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is a major

factor in the diagnosis,
treatment,
and prognosis
of
patients
with cancer.
Key events
in hematogenous
metastasis
occur
in the microvasculature.
This is a
brief, selective
review of some interactions
involving
cancer cells and the microvasculature
in pathological
sequence,
specifically:
1) intravasation
of cancer cells;
2) the arrest of circulating
cancer in the microvasculature; 3) cancer
cell trauma
associated
with arrest;
4) microvascular trauma; 5) the inflammatory
and
6) coagulative
responses
associated
with arrest;
and
7) the fate of arrested
cancer cells. The evidence
shows
that in addition
to providing
routes
for cancer
cell
dissemination
and arrest sites for cancer
cell emboli,
the microvasculature,
through
a series
of complex
interactions
with cancer cells, controls
the efficiency
of
and
acts
as a rate
regulator
for the metastatic
process. WEIsS, L.; ORR, F. W.; HONN, K. V. Interactions of cancer cells with the microvasculature
during
metastasis.
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METASTASIS
IS A MAJOR
CONSIDERATION
in the staging,
treatment,
and prognosis
of most solid cancers
(1).
The bloodstream
is the most common
pathway
for
dissemination
of cancer cells, which usually enter it on
the venous
side and gain access to the microvasculature,
either
via larger
vessels
or by direct
invasion.
Hematogenous
metastases
arise
from
cancer
cells
that arrest
in the microvasculature
and survive
the
trauma,
which occurs
coincident
with arrest. Both the
cancer
cells and the microvasculature
are damaged
during
arrest.
The
subsequent
inflammatory
and
coagulative
responses,
together
with interactions
resulting in angiogenesis,
play an important
part in the
pathophysiology
of metastasis
formation.
We briefly
review some of the interactions
of the mierovasculature
with cancer
cells that appear
to play a pivotal role in

INTRAVASATION

OF

CANCER

CELLS

A few comments
will be made
on intravasation
of
cancer cells, although
the more general topic of invasion
(1, 2) is outside
the scope of this review.
Direct entry into blood vessels is usually confined
to
smaller
veins and mierovasculature.
Large veins may
also be invaded,
but arterial
invasion
occurs
rarely.
Correlations
have been established
between
tissue invasion,
metastasis,
and the ability
of cancer
cells to
release collagenase
IV, which degrades
collagen IV (3),
a dominant
component
of basement
membranes.
Cancer
cells may intravasate
by passive
shedding
processes
and/or
active movement.
The generalization
that intravasation
always requires
basement
membrane
breakdown
by eollagenolysis
is incorrect.
In some tumors
(i.e., sarcomas),
blood is carried in vascular
clefts, which are lined by cancer cells,
rather than in vascular
endothelium.
In these tumors,
shedding
of cancer
cells directly
into the circulating
blood within the clefts does not require
prior degradation of basement
membranes.
However,
the shedding
process
would be aided by the action
of proteolytic
enzymes
(4). In some anatomic
sites, the normal
basement membranes
may be very thin and virtually
devoid
of collagen
bundles.
For example,
in the lung, the combined thickness
of the alveolar
epithelium,
basement
membrane,
and capillary
endothelium
is only 100 m.
In addition,
the neovasculature
of tumors
tends to be
fenestrated
and leaky. Therefore,
intravasation
into
these

vessels

may

require

much

less

degradation

than
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intravasation
into normal
vessels.
Cancer
cells may also
enter the bloodstream
via lymphaticovenous
connections,
after
entry
into the lymphatic
saecules or lymphatic
capillaries.
Neither
of these structures
has basement
membranes.

Finally, it should be emphasized
that interactions
of
cancer
cells with the microvasculature
and surrounding tissues
evoke
inflammatory
responses
that attract
leukocytes

and

endothelial
cerous

sources

intravasation
ARREST

macrophages.

cells

These

cells,

together

with

and

fibroblasts,
can provide
noncanof enzymes
that could enhance
both the
and extravasation
of cancer cells.

OF CIRCULATING

CANCER

CELLS

Attachment

of circulating cancer cells to the vessel wall
is a prerequisite for their entry into the extravascular

space.
Biophysics

of arrest

After introduction
into the vasculature,
rigid
are arrested
in blood vessels having diameters
than

the

particles

themselves.

Single,

circulating

particles
smaller
cells

can deform
to some extent to avoid or reduce entrapment in the microvasculature,
as observed
in the case
of erythrocytes
(diameter
7 jtm)
passing
through
capillaries
(diameter
5 tm).
On the one hand, some
cell types such as macrophages
are exceptionally
deformable and can therefore
apparently
avoid mechanical
entrapment
by compensating
for their larger diameters
with their rheologic properties.
On the other hand,
cancer cells, which in general are less deformable
than
macrophages,
apparently
cannot rheologically
compensate for their greater diameters,
and tend to be trapped
soon after entry into microvascular
beds.
The sequence
of events after entry of cancer cells into
the microvasculature
and their subsequent
arrest has
been analyzed
in terms
of electrostatics,
electrodynamics, and fluid dynamics
(1, 5). Entry into capillaries
requires
a spherical
to cylindrical
transformation
by the
cancer
cells, and passage
along them is facilitated
by
the presence
of plasma
acting as a lubricant
between
the cancer cell surface and vessel wall. During
transit,
the tendency
to return to a spherical
shape is expected
to drive out the plasma
lubricant.
The cancer and endothelial
cell surfaces
would then rapidly
come into
contact
and arrest will occur. Arrest times of approximately
1 and 2 s have been calculated
for cancer cells
in the myocardial
and pulmonary
capillaries,
respectively(5, 6).
Among
other complexities
in this situation
are the
relative
deformabilities
of the microvessel
walls and the
cancer cells, which determine
the extent of their perturbation by hydrodynamic
fields generated
by the circulating cancer cells. This will be discussed
below in connection
with cancer cell trauma.
-

-
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fibrin

thrombi

have

followed by attachment
to
As discussed
later, platelet

been

found

metastasis
have demontumor
cells and the en-
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at points

of tumor

cell attachment
to the vascular
endothelium
or exposed
basal lamine,
which suggests
their involvement
in the
initial phases of the attachment
process. In vitro studies
indicate
that cells attach
more readily
to the basal
lamina than to the endothelium.
However,
there is also
evidence
that variation
in the surface
properties
of endothelialcells from different
target
organs
may partially
account
for differences
in the binding
of circulating
cells,
which
leads
to organ
preference
in metastatic
localization
(7).
Many
components
of basement
membranes
have the
ability
to act directly
as cellular
binding
sites, e.g., type
IV collagen
(8), laminin,
fibronectin,
and heparin
sulfate proteoglycan.
A molecular
feature
that seems common
to several
of these
attachment
molecules
is the
amino
acid
sequence
arginylglyclaspartylserine
(9).
Receptors
for laminin
and fibronectin
have been identified in the plasma
membranes
of malignant
cells, and
there
are functional
domains
in the laminin
and fibroneetin
molecules
that regulate
the adhesion
and motility
of metastatic
melanoma
cells (2). Based
on the evidence
that the combined
i.v. injection
of laminin
and tumor
cells results
in an increase
in lung
colony
formation,
laminin
is presumed
to have a significant
influence
on
the metastasis
of circulating
cells. Blocking
the laminin
receptor
on melanoma
cells with laminin
fragments
or
i.v. injection
of antibodies
to laminin
at the same time
as the tumor
cells leads to a reduction
in the number
of metastatic
nodules
formed
after
i.v. injection
(10).
Other
glycoproteins
are also likely
to be involved
in
regulating
this and
other
phases
of metastasis.
For
example,
direct
correlations
have been reported
between

the metastatic

and the
branched
cell surface
oligosaecharides
by a glycoprotein
designated
gpl3O (11). In addition,
molecular
interactions
between
various
attachment
molecules
are postulated
degree

potential

of sialylation

to be of potential

of several

and

tumor

expression

importance

lines

of specific

when

one

or more

of the

molecules
is produced
endogenously
by the cells, e.g.,
production
of laminin,
permitting
attachment
to type
IV collagen,
proteoglycans,
nidogen
(8), or thrombospondin,
a high-molecular-weight
glycoprotein
released
from the a granules
of platelets
during
activation.
The
roles of platelets
in arrest
are discussed
under
the section Coagulative
Response
Associated
with Arrest.

Interpretation

of adhesion

experiments

In any discussion
of the various
components
of adhesion of cancer
cells to vessel
walls,
it is important
to
recognize
differences
between
the various
techniques
used to study
adhesion
inasmuch
as interpretations
are

technique-dependent.

Many

direct

adhesion,

those

designed

particularly

role of adhesive
macromolecules,
vitro when cancer cells are usually

macromolecules
studies
initial

dothelial
plasma membrane,
the underlying
basal lamina.

under
and/or

the influence
of
stromal
constituent

experiments
to

explore

on
the

have been made in
allowed to sediment

gravity
onto
monolayers.

endothelial
Although

cell
hy-

13

drodynamic
factors are also thought
to play a role in
determining
the rates of cancer cell adhesion
in these in
vitro systems,
there are obvious
physical
differences
between
them and the in vivo situation,
where moving
cancer
cells are forced
along
capillaries
by bloodpressure
gradients.
It may well be that in vivo cancer
cell arrest results predominantly
from mechanical
impaction,
whereas
in vitro adhesion
is predominantly
caused
by adhesion
macromolecules.
Thus, for example,
the in vivo observation
that pulmonary
tumor
colony formation
is reduced
in mice
previously
injected
with monoclonal
antibodies
against
laminin
(12) does not prove that vessel wall laminin
is
involved
in initial cell adhesion
to vascular
subendothelial collagen
IV. It is well documented
that laminin
affects other cell interactions
involving
cell migration,
postarrest
adhesion,
differentiation,
and possibly
the
release of enzymes
involved in stromal degradation
and
invasion.

CANCER
CELL
WITH
ARREST

TRAUMA

It has been known
hematopoietic
cancer
are dead (1).
Rapid
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for many
years that most noncells detected
in the bloodstream

killing

Figure

1. Model of cancer cell subjected

progressing

Bioassays
of the lungs, liver, myocardium,
and skeletal
muscle of mice after they had received tail-vein,
portalvein or left-ventricular
injections
of cancer cells indicate
that the majority
of these cells are killed in the mierocirculation
of these organs within seconds. It has been suggested that mechanical
trauma
is a major cause of rapid
intravascular
cancer cell death. This occurs very shortly
before or after cell arrest (13), and is thought
to be a
major contributory
factor to metastatic
inefficiency
(1).
Pioneering
observations
on mechanical
aspects
of
intravascular
damage
to circulating
cancer
cells were
made by Sato and Suzuki (14). These authors correlated
cell survival
with cell deformabiity,
and later with cell
survival
after passing
through
polycarbonate
filters.
Some mechanisms
for mechanical
trauma
have been
advanced
based
on experimental
data and detailed
theoretical
considerations
relating to membrane
rupture
(13). In this approach,
a physically
unrestrained,
circulating
cancer cell is assumed
to have an equilibrium
configuration
with a pleated
surface
(Fig. 1). Under
small
deformation
pressures,
reversible
unpleating
occurs with no change
in cell surface area and no increase in membrane
tension.
As deformation
pressures
increase,
the unpleated
surface
is stretched,
and its
tension
rises above a critical level at which membrane
rupture
occurs. It is well documented
that bending
of
membranes
(as required
for unpleating)
requires
orders
of magnitude
less energy than stretching
them. In some
noncancer
cells and artificial
systems, when membrane
tension
exceeds
4-10 ergs/cm2,
and the expansion
exceeds
2-3%
of total membrane
area,
membrane

unpleated

no change
increases

from the equilibrium
condition

at increased

and later minimal
in

pressure

lead

to

to increasing pressures in
state with a pleated surface to an
volume
(not shown). There isfirst
increase in surface area. Additional
irreversible

increases

in

membrane

area,with lethalrupture.From ref 13. Reprinted
with permission
from L. Weiss,The hemodynamic
destruction
of circulating cancer
cells, © 1987, Pergamon Press.

rupture
occurs
(13). As described
in this simplistic
model,
surface
pleating
has a protective
function.
A
complication
in this approach
is the unknown
role of
the cytoskeleton
in relation
to deformation.
Part or all of the sequence
of membrane
unpleating,
stretching,
and rupture
could take place when cells
enter
capillaries
from larger
vessels (Fig.
2); when
capillary
geometry
converts
the cancer
cell into an
extended
sausage
shape; when an arrested
cancer cell
blocks a capillary
so that the capillary
blood-pressure
differential
is then applied between
the free ends of the
arrested
cancer cell; and when external
tissue pressures
act on stretched
cancer cells.
According
to the above hypothesis,
the myocardial
mierocirculation
should be an effective site for geometric
damage
because
under
the influence
of myocardial
pressure,
the capillaries
virtually
close. Therefore,
after
entering
a 5-jim myocardial
capillary
during diastole,
a
l5-tm-diameter
cancer cell having an unpleated
surface
area of approximately
1400 tm2 would be squeezed
into a 0.5-sm-diameter
capillary
during
systole
to
develop
an approximate
20-fold
increase
in surface
area, unless membrane
rupture
intervened.
If cancer
cell arrest
took place during
diastole,
hemodynamic
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2. The

changes

outlinedin Fig.1 are relatedto cancer celldamage sufferedon entry,arrest,and transitin the microvasculature.

damage
would occur. These considerations
lead to the
prediction
that the myocardium
is an unfavorable
soil
for metastasizing
cancer cells, a fact that is consistent
with autopsy
(6) and experimental
(13) data.
From a knowledge
of measured
pulmonary
alveolar
tensions
and structure
and cancer cell deformabiity,
it
is possible to calculate
the contributions
of mechanical
trauma
to the observed
rapid killing of cancer cells in
the lung capillaries.
Thus, when capillary
wall tension
is low at the end of expiration,
it is expected
that cancer
cells will enter and travel along the capillaries
without
damage,
because the vessels will be deformed
by the cells
and the hydrodynamic
field surrounding
them. During
normal
inspiration
when the alveoli are stretched,
the
increased
tension
within the capillary
walls will compress the cells and inflict both hemodynamic
and geometric damage,
which in at least some cases may be
lethal to the cancer
cells. In deep inspiration,
when
very substantial
increases
in capillary
wall tensions
occur,
cancer
cells already
within
the capillaries
are
expected
to develop membrane
tensions
greatly exceeding the critical values for rupture
(5).
By the use of a nuclepore
membrane
filtration
technique, attempts
were made to determine
whether
survival of L1210 and Ehrlich
aseites cancer
cells from
mechanically
initiated
filtration
trauma
was a random
event or whether
it was a manifestation
of subpopulations of cells with inherited
resistance
to mechanical
trauma.
Studies
of the patterns
of cell survival
after
repeated
filtration,
and comparisons
of the filtration
INTERACTIONS
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resistance
of clonal derivatives of filtration
survivors
with the original
populations,
failed to demonstrate
that survival
was a heritable
event (15).
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 (see the next three sections).

MICROVASCULAR
Effects

of vascular

TRAUMA
damage

on metastasis

It has been postulated
that endothelial
damage
facilitates cancer cell arrest by causing exposure
of the basement membrane.
Agents that damage
the endothelium
can enhance
the colonization
of i.v. injected
tumor cells
or spontaneous
metastasis.
These agents include commonly employed
antineoplastic
drugs, high concentrations of oxygen, and X-irradiation
(16). Direct evidence
that vessel wall injury
facilitates
tumor
arrest
and
metastasis
comes from experiments
with mice in which
dose-dependent,
pulmonary
endothelial
damage
was
induced
by i.v. bleomycin
or by exposure
to 90% oxygen for 2-4 days. Endothelial
injury was demonstrated
by morphology
and by an increased
content
of protein
15

or i.v. injected
1251-labeled
albumin
in lung lavage
fluids. There was a 3- to 36-fold increase
in the arrest
of [1311]iododeoxyuridine-labeled
cancer
cells injected
i.v. during
periods of endothelial
injury. Subsequently,
more tumors
developed
in mice with endothelial
cell
damage.
There were direct correlations
between
the extent of endothelial
injury and the numbers
of metastatic
tumors.
The importance
of the endothelium
as a target
for tumor cell arrest was emphasized
by the observation
that no increase
in tumor
arrest
or metastasis
was
found
after endothelial
repair
occurred
even in the
presence
of pulmonary
fibrosis (16, 17).
Effects

of metastasis

on vascular

integrity

Morphological
and biochemical
data suggest that there
is damage
to the basement
membrane
as cancer cells
enter the circulation
from the primary
tumor. Histological studies
have demonstrated
correlations
between
dissolution
of basement
membrane
constituents
and
tumor malignancy.
Other studies provide evidence
that
the production
of proteases
by tumor
cells facilitates
their ability to degrade
basement
membrane
constituents in vitro, an observation
that may relate to both
intravasation
and extravasation.
Enzymes
of particular
interest
include
type IV collagenase,
cathepsin
B, and
plasminogen
activator,
which in addition
to its role in
fibrinolysis,
activates
collagenase
(18, 19). However,
the
role of these phenomena
in in vivo metastasis
needs to
be defined.
INFLAMMATORY
RESPONSES
WITH
TUMOR
CELL
ARREST
AFFECT
METASTASIS

ASSOCIATED
THAT

Cancer
cell arrest within the microvasculature
may be
influenced
by the acute inflammatory
response mediated
by neutrophil
polymorphs.
Therefore,
although
macrophages, lymphocytes,
natural
killer, and other cells are
involved
in the later steps of the metastatic
process,
we
will focus on neutrophil
polymorphs.
On the one hand, the inflammatory
process kills many
cancer cells and contributes
to metastatic
inefficiency;
on the other hand, inflammation
appears
to promote
invasion
by the survivors.
The underlying
mechanism
is that agents killing cancer cells also damage
normal
tissues.
Metastasis

inhibition

Polymorphonuclear
neutrophils
(PMNs)
are likely to
be an effective
component
of the cytolytic
host cell
response
to circulating
tumor cells; PMN-released
reactive oxygen
radicals
are toxic to some tumor
cells
(20). Thus, the increase
in pulmonary
retention
of i.v.
injected
tumor
cells after depletion
of neutrophils
or
after treatment
with superoxide
dismutase
has been
interpreted
as evidence
that PMN-derived
superoxide
anion
plays an important
role in the destruction
of
arrested
tumor cells (21). Further
evidence
for destruction of intravascular
arrested
tumor cells by neutrophils

has come from ultrastructural
studies of the fate of i.v.
injected
cancer cells in mice (22).
Tail-vein
injection
of 4 x l0 Lewis lung carcinoma
(3LL) cells into C57BL-6J
mice results in the formation
of few (range 0-7) lung colonies
21 days later. In contrast, the injection of similar numbers
of B16a melanoma
cells resulted
in a significantly
larger
number
(range
50-80) of lung tumor colonies.
Ultrastructural
examination
of the lungs was made at various
times after
tumor cell injection,
and the numbers
of arrested
tumor
cells found in close proximity
(i.e., membrane-membrane
interaction)
with PMNs
were recorded.
Ten minutes
after injection,
20% of the arrested
3LL carcinoma
tumor cells were found to be associated
with PMNs and
95% were associated
at 4 h (Fig. 3). When a comparable
number
of B16a cells were injected
into mice, less than
10% of the arrested tumor cells were found in association
with neutrophils
(K. V. Honn,
unpublished
observation). These results suggest a role for circulating
PMNs
in the destruction
of arrested
3LL cells, and the absence
of such a role for arrested
Bl6a tumor cells. This suggestion was supported
by experiments
in which mice
given the IgG fraction
of rabbit antimouse
neutrophil
antiserum
1 h before injection
of 2.5 x 10 or 4 x 10
3LL cells developed
an (antiserum)
dose-dependent
increase in the number
of pulmonary
tumor
colonies
at
21 days (Fig. 4). Ultrastruetural
observations
of lungs
removed
from animals
pretreated
with antineutrophil
antiserum
confirmed
a decreased
association
of PMNs
with arrested
3LL cells.
Metastasis

promotion

Systemic effects
It is interesting to note that in some experiments
that
involve the intravascular
stimulation
of neutrophils
and/or
an increase
in their number
(23), neutrophils
appear to have a positive effect (i.e., increase)
on tumor
cell metastasis.
Conversely,
in some host/tumor
systems,
depletion
of the normal
circulating
pool of neutrophils
results in a negative
effect (i.e., decrease)
on metastasis
(17, 21). One possible explanation
of these results is that
the general or nonspecific
activation
of circulating
neutrophils
may result in some endothelial
cell damage
with concomitant
exposure
of and/or
damage
to the
subendothelial
matrix.
This hypothesis
has been tested on a lung metastasis
model.
Leukocyte
activation
is followed
by diffuse
sequestration
of neutrophils
into the pulmonary
capillaries and injury to the pulmonary
endothelium
with
subsequent
lung dysfunction.
Rats were given i.v. injections of cobra venom factor resulting
in complement
activation,
rapid
sequestration
of neutrophils
in the
lung,
and endothelial
damage.
When
radiolabeled
cancer
cells were injected
i.v. (during
the period
of
endothelial
injury),
there was a threefold
increase
in
pulmonary
retention
of tumor
cells after 24 h when
compared
with
untreated
controls.
This
increased
tumor cell retention
was associated
with more pulmonary tumor colonies 2 wk later. This enhancement
was
prevented
by pretreatment
of the rats with eatalase
or
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Thereafter,

the experimental

effects

The arrest and metastasis
of circulating
tumor cells can
also be promoted
at locally inflamed
sites. In models of
peritonitis
and experimental
pneumonitis,
it has been
demonstrated
that acute inflammatory
reactions
are associated
with the local generation
of chemoattractants
for tumor cells. These chemoattractants
are most likely
a result of digestion
of the C5a component
of complement by leukoeyte-derived
lysosomal
enzymes.
It has
been suggested
that inflammatory
processes
could promote metastasis
through
the local generation
of growth
factors,
although
in general,
direct experimental
evidence is lacking.
It has been repeatedly
observed
that
local or systemic
infusion
of vasopermeability
factors
does not alter the metastasis
of experimental
tumors
injected
into the circulation
(24).
A large number
of agents are now recognized
to have
chemoattractant
properties
for tumor
cells. These include constituents
of the vascular
basement
membrane
such as fibroneetin,
laminin,
and collagen-derived
peptides. This suggests a means by which attachment
of the
tumor cell to the basement
membrane
could stimulate
cell motility
(2, 10, 24). The mechanisms
involved
in
tumor
chemotaxis
seem to be analogous
to receptorligand interactions
in leukocytes,
involving
activation
of intermediate
metabolites
(cyclic
nucleotides
and
arachidonic
acid). The end responses
of ehemoattractant stimulation
involve not only cell migration,
but
also increased
cell adhesion
and enzyme
release (type
IV collagenase
and plasminogen
activator).
Recent experiments
provide evidence
that oxygen radical generaINTERACTIONS

I
(0

by antineutrophil
antiserum.
Therefore,
in this model
the effects on metastasis
may well be related
to the
generation
by the neutrophils
of reactive
oxygen species, especially
H2O2 (17).
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the association

period

of tumor

cells with

PMNs

was dramatically

(192 h).

tion, which may be important
if, as in leukocytes,
this
is a means for inducing
endothelial
damage
(25).
Studies of interactions
between
the endothelium
and
circulating
leukocytes
or platelets
indicate
that endothelial cells carry interactive
sites for a variety of stimuli
such as interleukin
1 and tumor necrosis factor. Perturbation
of the endothelium
is followed
by endothelial
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activation
with the synthesis
and expression
of adhesion
molecules
(26) and by the release of a variety of humoral
products
of endothelial
metabolism,
including
interleukin 1. These events are associated
with a shift in the
metabolism
of fatty acids from linoleic acid to araehidonic acid with production
of hydroxyeicosatetraenoic
acids
instead
of hydroxyoctadienoie
acid
(M.
R.
Buchanan
et al., unpublished).
It is possible that these mechanisms
are also relevant
to metastasis.
For example,
the motility of human A549
lung carcinoma
cells is stimulated
in response
to endothelial-derived
interleukin
1, which suggests a means by
which the endothelium
could regulate
cancer cell motility after arrest (F. W. Orr et al., unpublished).
This
may be partially
responsible
for the localization
of neoplastic
cells at inflamed
sites where
endothelium
is
likely to be in an activated
state. Other
experiments
have demonstrated
that the adhesiveness
of human umbilical vein endothelial
cells for the A549 tumor is increased
after perturbation
of the endothelium
with interleukin
1 or peptide
chemoattractants.
These events
are associated
with decreased
levels of endothelial
13hydroxyoctadienoic
acid, providing
further
evidence
of
the similarity
and/or association
between
inflammatory
and metastatic
mechanisms.
COAGULATIVE
WITH
ARREST

RESPONSE

ASSOCIATED

Cancer
cell interactions
with platelets
may facilitate
metastasis.
Platelet/tumor
cell emboli have been proposed to facilitate
the entrapment
of tumor cells within
the microvasculature.
In addition,
cancer cells shielded
within
the platelet
thrombi
may be protected
from
trauma
of types described
above. However,
contrary
to
popular
belief,
in vivo studies
(22, 27) suggest that
tumor cell-induced
platelet aggregation
occurs after the
initial arrest has occurred.
The release of platelet products such as serotonin
may induce vasoeonstriction,
aiding in the trapping
of tumor cells or alternatively
facilitating endothelial
cell retraction
(28); platelets
also release
adhesion
glycoproteins,
and the platelet
membranes
themselves
may facilitate
tumor cell adhesion
(29).
Part of the confusion
about platelet/cancer
cell interactions
stems from the fact that the reported
times of
dissolution
of the platelet
thrombi
and eventual
extravasation
of the tumor cell vary from one publication
to another,
even allowing
for variation
in cancer type.
In none of these earlier studies was the extent of platelet
involvement
in tumor
cell arrest quantitated,
or the
temporal
nature
of the association
between
platelets
and tumor cells adequately
examined.
However,
recent
quantitative
studies of platelet
involvement
in pulmonary arrest and retention
of B16 melanoma
cells, 3LL
cells, and 16C mammary
adenocarcinoma
cells (22, 30)
reveal that at the earliest
time intervals
examined
(10
mm), 59% of B16a cells, 21% of 3LL cells, and 51% of
16C cells were in contact with platelet aggregates.
Maximum association
with pulmonary
thrombi were observed
by approximately
30 mm in all cell lines examined.
Platelets remained
associated
with intravascular
arrested

tumor
cells for approximately
24 h, after which
the
association
with platelets
decreased,
while tumor cells
remained
intravascular.
At approximately
8 h, endothelial cell retraction
occurred
and tumor cells initiated
attachment
to the subendothelial
matrix.
Tumor
cells
remained
intravascular
for 3-5 days, proliferating
in
the intravascular
space (22). As the amount
of surface
contact
between
the tumor cell and the subendothelial
matrix increased,
there was a loss of activated
platelets
associated
with arrested
tumor cells. By 24-48 h, tumor
cells were observed
adherent
to the subendothelial
matrix of vessel walls, with their luminal surface exposed
to blood elements
including
platelets,
which did not
show any evidence
of activation.
This contrasts
with
cells of the same lines observed
during
the early arrest
phase when massive platelet aggregation
occurred.
These
results suggest
that during
the process
of endothelial
cell displacement
and cancer cell association
with the
subendothelial
matrix, there is a loss of thrombogenicity
on the luminal
surface of the tumor cell.
Numerous
laboratories
have demonstrated
that a
variety of cancer cell types can induce platelet aggregation. In some cases, this aggregation
has been linked to
the ability of tumor cells to form lung colonies in vivo;
in others, there has been a lack of such correlation
(31).
Attempts
were made to clarify
platelet/cancer
cell
interactions
by electron
microscopy
at defined phases of
the normal
aggregation
curve (30), and these observations were then correlated
with interactions
occurring
in vivo after tail-vein injection
of elutriated
tumor cells
(22, 30). After the initial limited
contact with platelets,
cancer
cells displayed
a rapid
decrease
in surface
microvilli,
which remained
only at the site of initial
platelet
attachment
to the tumor cell. These microvilli
at the attachment
site then developed
into large cellular
processes
that extended
into the platelet aggregate
(30).
Thus,
not only do platelets
respond
to cancer cells by
aggregating,
but cancer cells also respond
to platelets
with very specific morphological
changes,
which were
not observed
with cancer
cells and endothelial
cells,
neutrophils,
red blood cells, or lymphocytes
(30).
The initiation
of aggregation
of washed platelets
by
tumor cells utilizes a thrombin-dependent
pathway
initiated by a novel procoagulant
protein,
and requires
the
presence
of calcium (> 1.2 mm) and a small amount
of
platelet-poor
plasma
(PPP < 0.1%), which are cofactors necessary
for the generation
of thrombin
(32). This
procoagulant
protein
is neither
a tissue factor nor a
proteolytic
enzyme (32). Recent evidence
suggests that
the binding
of platelets
to tumor cell surfaces
and the
initiation
of aggregation
are distinct,
separable
events.
Platelets
enhance
tumor cell adhesion
to extracellular
matrix
(29). The
key factors
in platelet-facilitated
tumor cell adhesion
were an intact plasma
membrane
and receptor
mobility
in the platelet plasma membrane
(29). It was postulated
that platelet-facilitated
tumor
cell adhesion
occurs
via the interaction
of platelet
receptors
with both the tumor cell and the subendothehal cell matrix,
and further,
that the receptors
involved
in platelet-facilitated
tumor cell adhesion
are the platelet glycoproteins
lb and the lib/Illa
complex
(33).
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Glycoproteins
immunologically
related
to platelet
gpllb/IIIa
complex
appear to be present in a variety of
cancer
(33) and noncaneer
cells, and the translated
eDNA
sequence
for endothelial
cells exactly
matches
the amino acid sequences
of platelet
gpIIIa
(34).
FATE

OF

ARRESTED

CANCER

CELLS

Extravasation
In studies of the events leading to metastasis
formation,
two different
patterns
of extravasation
have emerged:
1) active migration;
and 2) arrest and proliferation.
In
support
of the first hypothesis,
Wood (35) observed
the
arrest of V2 squamous
carcinoma
cells and associated
thrombus
formation
within
3-48 h in the rabbit
ear
chamber
model. The tumor cells were often observed
to
extravasate
by following
the migration
of host leukocytes. Other studies have demonstrated
the formation
of defects in the vascular
wall by tumor cell cytoplasmic
projections
unrelated
to previous
passage of host leukocytes (36). The arrest and proliferation
hypothesis
is
characterized
by arrest and intravascular
proliferation
of circulating
tumor
cells with subsequent
erosion
of
the vessel wall and extravasation
by the growing tumor
mass rather
than extravasation
by active tumor
cell
migration.
Microscopy
of the lungs after tail-vein injection of B16a melanoma
cells (23) revealed
that cancer
cells were most prevalent
in the pulmonary
microvasculature 10 mm after injection,
and their number decreased
steadily
for 24 h. Platelets
were associated
with more
than half of the arrested
tumor cells at the early time
intervals,
and approximately
one-third
of these platelets demonstrated
degranulation
as evidenced
by electron microscopic
examination.
By 48 h, only 2% of the
intravascular
tumor
cells were still associated
with
platelets.
Fibrin association
peaked
at about 8 h after
tumor
cell injection.
No tumor cells were observed
in
contact with the basal lamina
during
the first 4 h after
injection.
Thereafter,
the percentage
of tumor
cells
associated
with the basal lamina
increased
steadily
during the first 72 h and remained
maximal
120 h after
injection
of B16a cells. This basal lamina
contact
was
formed after the apparently
nontraumatic
displacement
of the underlying
endothelium
(23). The percentage
of
mitotic tumor cells increased
dramatically
once contact
with the basal
lamina
was established
(23). These
results suggest that in addition
to possibly
promoting
the mechanical
trapping
of platelet/tumor
cell aggregates within the microvasculature
and platelet-facilitated
adhesion
of tumor
cells to the endothehium,
platelet!
fibrin thrombi
may protect
arrested
tumor
cells by a
thrombus
coat or cocoon and enhance
their intravascular growth
by the possible
release
of platelet-derived
growth factors. However,
cancer cells were observed
to
proliferate
intravaseularly
long after any protective
coat
was removed
(23).
Neovascularization

of metastases

Some of the most important
interactions
of cancer cells
with the microvasculature
are those culminating
in the
INTERACTIONS

OF CANCER CELLS WITH

MICROVASCULATURE

vascularization
of micrometastases.
A hypothesis
has
been advanced
that “once tumor take has occurred,
every
increase
in tumor cell population
must be preceded
by
an increase
in new capillaries
that converge
upon the
tumor”
(37).
An operational
definition
of a micrometastasis
is a
metastatic
lesion that obtains
its nutrients
by diffusion
processes.
Neovascuharization
is a major factor promoting the further development
of these lesions to metastases
with diameters
greater
than
approximately
1 mm.
Tumor
neovasculature
arises from host vessels in the
form of capillary
sprouts
in response
to non-cancerspecific and tumor-induced
stimuli.
Capillary
sprouts
are formed in sequential
steps involving
local basement
membrane
degradation,
and the immigration
and growth
of endothehial
cells to form these sprouts that penetrate
the tumor
to form its neovasculature;
alternatively,
tumors may acquire their neovasculature
by penetration
into the dense peritumoral
vascular
network.
Experiments
with rabbits
having intraocular
tumors
have demonstrated
that tumor growth is dependent
on
neovascularization.
Implanted
tumors
growing
free in
the anterior
chambers
of the rabbit
eye, where
they
were essentially
avascular,
attain volumes
of approximately 0.5 mm3 in 14 days. In contrast,
tumors of similar type implanted
onto the iris, where
they rapidly
became vaseularized,
reached volumes of 330 mm3 over
the same time (37).
Although
the interactions
resulting
in angiogenesis
can be initiated
by products
released from cancer cells,
they are not cancer-specific
but take place in many
physiological
and pathological
situations,
particularly
during inflammation.
Thus, angiogenesis
is stimulated
by appropriately
activated
macrophages,
particularly
in hypoxic environments
associated
with tissue damage;
by (T) lymphocyte
products;
and by pohymorphonuclear
leukocytes
and mast cells. However,
as discussed
above,
an inflammatory
response
is commonly
associated
with
different
parts of the metastatic
process.
It is therefore
of interest that prostaglandins
E1 and E2 are angiogenic,
although
those of the A and F series are not; in addition, prostaglandin
synthetase
inhibitors
inhibit angiogenesis.
An essential
step in the angiogenesis
sequence
is
degradation
of basement
membranes,
and in common
with other types of invasion,
the role of proteolytic
enzymes
in angiogenesis
has been explored.
Capillary
endothelial
cells produce
at least two proteolytic
enzymes,
plasminogen
activator
(PA) and an inactive
form of collagenase.
In addition
to converting
plasminogen
to active plasmin,
which itself causes tissue
proteolysis,
plasmin
activates
latent collagenase,
which
degrades
basement
membrane.
The degradation
products themselves
also stimulate
angiogenesis.
When
stimulated
in vitro by crude preparations
of angiogenesis factor, there was stimulation
of the release of PA and
collagenase
by capillary
but not aortic endothehial
cells,
and not from nonendothehial
blood vessel-associated
cells. A 500-fold purified,
18-kDa agent was not only a
potent
stimulator
of PA and collagenase
production,
but also stimulated
endothehial
cell migration
and
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growth,

demonstrating

it to be an angiogenesis

factor

(38).
Angiogenic

factors may

3.

act directly on endothehial

cells (e.g., acidic and basic fibroblast
growth factors and
transforming
growth
factor,
TGF-a),
or indirectly
through
cellular
intermediates
(e.g., TGF-).
In addition, contributions
to angiogenesis
can be made by
agents that are low-molecular-weight
endothehial
mitogens or ehemotactic/chemokinetic
factors.
It is therefore not surprising
that a number
of different
factors
have been described,
which probably
act through
quite
different
mechanisms.
Thus,
angiogenin,
which is a
single-chain
polypeptide
of 14.4 kDa, appears
different
from the heparin-binding
growth
factor;
it lacks sequence
homology
to either
acidic or basic fibroblast
growth factors, does not bind to heparin,
and does not
act as a mitogen
for vascular
endothehial
cells (37).
The process of tumor vaseularization
is interrupted
and does not lead to the unrestrained
continuous
growth
of cancer
cells. The neovaseulature
is leaky and the
vessels are easily compressed.
Thus, tumor expansion,
together
with the absence
of tumor
lymphatics
that
could act as a pressure
relief valve, tends to compress
the internal
neovasculature
and lead to local anoxia and
necrosis,
particularly
in rapidly
growing
tumors.
Although
this is not the only event leading
to inhibition
of cancer cell growth or death,
the possibility
that the
growth of metastases
could be controlled
by antiangiogenesis agents or angiostasis
is interesting.
Although
neither
angiogenesis
nor its regulation
is
fully understood,
it seems that these processes
constitute a group
of cancer
eell/mierovaseulature
interactions
of major
importance
in regulating
the final
development
of metastases
from cancer cells surviving
other interactions
with the microvaseulature.
It is of
great

interest

to view

neovascularization

as an isolated event, but rather
actions
discussed
earlier.

of tumors

as linked

to other

2.

not

inter-

4.
5.

6.

7.

8.

cancer

vascular system provides the major route for
dissemination, and cancer emboli
from which

metastases
develop are arrested
in the microvasculature.
The evidence,
briefly reviewed here, shows that in addition to serving
these traditional
anatomic
roles, the
microvasculature,
by means of a complex
series of interactions
involving
both cancer
and noneancer
cells,
controls
the efficiency
of critical parts of the metastatic
process and thereby acts as one of its major rate regulators. One objective
for future research
in this area will
be to more precisely
define the nature
of the relationships between
cancer cells and vessel walls. In addition,
the prospect
of pharmacological
modulation
of endothelial function
offers a potential
therapeutic
strategy
for the control
of cancer dissemination.
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