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ABSTRACT

We have examined whether pertussis toxin, an agent known to inhibit
entry of normal lymphocytes into tissues, affects invasion and metastasis
formation by malignant lymphoma and T-cell hybridoma cells. The toxin
reduced invasion in vitro in hepatocyte cultures to 20% of control values.
Inhibition was maximal after pretreatment for 2 h with approximately
100 tin/ml. The effect of pretreatment with 1 to 5 Â»igtoxin/ml for 4 h
persisted for at least 5 days, despite a more than 100-fold increase in cell
number. The proliferation rate was not affected.

Liver metastasis formation after tail vein injection of TAM2D2 T-cell
hybridoma cells in syngeneic AKR mice, measured as liver weight, was
reduced to 10 to 25% of controls after pretreatment of the cells for 4 h
with 1 Mgpertussis toxin/ml. Metastasis to kidneys, ovaries, and lymph
nodes was not, or less evidently, affected. With MB6A lymphosarcoma
cells no effect was seen after treatment with 1 fig/ml, but a significant
reduction of the liver tumor burden to approximately 50% of controls
was achieved by treatment with at least 5 MUtoxin/ml. Spleen metastasis
by MB6A cells was not affected.

These results provide evidence for a similarity in invasion mechanisms
of normal and malignant lymphoid cells, and they suggest that invasive-
ness is an important factor in the formation of lymphoma mÃ©tastases,
particularly in the liver.

INTRODUCTION

Metastatic lymphoma cells often massively invade the liver
(1-4). This process can be studied in vitro after addition of
these lymphoma cells to primary cultures of hepatocytes (5).
Normal activated T-lymphocytes also invade such cultures and
in a comparable manner (6), suggesting that the invasion mech
anisms of normal and malignant lymphoid cells are similar.
This notion is supported by the behavior of T-cell hybridomas
generated by fusion of normal T-cells with BW5147 lymphoma
cells (7, 8). Whereas the BW5147 cells are noninvasive and do
not form mÃ©tastasesupon i.v. injection, the hybrids are highly
invasive and metastasize widely. Particularly the liver is exten
sively and diffusely infiltrated.

Invasion of lymphoma cells may thus, at least in part, be
mediated by molecules that play a role in interactions of normal
lymphocytes with cells and tissues. Indeed, we have recently
found an adhesion-related leukocyte surface molecule, LFA-1,
to be involved in invasion of hepatocyte cultures by lymphoma
cells (9). We have now tested the effect of pertussis toxin, an
agent known to block migration of normal lymphocytes out of
the blood stream. Pertussis toxin affects the recirculation of
lymphocytes through the postcapillary venule high endothelium
of lymph nodes (10). In addition, and more important in the
present context, the toxin also inhibits the entry of activated
lymphocytes into tissues upon an antigenic challenge, such as
into the skin during a delayed-type hypersensitivity reaction
(11). The toxin irreversibly inactivates certain G-proteins which
act as transducers of extracellular signals (12). We report here
that pertussis toxin strongly inhibits invasion of lymphosar

coma and T-cell hybridoma cells into hepatocyte monolayers,

and it reduces liver metastasis formation.

MATERIALS AND METHODS

Tumor Cells. MB6A lymphosarcoma cells were maintained i.p. in
C57BL x DBA/2F, (hereafter called BD2F,) mice as described (2).
The TAM2D2 mouse T-cell hybridoma (8) was generated by fusion of
antigen-activated T-lymphocytes with BW5147 T-lymphoma cells. Cul

ture and properties of this cell line were described previously (8).
Invasive and metastatic properties have remained stable after several
months in culture.

Hepatocyte Isolation and Culture. Rat hepatocytes were isolated as
described previously (5). The cells were seeded in "Primaria" 16-mm
inulti well plates (Falcon Plastics, Oxnard, CA) at 2.5 x 10* cells per
well in DMEM1 (Flow, Irvine, United Kingdom) supplemented with 5

Mgbovine insulin/ml (Sigma Chemical Co., St. Louis, MO). Before
seeding, the wells were coated with 5% NBCS (Sera Laboratories,
Sussex, United Kingdom) in PBS. After 2 h, the cells were washed
twice with DMEM-insulin and cultured overnight in the same medium

supplemented with 10% NBCS.
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.

Cholera toxin, used in a few control experiments, was also from List.
Adhesion and Invasion Assays. Interaction of tumor cells with hepa

tocyte cultures was quantitated using tumor cells labeled with !'Cr (100
(Â¿CiNa51CrO4, 1 mCi/Vg chromium; Amersham, Inc., Amersham,
United Kingdom) per 2 x IO7 cells in 100 to 200 n\ PBS for l h at
37Â°C,followed by 3 washes in PBS. Cells were then taken up in culture
medium (8), with or without pertussis toxin, and incubated at 37Â°C.

After 2 h, cells were washed and taken up in EBSS (Flow). The
hepatocytes were washed once with EBSS, 24 h after seeding, and
incubated for 2 h at 37Â°Cin 400 Â¿ilEBSS containing 2 to 4 x IO5

labeled tumor cells, washed 3 times with PBS, and sucked dry. Subse
quently, 400 fi\ of N NaOH were added. Radioactivity of the well
contents was counted when the hepatocytes were completely detached.
All measurements were done in triplicate with at least two control
measurements per plate.

Interaction and, in addition, invasion were also quantitated by light
microscopy, as described previously (13). Hepatocyte cultures in 16-
mm wells were incubated in 400 ti\ EBSS containing 6 to 8 x IO5tumor

cells, either pretreated with pertussis toxin or not as above. The cultures
were kept at 37Â°Cfor various periods, washed once with PBS, fixed

with glutaraldehyde, dehydrated, and scraped from the dish. The culture
fragments were pelleted and embedded in Epon. Sections of 1 urn were
stained with toluidine blue and observed with a light microscope. Fig.
1 shows micrographs taken from such sections. The extended straight
side of the culture fragments is the substrate-faced surface, as demon
strated previously with the use of electron microscopy ( 13). Tumor cells
are recognized by their relatively light staining and irregular nuclei, and
they are easily distinguished from round, dark-stained hepatocyte nu
clei. Tumor cells located between hepatocytes or under the monolayer
were designated "infiltrated" cells, and those attached to the medium-
faced surface of hepatocytes, "adherent" cells. Two parameters were
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1The abbreviations used are: DMEM, Dulbecco's modified Eagle's medium;
NBCS, newborn calf serum; PBS, phosphate-buffered saline; EBSS, Earle's
balanced salt solution; PMN, polymorphonuclear; FMLP, A'-formyl-Met-Leu-
Phe; IP3, inositol-l,4,5-trisphosphate; p21, M, 21,000 protein.
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Fig. 1. Light micrographs of toluidine
blue-stained sections of embedded fragments
of hepatocyte cultures, into which TAM2D2
I n-ll h\ In (doma cells had infiltrated. The up

per micrograph shows a fragment, cut perpen
dicularly to the substrate (5). This section
contains only "infiltrated" tumor cells (/). N,

hepatocyte nuclei, x 6,500. The lower micro
graph was cut tangentially to the substrate side
(S). In addition to infiltrated cells, "adherent"
cells (A), attached to the medium-facing hepa
tocyte surface, are visible, x 16,500.

calculated, measures for the total number of interacting cells and for
the extent of invasion, respectively:

Interaction index - (adherent + infiltrated) tumor cells

Infiltration index =

hepatocyte nuclei

infiltrated tumor cells
hepatocyte nuclei

Measurements were performed in duplicate, with at least two controls
per plate. A minimum of four different sections, at least 20 ^m apart,
and a minimum of 150 hepatocyte nuclei were counted for each meas
urement.

Metastasis after i.v. Injection. TAM2D2 or MB6A cells (IO5), either

or not pretreated with 1 or 5 ^g pertussis toxin/ml for 4 h, were injected
in 0.2 ml PBS into a lateral tail vein of 2- to 3-mo-old female AKR or
male BD2F| mice, respectively. Injections of control and toxin-treated
cells were alternated. Animals were killed as soon as one of them
became moribund and examined for macroscopically visible mÃ©tastases;
their livers and spleens were weighed. Statistical analysis of weight
differences between experimental groups was performed with the Beh-
rens-Fisher test. Some of the mice were given injections i.p. of 2 /Â¿g
pertussis toxin per mouse 2 to 3 days after tumor cell administration,
as indicated.

RESULTS

Effect of Pertussis Toxin on Invasion. Interaction of tumor
cells with hepatocytes was determined using radiolabeled cells,
as well as by light microscopy on sections of embedded culture
fragments. Preincubation of the tumor cells with pertussis toxin
reduced the number of tumor cells associated with the mono-
layer after 2 h of incubation to 40 to 60% of control values.
This was found for both MB6A lymphosarcoma and TAM2D2
T-cell hybridoma cells. Examples of individual experiments are
shown in Figs. 2 to 5. In each case at least three experiments
were performed with similar results. After 2-h pretreatment,
maximal inhibition was obtained at a concentration between 50
and 250 ng toxin/ml in different experiments. The viability of
the cells, as determined by trypan blue exclusion, was not
affected by toxin pretreatment. As shown below, the prolifera
tion rate was also not influenced by pertussis toxin, further
demonstrating its lack of toxicity. Cholera toxin had no effect
on the interaction of these tumor cells with hepatocytes.

Interacting cells can be subdivided in cells adherent to the
upper surface and cells that have invaded the monolayer, which
can be distinguished with light microscopy in sections of em
bedded culture fragments, as described in "Materials and Meth-
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Fig. 2. Effect of pretreatment with pertussis toxin on interaction of "Cr-
labeled MB6A lymphosarcoma cells with hepatocyte cultures. MB6A cells were
exposed for 2 h to pertussis toxin in culture medium at 37"C. Points, mean
amount of radioactivity associated with the monolayer after 2 h of interaction, as
the percentage of untreated control cells; bars, SD.
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Fig. 3. Effect of pertussis toxin on interaction, and on invasion, of MB6A
cells in hepatocyte cultures, as measured by counting cells in sections using light
microscopy. â€¢,interaction index; O, infiltration index, as percentage of control
values (see "Materials and Methods").

ods," and previously (13) in more detail. As can be seen in Figs.

3 to 5, toxin pretreatment reduced the number of invaded cells
after 2-h incubation to approximately 20% of controls. The
toxin retarded, rather than completely suppressed, invasion as
is shown in Fig. 6. Already after 30 min, a substantial number
of TAM2D2 cells had invaded the hepatocyte culture, whereas
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Fig. 4. Effect of pertussis toxin on interaction of "Cr-labeled TAM2D2 T-

ell hybridoma cells with hepatocytes. Experimental protocol similar to that in
Fig. 1.
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Fig. 5. Pertussis toxin effect on interaction, and invasion, of TAM2D2 T-cell
hybridoma cells in hepatocyte cultures. Experiment similar to that shown in Fig.
2.
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Fig. 6. Infiltration index of TAM2D2 cells as a function of incubation period.
Methods the same as in Figs. 2 and 4. O, nontreated control cells; â€¢.cells
pretreated for 2 h with 500 ng pertussis toxin/ml.

no invasion was seen with toxin-treated cells. After that period,
invasion increased linearly with time, but at a slower rate for
the toxin-treated cells. The number of cells attached to the
upper hepatocyte surface was not, or only slightly, reduced (not
shown), indicating that adhesion to the monolayer was not
affected.

Persistence of Toxin Effect. In a number of experiments,

TAM2D2 cells were exposed to pertussis toxin at relatively
high concentrations and cultured in the absence of toxin for 1
to 5 days before incubation with hepatocytes. The proliferation
rate of these cells was exactly the same as for control cells.
Invasion was still maximally inhibited 1 day after exposure to
250 ng toxin/ml for 4 h, but returned to control levels 3 days
after treatment. However, treatment with 1 ng/m\ or higher
concentrations suppressed invasiveness for at least 5 days. The
results of one of these experiments are shown in Fig. 7. As can
be seen, the effect of 1 /Â¿gtoxin/ml persisted for at least seven
doubling times, i.e., during a 128-fold increase in cell number.

Liver Metastasis after i.v. Injection. Tumor cells were pre
treated for 4 h with 1 ng pertussis toxin/ml, and then 10* cells

were injected into lateral tail veins of syngeneic mice. The
animals were autopsied as soon as one of them became mori
bund. Because of the diffuse growth pattern of these lymphoma
cells in the liver, small amounts of metastatic tumor cannot be
detected by macroscopic inspection. The amount of tumor was
therefore estimated by liver weight. In the case of TAM2D2
cells, toxin treatment resulted in a substantial and highly sig
nificant reduction in tumor burden. Table 1 shows the combined
results of three identical experiments. The average liver weight
was reduced from 2.42 to 1.60 g. Since the average liver weight
of age-matched mice not receiving injections was 1.34 g, liver

Infiltration index (% of control )
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Fig. 7. Persistence of pertussis toxin effect on invasion of TAM2D2 cells.
Cells were treated with pertussis toxin for 4 h at the indicated concentration and
then cultured for 1 to 5 days in the absence of toxin before incubation with
hepatocytes. Shown is the infiltration index as percentage of control cells. â€¢,2SO
ng/ml; O, l fig/ml; A,

Table 1 Pertussis toxin effect on metastasis of i.v.-injected T-cell hybridoma cells
(Experiment 1)

TAM2D2 cells were treated with 1 ng pertussis toxin/ml culture medium for
4 h at 37Â°Cat 10' cells/ml. Control cells were similarly treated, but not with
toxin. Cells (IO5) were injected into a lateral tail vein of syngeneic female AKR
mice. Injections of control and treated cells were alternated. Mice were autopsied
at the indicated day after injection.

No. of mice
Autopsy (day)
Liver wt (g)
Estimated liver tumor wtr

Metastasis in
Ovaries
Kidneys
Lymph nodesControls24Â°

20
2.42 Â±0.97*

1.08Â±0.9717/24

15/24
12/24Toxin

treated23'

20
1.60 + 0.48
0.24 Â±OAÂ»d10/23

11/23
9/23

* Combined results of three separate identical experiments with 7 to 8 mice

per group.
* Mean Â±SD.
' Liver weight of mice not given injections: 1.34 Â±0.05 g.
d Difference with controls significant (P < 0.01).
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tumor burden was reduced from 1.08 to 0.26 g, to 22%, assum
ing that the weight increase was entirely due to tumor.

In subsequent experiments it was attempted to further reduce
metastasis by either administration of an extra 2 nig of toxin
to the animals after 3 days, by pretreatment with 5 ng of toxin/
ml, or both. The results are shown in Tables 2 and 3. In all
cases, liver weight was significantly reduced, sometimes to as
little as 10% of controls, for cells treated with 1 ng/m\. Neither
increase of toxin concentration, nor the administration of an
extra dose of toxin to the animals, enhanced this effect.

MB6A lymphosarcoma cells rapidly form liver mÃ©tastases
and kill animals within 10 to 11 days after tail vein injection of
IO5cells. Pretreatment of these cells with 1 ng toxin/ml did not

affect liver metastasis. However, an increase of toxin concen
tration to 5 Mg/ml did result in a significant reduction of liver
involvement (Table 4). As judged by weight, the liver tumor
burden after 9 days was reduced to 44% of controls. Also the

Table 2 Pertussis toxin effect on metastasis ofi.v.-injected T-cell hybridoma cells
(Experiment 2)

TAM2D2 cells were treated as described in the legend of Table 1, with or
without 5 Mgpertussis toxin/ml. The mice given injections of treated cells were
given injections i.p. of 2 Mgof pertussis toxin, and control mice with PBS, 3 days
after tumor cell administration.

ToxinNo.

of mice
Autopsy (day)
Liver wt (g)
Tumor in liver*

Metastasis in
Ovaries
Kidneys
Lymph nodesNone9

20
2.83 Â±1.08Â°

1.50Â±1.083/96/9

1/95

Mg/ml + 2 Mgi.p.10

201.70
Â±0.18

0.37Â±0.18C0/10

2/10
0/10

â€¢Mean Â±SD.
* Liver weight of age- and sex-matched mice not receiving injections: 1.33 :

0.05 g.
c Difference with controls significant (P < 0.05).

Table 3 Pertussis toxin effect on metastasis ofi.v.-injected T-cell hybridoma cells
(Experiment 3)

TAM2D2 cells were treated as described in the legend of Table 1 with pertussis
toxin at the indicated concentrations. One set of mice was given injections i.p. of
2 fig of pertussis toxin 3 days after tumor cell administration.

ToxinNo.

ofmiceAutopsy
(day)Liver

wt(g)Tumor
inliver*Metastasis

inOvariesKidneysLymph

nodesNone10213.79

Â±1.18Â°2.47

Â±1.181/102/100/101

Mg/ml10211.61

Â±0.260.29
Â±0.26C2/104/101/10I

Mg/ml +2Mg
i-P-9211.90

+0.420.58
Â±0.42e1/93/92/95

/ig/ml10211.70

Â±0.320.38
Â±0.32e0/100/101/10

" Mean Â±SD.
* Liver weight of age- and sex-matched mice not given injections: 1.32 Â±0.06

' Difference with controls highly significant (P < 0.001).

Table 4 Pertussis toxin effect on metastasis ofi.v.-injected MB6A
lymphosarcoma cells

Experimental protocol was similar to that in the legend to Table 3. MB6A
cells were injected into syngeneic male BD2F, mice.

Toxin None 2 Mgi-P- 5 Mg/ml

No. of mice 10 10 10 10
Autopsy (day) 9999
Liver wt (g)Â° 2.88 + 0.36* 3.11 Â±0.57 2.47 Â±0.45 2.02 Â±0.17
Tumor in liver0 1.54 Â±0.36 1.77 Â±0.57 1.13 + 0.45 0.68 + 0.17
Spleen wtÂ° 0.38 Â±0.09 0.40 Â±0.15 0.45 Â±0.09 0.38 Â±0.08

* Difference with controls highly significant (P < 0.001).
* Mean + SD.
c Liver and spleen weights of age- and sex-matched mice: 1.34 + 0.03 and 0.08

Â±0.01 g, respectively.
d Difference with controls nonsignificant.

administration of an extra dose of toxin to animals given an
injection of cells treated with 1 ^g toxin/ml reduced liver
weight, but not significantly.

Extrahepatic Metastasis. TAM2D2 cells also metastasize to
kidneys, ovaries, and lymph nodes. The incidence of metastasis
to these organs was in most cases somewhat reduced by toxin
pretreatment, but much less evidently than liver metastasis
(Tables 1 to 3). MB6A cells metastasize only to the liver and
the spleen. As can be seen in Table 4, spleen metastasis was
not influenced by pertussis toxin, not even after treatment with
5

DISCUSSION

Pertussis toxin causes lymphocytes to accumulate in the
blood, due to inhibition of entry into lymph nodes (11) and of
migration into tissues such as the skin (10). So far, it was not
known how the toxin interferes with these processes. We have
now demonstrated in an in vitro model that the invasive poten
tial of T-cell hybridomas is strongly inhibited by pertussis toxin.
Apparently, the toxin interferes with an activity necessary for
infiltration between cells, whereas adhesion to the monolayer
to be invaded was not affected. Furthermore, invasion by a
malignant lymphoma was inhibited as well, supporting the
notion that invasion mechanisms of normal and malignant
lymphoid cells are similar, as previously suggested by the lym-
phoma-like metastatic behavior of T-cell hybridomas (8).

Pertussis toxin ADP ribosylates and thereby irreversibly in
activates certain G-proteins, which are membrane-associated
molecules transducing extracellular signals (12). The first G-
proteins detected were involved in activation or inhibition of
adenylate cyclase (14), and the inhibitory GÂ¡-proteinwas shown
to be a pertussis toxin substrate (15). However, it has recently
become clear that multiple G-proteins exist, involved in trans-
duction of signals, elicited by many ligands, to different cellular
effector systems (12), and several of these G-proteins are sub
strates for pertussis toxin (16-20).

The effector system in lymphocytes the toxin interferes with
is so far unknown. Comparable cell types in which pertussis
toxin effects have been more extensively studied are PMN
leucocytes and monocytes/macrophages. Chemotactic factors
like FMLP elicit multiple events in such cells, including release
of arachidonic acid, secretion of degradative enzymes and, most
relevant for the present study, enhanced adhesion (21) and
motility (22). These phenomena are attenuated by pretreatment
with pertussis toxin (23-26). One of the effector systems in
volved is phosphatidylinositol-4,5-bisphosphate-phospholipase
C, which generates diacylglycerol and IP3. The latter compound
releases calcium from intracellular stores. In PMN leukocytes
and monocytes, FMLP binding leads within seconds (27) to
generation of IP3 (23, 24) and a rise in calcium levels (23, 25,
26), and these effects are attenuated after pertussis toxin pre
treatment (23-26).

It should be noted, however, that polyphosphatidylinositol
breakdown is not toxin sensitive in neuroblastoma (28), pitui
tary (29-31), thyroid (32), and adrenal glomerulosa (33) cells
as well as adipocytes (34). In contrast, the toxin does affect yet
other G-proteins, associated with phospholipase A2 (32) and
calcium channels (33), in thyroid and adrenal glomerulosa cells,
respectively. Toxin effects are evidently highly dependent on
the cell type studied. It seems reasonable, however, to assume
that, in lymphocytes, polyphosphatidylinositol hydrolysis is
affected, in view of the close relationship with PMN leukocytes
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and monocytes, and the similar phenomena affected in these
cells, namely adhesion and migration.

Recently, we have shown that introduction of the activated
ras oncogene into noninvasive BW5147 lymphoma cells re
sulted in a moderate level of invasiveness in those transfectants
which expressed the oncogene product at high levels (35).
Interestingly, the ras p21 is likely to be a signal transducer
involved in IP3 production (36). It is thus conceivable that
invasiveness depends on an increased activity of polyphospha-
tidylinositol-phospholipase C, induced in lymphocytes, T-cell
hybridoma, and certain lymphoma cells by extracellular ligands
via a pertussis toxin substrate G-protein, and in the transfec
tants autonomously by the mutated p21 ras protein. Prelimi
nary results indicate that invasion into hepatocyte cultures of
the ras-transfected cells is not affected by pertussis toxin, as
would be expected if this notion would be correct.

Nothing is known at present about the extracellular signals
pertussis toxin interferes with in lymphocytes. It is to be noted
that in vitro invasion occurs readily in serum-free buffer. Fur
thermore, invasion is not reduced after culture of the cells for
24 h in serum-free medium,2 so that involvement of serum

factors appears unlikely. Other possibilities are signals elicited
by contact with molecules on the hepatocyte surface or a factor
produced by the hybridoma and lymphoma cells to stimulate
their own invasiveness. Liotta et al. (37) have recently described
such an autocrine factor produced by melanoma cells which
stimulated their motility. We are presently investigating
whether the lymphoma cells secrete a similar ligand.

Because pertussis toxin is an enzyme, it continues to inacti
vate newly synthesized G-proteins until the toxin is sufficiently
diluted by proliferation or degraded. Therefore the toxin effect
persists for extended periods after high-dose treatment. We
have shown here that invasiveness of T-cell hybridoma cells
remained inhibited for at least 5 days after treatment with 1 ng
pertussis toxin/ml. Because of this, and because the prolifera
tion rate is not influenced at all, the toxin is an ideal reagent
for in vivo studies.

We have tested the in vivo effect after tail vein injection. This
was preferred over s.c. injection for a number of reasons: (a)
the hepatocyte model is only appropriate for invasion into liver
by blood-borne cells; (b) because the injection site should be as
close as possible to the site where the tumor type used arose,
which for lymphomas is lymphoid tissue with easy access to the
blood stream; and (c) because release of cells from a s.c. site
was expected to start at and to continue from a time when the
toxin effect would have dwindled.

We have observed a reduction in liver tumor burden to 10 to
25% of controls in animals given injections of T-cell hybridoma
cells, pretreated for 4 h with 1 ng toxin/ml. An increase in
toxin concentration or additional administration of toxin to the
animals did not further reduce the amount of tumor in the liver.
With MB6A lymphosarcoma cells, a reduction in liver metas
tasis was only seen after treatment with at least 5 pg/ml. These
cells do not grow readily in vitro, but have a high proliferation
rate in vivo. Possibly this is the reason why a higher concentra
tion is required to suppress invasiveness for a sufficiently long
period.

Strikingly, metastasis to extrahepatic sites by both cell types
was not, or much less evidently, affected, suggesting that either
the toxin effect is specific for invasion into liver tissue or that
invasiveness is less important for metastasis formation in tis
sues like ovaries, kidneys, spleen, and lymph nodes. An alter-

2 E. Roos ci al., unpublished results.

native possibility is that mÃ©tastasesin some of these organs are
formed later, at a time when the toxin effect has dwindled.

The in vivo effects of pertussis toxin further support the
notion, put forward previously based on other evidence (8, 35,
38), that a high level of invasiveness is an important factor in
metastasis formation by these types of lymphoma cells, partic
ularly in the liver. The identification of the ligands, cellular
effectors, and cellular processes involved should therefore be of
considerable interest for the understanding of the high meta-
static capacity of certain lymphomas.
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