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ABSTRACT

Fusion of noninvasive, nonmetastatic BW5147 T-Iymphoma cells with
normal T-lymphocytes usually resulted in highly invasive and metastatic
I -cell hybridomas, apparently due to properties derived from the normal
T-cell. Occasionally hybrids arose that were non- or low invasive, prob
ably by loss of relevant genes upon chromosome segregation, since these
cells contained much less DNÃ•than highly invasive hybrids.

The metastatic potential of 20 representative T-cell hybridomas was
tested by tail vein injection in syngeneic mice and cells were found to be
either nonmetastatic (NM), low metastatic (LM), or high metastatic
(HM). NM hybrids were tumorigenic but did not form mÃ©tastasesand
HM hybridomas caused wide-spread metastasis. LM cells formed mÃ©
tastases in a limited number of mice and predominantly in lymphoid
tissues. In hepatocyte cultures, NM cell lines were found to be the least
invasive, HM cells the most, whereas LM hybrids exhibited intermediate
levels.

Invasiveness was not only measured in rat hepatocyte cultures but also
in rat embryo fibroblast monolayers, and the relative invasive capacity in
both model systems correlated well. Pertussis toxin inhibited invasion in
both systems to 20-30% of control values. This suggests that the mech
anisms of invasion into hepatocyte and fibroblast cultures are at least
partially similar and that the fibroblast invasion assay is a relevant model
to study aspects of lymphoma metastasis.

We conclude that invasive potential is a prerequisite for T-cell hybri
domas to colonize tissues from the bloodstream and that a minimum level
of invasiveness is necessary for extensive and wide-spread metastasis
formation.

INTRODUCTION

Somatic cell hybridization of nonmetastatic tumor cells with
normal host cells may give rise to hybrid cells with increased
metastatic potential. Evidence supporting this notion has now
been obtained in a number of systems both in vitro (1-4) and
in vivo (5-8). For example, B-cell hybridomas produced by in
vitro fusion of nonmetastatic plasmacytoma cells and normal
B-Iymphocytes are able to form liver and spleen mÃ©tastases(1).
Spontaneous fusion of several tumors with normal host cells ///
vivo can lead to the formation of hybrid cells with enhanced
malignancy, as was demonstrated for SL12 (2), BW5147 (5),
Esb (8), and the MDW4 variant of MDAY-D2 cells (7). This
suggests that somatic cell fusion can contribute to the progres
sion of tumor cells towards higher malignancy in vivo. In all
these cases, the normal fusion partner appeared to be of lym-
phoreticular origin, i.e., a thymocyte (2), a macrophage (3, 8),
or a B- or T-lymphocyte (1, 2, 4, 5, 7), implicating that normal
properties of these host cell types may give rise to metastatic
behavior upon introduction into tumor cells. These properties
may conceivably include the capacity to penetrate capillaries,
the tendency to circulate in the blood, the ability to home to
certain organs, and the inherent invasive potential.

We have previously shown that in vitro fusion of the nonin-
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vasive, nonmetastatic murine BW5147 lymphoma with normal
T-lymphocytes, leads to the formation of T-cell hybrids which
are highly invasive in hepatocyte cultures and also highly met
astatic in syngeneic mice (4). This suggests that the invasive
potential of the parental normal I cells behaves like a dominant
trait and is one of the properties responsible for the metastatic
potential of the hybrids. In addition we obtained a number of
non- and low invasive hybrid cell lines, most likely due to
chromosome segregation. Here we report the detailed analysis
of a panel of 20 different T-cell hybridomas, which covered the
whole range from virtually noninvasive to very highly invasive
in hepatocyte monolayers. These hybridomas could be divided
into three categories according to metastatic capacity: NM,1

LM, and HM. In agreement with our previous results, NM
cells were virtually noninvasive, whereas HM cells were highly
invasive (4). We now found that low metastatic cells exhibited
intermediate levels of invasiveness. This suggests that a certain
minimum level of invasiveness is required for lymphoma cells
to efficiently colonize tissues from the blood.

Invasiveness of lymphoma cells can be measured in mono-
layers of hepatocytes which have been cultured for 24 h after
isolation. Invasion in these cultures is morphologically similar
to invasion of lymphoma cells into the liver in vivo (9), and
hence hepatocyte monolayers are a suitable model for studying
the mechanism of infiltration into the liver. Recently, Ver-
schueren et al. (10) showed that a number of T-cell hybridomas
which were invasive in hepatocyte cultures also invaded fibro
blast monolayers, whereas the parental, noninvasive BW5147
cells did not. Subsequently, Collard et al. (11) demonstrated
that rat embryo fibroblast cultures could be used to select
invasive cells from a mixture containing as little as one invasive
cell per 500,000 noninvasive cells. The fibroblast invasion
model is easier than the hepatocyte invasion model because
cultured, rather than freshly isolated cells are used, adherent
cells can be washed off more readily, and invasion can be
quantified directly with the use of a phase-contrast microscope.
Presently, the invasive potential of 20 different T-cell hybrido
mas in hepatocyte and fibroblast monolayers was compared.
Our results suggest that at least part of the mechanism of
invasion into fibroblast cultures is similar to that underlying
invasion into hepatocyte monolayers and hence that the fibro
blast invasion assay is a relevant in vitro model to study this
part of the mechanism.

MATERIALS AND METHODS

Cells and Culture Conditions. T-cell hybridomas were prepared as
described (4). Essentially, T-lymphocytes obtained from mixed lympho
cyte cultures or T-cell enriched spleen cells were fused with HAT-
sensitive BW5147 cells (1) using 50% polyethylene glycol (PEG 4000;
Merck, Darmstadt, Germany) containing 10% dimethylsulfoxide.

1Abbreviations used are: NM, nonmetastatic; LM, low metastatic; HM, high
metastatic; HAT, hypoxanthine (0.1 mM)-aminopterin (0.4 *<M)-thymidine (16
tÂ¡M);DMEM, Dulbecco's modified eagle's medium; NBCS, newborn calf serum;
PUS- IISA. phosphate buffered saline with 0.02% sodium azide and 0.1 % bovine
serum albumin; FACS, fluorescence-activated cell sorter; /, infiltration index;
REF. rat embryo fibroblast.
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INVASION AND METASTASIS OF T-CELL HYBRIDOMAS

Hybridomas were cultured in hybridoma medium: RPMI 1640 me
dium supplemented with 10 HIM 4-(2-hydroxyethyI)-l-piperazineeth-
anesulfonic acid, 10% NCTC 135 (Flow, Irvine, UK), 35 mM NaHCOj,
2 mM glutamine, 0.5 mM 2-mercaptoethanol, 0.5 mM Na-pyruvate, 1
mM oxaloacetic acid, 0.2 11 /in I bovine insulin, 1% antibiotic antimy-
cotic solution (GIBCO, Daisly, Scotland) and 10% fetal calf serum
(Flow, Irvine, UK). Cells were cloned by limiting dilution in flat-
bottomed microtiter wells containing 3000 syngeneic peritoneal mac
rophages.

Rat embryo fibroblast 208 F-cells (12) were used for assays between
passages 5 and 15. The cells were cultured in DMEM supplemented
with 10% NBCS (Sera Laboratories, Sussex, UK).

Tumorigenicity and Melasi at ir Potential. Hybridoma cells (10") were

injected into the tail vein of 6-10-week-old female AKR mice. Animals
were killed when moribund or after 40-60 days and examined for the
presence of mÃ©tastases.Tumorigenicity was tested by s.c. injection of
10' cells in the neck region of the AKR mice.

FACS Analysis. Cells (10") were washed and resuspended in 50 /<!

PBS-BSA containing MEL-14 monoclonal antibody (13) at saturating
concentration. The antibody was kindly supplied by Drs. P. Leenen and
W. van Ewijk. Following incubation for 30 min at 4Â°C,cells were

washed twice with PBS-BSA and resuspended in 50 >Â¡\PBS-BSA
containing optimal concentrations of fluorescein isothiocyanate-Iabeled
rabbit anti-rat immunoglobulin (Nordic, Tilburg, the Netherlands).
After 30 min incubation at 4Â°C,cells were washed twice and resus

pended in 0.5 ml PBS-BSA. Fluorescence analysis was performed with
a FACS IV flow sorter (Becton-Dickinson, Sunnyval, CA) at 488 nm
and 500 mW using a 514-nm kV blocking filter and L-520/SP 540-nm
filters. A scatter window was set to eliminate dead cells (usually 1-5%).

Hepatocyte Isolation and Culture. Rat hepatocytes were isolated as
described previously (14). The cells were seeded in "Primaria" 24-well
plates (Falcon, Oxnard, LA) at a concentration of 2.5 x IO5 cells per

well in DMEM supplemented with 5 Â¿igbovine insulin/ml (Sigma, St.
Louis, MO). Before seeding, the wells were coated with 5% NBCS in
PBS. After 2 h, the cells were washed twice with DMEM-insulin and
cultured overnight in the same medium supplemented with 10% NBCS.

Invasion Assay in Hepatocyte Cultures. Invasiveness in hepatocyte
cultures was tested as described (15, 16). Briefly, 5x10*' tumor cells

in DMEM were added to hepatocyte monolayers in 16-mm wells and
incubated at 37'C and 5% CO2. After 4 h the cultures were washed,

fixed, dehydrated, detached from the dish, and embedded in Epon.
Sections (l Â¿im)were observed under the light microscope. Tumor cells
that were completely surrounded by hepatocytes or located between
hepatocytes and substrate, designated "infiltrated cells," were counted

as well as hepatocyte nuclei. At least 150 hepatocyte nuclei were counted
in four sections cut at a distance of at least 20 /Â¿m.As a measure for
invasiveness we used the "infiltration index" (1), i.e., the number of

infiltrated cells divided by the number of hepatocyte nuclei.
Invasion Assay in Fibroblast Cultures. Invasiveness in fibroblast

cultures was tested using a modification of the method of Verschueren
et al. (10) and Collard et al. (11). Essentially, 2.5 x IO6tumor cells in

hybridoma medium were added to confluent rat embryo fibroblast
monolayers in 10-cm2 wells (Falcon, Oxnard, LA) and incubated for 4
h at 37'C and 5% CO2. Subsequently, cultures were washed and then

fixed with 2% paraformaldehyde in PBS. In the phase-contrast micro
scope, infiltrated cells appeared as dark and flattened cells within the
REF monolayer. Infiltrated cells were counted in 10 microscope fields
of 0.27 mm2, at random sites distributed over the entire well. From

this, the number of infiltrated cells per well was calculated and invasion
was expressed as a percentage of added cells.

Pertussis Toxin. Pertussis toxin was purchased from List Biological
Laboratories (Campbell, CA). The lyophilized toxin was dissolved in
sterile 0.1 M sodium phosphate, pH 7.0, 0.5 M NaCl and stored at 4Â°C.
Tumor cells were incubated at 10" cells/ml with or without pertussis
toxin for 2 h at 37 Â°Cand 5% CO2, washed and then used for invasion

assays.
DNA Analysis. DNA per cell distributions were recorded of approx

imately IO5cells fixed with 70% ethanol. Cells were treated with 0.1%

RNase and 0.1% pepsin (17) followed by staining with a mixture of
ctIndium bromide (10 Mg/ml) and Hoechst 33258 (4 Â¿tg/ml).Samples

were analyzed in a Phywe ICP-11 flow cytophotometer equipped with
a mercury arc and a sheath flow cell. DNA contents were measured
with trout red blood cells as an internal standard and expressed as the
percentage of extra DNA compared to BW5147 cells.

Cytogenetic Analysis. Cells (2-5 x IO6) were treated with 1 ^g
colcemid (GIBCO, Grand Island, NY) for 15 min at 37Â°Cto induce

mitotic arrest, followed by a hypotonie shock with 0.075 M KC1(8 min,
37Â°C),three successive fixations in methanol:acetic acid (3:1) and

spreading on dry slides. The number of chromosomes per cell was
determined by counting these metaphase spreads.

RESULTS

T-Cell Hybridomas. Invasiveness of T-cell hybridomas, in
dependently obtained from eight different fusions with both
alloantigen-activated and unstimulated T-lymphocytes, was
measured in hepatocyte cultures. Twenty hybridomas which
covered the whole range from virtually noninvasive (/ = 0.03)
to very highly invasive (/ = 2.08) were selected for analysis (Fig.
1). Each cell line was indicated by a number and will be referred
to as such throughout the text. The codes used to specify the
different hybrids are listed in Table 1 as well as the numbers.
T-cell hybridomas number 2, 4, 10, 12, 15, and 20 have been
described before (4), the other cell lines were obtained from
new fusions. Cell lines 3, 4, 12, 15, and 20 were clones from
independently derived hybridomas. These clones behaved sim
ilarly as the original cell lines. Invasiveness as measured in
different experiments was somewhat variable. Therefore inva
sion of each cell line was determined in a large number of
different experiments (5-15). Values given in Fig. 1 are the
averages and the standard deviations of these independent
observations. Cell lines 2, 3, 4, 5, 7, 8, 11, 12, and 18 were
derived from fusions with unstimulated T-cells and the other
hybrids were obtained from fusions with T-cells from mixed
lymphocyte cultures.

Metastatic Potential after i.v. Injection. The metastatic poten
tial of the different T-cell hybridomas was tested by i.v. injection
of the cells and expressed as the percentage of animals that

2.6

2.2

1.8

1.4

1.0-

0.6

02

^ A A
1 234567 8 9 X) TI 1213141516T7181920

Cell lines
Fig. 1. Invasiveness of T-cell hybridomas in hepatocyte cultures. The average

infiltration index of values obtained in five to l S separate experiments and the
standard deviation are given. Each cell line is indicated by a number on the
abscissa.
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INVASION AND METASTASIS OF T-CELL HYBRIDOMAS

Table 1 DNA contents of T-cell hybridomas
Invasiven.'ss of T-cell hybridomas in hepatocyte cultures as expressed by the

average infiltration index and DNA contents obtained by flow cytometry, as well
as the number of extra chromosomes in hybrids as estimated from the flow
cytometric data.

Cellline"2.

TAS9B53.
TAS10NI.144.
TAS5C4.1.25.
TAS10D46.
TAM8A3NM7.

TAS9A38.
TAS10A29.

TAM11B110.
TAM4C411.
TAS9A112.
TAS5C4.2LM13.

TAM11I114.
TCM6B215.
TAM2D2.216.
TAM8C417.
TAM8A619.
TAM8A520.

TAM4A6.1HMInfiltration

index*0.030.050.050.070.130.03-0.130.130.190.230.270.340.450.13-0.450.530.580.930.951.151.982.080.53-2.08%DNAC52417797-2411127109137-13934836557891299-129Extrachromosomes'*2107342-105534463-64IS36292539574-57

* Cell lines indicated by the numbers from Figs. 1, 2, and 4 and their code

(code of cell line number 18 is TAS9C3).
* Invasiveness in hepatocyte cultures: average of five to 15 separate experi

ments.
c Percentage of extra DNA relative to BW5147 cells (100%), that is cell line

1
rfEstimated number of extra chromosomes relative to BW5147 cells.

developed mÃ©tastases,i.e., extrahepatic and/or liver mÃ©tastases
(Fig. 2, open and dotted bars, respectively). At least five, but
usually up to 10 animals were injected per cell line. We found
that hybridomas could be divided into three groups: nonmetas-

tatic, low metastatic, and high metastatic. Nonmetastatic hy
bridomas did not form mÃ©tastasesin a total of 41 mice, although
they were tumorigenic upon s.c. inoculation. High metastatic
cells formed both liver and extrahepatic mÃ©tastasesin 97% of
the animals. Livers were always heavily infiltrated and several-

fold enlarged. Extrahepatic mÃ©tastaseswere found in kidneys
and ovaries. Lymph nodes, spleen, and thymus were almost
always enlarged and often tumor masses were found in the
mesenterium and retroperitoneally. Low metastatic cell lines
formed mÃ©tastasesin 6 to 50% of the injected animals, as
indicated in Fig. 2. MÃ©tastaseswere mainly found in lymphoid
tissues, like spleen, thymus and lymph nodes (15/56). Only cell
lines 10 and 12 gave rise to additional extrahepatic mÃ©tastases
in kidneys and retroperitoneally and two of the six LM hybrids
(cell lines 8 and 10) also formed liver mÃ©tastases.Ovary mÃ©tas
tases were never seen.

Invasiveness in Hepatocyte Cultures. In Fig. 2 the average
infiltration index of each hybridoma in hepatocyte cultures,
expressed as the percentage of the infiltration index of the most
invasive cell line (number 20) is shown, along with the metas
tasis data. As can be seen, NM hybrids exhibited very low levels
of invasiveness (0.03 < / < 0.13) and HM hybridomas were
highly invasive (/ > 0.5), in agreement with our previous results
(4). Strikingly, the level of invasiveness of the low-metastatic

cell lines was intermediate, ranging from the higher limit of
NM cells (7 =0.13) to the lower limit of HM cells (/ = 0.5). It
has to be noted, however, that the differences in invasiveness
of the independent hybridomas, especially of the ones near the
border lines between the different categories, were not signifi

cant and thus, that no sharp distinctions were found between
the three categories.

Mel-14 Expression. Because we had found that low-met
astatic T-cell hybridomas metastasized preferentially to lymph
oid organs, we determined whether the hybrids expressed the
mouse lymph node homing receptor MEL-14, which has been
shown to be involved in the homing of recirculating lympho
cytes to peripheral lymph nodes (13).

MEL-14 expression was assessed by FACS analysis. Twelve
of the 20 hybrids (2, 3, 4, 5, 6, 8, 11, 12, 14, 18, 19, 20) did not
express MEL-14 at all and the other cell lines expressed the
antigen at low to very low levels (data not shown). Moreover,
only six of 13 LM and HM hybrids, which metastasized to
lymphoid tissues (Fig. 2), stained with the monoclonal antibody.
Thus, MEL-14 is unlikely to be involved in metastasis forma
tion of T-cell hybridomas.

Chromosome Segregation. The amount of DNA present in a
number of T-cell hybridomas was measured both by counting
the number of chromosomes per cell in metaphase spreads and
by means of flow cytometry. Based on cytogenetic analysis we
estimated the amount of DNA per cell and conversely the
number of chromosomes per cell from flow cytometric results
(data not shown). The two techniques rendered comparable
results and it was therefore justified to estimate the number of
chromosomes based on flow cytometric analysis. Cytogenetic
analysis revealed that the BW5147 lymphoma was hyperdip-
loid, containing 44 Â±4 chromosomes per cell.

To assess the degree of chromosome segregation we analyzed
the DNA contents of the complete panel of T-cell hybridomas
by flow cytometry. These results are given in Table 1. Non- and
low metastatic hybrids had undergone extensive chromosome
segregation and retained 7 to 24% of extra DNA. In contrast,
high metastatic cells usually contained much more extra DNA
varying between 57 and 129%, with the exception of cell lines
13 and 14 containing 9% and 34% extra DNA, corresponding
to 4 and 15 extra chromosomes, respectively. Interestingly, they
exhibited the lowest levels of invasiveness found in the high
metastatic category of cells (Fig. 2). These hybrids provide
useful tools to study the process of invasion in more detail since
they have lost much nonrelevant extra DNA.

To determine the stability of the hybrids, DNA contents of
six representative T-cell hybridomas, chosen from the three
groups NM, LM, and HM, were measured at regular intervals
during culturing (Fig. 3). DNA contents were constant (within
the experimental error), indicating that once chromosome seg
regation had occurred, DNA contents remained stable.

Invasiveness in Rat Embryo Fibroblast Cultures. Recently,
Verschueren et al. (10) and Collard et al. (11) have shown that
a number of T-cell hybridomas which were invasive in hepato
cyte cultures also invaded fibroblast monolayers. We have com
pared the invasiveness of the described panel of T-cell hybri
domas in rat hepatocyte and rat embryo fibroblast monolayers.
Both invasion assays were performed under similar conditions
(see "Materials and Methods") and invasion was expressed as

the percentage of infiltration relative to the most invasive cell
line, i.e., cell line 20 in hepatocyte cultures and number 15 in
fibroblast cultures.

As can be seen in Fig. 4, the relative invasive capacity of the
hybridomas was comparable in both systems, although some
cell lines appeared to have a certain preference for either of the
two monolayers. In contrast, MB6A lymphosarcoma cells,
which melasiasi/.e only to liver and spleen (18) and which
readily invade hepatocyte cultures (9, 14, 15) hardly invaded
the REF monolayers (Fig. 4, cell line 21).
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INVASION AND METASTASIS OF T-CELL HYBRIDOMAS
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Fig. 2. Metastatic potential of T<ell hybridomas, expressed as the percentage of animals that developed extrahepatic mÃ©tastasesP) and liver mÃ©tastasesP),
respectively. The number of animals per group that obtained mÃ©tastasesis indicated on top of the bars. â€¢average infiltration index in hepatocyte cultures expressed
as the percentage of the infiltration index of the most invasive cell line (number 20).
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Fig. 3. DNA contents of several T-cell hybridomas at different periods of
culture, as assessed by flow cytometry. expressed as the percentage of extra DNA
compared to BWS147 cells. Cell lines number IS (O), 16 (â€¢),14 (D), 3 (â€¢),10
(â€¢)and13 (A).

Effect of Pertussis Toxin on Invasion. Previously, we found
that pertussis toxin reduced the invasion of the highly invasive
T-cell hybridoma TAM2D2.2 (cell line 15) into hepatocyte
cultures to 20% of control values (16). To further confirm that
the mechanisms of invasion in hepatocyte and REF cultures
were similar, we tested the effect of pertussis toxin on invasion
of several T-cell hybridomas in both systems.

Invasion of TAM2D2.2 cells was inhibited to a similar extent
in the two model systems (Table 2), that is, to 6-31% of control
levels. In addition, the effect of pertussis toxin on invasion of
three other LM and HM T-cell hybridomas (cell lines 7, 8, and
14) in REF monolayers was tested (data not shown). Inhibition

to a similar extent was seen in all three cases and was thus not
related to the level of invasiveness of the cells, indicating that
the pertussis toxin-sensitive process is operative in both LM
and HM hybridomas.

DISCUSSION

The metastatic potential of T-cell hybridomas, prepared by
fusion of BW5147 lymphoma cells and normal T-lymphocytes
was tested by tail vein injection. This was preferred over s.c.
inoculations for two reasons: (a) because the hepatocyte model
is only appropriate for invasion into liver by blood-borne cells
and (b) because for any tumor type the injection site should
preferably be close to the site where it arose, which for lympho-
mas is lymphoid tissue with easy access to the blood stream.

Based on metastatic potential, the hybridomas could be di
vided into three categories. Nonmetastatic hybrids never metas-
tasized; low metastatic hybrids gave rise to mÃ©tastasesin a
small percentage of animals, mainly in lymphoid tissue and
sometimes in the liver, kidneys or retroperitoneally; and high
metastatic cells caused widespread mÃ©tastasesin almost all
mice. NM cell lines were virtually noninvasive (/ < 0.13) in
vitro and HM cells were highly invasive (/ > 0.5), whereas the
level of invasiveness of LM cells was intermediate between the
NM and HM cells (0.13 < /< 0.5). Thus, we observed a gradual
increase in metastatic capacity with increasing invasive poten
tial, but no sharp distinction between the three categories.

These results are in accordance with our observations on
BW5147 cells, transfected with the activated human c-Ha-ras
oncogene (19). Those transfectants, that expressed the ras
oncogene at the highest levels were most invasive in hepatocyte
cultures and produced widespread mÃ©tastaseswith the same
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INVASION AND METASTASIS OF T-CELL HVBRIDOMAS
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Fig. 4. Invasion of T-cell hybridomas in hepatocyte (D) and fibroblast cultures
(D), expressed as the percentage of invasion relative to the most invasive cell line:
cell line number 20 in case of hepatocytes (/ = 2.08) and cell line number 15 for
fibroblasts (infiltration, 26.5%). Cell line 21, MB6A lymphosarcoma. Average of
five to 15 separate experiments and standard deviation are indicated for each cell
line.

Table 2 Effect of pertussis toxin on invasion ofTAM2D2.2 cells in hepatocyte
and fibroblast cultures

TAM2D2.2 cells were pretreated with the indicated concentrations of pertussis
toxin (ng/ml) at a concentration of 10' cells/ml, for 2 h at 37'C, washed free of

toxin, and then used for invasion assays on both hepatocyte and fibroblast cultures.
Results of two representative experiments are shown.

Pertussis toxin"

(ng/ml)06.2512.52550100200Hepatocytes*Exp.I100CND'ND26ND2211Exp.2IOOCNDND29410NDFibroblasts'

(%)Exp.

1lOO*NDND25253127Exp.2lOO*1911866ND

" TAM2D2.2 cells were pretreated with the indicated concentration of pertussis
toxin for 2 h at 37'C.

* Invasion parameters, expressed as percentage of control values after 2 h of

incubation.
' Infiltration index of control cells in experiment 1: 0.88 and in experiment 2:

0.84, i.e., 100%.
'Percentage infiltration of control cells in experiment 1: 35% and in experi

ment 2: 22.6%, i.e., 100%.
' ND, not determined.

organ distribution as highly metastatic T-cell hybridomas,
whereas transfectants with relatively low levels of ras expression
were much less invasive and formed mÃ©tastasesin only 26% of
the animals, mainly in lymph nodes and spleen and occasionally
in the liver. The noninvasive transfectants did not express the
rax oncogene and failed to produce mÃ©tastases.

These observations and the present results not only support
our notion that, for BW-derived tumor cells, invasive potential
is a prerequisite for colonization of tissues from the blood
stream (4), but in addition suggest that only cells with a high
level of invasiveness are capable of extensive and widespread
metastasis formation.

As discussed previously (4), invasiveness was tested in hepa
tocyte cultures using pelleted fragments of the monolayer to
obtain sections in which a large number of interactions could
be seen. A disadvantage of this method is that hepatocytes are
cut at random angles, making it sometimes difficult to assess
whether a tumor cell is completely located inside the monolayer.

For this reason, low but nonzero infiltration indices were ob
served in case of nonmetastatic T-cell hybridomas and an
arbitrary upper limit for noninvasiveness was set at an infiltra
tion index of 0.1. We have now found that nonmetastatic
hybrids never had an infiltration index exceeding 0.13. An
upper limit of 0.1 therefore was a fortuitous, but appropriate
choice. It has to be emphasized that the level of invasion of the
cell lines studied varied more between separate experiments
than could be expected based on experimental error. The reason
for this variation is not clear. It is unlikely to be due to the
presence of subpopulations of tumor cells displaying different
levels of invasiveness, since variation also occurred in subcloned
hybrids and all cell lines showed a single and narrow Gl peak
upon flow cytometric analysis. Furthermore, differences in the
quality of hepatocyte isolates cannot explain the fluctuations,
since similar variation was seen in the fibroblast invasion assay.

We have no explanation for our finding that low metastatic
T-cell hybridomas metastasize more frequently to lymphoid
tissues than to other sites. One possibility was that these cells
express the mouse lymph node homing receptor recognized by
the MEL-14 antibody, which has been implicated in the homing
of recirculating lymphocytes to peripheral lymph nodes (13).
However, we found that the MEL-14 antigen was expressed on
only six of 13 LM and HM hybrids and at very low levels. Our
results thus suggest that invasiveness is also necessary for
metastasis to lymphoid tissues but that invasion does not re
quire adhesion to the MEL-14 homing receptor.

The extent of chromosome segregation differed greatly be
tween the hybridomas but DNA contents remained stable in
established cell lines. The amount of extra DNA was found to
be related to invasive and metastatic potential. Highly met
astatic cell lines usually contained between 57 and 129% extra
DNA as compared to BW5147, whereas non- and low met
astatic hybrids had retained only 7 to 24% extra DNA. This
suggests that invasion-relevant genes were lost due to chromo
some segregation, resulting in non- and low metastatic hybrids.
The fact that not only the NM but also LM cells had lost most
extra chromosomes may indicate that high levels of invasiveness
as exhibited by HM cells, depend on expression of genes in
addition to the one(s) expressed by LM hybrids. The chromo
some segregation data in the present study are in line with our
recent data on human x mouse T-cell hybridomas, generated
by fusion of mouse BW5147 lymphoma cells with human T-
cells (11). Chromosome segregation in these interspecies hy
brids was much more extensive. By continuous efficient selec
tion on fibroblast monolayers invasive hybrids could be isolated
which contained only few extra human chromosomes, and by
combined selection and subcloning, a hybrid containing only
human chromosome 7. Thus, ore or more relevant genes are
located on human chromosome 7.

We have previously shown that alloantigen-activated T-lym-
phocytes invade hepatocyte cultures, whereas unstimulated
spleen T-cells do not (20). However, most hybridomas derived
from nonstimulated T-cells did invade hepatocyte cultures (4),
possibly because hybrids preferentially originated from fusion
with activated T-cells present in the "unstimulated" population.

Nevertheless, a number of noninvasive hybrids was obtained.
In the present study these noninvasive hybridomas were found
to have undergone extensive chromosome segregation in con
trast to highly invasive hybrids. This suggests that the loss of
certain active genes is responsible for the lack of invasiveness
of these hybrids rather than the fusion with an unstimulated 1-
cell. However, it remains a striking and unexplained finding
that the non- and low invasive hybrids were mainly derived
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from fusions with unstimulated spleen cell populations.
Activated T-cells invade fibroblasts in culture, in contrast to

IKinsilili ulaifd T-cells (21). Verschueren et al. (10) and Collard
et al. (11) have shown that a number of invasive, BW-derived

hybridomas behaved similarly, in contrast to the parental
BW5147 cells. Here we report that invasiveness of 18 different
T-cell hybridomas in hepatocyte cultures correlated with inva
siveness in fibroblast monolayers, suggesting that the underly
ing mechanisms are similar. This notion is supported by our
finding4 that a monoclonal antibody directed against the leu
kocyte function-associated antigen-1 (LFA-1) as well as univa
lent antigen binding fragments of immunoglobulin derived from
a polyclonal antiserum directed against MB6A lymphoma cells,
both of which inhibit invasion of T-cell hybridoma cells in
hepatocyte cultures (15, 22), also inhibit invasion of these cells
in fibroblast monolayers. Furthermore, we have shown here
that pertussis toxin inhibited the invasion of T-cell hybridomas
in both models to similar levels. The toxin inhibited invasion
of several HM and LM cells to the same extent, independent
of the level of invasion of the tumor cells. This suggests that
the difference between HM and LM cells is not due to the
absence in LM cells of the relevant parameters influenced by
pertussis toxin.

It is unlikely that the invasion mechanisms in the two models
are completely identical since MB6A lymphoma cells, which
are invasive in hepatocyte cultures (9, 14, 15), hardly invaded
fibroblast monolayers. Thus, MB6A cells lack at least part of
the invasive machinery that is present in T-cell hybrids. Fur
thermore, MB6A lymphoma cells metastasize only to liver and
spleen (18), in contrast to T-cell hybridomas which also form
kidney, ovary, and lymphoid mÃ©tastases(4). One might specu
late that MB6A cells, given their more restrictive invasive
capacity, do not form kidney and ovary mÃ©tastasesbecause they
are unable to invade into these tissues.

Our results show that invasion of lymphoid tumor cells in
fibroblast and hepatocyte cultures is at least partly similar. The
fibroblast cultures are therefore an appropriate in vitro model
system to study the mechanisms underlying the process of
invasion by lymphoma cells.
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