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ABSTRACT

Nude mice given inoculations s.c. of a human squamous carcinomaâ€”
HEp3 (1.5 x 10" cells/mouse)â€”developed invasive tumors that produced
high levels of urokinase-type plasminogen activator (uPA) and metasta-
sized predictably to the lungs and lymph nodes of the host. To investigate
the role of uPA in invasion and metastasis, mice given inoculations of
tumor cells were treated daily with s.c. injections of specific, anti-human
uPA antibodies (rabbit polyclonal, 150 inhibitory units; mouse monoclo
nal, 3000 inhibitory units/mouse/day). Control mice received either saline
or preimmune rabbit immunoglobulins. A total of approximately 50 mice
was studied. The tumors were surgically excised 10 to 17 days postino-
culation when weighing 1 to 2 g. Antibody administration was discontin
ued after tumor excision. Two strategies were used: (a) following the
removal of tumors the mice were maintained and observed until respira
tory distress, indicative of lung metastasis, was evident; or (/>)their lungs
were examined for evidence of metastasis on the day of tumor removal.
While histolÃ³gica! sections of s.c. tumors excised from control mice
indicated extensive local invasion, evidence of invasion was absent in
most tumors excised from mice in which tumor uPA was inhibited by the
antibody (P < 0.025). The inhibition of local invasion did not, however,
lead to a reduced incidence of distant metastasis. Since we found that the
presence of HEp3 tumors in mice elicits a pronounced granulocytosis, we
propose that this response may facilitate the spread of tumor cells by a
mechanism independent of endogenous tumor proteases.

INTRODUCTION

An association between uPA,5 a neutral serine protease, and

the processes of tissue remodeling, including that which accom
panies malignant growth, has been established by several ex
perimental approaches (1-4). Human malignant tumors have
been shown to produce and release excessive amounts of uPA
(5-8). Studies of the biochemical properties of uPA suggest its
potential as an initiator of a cascade of events leading to the
generation of active proteolytic enzymes, capable of degrading
biological barriers considered an impediment to the unrestricted
movement of tumor cells within normal tissues. This potential
has been verified in a number of in vitro invasion assays (9-12).

To examine directly the role of uPA in the process of metas
tasis in vivo, we developed an experimental model in which cells
from a human squamous carcinoma (HEp3) were placed on the
chorioallantoic membranes of chick embryos. These cells were
able to infiltrate the membrane, divide rapidly, and metastasize
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to many organs of the embryo (13, 14). Antibodies, which
specifically inhibited the catalytic activity of the tumor pro
duced uPA, were able to inhibit distant metastasis (15). We
subsequently determined that the inhibition of invasion of con
nective tissue and blood vessel walls (intravasation) by the
antibody to uPA was directly responsible for the blocking of
distant metastasis (16). These experiments provided the first
direct indication of the involvement of uPA in the process of
metastasis.

Since the HEp3 tumor was highly malignant, both in the
patient from which it was isolated (17) and in the chick embryo
(13, 14), we anticipated that it would also be metastatic in the
nude mouse. Indeed, we found that following s.c. inoculation
of HEp3 cells primary tumors grew rapidly and lymph node
and lung mÃ©tastaseswere evident in more than 80% of the mice
receiving inoculation (18). We were also able, by combining
several sensitive methods, to detect, relatively early after the
inoculation, the presence of occult lung mÃ©tastases(18). Thus,
the nude mouse provided a convenient mammalian model in
which the involvement of uPA in invasion and metastasis could
be investigated. Several experimental protocols, aimed at
achieving the most efficient inhibition of the tumor cell uPA,
were tested. The antibody used was highly effective in inhibiting
the human tumor uPA, but did not inhibit mouse uPA. Using
this potent and specific inhibitor of tumor uPA we discovered
that, in analogy to the chick embryo model, the invasion of
connective tissue at the site of tumor inoculation was prevented
in mice given the inhibitory, anti-uPA IgG. In contrast to the
avian model, however, this inhibition did not lead to an overall
reduction in the incidence of distant metastasis in nude mice.

MATERIALS AND METHODS

Reagents. Dulbecco's modified Eagle's medium was obtained from

Grand Island Biological Co. (Grand Island, NY); fetal bovine serum
was from Hazleton Dutchland, Inc. (Denver, PA); COFAL-negative
embryonated hen's eggs were from SPAFAS (Norwich, CT); Triton X-

100, collagenase type 1A, and urokinase were from Sigma Chemical
Co. (St. Louis, MO); neomycin sulfate was from Upjohn (Kalamazoo,
MI); nembutal sodium solution was from Abbott Laboratories (North
Chicago, IL); pepsin was from Worthington Biochemical Corp. (Free
hold, NJ); protein A-Sepharose was from Pharmacia (Piscataway, NJ);
and chromogenic substrate for plasmin (Spectrozyme PL) was from
American Diagnostics (Greenwich, CT). Human plasminogen was pu
rified from fresh human plasma, as described previously (19). Bovine
fibrinogen (Calbiochem-Behring Corp., La Jolla, CA) was further pu
rified as described (20). Rabbit anti-mouse uPA, anti-human uPA, anti-
human tPA, and anti-HEp3 cell surface antibodies were as described
previously (15, 21, 22). Mouse monoclonal anti-uPA antibodies were
from hybridomas prepared in our laboratory, obtained by fusion of
spleen cells from urokinase-immunized BALB/c mice and mouse mye
loma P3U1 cells. All the antibodies were purified by protein A-Sepha-
rose chromatography. Monoclonal antibodies were adsorbed to protein
A-Sepharose at pH 8.0 (23). All other reagents were of the purest
commercially available quality.
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Nude Mice. Adult (approximately 2 months old) female BALB/c
nude mice were obtained from Life Science, Inc. (St. Petersburg, FL)
and housed under aseptic conditions in cages covered with air filters on
a laminar flow bench (Model LFASC-60; Germfree Laboratories, Inc.).
Food, water, and bedding were sterilized, and neomycin (4 g/liter) was
included in the water. All the surgical procedures and injections were
performed under aseptic conditions. The mice were free of mouse
hepatitis virus, ectromelia, lymphocytic choriomeningitis virus, Sendai
virus, minute virus of mice, Mycoplasma, and ecto- and endoparasites.

Inoculation of Tumor Cells into Mice. Tumors (4 days old) serially
passaged on the chorioallanotic membrane of 10-day-old chick embryos
were dissected, dissociated into single cell suspensions, and cultured in
vitro for 2 to 4 days in Dulbecco's medium with 10% fetal bovine serum
(14). Each mouse received 1.5 x IO6HEp3 cells, resuspended in 100 ^1
of saline, phosphate-buffered saline (0.01 M inorganic potassium phos-
phate-0.15 M NaCl-0.008 M MgCl-0.009 M CaCl, pH 7.4, or, in one
type of experiment, in phosphate-buffered saline with the appropriate
antibodies. The mice were given inoculations in the subcutis of the
interscapular region using a 26-gauge needle.

Antibodies and F(ab')2 Fragments. F(ab')2 fragments were prepared

by mixing purified IgG with pepsin (100 ^g pepsin/10 mg IgG, pH 4.0)
and incubating the mixtures for 18 h at 37Â°C.The fragments were

purified on a protein A-Sepharose column (flow-through collected),
concentrated, and their purity determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The uPA inhibitory potency of the
antibodies and the F(ab')2 fragments was tested by mixing 1 Ploug

unit/ml of uPA with increasing concentrations of the antibodies. The
mixtures were then incubated for 45 min at 4Â°C,and the residual uPA

activity was assayed on a fibrin plate assay (20) or using a synthetic
plasmin substrate, as described (24). One inhibitory unit was defined
as the amount of antibody required to produce a 50% inhibition of uPA
under the conditions described above. The inhibitory potency of the
antibodies was 1 unit/20 Mg,50 ng or 10 Mgof rabbit polyclonal, mouse
monoclonal, or rabbit IgG F(ab')2 fragments, respectively. Both the

rabbit and the mouse anti-uPA antibodies were effective in inhibiting
the activity of cell-surface receptor-bound uPA. This was shown by the
inability of HEp3 cells, plated on radioactive fibrin, to degrade this
substratum when both plasminogen and antibodies were added to the
culture medium. These antibodies were not inhibitory to mouse uPA
at concentrations exceeding severalfold those achieved in vivo. The
preimmune IgG was not inhibitory.

Detection of Lung MÃ©tastases.The methods used for metastasis
detection were as described previously (18). Following the removal of
the primary tumor, the mice were observed until they showed signs of
respiratory distress (see Table 3), at which time they were sacrificed by
cervical dislocation and their lungs removed and minced. Fragments
were used for: (a) histolÃ³gica! examination; (b) initiation of tissue
culture; and (c) direct determination of human uPA. These methods
have been described previously (18). In some experiments (see Table
4), the lung minces were also inoculated onto the chorioallantoic
membranes of 10-day-old chick embryos and incubated for 1 week. The
resulting nodulesâ€”"lung tumors" (weighing from 50 to 250 mg)â€”

were excised, minced, lysed in 0.5% Triton X-100 in 0.1 M Tris buffer
(pH 8.1), and examined for the presence of human uPA by a zymo-
graphic method described previously (25) or using a chromogenic assay
for plasmin in the presence of inhibitory anti-mouse uPA and anti-tPA
IgG (18). The inhibitory potency of the circulating antibodies from
anti-uPA and preimmune IgG-injected mice was determined by the
method used with purified antibodies, described previously. Serum from
control mice inhibited uPA (or plasmin), and this inhibition was con
sidered background and was subtracted from the specific inhibition
obtained with the anti-uPA-containing sera.

Statistics, x2 statistics (see Tables 1, 2, and 4), analysis of variance
(see Table 3), and Student's / test for independent groups (see Table 7)

were applied using the SYSTAT program.

RESULTS
Effect of Anti-uPA Inhibitory Antibodies on Local Invasive-

ness of HEp3 Tumors. The role of catalytically active tumor

uPA in host tissue invasion by s.c. growing human HEp3 tumor
was examined in experiments in which tumor enzyme activity
was inhibited by the injection of specific antibodies to human
uPA. In 2 separate experiments, nude mice received daily
injections of either 150 inhibitory units (3 mg/mouse) of poly
clonal anti-uPA IgG or 3000 inhibitory units (300 /^g/mouse)
of monoclonal anti-uPA IgG. The total level of inhibitory
circulating IgG was 40 and 1020 units/total blood volume for
polyclonal and monoclonal IgG, respectively. These values were
obtained after measuring specific uPA inhibition in serum
samples removed 24 h after the first and last s.c. injections (see
"Materials and Methods" for the details of the assay).

Tumors were removed by careful surgical excision when they
attained the weight of approximately 1.5 g (usually 10 to 12
days postinoculation, see Table 1) at which time the antibody
administration was discontinued. This procedure provided the
necessary tissue for the study of local invasion and, by extending
the life span of the experimental animals, allowed for a longer
observation time. Portions of the tumors, spanning the entire
thickness from the epidermis to the body wall, were fixed and
examined histologically.

In mice treated with preimmune IgG (Fig. 1, A-D), the s.c.
growing tumors expanded by invading the muscular and the
adipose layers (panniculus muscularis and adiposus) of the
subcutis and dermis and, in many animals, the dermal papillae
between the rete ridges (the most superficial layer of the dermis)
(Fig. 1, A and B). In contrast, tumors excised from the anti-
uPA-treated mice grew by tightly filling the subcutis with a
packed mass of dividing cells, and without signs of active
invasion of the dermal muscle or papillae (Fig. 2, A-D). The
tumors excised from the anti-uPA-treated mice had well-cir
cumscribed and remarkably smooth boundaries (Fig. 2, A-D).

Table 1 summarizes the quantitative aspects of the anti-uPA

Table I Effect of polyclonal anti-uPA antibodies on local invasiveness of HEp3
tumors

Nineteen nude mice received daily s.c. (abdominal site) injections of 3 mg/
mouse of preimmune IgG (7 mice), saline (3 mice, indicated by an asterisk), or 3
mg/mouse (150 inhibitory units) of anti-uPA IgG in saline (9 mice). Two days
after the initial injection all mice were inoculated s.c. in the interscapular region,
with 1.5 x IO6HEp3 cells freshly isolated from a tumor serially passaged in the

chick embryo and cultured in vitro for 3 days as described (14). The last antibody
injection was given on the day of the surgical removal of the tumor. Coexisting
invasion of the muscle and of the dermal papillae is indicated by 2 pluses (++),
while invasion of only one of the structures is shown as 1 plus (+). The control
and anti-uPA group did not differ statistically with respect to tumor weight (P =
0.624. t test) or the number of days from inoculation to tumor removal (P =
0.159, t test). Local invasion and local recurrence were significantly reduced in
the anti-uPA-treated group (P < 0.025 and P < 0.001, x!, respectively).

Mouse1*2*3*45678910123456789InjectedantibodiesControlControlControlControlControlControlControlControlControlControlAnti-uPAAnti-uPAAnti-uPAAnti-uPAAnti-uPAAnti-uPAAnti-uPAAnti-uPAAnti-uPADay
tumor Tumor wt

removed(g)10101010101010101014101010121012

<1212.49.31.52.00.12.032.21.56.34.32.54.89.50.48.00).99.52.0017
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Fig. 1. Invasive properties of HEp3 tumors. A, B, C, D, HEp3 tumor cells (1.5 x 10*cells/mouse) were inoculated s.c. into nude mice and treated with preimmune
rabbit IgCi (A and A): (for details see Table 1) or saline (Cand D). The tumors were excised when weighing 1-2 g. The sections show a high degree of invasiveness of
the subcutis and the dermis. In C. a muscle bundle appears to have been invaded by tumor cells. E. following tumor cell inoculation, the mice received daily s.c.
injections of 3 mg of anti-HEpi cell surface rabbit antibodies. Illustrated is a barely palpable, nongrowing nodule which contained a small number of tumor cells. F,
a lung metastasis from a mouse treated with polyclonal anti-uPA antibodies (for details, see Table 3). By. blood vessels; HF, hair follicles: TC, tumor cell; A/, muscle;
AC, adipocytc; FB. fibroblasts. A. x 100; B, C. D, E, and F. x 400.

effect on HEp3 invasion. It shows that the anti-uPA treatment
did not affect the rate of growth of the primary tumors but that
it strongly inhibited their ability to invade locally (P < 0.025,
X2)and, following surgical excision, to recur (P < 0.001, x2)- A

similar inhibition of local tumor invasion was observed (P <
0.025, x2) in mice treated with very high inhibitory doses of

monoclonal anti-uPA IgG (Table 2).
In several instances, regardless of treatment, tumor cells were

identified in blood vessels and lymphatics outside the main
tumor body (not shown).

Lack of Effect of uPA Inhibition on Lymph Node and Lung
MÃ©tastases.The effect of anti-uPA treatment on distant metas-
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Fig. 2. The absence of local invasion in anti-uPA-treated HEp3 and other tumors. A, B, C. and D, HF.pi tumor cells were inoculated s.c. and treated with rabbit
polyclonal anti-uPA (A and B) or mouse monoclonal anti-uPA (C and D). For details, see Tables 1 and 2. respectively. Although the weight of the anti-uPA-treated
tumors was not reduced by the treatment, the tumors were well-circumscribed with smooth boundaries: the muscular layer was not invaded. E and F. tumors produced
in nude mice by a clone of HEp3 cells (26), which metastasizes in the absence of evidence of local invasion.6 G",a locally noninvasive human melanoma that produces

lung mÃ©tastasesin nude mice (27); M, muscle; TC. tumor cell. A, C, and E, x 100; F, x 200; B. I), and G. x 400.

tasis to lungs and lymph nodes, shown previously to be the
exclusive sites of HEp3 metastasis in the nude mice (18), was
studied in the same group of mice described in Tables 1 and 2.
Following tumor excision, the mice were observed until the
appearance of signs of respiratory distress. At this time, their
lungs and enlarged lymph nodes were examined for the presence
of metastatic foci (see "Materials and Methods"). In one exper

iment, the anti-uPA treatment appeared to reduce the number
of lymph node mÃ©tastasesper mouse and to prolong slightly

the time of appearance of lung mÃ©tastases,however neither of
these differences was found to be statistically significant (Table
3). Fig. \F shows the appearance of lung metastasis in a mouse
treated with anti-uPA antibodies. Although in different mice
the extent and the pattern of lung metastasis were not uniform
(e.g., disseminated multiple small foci, few very large areas of
tumor growth, etc.), these variations could not be correlated
with the treatment.

In the experimental protocol used to generate the results
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Table 2 Effect of uPA inhibition by monoclonal antibodies on the local
invasiveness of HEpi primary tumors

Nude mice (5 per group) received daily s.c. injections of 300 ^g/mouse (3000
inhibitory units) of mouse monoclonal anti-human uPA IgG. or saline. (The
monoclonal antibodies were a 1:1 mixture of an IgGl and IgG2a.) Two days after
the initial injection, all mice were given inoculations of 1.5 x 10* HEp3 cells.

The antibody injections continued until 2 days after the surgical removal of the
primary growth. When tumors reached the weight of 1-2 g, they were excised
and the wounds were sutured. The control group did not differ statistically from
the group receiving anti-uPA antibodies with respect to tumor weight or the
number of days that elapsed between the inoculation and tumor excision (i test,
P = 0.7 and P = 0.266. respectively). Local invasion was significantly inhibited
by anti-uPA antibody treatment (x2. P < 0.025). and local recurrence showed a
border line inhibition (\2. P< 0.1).

TreatmentSaline

Anti-uPADay

tumor
removed"11.2

+ 0.4
12.0 Â±1.4Local

(positive/total)Wt

(g)Â°1.46

Â±0.4
1.37 Â±0.2Invasion4/51/5Recurrence3/51/5

Â°Mean Â±SD.

shown in Table 3, the possibility of mechanical tumor cell
seeding, coincidental with surgery and independent of pro
teases, could not be excluded. To overcome this uncertainty, a
new protocol was devised in which the lungs and the tumors
were excised on the same day (within 2 to 3 weeks of HEp3 cell
inoculation). Since at this time lung mÃ©tastaseswere too small
to be detected histologically, other previously developed, highly
sensitive methods were used for their detection (Ref. 18; see
"Materials and Methods"). Lungs from 4 of 6 mice were found

to harbor HEp3 cells 2 weeks after tumor inoculation (Table
4). Because tissue localization of the metastatic tumor cells
could not be assessed histologically, the possibility that the
above methods detected tumor cells circulating in the vascula-
ture, rather than true metastasis, had to be excluded. We
therefore examined tissue minces of kidneys, another highly
vascularized organ, using the same sensitive methods of detec
tion. The finding of tumor cells in lung but not in kidney tissue
(Table 4) suggested that the methods used did not simply detect
transiently circulating tumor cells but rather cells in a stable
association with an organ. Using the above protocol, lungs of
mice treated with either the inhibitory polyclonal antibodies or
their F(ab')2 fragments were excised before the excision of the

primary tumors (Table 5). Antibody treatment lasted for the
duration of the experiment (starting at inoculation and ending
1 day before the lungs and the primary tumors were removed).
This modified approach, in which the possibility of mechanical
dissemination of tumor cells due to surgery was excluded,
yielded results similar (Table 5) to those seen in the experiment
of Table 3: whereas local invasion was inhibited, the incidence
of metastasis was undiminished.

Primary tumors obtained by the inoculation of mice with a
low uPA producing clone of the HEp3 tumor (26) (Fig. 2, E
and F) or with cells from a human melanoma producing tissue-
type PA (27) (Fig. 2G), while yielding a high incidence of
metastasis, were found to be locally uninvasive (Ref. 27 and
footnote 6).

Is the Inhibition of Tumor Invasiveness Mediated via Tumor
uPA Inhibition? Several mechanisms, other than the inhibition
of uPA activity by the antibody, could be potentially responsible
for the abrogation of tumor invasiveness.

HEp3 cells have surface receptors for uPA which, under most
experimental conditions, are more than 80% occupied by the
enzyme (28). The surface localization of the enzyme implied
that tumor cells may be opsonized by the specific anti-uPA IgG
and killed by phagocytic cells. To examine this possibility, we

* H. Russo-Payne and L. Ossowski. unpublished observations.

used F(ab')2 fragments of IgG that lack the Fc portion required
for the opsonization-induced phagocytosis. The F(ab')2 frag

ments were as active as the intact IgG in their ability to inhibit
uPA (see "Materials and Methods"). The results in Table 5

indicate that, as noted with intact IgG, local invasiveness was
completely inhibited, whereas no effect on lung mÃ©tastaseswas
observed.

The possibility that the surface-bound antibody could initiate
complement-mediated cytotoxicity was excluded by in vitro
experiments. Fresh nude mouse serum was evaluated as a source
of complement, and its activity was compared with that of
rabbit serum (Table 6). With polyclonal antibodies against
HEp3 surface antigens (22) serving as a positive control, 84%
of HEp3 cells were killed when rabbit complement was used. A
smaller fraction of cells (7.5%) was killed when mouse, instead
of rabbit, serum was used as the source of complement. Re
gardless of the complement source, almost no killing was ob
served (Table 6) when cells were preincubated with either the
poly- or the monoclonal anti-uPA IgG at concentrations greater
than those expected to be attained in vivo.

Is the Tumor Accessible to the Injected IgG? Because uPA
antibodies did not inhibit metastasis in nude mice, we sought
additional evidence that they had access to the HEp3 tumor
mass. Mice given inoculations of HEp3 tumor cells were treated
with anti-HEp3 IgG, previously shown to mediate complement
killing of these cells in vitro (Table 6). Of the 5 mice tested, 1
did not develop a tumor, 2 had barely palpable nodules at the
site of injection, and 2 developed noninvasive tumors within 2
weeks of inoculation (data not shown). HistolÃ³gica! examina
tion (Fig. IE) of the nodules revealed small cyst-like structures,
encapsulated by a thick layer of fibroblasts. The cysts contained
a small number of tumor cells (at least some of which were
viable since they were able to initiate progressively growing
cultures). The two larger tumors were also surrounded by a
similar, fibroblastic capsule (not shown). This marked inhibi
tion of tumor growth presumably by tumor cell killing, strongly
suggests that s.c. injected antibodies gain access to, and can
efficiently interact with, the tumor cells in vivo.

Another confirmation of the anti-uPA IgG interaction with
the tumor cells is shown in Table 7. The endogenous human
uPA activity of control tumor lysates, or of lysates obtained
from mice treated with a monoclonal anti-uPA IgG was deter
mined (see legend to Table 2). The results indicate that tumors
from the anti-uPA-treated mice had significantly lower (P <
0.05, Student's t test) specific human uPA activity in vivo,

suggesting the presence of the inhibitory antibodies in the tumor
tissue.

DISCUSSION

This paper describes a series of experiments designed to test
directly the hypothesis that uPA has an important role in the
process of tumor cell dissemination in the nude mouse. This
hypothesis stemmed from the results of numerous studies sug
gesting an association between uPA production and cancer (1-
12). The first direct evidence of uPA involvement in metastasis
was obtained in our earlier studies, in which we noted the ability
of an inhibitory anti-human uPA antibody to block the metas
tasis of a human carcinoma in a chick embryo (15). Now we
have examined whether a similar inhibitory effect could be
detected in a mammalian model of metastasis. We have found
that: (a) the treatment effectively blocked local tumor invasion;
and (b) in contrast to results obtained in the chick embryo
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Table 3 Effect ofanli-uPA antibodies on lymph node and lung mÃ©tastases

The details of antibody injections are identical to those described for Table 1 (for polyclonal antibodies) and Table 2 (for monoclonal antibodies). The mice were
sacrificed when signs of respiratory distress were evident and the lungs and the enlarged lymph nodes were examined for evidence of mÃ©tastases(see "Materials and
Methods"). An analysis of variance did not reveal differences between groups with respect to lymph node mÃ©tastases(P = 0.588) or time (number of days after
inoculation) elapsed before the lung mÃ©tastasesbecame evident (P = 0.586).

Treatment(IgG)Preimmune*Anti-uPA

(polyclonal)Anti-uPA
(monoclonal)No.

ofmice15105Mice withmetastasisto
lymphnodes1

1(73.3)r7

(70.0)3
(60.0)LymphnodemÃ©tastases/mouse1.30.60.6Mice

withlungmÃ©tastases9

(60)c6(60)3(60)Time

tolungmetastasis(days)"44.7

Â±11.650.8
Â±10.948.7
Â±11.0

" Mean Â±SD.
* This group included 7 mice given injections of rabbit preimmune IgG and 8 given injections of saline alone.
' Numbers in parentheses, percent.

Table 4 Early detection ofHEpi cells in lungs but not kidneys (15 days after
inoculation)

Nude mice were given inoculations of tumor cells (1.5 x IO6) and on day 15
postinoculation, when the mean tumor weight was 2.1 g (SD = 0.54 g), lungs and
kidneys were removed, minced, and examined for the presence of HEp3 cells.
Tissue cultures of lungs and kidneys were inspected both microscopically and by
their ability to produce human uPA (see "Materials and Methods"); tumor cells

were identified only in lung cultures. The presence of human uPA was determined
by zymography (25).

"Lung tumors"0 "Kidney tumors""

Lung PA Human Kidney PA Human
Mouse HEp3 cells (mU/mg) uPA HEp3 cells (mU/mg) uPA

1+234

+5
+6

+83

+505642

+156
+55

+_-â€”â€”ND*ND180405452137NDND_-â€”â€”NDND
Â°"Lung" and "kidney tumors" (small nodules) were obtained by inoculation

of minced lung or kidney tissue onto the chorioallantoic membrane of chick
embryos, incubated for 1 week, and excised.

* ND, Not determined.

Table 5 Effect ofanti-uPA IgG and F(ab ')2fragments on local HEp3 tumor

invasiveness and lung metastasis
HEp3 cells (1.5 x 106/mouse) were given inoculations s.c. in the interscapular

region. The cells were resuspended in 100 M' of phosphate-buffered saline con
taining the appropriate antibodies or F(ab')2 fragments. Following inoculation,
all mice received daily s.c. (abdominal site) injections of either phosphate-buffered
saline or 3 mg of intact preimmune or anti-uPA IgG or 2.2 mg of F(ab')2
fragments of preimmune or anti-uPA IgG. The injections were discontinued 1
day before the tumors Â»ereresected (2 to 3 weeks postinoculation). Mice were
sacrificed and the lungs were removed before removal of the tumors. The lungs
were examined for evidence of metastasis (see "Materials and Methods"), and

tumor sections were analyzed histologically for evidence of local invasion. Treat
ment with anti-uPA IgG and IgG fragments induced a significant inhibition (/"<
0.005, x2) of local invasion but had no effect on metastasis.

Mouse12345678910111213TreatmentPBS*PBSPBSNR-IgGNR-lgGNR-F(ab')2NR-F(ab')2NR-F(ab');Anti-uPA

IgGAnti-uPA
IgGAnti-uPA
F(ab')Â¡Anti-uPA
F(ab')2Anti-uPA

F(ab')2Tumor

wt Local Lung
(g) invasionmetastasis"1.7

+++2.1
+++1.9

+2.5
-1-++0.3

++2.0
++1.4

+++2.0
+++2.4

+1.4
++1.2
-+1.3
-+1.9
- +

" MÃ©tastaseswere identified using highly sensitive methods (see "Materials
and Methods" and Ref. 18).

* PBS, phosphate-buffered saline: NR. normal rabbit.

model, the inhibition of invasion did not result in a diminished
metastatic spread. The fact that neither phagocytosis nor com
plement killing of the tumor cells appeared to be operative
under the experimental conditions used (Tables 5 and 6) pro-

Table 6 Specific complement killing ofHEpi cells by anti-uPA poly- and
monoclonal IgG and anti-surface I1Ep3 polyclonal IgG

HEp3 tumor cells, cultured in vitro for 3 days, were detached using 1 m.M
EDTA and washed and resuspended in phosphate-buffered saline with calcium
and magnesium. Cells (2 x 10s) in 400 , Iof phosphate-buffered saline were mixed

with an equal volume of rabbit polyclonal or mouse monoclonal antibodies. (The
concentration of antibodies varied from 5 to 50 Mg/ml for monoclonal, and from
20 to 500 Mg/ml for polyclonal IgGs.) The mixtures were incubated for 30 min
on ice. They were then mixed with either an equal volume of a 1:3 dilution of
baby rabbit serum or with fresh nude mouse serum and incubated for l h at 37"C.
and the number of trypan blue-positive cells was determined and expressed as the
percent of the total cell population. The results are an average of 2 duplicates
that differed by no more than 15%. The nonspecific complement killing was 7.3%
for rabbit serum and 7.2% for mouse serum. These values were subtracted from
the values obtained after incubation with antibodies and complement. The data
shown are for those antibody concentrations that resulted in the most killing.

IgGAnti-uPA

(rabbit). 500 Mg/ml
Anti-uPA (monoclonalantibody)Anti

HEp3 (rabbit). 500 Â¿ig/mlCells

killed (%total)Nude

mouse
Rabbit serumserum2.1

083.82.1 07.5

Table 7 Effect ofanti-uPA antibodies on tumor uPA

For experimental details, see legend to Table 3.

TreatmentControl

Anti-uPANo.

of
mice5

5Tumor

wt
(g)Â°1.46Â±

0.4
1.37 Â±0.2Human

uPA*
(mU/mgprotein)"964

Â±334
552 Â±112

Â°Mean Â±SD.
* Human uPA was determined in lysates of tumor tissue by subtracting the

plasminogcn activator values obtained in the presence of inhibitory anti-mouse
uPA IgG and anti-tPA IgG from the total plasminogen activator values. The
difference in uPA content between the 2 groups was statistically significant (P <
0.05. t test).

vided additional proof that the inhibition of tumor uPA was
directly responsible for the observed reduction of tumor inva
siveness by the antibodies.

The notion that a tumor cell must successfully complete a
number of crucial, sequential steps before a metastasis can be
established is widely accepted. This scheme of events implies
that the inhibition of any one of these steps should lead to a
reduction in the incidence of metastasis. Our studies in the
chick embryo, in which the inhibition of local invasion resulted
in the inhibition of metastasis (15), is in good agreement with
this idea.

Why then was the metastasis not decreased in nude mice in
which the local invasion of tumors was completely inhibited by
the anti-uPA antibodies?

Several possibilities must be considered. The first would be
an insufficient supply of antibodies or their inability to ade
quately permeate all parts of the tumors. Because it is difficult
to calculate the correct local and systemic inhibitory dose of
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antibodies, neither of the above possibilities can be categorically
excluded. It should be noted, however, that our experiments
showed that the schedule of injections and the amount of
injected antibodies resulted in high inhibitory activity in the
circulation throughout the experimental period. Attempts to
visualize radioactive antibodies in sections of HEp3 tumors
were quantitatively inconclusive (results not shown), but since
the tumors were well vascularized and not necrotic, they must
have received at least an equal share of the circulating antibod
ies. Also, the fact that vastly different inhibitory doses of
antibodies (a 20-fold difference) were equally effective in block
ing the local invasion suggests that saturating concentrations
of antibodies had been reached. However, even at the highest
antibody concentration the incidence of metastasis was unaf
fected.

Can metastasis proceed in the absence of evidence of local
invasion, and if so, what are the alternative pathways?

The occasional finding of tumor cells in the blood and lym
phatic vessels in both control and treated mice suggests that
tumor cells still had access to the vasculature. We found (results
not shown) that the HEp3 cells, known to produce uPA in
culture and in the chick embryo (14), continued to produce the
same type of plasminogen activator when grown in the nude
mice. This excluded the possibility that a switch to a new type
of plasminogen activator (tPA), which would not be inhibited
by the injected antibodies, was facilitating metastasis.

Could metastasis be the result of mechanical spread inciden
tal to inoculation or the surgical removal of the tumors? The
latter possibility was excluded by showing that lungs removed
before the removal of tumors already harbored metastatic cells
(Tables 4 and 5). Tumor cell dissemination incidental to inoc
ulation was not formally excluded in the current experiments,
but several lines of evidence suggest that it did not play a
significant role in metastasis formation. Thus, in the chick
embryo, despite severe damage to the site of inoculation, HEp3
tumor cells first appeared in the distant organs only 14 h
postinoculation (16). Also, distant mÃ©tastasesdid not develop
in embryos in which the site of tumor cell deposition was
surgically removed shortly after inoculation (29). Moreover,
our studies of metastasis of a human melanoma in nude mice
indicated that no metastasis developed if the primary tumors
were surgically removed before they reached the weight of 0.5
g (27).

Our results suggest that once tumor cells have gained access
to the circulation, even high levels of the inhibitory antibodies
were unable to prevent the further development of mÃ©tastases.
This is supported by our previous findings (16), which showed
that uPA did not play a role in tumor cell extravasation. A
similar observation was reported by Ostrowski el al. (30), who
used specific inhibitors, rather than antibodies, to examine the
role of uPA in lung colonization in mice. These results contrast,
however, with the findings of 2 other groups; in one study, 3T3
cells cotransfected with H-ras and human uPA genes and,
injected into the tail vein of mice, colonized lungs more effi
ciently (31). In another, a rabbit anti-human uPA IgG reduced
the number of lung colonies produced by i.v. injected mouse
melanoma cells (32). This inconsistency may reflect the differ
ence between the cell types and the antibodies used or, possibly,
may suggest that the tail vein injection in mice does not pre
cisely mirror the "late stages" of spontaneous metastasis.

Finally, although we currently do not know how metastasis
develops in the absence of local invasion, we noticed that the
presence of large tumors in mice was accompanied by a severe

granulocytosis [up to 150,000 leukocytes/mm3 of blood (Ref.

18 and footnote 7)]. Cells obtained from these tumors were
found to produce the granulocyte colony stimulating factor in
vitro." The induction of granulocytosis has been associated with

the growth of several malignant tumors (33-35). Although we
did not test the degree of neutrophil activation, this possibility
is suggested by their presence in the tumors. Activated neutro-
phils have been shown to produce uPA (36) and other proteases
(37). Since the mouse neutrophil uPA would not be inhibited
by the human-specific antibodies, a possibility exists that these
highly migratory and invasive cells may assist tumor cells in
breaching some biological barriers.
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