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Abstract

Human ovarian cancer, the leading cause of death from gyne-
cologic malignancy, tends to remain localized to the peritoneal
cavity until late in the disease. In established disease, ascitic
fluid accumulates in the peritoneal cavity. We have previously
demonstrated that this ascitic fluid is a potent source of in vitro
mitogenic activity including at least one unique growth factor.
We now report that the human ovarian adenocarcinoma line,
HEY, can be induced to grow intraperitoneally in immunodefi-
cient nude mice in the presence (23/28 mice), but not absence
(0/21 mice) of ascitic fluid from ovarian cancer patients. Asci-
tic fluid from patients with benign disease did not have similar
effects on intraperitoneal growth of HEY cells (1/15 mice).
Once tumors were established by injections of exogenous asci-
tic fluid, they could progress in the absence of additional injec-
tions of ascitic fluid. The mice eventually developed ascitic
fluid which contained potent growth factor activity, suggesting
that the tumors eventually produced autologous growth fac-
tors. This nude mouse model provides a system to study the
action of ovarian cancer growth factors on tumor growth in vivo
and to evaluate preclinically, therapeutic approaches designed
to counteract the activity of these growth factors. (J. Clin.
Invest. 1990. 86:851-855.) Key words: ovarian cancer e ascites
« growth factors

Introduction

Adenocarcinoma of the ovary is the leading cause of death
from gynecologic malignancy (1, 2). Current therapy, which
combines surgery, radiation, and chemotherapy, cures only a
portion of patients. The high mortality is due predominantly
to occult progression of the tumor with initial diagnosis
usually made at an advanced stage when the disease is not
responsive to therapy (1, 2). Tumor growth is characterized by
local extension into the peritoneal cavity causing diffuse carci-
nomatosis and ascites (1, 2). In most cases, death results from
cachexia or bowel obstruction as a result of the large intraperi-
toneal tumor burden. In order to improve the prognosis of
ovarian cancer, novel therapeutic approaches are essential. To
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develop these approaches for evaluation of therapeutic strate-
gies, both an improved understanding of the pathophysiology
of the disease and animal models are required.

We. have previously demonstrated that ascitic fluid from
ovarian cancer patients contains potent mitogenic activity in
vitro for both primary cultures of human ovarian tumor cells
and established human ovarian adenocarcinoma cell lines (3,
4). Although the activity has not been fully characterized, at
least one of the growth factors contained in ascitic fluid ap-
pears to be unique (3). In order to develop an in vivo model to
study the mitogenic activity of growth factors present in ascitic
fluid, we examined the effect of ascitic fluid, from patients with
ovarian cancer, on the growth of the human ovarian adenocar-
cinoma line, HEY! (5), in the peritoneal cavity of immunode-
ficient nude mice. We demonstrated that cell-free ascitic fluid
from ovarian cancer patients is obligatory for the intraperito-
neal but not subcutaneous growth of HEY. This suggests that
in the clinical situation, growth factors in ascitic fluid may
promote the intraperitoneal extension of ovarian cancer in
women afflicted with this malignancy. It also provides a model
to characterize the mitogenic activities involved and to evalu-
ate therapy designed to block the activity of these growth fac-
tors.

Methods

Media and stock solutions. Complete medium was RPMI 1640 (Gibco
Laboratories, Grand Island, NY) supplemented with 5% (vol/vol) FCS
(Flow Laboratories Inc., Maclean, VA), 2 mM glutamine (Gibco Labo-
ratories), and 5 X 105> M mercaptoethanol (Sigma Chemical Co., St.
Louis, MO). [*H]Thymidine (6.7 Ci/mM) was from New England
Nuclear (Lachine, Quebec). Unless stated otherwise, all other reagents
were from Sigma Chemical Co.

Ascitic fluid. Ascitic fluid was obtained from 16 patients with mu-
cinous or serous ovarian cystadenocarcinomas according to a protocol
approved by the Research Ethics Committee of the Toronto General
Hospital. Ascitic fluid was also obtained from patients with hepatic
cirrhosis, as well as from a patient with idiopathic ascites. The ascitic
fluid was rendered cell free by centrifugation and was acid treated at
pH 3.0 for 2 h. It was then dialyzed overnight against 25 mM NaCl, 20
mM Hepes pH 7.4 under pressure in 3,000 mol wt cut-off tubing
resulting in a twofold decrease in volume. The protein concentration
of the dialysate from ovarian cancer patients ranged from 86 to 92
mg/ml and from patients with benign disease, 17-32 mg/ml. Four
independent pools of ascitic fluid from four to six patients were tested
in six independent experiments as well as samples from individuals.

Celis. HEY (5) was obtained from Dr. R. Buick (Ontario Cancer
Institute, Toronto). The cells were grown as monolayers in complete
medium and harvested by trypsinization using 0.1% trypsin in 150
mM NaCl, 0.2 mM EDTA, 10 mM Na phosphate, pH 7.4 (3-5).

1. Abbreviations used in this paper: HEY, a human ovarian adenocar-
cinoma line.
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[PH)Thymidine incorporation. HEY cells were incubated for 48 h
in serum-free complete medium, harvested, and incubated at 1 X 10*
cells/ml in 200 gl of serum-free complete medium in 96-well flat bot-
tom plates (Costar Data Packaging Corp., Cambridge, MA), as pre-
viously described (3, 4). The cells were cultured for 48 h in the presence
of the indicated reagents and then for an additional 6 h with 1 uCi/well
[*H]thymidine. [*H]Thymidine incorporation was determined by har-
vesting onto glass fiber disks followed by scintillation counting.

Monoclonal antibody binding. Cells were seeded in 96-well tissue
culture plates at a density of 5 X 10° cells/well and cultured for 4-5 d
when they formed confluent monolayers. The cells were incubated
successively with serial dilutions of HEY-specific monoclonal antibod-
ies (6, 7), rabbit anti-mouse Ig antibody at a 1/500 dilution, and finally
125].1abeled protein A, as previously described (6, 7).

Nude mouse experiments. 4-6-wk-old male and female nude mice
of Balb/c or Swiss background were purchased from Charles River (St.
Constance, Quebec) and used within 2 wk of arrival. All experiments
using mice were performed according to procedures approved by the
Toronto General Hospital Animal Care Committee. Mice were in-
jected intraperitoneally with the indicated numbers of HEY cells. Be-
ginning at the time of injection of HEY cells, the mice received daily
injections of concentrated human ascitic fluid prepared as described
above, or in the case of control mice, an equal volume of dialysis
buffer. The mice were monitored for abdominal distension (ascites
formation). Mice that developed distension were tapped, and the cells
recovered from their peritoneal cavity were cultured and assayed for
reactivity with monoclonal antibodies specific for HEY cells using
immunohistochemistry (8) or RIA (6, 7) modified as described above.
Mice with either abdominal distension or subcutaneous tumor growth
were killed and examined for the presence of intraperitoneal tumor
nodules.

Results

Ascitic fluid from ovarian cancer patients induces the intraperi-
toneal growth of human tumor cells in nude mice. HEY did not
form intraperitoneal tumors or produce ascites after intraperi-
toneal injection into nude mice (0/21 mice, Table I). However,
~ one-half (12/21 mice) of mice injected with HEY cells even-
tually developed subcutaneous tumors at the site of the injec-
tion track and succumbed to their tumor. In contrast, most of
the mice (23/28) that received daily injections of ascitic fluid
from ovarian cancer patients developed abdominal distension,
which was indicative of intraperitoneal tumor growth (Table
I). Similar results were obtained in six independent experi-
ments. On autopsy, all mice had detectable ascitic fluid and
most had disseminated intraperitoneal tumors. Ascitic fluid
from ovarian cancer patients promoted intraperitoneal HEY
tumor growth with equal frequency in male and female mice
of Balb/c and Swiss nude background, indicating that intraper-
itoneal tumor growth was not dependent on mouse strain or
sex-related hormonal differences. Four stable cells lines (HEY
N, ASI, A4, and A8) were established from cells harvested
from the peritoneal cavity of mice with abdominal distension.
These cell lines grew as monolayers in vitro with a pattern
similar to that of HEY cells and reacted with monoclonal
antibodies specific for HEY cells in a cell binding RIA (Table
II) or by immunocytochemistry (not presented). Control mice
which were not injected with HEY cells, but received 54 daily
injections of ascitic fluid from ovarian cancer patients, did not
develop abdominal distension or intraperitoneal tumors (0/4,
not presented).

In contrast to the effects of ascitic fluid from ovarian
cancer patients, ascitic fluid from two separate individuals

Table I. Effect of Benign and Malignant Ascitic Fluid
on Intraperitoneal Tumor Growth

Number of mice Time of onset
with intraperitoneal of abdominal
Ascitic fluid source tumor growth* distension
at
None (Buffer) 0/21% -
Benign (Pooled) 1/4 45 (45)
Benign (Pooled 4x)! 0/4" —
Benign (Individual) 0/4 —
Benign (Individual) 0/3** —
Total benign 1/15
Ovarian cancer (Pooled) 20/25 32(17-56)
Ovarian cancer (Individual) 3/3 29 (28-30)
Total ovarian 23/28 31

Mice were injected intraperitoneal with 1 X 10° HEY cells followed by daily
injections of 0.5 ml of concentrated human ascitic fluid or buffer for 19-28 d.
Results are from six independent experiments.

* Number of mice with intraperitoneal tumors/number of mice injected.

# Values indicate means and ranges.

§12/21 mice developed tumors along the injection tract.

! Four times as much ascitic fluid (2 ml/d) was injected.

' 3/8 mice developed large subcutaneous tumor masses which extended into
the peritoneal cavity. Although no ascitic fluid was detectable, HEY cells could
be isolated from the peritoneal cavity likely as a result of shedding from the
tumor mass.

** 1/3 mice developed tumors along the injection tract.

with hepatic cirrhosis or a pool of ascitic fluid from four pa-
tients with benign ascites did not support the intraperitoneal
growth of HEY cells in nude mice (Table I). However, one
mouse did develop multiple small subcutaneous tumors and a
small amount of ascitic fluid (1/11). In one experiment, the
mice were injected with four times the volume (2 ml) of con-
centrated ascitic fluid from patients with benign disease than
from patients with ovarian cancer to compensate for the
higher protein concentration in the latter preparation. These
mice did not develop ascites (0/4, Table I) either.

Mice injected with higher numbers of HEY cells tended to
develop abdominal distension and intraperitoneal tumors
more rapidly than those injected with lower numbers of HEY
cells (Table III). This suggests that while ascitic fluid from
ovarian cancer patients was required to initiate intraperitoneal

Table I1. Binding of Anti-HEY Monoclonal Antibodies
by Cell Lines Isolated from Nude Mice

HEY HEY AS]1 HEY A4 HEY A8
8C 6 8 7 8
10B 3 4 4 4
M2A 3 4 3 4
M2D 3 4 3 8

Confluent monolayers of the indicated cell lines were incubated with
the indicated monoclonal antibodies, followed by rabbit anti-mouse
Ig antibody and '*I-protein A as described in Methods. The values

indicate '2°I cpm X 1073 at a monoclonal antibody concentration of
0.1 pg/ml and represent ~ 50% maximal binding for each antibody.

852 G. B. Mills, C. May, M. Hill, S. Campbell, P. Shaw, and A. Marks



Table I11. Effect of Ascitic Fluid from Ovarian Cancer Patients
on Intraperitoneal Tumor Growth

No. of mice with

intraperitoneal
tumor growth*

No. of No. of injections Time of onset
HEY cells of ascitic fluid Ascitic of abdominal
injected or buffer fluid Buffer distension

i
1 x10° 22 9/10 0/10 31 (17-53)
5 x10° 24 6/6 0/6 33 (16-58)
2.5 % 10° 44 5/5 0/5 58 (44-66)

Mice were injected intraperitoneal with the indicated number of
HEY cells followed by daily injections of 0.5 ml of concentrated asci-
tic fluid from ovarian cancer patients or buffer. Results are from
three independent experiments.

* Number of mice with intraperitoneal tumors/number of mice in-
jected.

* Values indicate means and ranges.

proliferation of HEY cells, once intraperitoneal tumor growth
was established, it progressed in the absence of exogenous
human ascitic fluid. However, mice receiving longer durations
of daily injections of human ascitic fluid tended to develop
abdominal distension and intraperitoneal tumors more rap-
idly than mice receiving a shorter duration of ascitic fluid
injections (Table IV), indicating an effect of human ascitic
fluid on tumor progression as well as on tumor initiation.
Mechanisms underlying intraperitoneal growth of HEY
cells. As demonstrated above, although initiation of tumor
growth was dependent on exogenous human ascitic fluid, pro-
gression of intraperitoneal HEY tumors in nude mice could
occur in the absence of additional exogenous human ascitic
fluid. Ascitic fluid isolated from the peritoneal cavity of HEY
tumor-bearing nude mice, at least 2 wk after the final injection
of human ascitic fluid, contained mitogenic activity for HEY
cells in vitro (Fig. 1). The mitogenic activity contained in the
ascitic fluid from HEY tumor-bearing mice was considerably
more potent than corresponding dilutions of ascitic fluid de-

Table IV. Effect of Duration of Injections of Ascitic Fluid
from Ovarian Cancer Patients on Intraperitoneal Tumor Growth
of HEY Cells

No. of mice with Time of onset

No. of daily injections intraperitoneal tumor of abdominal
of ascitic fluid growth* distension
d*
7 4/4 44 (43-52)
14 3/4 41 (41-43)
21 3/3 39 (32-43)
28 3/3 34 (32-48)

Mice were injected intraperitoneally with 1 X 10 HEY cells followed
by the indicated number of daily injections of concentrated ascitic
fluid from ovarian cancer patients.

* Number of mice with intraperitoneal tumors/number of mice in-
jected.

% Values indicate means and ranges.

rived from patients with ovarian cancer (Fig. 1). This is likely
due to inhibitory growth activity contained in the ascitic fluid
of some patients (4). Therefore, ascitic fluid from nude mice
with progressively growing HEY tumors contains potent mi-
togenic activity that stimulates the proliferation of HEY cells
in vitro and likely plays a role in the in vivo progression of the
tumor growth.

Further evidence differentiating the mechanisms underly-
ing the induction and progression of intraperitoneal HEY
tumors was obtained using the stable cell lines (HEY N, ASI,
A4, and A8) derived from cells harvested from the peritoneal
cavity of mice with HEY cell tumors, which had been initiated
by ascitic fluid from ovarian cancer patients. These cell lines
were responsive to mitogenic stimulation by human ascitic
fluid in vitro in a manner similar to the parental HEY cells
(Figs. 1 and 2). However, in contrast to the parental HEY cells,
the HEY N, AS1, A4, and A8 cell lines were capable of form-
ing intraperitoneal tumors in mice in the absence of exogenous
human ascitic fluid (Table V). Therefore, although the cell
lines were responsive to exogenous growth factors in ascitic
fluid from ovarian cancer patients in vitro, they no longer
required human ascitic fluid to initiate intraperitoneal tumor
growth on reinjection into nude mice.

Discussion

Ascitic fluid from human ovarian cancer patients, but not
from patients with benign ascites, induced intraperitoneal
growth of the human ovarian cancer cell line, HEY, in nude
mice. This extends our previous observations that ascitic fluid
from ovarian cancer patients, but not from patients with be-
nign disease, had several specific effects on HEY cells in vitro
including growth stimulation, activation of phospholipase C,
and induction of changes in cytosolic free calcium (3). These
biochemical processes have been associated with the action of
several different polypeptide hormones, growth factors, and
oncogenes (9-11). These results suggest that ascitic fluid from
ovarian cancer patients contains specific growth factors that
can stimulate the growth of HEY cells both in vitro and in vivo
in nude mice.

Although there was a requirement for exogenous ascitic
fluid from ovarian cancer patients to initiate the intraperito-
neal growth of HEY cells in nude mice, progression of estab-
lished tumors was independent of exogenous ascitic fluid. This
appeared to result from a selection of a cell population that did
not require exogenous growth factors for intraperitoneal
growth since the HEYN, AS1, A4, and A8 cell lines established
from mice with progressive HEY tumors were able to grow
intraperitoneal on reinjection into nude mice in the absence of
exogenous human ascitic fluid. This selection may be based on
the ability to produce autologous growth factors since ascitic
fluid from mice with progressive tumors induced proliferation
of HEY cells in vitro. Since exogenous growth factors are rap-
idly cleared from the peritoneal cavity with a half-life mea-
sured in minutes to hours (12, 13), it is unlikely that the
growth-promoting activity present in ascitic fluid from nude
mice was due to persistence of growth factors present in the
injected ascitic fluid from ovarian cancer patients. However,
although the HEYN, ASI, A4, and A8 cell lines were able to
form intraperitoneal tumors in nude mice in the absence of
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Table V. Intraperitoneal Tumorgenicity
of HEY Sublines Derived from Tumor-bearing Mice

Time of onset

No. of mice with of abdominal
Tumor line intraperitoneal tumor growth* distension
d*
HEY N 4/5 54 (53-58)
HEY ASI1 4/4 39 (38-43)
HEY A4 3/3 43 (41-44)
HEY A8 3/4 32 (30-34)

Mice were injected intraperitoneally with 1 X 10° of the indicated
cell lines.

* Number of mice with intraperitoneal tumors/number of mice in-
jected.

# Values indicate means and ranges.

exogenous human ascitic fluid, they demonstrated a similar in
vitro response to growth factors in ascitic fluid from ovarian
cancer patients as did the parental HEY line. Therefore, the
HEYN, ASI1, A4, and A8 cell lines retained receptors for
growth factors present in ascitic fluid from ovarian cancer pa-
tients. This is also supported by the observation that tumor
progression was more rapid in animals that received continu-
ous injections with exogenous human ascitic fluid than in mice
in which the injections were stopped after an initial course of 7
d. Serum-free supernatants from the parental HEY line and
from the HEYN, AS1, A4, and A8 lines did not stimulate the
growth of HEY cells in vitro.

In summary, our data indicate that growth factors present
in ascitic fluid from ovarian cancer patients are required for
the induction of intraperitoneal growth of human ovarian ade-
nocarcinoma cells in nude mice. Therefore, it is possible that
these growth factors also promote the growth of human ovar-
ian cancer in the peritoneal cavity of women afflicted with this
malignancy, which may explain the propensity of human
ovarian cancer to remain confined to the peritoneal cavity
until late in the disease. Our nude mouse model also provides a
system to study the biology of intraperitoneal tumor growth
and the in vivo interaction between human ovarian cancer
cells and growth factors contained in ascitic fluid from human
ovarian cancer patients. These growth factors represent a logi-
cal target for therapy of ovarian cancer. Blocking growth fac-
tors in ascitic fluid from ovarian cancer patients or conjugating
appropriate purified growth factors to toxins or radioligands
may provide effective therapeutic approaches against ovarian
cancer that could be evaluated preclinically in this nude mouse
model.
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