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Summary.-Interactions between TA3 mammary-carcinoma cells and liver cells
were studied with the electron microscope in mouse livers that had been perfused
with a defined medium containing the tumour cells.

Infiltration of liver tissue by the TA3 cells proceeded in the following steps. First,
numerous small protrusions were extended through endothelial cells and into hepa-
tocytes. Next, some cells had larger processes deeply indenting hepatocytes. Finally
a few tumour cells became located outside the blood vessels. Two variant cell lines,
TA3/Ha and TA3/St, differing in cell coat and surface charge, did not differ in the
extent of infiltration.
TA3/Ha cells were often encircled by thin processes of liver macrophages (Kupffer

cells). Encircled cells were initially intact, but later some of them degenerated. These
observations suggest that TA3/Ha cells were phagocytized by the Kupffer cells.
Encirclement appeared to be inhibited after only 30 min, when many cells were still
partly surrounded. Encirclement of TA3/St was much less frequent.

After injection of tumour cells intra-portally in vivo, similar results were obtained,
which demonstrated the validity of the perfused liver model. TA3/Ha cells formed
much fewer tumour nodules in the liver than TA3/St cells.

ONE of the properties of malignant
tumour cells is their propensity to spread
and form secondary tumours elsewhere in
the body. This process of metastasis is a
complicated phenomenon, consisting of a
series of tumour-host cell interactions. One
of these interactions is the infiltration of
the cells through vascular endothelium in
the organ where secondary tumours will
eventually develop (Dingemans, 1973,
1974). In order to study the mechanisms
behind this phenomenon in a well-defined
environment, we have attempted to use
the perfused liver as an experimental
model. In these experiments, the tumour
cells were added to a defined perfusion
medium, consisting of Krebs-Ringer buf-
fer supplemented with glucose and albu-
min. The livers were fixed at different
intervals after addition of the tumour cells,
and tumour-liver cell interactions were
observed with the electron microscope.

Previously, we have given a detailed
description of the infiltration process as
observed in lymphosarcoma cells in the
perfused liver (Roos et al., 1977). These
lymphosarcoma cells were known to in-
filtrate the liver in large numbers, pro-
ducing diffuse tumour growth all over the
liver. Indeed, in the perfused liver, 10-
35% of the lymphosarcoma cells were in
an extravascular position within 3 h. Re-
cently, it was shown that leucocytes in-
filtrated the liver in a similar way (Dinge-
mans et al., 1978). Thus the possibility
remained that this way of infiltration was
specific for lymphoid cells and might not
occur with other tumour cell types. We
therefore repeated our experiments with a
non-lymphoid tumour, the TA3 ascites
mammary carcinoma. This tumour is of
particular interest because there are two
sublines, TA3/Ha and TA3/St, which
differ in cell-surface properties. TA3/Ha
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cells are covered with a thick cell coat
(Miller et al., 1977) consisting of sialogly-
coprotein, and consequently have a much
higher negative surface charge than TA3/
St cells, which lack this coat (Friberg,
1972). As these cell-surface properties
might influence the interaction with vascu-
lar endothelium, both sublines were
studied.

Interactions between macrophages and
tumour cells have been studied extensive-
ly. However, most observations have been
in vitro on activated peritoneal macro-
phages, or macrophages isolated from solid
neoplasms. In contrast, little is known
about interactions between tumour cells
and resident tissue macrophages. The liver
contains a large number of resident macro-
phages, the Kupffer cells. In our studies
on lymphosarcoma cells (Dingemans,
1973; Roos et al., 1977) little interaction
with Kupifer cells was observed. In the
present investigation, however, we have
seen apparently intact TA3 cells, particu-
larly TA3/Ha cells, that were being sur-
rounded by Kupffer cell processes. Later,
some cells that were completely encircled
in the plane of the section were degenerat-
ed. We feel that these observations strong-
ly suggest that the TA3/Ha cells were
phagocytosed by the Kupffer cells.

In order to demonstrate the validity of
the observations in the perfused liver, TA3
cells were also injected in vivo into the
portal system of syngeneic A mice. Obser-
vations in the livers of these mice were
compared to those in the perfused liver.
Some of these mice were allowed to survive
long enough for tumour nodules to develop
in the liver.

MATERIALS AND METHODS

Tumour cells.-The TA3 mammary adeno-
carcinoma originated spontaneously in an
A/HeHa mouse in 1949. The solid tumour was
converted into ascites tumours on two separ-
ate occasions, and the resulting cell lines were
maintained in syngeneic A mice by Dr T. S.
Hauschka (TA3/Ha) and Dr G. Klein (TA3/
St). After several years, the TA3/Ha cell line,

without any known pressure, lost its strain
specificity and became transplantable in allo-
geneic mice, and also in rats and hamsters.
The TA3/St tumour retained its strain speci-
ficity. The history of the 2 cell lines has been
described by Hauschka et at. (1971).
The cells, which were kindly supplied by

Dr G. Klein, were maintained by weekly i.p.
passage of 5 x 104 TA3/Ha or 5 x 106 TA3/St
cells in 0.1 ml phosphate-buffered saline
(PBS) in syngeneic A mice. The yield after 7
days was '3 x 108 TA3/Ha cells in '2 ml
ascitic fluid and -108 TA3/St cells in very
little ascitic fluid.
More than 99% of the cells excluded trypan

blue. Samples of tumour-cell suspensions
were fixed by dilution with an equal volume
of 2.5% glutaraldehyde in 01M cacodylate
buffer, and processed for electron microscopy.
For perfusion experiments, the cell suspen-
sions were diluted in PBS and used immedi-
ately, or stored at 20°C, but never used later
than 30 min after collection. In some experi-
ments the cells were washed twice with PBS,
which treatment did not influence the results.

Mice.-Livers of both syngeneic A and
allogeneic (C57BL x DBA)F1 mice were per-
fused.

Perfusion technique.-The perfusion pro-
cedure has been described previously (Roos
et al., 1977). Briefly, mouse livers were per-
fused in situ through the vena porta with an
oxygenated Krebs-Ringer buffer supplement-
ed with glucose, albumin and amino acids,
without an oxygen carrier. Oxygenation and
perfusion took place in a thermostatically
controlled apparatus at -35TC. By applying
a hydrostatic pressure of 7-8 cm H20, a flow
rate of 3 ml/min was obtained, resulting in an
effluent 02 concentration of 2-5-3 parts/106.
We injected 4 x 106 TA3/Ha cells or 3 x 106
TA3/St cells, which were the largest numbers
that could be injected without causing a con-
siderable decrease in flow rate. The cells were
injected into the vena porta cannula over a
10-min period.
Fixation.-Livers were fixed at intervals

ranging from 30-120 min after tumour-cell
injection by perfusion with 1-5% glutaralde-
hyde in 0-067M cacodylate buffer+ 1% suc-
rose, postfixed in 1% OS04 for 2 h (1 mm3
blocks) and processed for electron microscopy.
Sections, contrasted with uranyl acetate and
lead oxide, were observed in a Philips 301
electron microscope.
Experiments in vivo.-Tumour cells were
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collected in the same way and suspended in
the same buffer as in the perfusion experi-
ments, Syngeneic A mice were anaesthetized
with ether, and 3x 106 cells in 0-2 ml PBS
were injected into a small mesenteric vein
(Dingemans, 1973, 1974). The livers of 19 mice
that had received TA3/Ha or TA3/St cells
were fixed by perfusion with glutaraldehyde
via the portal vein at intervals ranging from
5 min to 10 days after injection.

RESULTS

Morphology of TA 3 cells
Suspensions of both TA3/St and TA3/

Ha cells contained single cells and cell
clumps of mostly less than 5 cells. Occa-
sionally larger aggregates were present.
Cells in clumps were connected by junc-
tions (Fig. 1), indicating that these ascites
cells were still epithelial in character. The
cells had many intracisternal virus particles
which made them easily recognizable in
the liver (Fig. 12). TA3/Ha cells were
characterized by a cell coat (Fig. 1), which
was not observed on TA3/St cells (Fig. 3).
The thickness of the coat varied, however,
and was not always as prominent as in
Fig. 1. The ultrastructure of both cell lines
has been described in more detail by Miller
et al. (1977).

Tumour-cell arrest and distribution
In some experiments effluent perfusion

medium was collected, and analysed in an
electronic particle counter. We found no
significant difference in counts between
samples collected before, and up to 2 h
after addition of cells. Thus, apparently
all tumour cells were arrested in the liver.
In the electron microscope we observed
that the tumour cells were arrested in the
beginning of sinusoids, in the vicinity of
portal-vein branches.

Interaction with endothelium
Within 30 min after injection, both TA3/

Ha and TA3/St cells extended numerous
finger-like protrusions into the sinusoidal
endothelium. Some protrusions were seen
in invaginations of the endothelial cells,

which were generally "bristle-coated"
(Fig. 2 and 4), but most protrusions ex-
tended through narrow openings in the
endothelial cells into the space of Disse
(Fig. 3). Even where the distance between
the tumour-cell body and the endothelium
was considerable, long protrusions often
penetrated the endothelium (Fig. 4). Pro-
trusions traversed through openings in
both thinner and thicker parts (Fig. 3) of
endothelial cells, with no preference for
the fenestrated areas of the endothelium.
Of the cells that were seen to penetrate,

an average of 3±2 protrusions were ex-
tended through openings in the endothe-
lium in a section, but as many as 20 protru-
sions was not exceptional. Since one
protrusion can only be seen in a few
consecutive sections, and more than 200
sections were needed to completely cut
one tumour cell, it is evident that most
tumour cells extended hundreds of pro-
trusions through the endothelium.

Interaction with hepatocytes
Part of the extended protrusions not

only traversed the endothelium, but also
intruded into hepatocytes. Invaginations
thus formed in hepatocytes were mostly
"bristle-coated" (Fig. 5). TA3/Ha cell pro-
trusions were sometimes observed inside
larger invaginations, lacking a "bristle-
coat" (Fig. 6). Such protrusions always
had a conspicuous cell coat. Of those cells
that intruded into hepatocytes, an average
of two protrusions per section per cell were
seen in hepatocyte invaginations.
Some of the tumour cells that invaginat-

ed hepatocytes did so with larger globular
cell processes (Fig. 7, 9 and 11). From these
processes small protrusions were often
extended into hepatocytes (Fig. 9). Occa-
sionally, tumour cells were observed to be
situated mostly (Fig. 9) or completely
outside the blood vessels (in the plane of
the section). Cells were also seen to infil-
trate in clusters (Fig. 8).

Progress of infiltration with time
In each experiment we observed at least

100 tumour cells, and determined the per-
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FIG. 1.-Part of a TA3/Ha cell clump in a liver sinusoid. The cells are connected by junctioins (arrows).
Note the thick cell coat. A tumour-cell protrusion extends into another tumour cell (double arrow).

FIG. 2.-A TA3/St cell protrusion (arrow) extends into a "bristle-coated" invagination of an endo-
thelial cell.

FIG. 3. A TA3/St cell protrusion projects through an opening in a thicker part of an endothelial cell
into the space of Disse.

Fia. 4. Two TA3/Ha protrusions penetrating endothelium. One (arrow) is still in an invagination.
A second has just traversed the endothelial cell (double arrow). Note the large distance between
tumour cell and endothelium.

Fia. 5.-A TA3/Ha protrusion has traversed a thin part of an endothelial cell and extends into a
"bristle-coated" invagination of a hepatocyte.

FIG. 6.-TA3/Ha cell protrusions into a hepatocyte. Note the large invaginations in the hepatocyte
and the cell coat on the protrusions.

Symbols: E, endothelial cell; T, tumour cell; H, hepatocyte; bc, bristle-coat.



FiG. 7. A TA3/Ha cell intruding into hepatocyte with two large globular processes.
FIa. 8.-Two TA3/Ha cells connected by a junction (arrow) are infiltrating liver tissue. One of the

cells is outside the vessel (in this section).
FIG. 9.-A TA3/Ha cell situated almost completely outside the blood vessel, intrudes into hepatocytes

with large globular processes. A protrusion is extended from a process (arrow). SL, sinusoid lumen.
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FIG. 11.-Two TA3/Ha cells almost completely surrounded by processes of one Kupffer cell (K). One
of these cells (Ti) is intruding into hepatocytes at 2 sites (arrows).

FIG. 12.-TA3/Ha cell completely surrounded by Kupffer-cell processes. Note the large number of
intracisternal virus particles.

FIG. 13.-Kupffer-cell processes surround a degenerating TA3/Ha cell. Electron-dense material is
present between Kupffer cell and tumour cell (arrow).
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Fie'. 14. -Iteractiwo of TA 3 cells with Kupifer cells. In each experiment at least 100 tumour cells
were observed in thin EM sections. Closed symbols: TA3/Ha; open symbols: TA3/St. (a) percent-
age of cells partly or completely suirrouindedl by Kupifer-cell processes; (b) for each interacting
cell, percentage of the surface covere(l bv Ktupffer cell, was estimated. The average of these percent-
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cell remnants, usually no longer recog-

nizable as tumour cells. Occasionally, how-
ever, intact virus particles were seen in
the remnants, indicating their tumour-
cell origin.

In the livers of allogeneic (C57BL x DBA)
F1 mice, Kupifer-cell interaction with TA3
cells was comparable to that in livers of
syngeneic A mice.

Intrusion of endotheliurm and hepatocytes by
Kupffer cells
Kupffer cells interacting with tumour

cells extended a much larger number of
protrusions than usual into and through
the endothelium and into hepatocytes. The
invaginations surrounding the protrusions

were often "bristle-coated" (Fig. 19).
Protrusions extending into bristle-coated
invaginations were also seen in interac-
tions between leucocytes and liver endo-
thelium (Dingemans, 1978), and also be-
tween clustered TA3 tumour cells (Fig. 1).

Experiments in vivo
The observations on TA3/Ha and TA3/

St cells injected into the portal system of
intact mice were remarkably consistent
with the observations made in the perfused
liver. Virtually all morphological details
described above were also observed in vivo.
Preliminary counts indicated that at 1-6
h after injection, about 4000 of the TA3/
Ha cells were partially or completely sur-

FT(:. 15. A TA3/Ha cell intrtuding into a hepatocyte w,ith several processes (arrows) is being encircled
by a Kupffer cell. One of the processes appears to be squeezedc off the tumour cell (double arrow).

Fi(T. 16. A TA3/Ha cell being surrounded by a Kupffer cell. Part of the cell is squeezed off. The
nucleuis is divi(ledt into two parts connectedl by a thin string of nuicleoplasm (arrow). Note the blebs
oIn the nuclear surface (double arrow).

Fi('. 17. Electron-dense material surrouin(ling a TA3/Ha cell insidle a Kupffer-cell phagosome. An
iintact (lense bod,y, probably a lysosome, is present within the dense material (arrow).

Vie. 18. A TA3/Ha cell inisi(le a Kupffer-cell phagosome. Dense material is released into the space

between Kupffer cell aind tumour cell.
VIe. 19.-A Kupffer cell surroun(ding a TA3/Ha cell extends several protrusioins into an endothelial
cell (arirows). Two of these invaginiations aie bristle-coated.
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rounded by Kupffer cells in the plane of
the section, whereas surrounding of TA3/
St cells by Kupffer cells was exceptional.
These data are in agreement with those
obtained in the perfused liver (Fig. 14).

In a few mice that were allowed to
survive long enough for large tumour
nodules to develop, there was a striking
difference between the numbers of such
nodules produced by TA3/Ha and TA3/St
cells. Whereas 3 x 106 TA3/Ha cells yielded
very few nodules, injection of the same
number of TA3/St cells resulted in hun-
dreds of nodules all over the liver.

DISCUSSION

Our observations seem to offer a nearly
complete picture of the infiltration of liver
tissue by TA3 mammary carcinoma cells
and of their interactions with Kupffer cells.
In addition, the remarkably close corres-
pondence between results obtained in per-
fused livers and in vivo strongly suggests
that our perfused-liver system is a reliable
model for experimental investigation of
the mechanisms of these processes.
The following sequence of events can be

constructed from our observations on in-
filtrating TA3 cells. Numerous tumour-
cell protrusions touch endothelial cells and
induce invaginations that can transform
into openings, through which the protru-
sions project into the space of Disse. These
openings are situated in both thinner and
thicker parts of endothelium, with no pre-
ference for already fenestrated areas. Upon
contact of the protrusions with hepato-
cytes, these cells invaginate too. The pro-
trusions then become globular in shape,
bulge and intrude deeply into the hepa-
tocytes. Ultimately, the whole tumour cell
may become situated outside the blood
vessel. This sequence of events is similar
to that described for lymphosarcoma cells
(Roos et al., 1977). Many of these steps
have also been observed during the infiltra-
tion of leucocytes into liver (Dingemans,
1978). The main difference between lym-
phosarcoma and TA3 carcinoma cells was
quantitative. Whereas 10-35% of the

lymphosarcoma cells were situated outside
the blood vessel within 2-3 h (Roos et al.,
1977), this was seldom observed with TA3
cells. This might be due to a cessation of
the infiltration process after only 30 min
(Fig. 10), which did not occur with lym-
phosarcoma cells. This cessation was not
an artefact of our perfused-liver model,
since it also occurred in vivo. The exten-
sion of protrusions has often been seen as
an initial step in infiltration by both
tumour cells (Fisher and Fisher, 1961;
Babai and Tremblay, 1972; Dingemans,
1973; Fasske et al., 1975; Carr et al., 1976;
Chew et al., 1976; Roos et al., 1977) and
leucocytes (Dingemans, 1978). The bal-
looning of these protrusions, which then
become globular invasive processes, is
apparently also important. This event
occurred much more often with lympho-
sarcoma cells (Roos et al., 1977) than with
TA3 carcinoma cells, but with both cell
types it was poorly reproducible. Which
subtle disparities between different experi-
ments caused this variation, is still
obscure.
The invaginations of endothelial cells

and hepatocytes often had a "bristle-coat",
which resembled that of pinocytotic ve-
sicles. The formation of this coat may be
simply a reaction to the intrusion by pro-
trusions. However, it may also indicate
that these cells are stimulated by the
tumour cells to "endocytize" the protru-
sions, and thus actively form the invagina-
tions around the protrusions. This stimu-
lus might originate from cell-surface con-
stituents on, or shed from, the tumour cell.
We emphasize, however, that the above
phenomenon is not specific for tumour
cells, as it was observed by us in several
cell-cell interactions, e.g. between Kupffer
cells and endothelium (Fig. 19), between
2 TA3 cells (Fig. 1) and between leuco-
cytes and endothelium (Dingemans, 1978).
TA3/Ha cells have a thick cell coat

(Miller et al., 1977), probably consisting of
a sialoglycoprotein that is absent on TA3/
St cells (Codington et at., 1973). This sialo-
glycoprotein has been assumed to mask
H2a antigens on TA3/Ha cells (Sanford et
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al., 1972; Friberg and Liliehook, 1973),
thus rendering them allotransplantable.
We noted little difference in the percent-
age of infiltrating cells between the two
cell lines, so the infiltrative capacity of
TA3/Ha cells does not seem to be in-
fluenced by this cell coat. Because of the
large amount of sialic acid on their surface,
TA3/Ha cells have a higher surface charge
than TA3/St cells (Friberg, 1972). Appar-
ently this does not influence their infiltra-
tive capacity either.

Interactions between tumour cells and
macrophages have been much investigated,
generally in vitro, with activated perito-
neal macrophages or macrophages isolated
from solid neoplasms. There is general
agreement that in vitro destruction of
tumour cells by non-immune macrophages
is a non-phagocytic process (Alexander
and Evans, 1971; Hibbs, 1976; Keller
1976). In vivo, both non-phagocytic (Snod-
grass and Hanna, 1973) and phagocytic
Carr et al., 1974) mechanisms have been
reported.

In our previous studies on lymphosar-
coma cells, some tumour cells were seen to
be tightly bound to Kupffer cells (Dinge-
mans, 1973), but destruction by Kupffer
cells was not seen. In the present study,
however, we have frequently seen the
encirclement of TA3 cells, particularly
TA3/Ha cells, by Kupffer-cell processes.

Tumour cells being encircled by Kupffer
cells were not just dead or damaged cells,
since they were frequently seen to be
actively infiltrating. Initially, encircled
cells were morphologically intact. Only in
experiments of longer duration were

damaged tumour cells seen completely
surrounded by Kupffer cell in the plane of
the section. This degeneration was prob-
ably due to lysosomal enzymes released by
the Kupffer cell (Fig. 17 and 18).
We feel that these observations strongly

suggest that Kupffer cells phagocytosed,
or attempted to phagocytose, intact TA3/
Ha cells. Similar observations on both non-

specific and immunologically specific mac-

rophage-mediated tumour-cell destruction
have likewise been referred to as "apparent

phagocytosis" (Carr et al., 1974; Chambers
and Weiser, 1972, 1973). Many details des-
cribed by Chambers and Weiser, in parti-
cular, were strikingly similar to our own
observations.

Interaction with Kupffer cells occurred
without prior sensitization of the animals
to the tumour cells and to the same extent
in livers of syngeneic and allogeneic mice.
In the perfused liver, encirclement of
tumour cells occurred in the absence of
serum opsonins. In vivo, where serum op-
sonins were probably present, interaction
did not occur more often. Thus, for this
tumour serum opsonins do not seem to be
essential for macrophage-mediated des-
truction, as has been suggested for other
tumours (DiLuzio et at., 1974).

Kupffer cells released an amorphous
material round completely encircled tu-
mour cells. This has also been observed by
Chambers and Weiser (1973), who assumed
that it was lysosomal material. In addition,
we have seen in this material dense orga-
nelles, presumably intact lysosomes. This
release of lysosomes has also been reported
for non-phagocytic tumour-cell destruc-
tion (Hibbs, 1974; Bucana et al.,
1976).
In preliminary experiments, B 16 mela-

noma cells were also frequently seen to be
encircled by Kupffer cells (Roos et al., un-
published), indicating that the phenome-
non is not restricted to the unusual
TA3/Ha cell.
The establishment of a limited number

of nodular metastases by TA3 cells in vivo,
as compared to the diffuse growth pattern
of lymphosarcoma cells (Dingemans, 1973),
might be explained by the relatively low
percentage of cells that succeeded in reach-
ing an extra-vascular position, namely less
than 0.5%, compared with 10-35% of
lymphosarcoma cells (Roos et al., 1977).
The striking difference in number of tu-
mour nodules which developed from equal
numbers of TA3/Ha and TA3/St cells
respectively is possibly due to the higher
susceptibility of TA3/Ha cells to phago-
cytosis by Kupffer cells. Work is in progress
to evaluate this possibility.
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