ih»: 2ne formation is
not known, although in some situations neovascularization is chacacterized by the
relative absence of pericytes. Although it is generally accepted that the neovascula-
ture invades the tumor, a contrary view is that the tumor infiltrates and grows in the
developing neovascular net [203].

It has been postulated that a common stimulus for angiogenesis is tissue injury or
death associated with ischemia, which results in the release of mitogens, which are
then sequestered in endothelial cells and/or the extracellular matrix. The various
endothelial growth factors may be discriminated from factors stimulating migration,
and may be classified into heparin-binding and non-heparin-binding growth factors.
The former are common peptide endothelial cell mitogens, and fall into two groups;
class 1 containing anionic, and class 2 containing cationic peptides. At least some of
the non-heparin-binding endothelial growth factors are antigenically cross-reactive
with material in tumors and normal and pathologic non-cancerous tissues {10]. The
cells involved in inflammatory responses also provide angiogenic stimuli; including
lymphocytes (and lymphokines), neutrophils, macrophages, platelets and mast cells;
in addition, angiogenesis can occur in the apparent absence of inflammation, and
there may be an autocrine control of angiogenesis by the EC themselves [61].

Angiogenic factors including acidic and basic fibroblast growth factors and
transforming growth factor-a, appear to act directly on endothelial cells; indirect
factors act on other cells including macrophages, and extracellular matrix, which
then release angiogenic factors which act on EC [57].

As discussed, enzymatic degradation of basement membrane appears to be a
central mechanism in angiogenesis. It was therefore proposed that angiogenic factors
cause an increased production and secretion of plasminogen activator (PA) and
procollagenase by endothelial cells. The PA converts tissue plasminogen into the
protease plasmin, which causes local fibrinolysis and also activates collagenase; the
combined activities of these two enzymes are thought to promote the penetration of
tissues by EC [79, 80], presumably in much the same way as proteolysis favors
penetration (invasion) by cancer cells. In accord with this hypothesis, preparations
of angiogenesis factor produced in vitro stimulation of both PA and collagenase,
specific to capillary EC [134]. Using purified, human placental angiogenic factor, it
was shown that activity measured in terms of elevated enzyme production, paralleled
the ability to stimulate endothelial cell multiplication and motility [135]. Although
this angiogenic factor specifically targeted capillary endothelial cells, its amino-acid
sequence is homologous with basic fibroblast growth factor [191], and the two factors
may well be identical [1]. In this context it should be noted that the degradation
products of basement membrane and fibrin are also angiogenic, the latter possibly
indirectly to activate macrophages, which then release angiogenic factors [171].

In connection with possible coupling between angiogenesis and other interac-
tions, the prostaglandins PGE, and PGE, are angiogenic, whereas those of the A and
F series are not. Mast cells and mast cell-derived heparin also play an ill-defined role
in angiogenesis by stimulating EC migration and by augmenting the angiogenic
activity of acidic fibroblast growth factor; however, in the presence of some
corticosteroids heparin, or fragments lacking anticoagulant activity, inhibit
angiogenesis [56].
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The realization that angiogenesis may represent a general response to certain
types of tissue injury, mitigates against the development of angiostatic cancer-
specific agents for anti-metastatic therapy as discussed by D’Amore [37] and others.
Although angiogenesis is associated with cancer and, if achievable, generalized
angiostasis might induce dormancy and prevent the growth of micrometastases into
vascularized metastases [69], such non-cancer-specific therapy would also block
microvascular repair mechanisms in normal tissues.

Some of the complex interactions stimulating and modulating angiogenesis are
summarized in figure 2.
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Figure 2. An oversimplified summary of interactions between a tumor, endothelial and
other cells leading to angiogenesis and tumor neovascularization.
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