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Abstract

tions were performed with laparoscopic surgery.

paired-box gene 8 (PAX-8) staining.

metastatic tumors.

Background: A piglet model for peritoneal metastasis (PM) of ovarian cancer was developed. It will contribute to
establishing innovative chemotherapeutical and surgical strategies without any limitation on rodent models.

Methods: A total of 12 four- to five-week-old piglets of 7 to 8 kg were used. Two phases of ovarian cancer cell injec-

In phase | trial, 5.0 x 10% SK-OV-3 cells in 0.1 ml suspension were inoculated into the omentum, peritoneum, and uter-
ine horns of two piglets twice with a one-week interval. In the phase Il trial, 5.0 x 10° SNU-008 cells in 0.1 ml suspen-
sion were injected only into uterine horns within the same time frame because tumor implantation after inoculation
of SK-OV-3 cells was not observed at the omentum or peritoneum in the phase | trial. Modified peritoneal cancer
index (PCl) score was used to monitor tumorigenesis up to 4 weeks after inoculation. Tumor tissues disseminated in
the peritoneum 4 weeks after injection were used for histological examination with hematoxylin and eosin (H&E) and

Results: Inthe phase | trial, two piglets showed PM with modified PCl scores of 5 and 4 at 3 weeks after the first
inoculation, which increased to 14 and 15 after 4 weeks, respectively. In the phase Il trial, PM was detected in eight of
ten piglets, which showed modified PCl scores of 6 to 12 at 4 weeks after the first inoculation. The overall incidence of
PM from the total of 12 piglets after inoculation was 75%. Immunohistochemical H&E and PAX-8 staining confirmed

Conclusions: This study provides strong evidence that piglets can be employed as a model for PM by inoculating
ovarian cancer cell lines from humans. Using two cell lines, the PM rate is 75%.
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Background

Peritoneal metastasis (PM) is characterized by diffuse
deposits of tumors on the peritoneal surface. It occurs in
up to 75% of patients with solid tumors, including ovar-
ian, colorectal, and gastric cancers [1, 2]. PM-associated
solid tumors generally have a poor prognosis with a
high mortality rate. They are usually accompanied by
increased drug resistance [3, 4]. Thus, new strategies to
manage PM-accompanied solid tumors with preclini-
cal and clinical trials and related R&D infrastructure are
urgently needed.
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Considering animal models for undertaking preclini-
cal studies, only rodent models using immune-deficient
mice are available for various PM studies [5, 6]. Immu-
nodeficient rodent models have been used in most cases
of experimentation because of their relatively low costs,
high success rates of xenograft, ease of handling, and
rapid reproduction rates [7, 8]. However, these model
systems have apparent limitations, especially for applying
the results of such systems to human studies. It is chal-
lenging to directly compare tumor response and disease
progression between immunodeficient mice and humans.
The tiny abdominal cavity of a mouse is another limita-
tion of using a mouse as a model for surgery [9, 10]. Thus,
the demand for establishing medium-sized or large ani-
mal models to screen pathophysiologic characteristics
before human trials are increasing.

The pig is a strong candidate for a mid-sized animal
model due to its anatomical and physiological similarities
with humans [11-13]. In particular, this species yields
a number of advantages such as the similar size of the
abdominal cavity, human-like immune system, functional
equivalence of multiple diseases with humans, and the
feasibility of imaging studies with validated scoring for
a target disease. Moreover, it may be possible to avoid
artificial manipulation to reduce immune rejection after
xenotransplantation of human-derived cells and tissues
to some extent. In addition, it might have better ethical
acceptance than primates [6, 14—16]. By establishing a
mid-sized or large animal model for PM, it will become
more feasible to evaluate patterns of metastasis, the effect
and safety of anti-cancer drugs, and the feasibility of sur-
gical techniques and medical devices to reduce tumor
burdens than by using a rodent model.

Thus, the objective of this study was to develop an
immunocompetent piglet model for PM that could be
used to xenograft human cancer cells without any treat-
ments to reduce immune reactions. Based on prelimi-
nary experiments, the dynamics of PM of ovarian cancer
cells were monitored for up to 4 weeks after human
cancer cells were xenografted, followed by histological
examinations.

Materials and methods

Selection of animals and housing

This study was approved by the Institutional Animal
Care and Use Committee of Seoul National University
Hospital before study initiation (Approval No. 18-0051-
S1A0). A total of 12 crossbred piglets among Landrace,
Large White, and Duroc breeds at 4 to 5 weeks old with
bodyweights of 7 to 8 kg were purchased. Two protocols
of xenograft injection were employed. Of those 12 pig-
lets, two were assigned to phase I, and the rest were used
for phase II trials. For xenograft inoculation of ovarian
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cancer cells, piglets were starved for 2 h and adminis-
tered cefazolin (25 mg/kg; subcutaneous) prophylacti-
cally at 30 min before anaesthesia twice every eight hours
after surgery. General anaesthesia was conducted using
tiletamine/zolazepam (2 mg/kg; intramuscular) and xyla-
zine (2 mg/kg; intramuscular). Isoflurane 2-3% gas was
used to maintain anaesthesia during surgery. Postopera-
tive pain was controlled by meloxicam (0.4 mg/kg; subcu-
taneous; every 24 h). Body weight was evaluated weekly.
Finally, all piglets were euthanized with potassium chlo-
ride at 4 weeks after surgery for evaluating PM according
to the study protocol (Fig. 1).

Cell lines

For xenograft injection of human ovarian cancer cells,
SK-OV-3 cells for phase I and SNU-008 cells for phase II
trials were purchased from Koran Cell Line Bank. Each
cell line was cultured in Mccoy’s 5a medium (Welgene,
Gyeongsan, South Korea) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Welgene) and 1%
penicillin/streptomycin (Gibco, Gaithersburg, USA) at
37 °Cin a 5% CO, atmosphere. These cells were collected
in the exponential phase and digested into single-cell sus-
pensions. The concentration of the suspension of each
cell line was then adjusted to 5.0 x 10° cells/0.1 ml.

Surgical approaches of phase | trial

In the phase I trial, two piglets were inoculated with
SK-OV-3 cells. In detail, each piglet was laid down in a
Trendelenburg position after general anaesthesia. CO,
insufflation was performed for the capnoperitoneum via
a Veress needle. Two or three 5-mm bladeless trocars
(Eagleport®; Dalim Medical Corp., Seoul, South Korea)
were then inserted along the midline of the abdomen,
which was used as a passage for inserting laparoscopic
devices (KARL STORZ Endoscopy Korea CO., Ltd.,
South Korea).

Thereafter, five vials of 0.1 ml of SK-OV-3 cell line sus-
pension were prepared. Each suspension was mixed with
a 0.1% solution of indigo carmine to discriminate the
injection site. Five injection sites were determined as fol-
lows: fat tissues of the omentum; submesothelial tissues
of the right and left peritoneum; and the uterine cavity
within the right and left uterine horns. Every 0.1 ml of
SK-OV-3 cell line suspension was injected with a 24G
spinal needle into each injection site (Fig. 2). This inocu-
lation was repeated at the same injection site after 1 week
to increase the success rate of PM.

After xenograft injection of human ovarian cancer cells,
the implantation of cancer cells and the pattern of pro-
gression every week were evaluated using laparoscopy.
To determine the implantation of cancer cells, biopsies
were performed for suspicious lesions for histopathologic
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Fig. 1 The study protocol for making immunocompetent piglets with peritoneal metastasis using ovarian cancer cell lines
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)

Fig. 2 Inoculation of human ovarian cancer cells by laparoscopic surgery into immunocompetent piglets: A Each 0.1 ml of SK-OV-3 cell line
suspension (5.0 x 10° cells/0.1 ml) was injected percutaneously with a 24G spinal needle at the following five injection sites: B fat tissues in the

omentum; C submesothelial tissues of right and left peritoneum; D the uterine cavity within right and left uterine horns

confirmation. To evaluate the pattern of progression, a
modified peritoneal cancer index (PCI) was used based
on PCI for patients with PM [17]. The modified PCI
included nine parietal regions (central, right upper, epi-
gastrium, left upper, left flank, left lower, pelvis, right

lower, and right flank regions) and three visceral regions
(small bowel, large bowel, and stomach). The score in
each region was calculated according to the lesion size
as follows: score of 0, no visible tumor; score of 1, 5 mm
or less; score of 2, 6—10 mm; and score of 3,>10 mm or
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confluent. The severity of PM was evaluated using total
score of all regions (Fig. 3).

Surgical approaches of the phase Il trial

After successful production of large animal models with
PM in the phase I trial, the production process of immu-
nocompetent large animal model with PM was then
applied to a phase II trial. First, ten piglets were inocu-
lated with SNU-008 cells according to the same surgi-
cal procedure. In particular, SNU-008 cells were only
injected within the uterine cavity of the right and left
uterine horns because tumor implantation after inocula-
tion of SK-OV-3 cells was not observed at the omentum
or the peritoneum in the phase I trial (Additional file 1:
Video S1). This inoculation was repeated at the same
injection site after 1 week to increase the success rate of
PM. The implantation of cancer cells and the pattern of
progression were evaluated by performing biopsies for
suspicious lesions and evaluating modified PCI scores
after sacrificing all piglets 4 weeks after surgery.

Histopathology and immunohistochemistry

After tissues, including tumors disseminated in the peri-
toneum, were obtained from piglets, all tissues were fixed
in 4% paraformaldehyde, dehydrated, paraffin-embed-
ded, and sectioned (6—8 um in thickness). All sections
were stained with hematoxylin and eosin (H&E) to iden-
tify tumor cells. Moreover, paired-box gene 8 (PAXS8)
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staining was performed to determine if tumor cells origi-
nated from human high-grade serous ovarian carcinoma
[18, 19].

Results

Immunocompetent piglets with peritoneal metastasis
were made by inoculation of SK-OV-3 cells in the phase |
trial

In the phase I trial employing two piglets, implantation
and dissemination of SK-OV-3 cells were observed by
laparoscopy. In the first piglet, only whitish scars at the
injection sites were observed after 1 week. After 2 weeks,
swelling of the uterine horn was observed. It adhered to
the adjacent peritoneum despite no suspicious lesions of
tumor implantation at the omentum or the peritoneum.
After 3 weeks, the first piglet showed metastatic tumors
in the epigastrium, left upper, left lower, and right lower
regions with a modified PCI score of 5. After 4 weeks,
it showed metastatic tumors in the central, right upper,
epigastrium, left upper, left lower, pelvis, right lower,
ileal, and jejunal regions with a modified PCI score of 14
(Fig. 4).

In the second piglet, the injected fluid still remained
in the uterine horn, whereas there were no metastatic
lesions except only whitish scars at the injection sites
after 1 week. Swelling of the uterine horn that adhered
to the adjacent peritoneum was also found, although
there were no suspicious lesions of tumor implantation

Lesion Size Score
LS 0 No visible tumor
LS 1 5mm or less
LS 2 10mm or less
LS 3 Tumor > 10mm or confluence

Region

Central
Right upper
Epigastrium

<
8

Left upper

Left lower
Pelvis

Right lower
Right flank
Small bowel
Large bowel
Stomach
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Fig. 3 Modified Peritoneal Cancer Index (PCl) in piglets
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Fig. 4 Progression of peritoneal metastasis after inoculation of SK-OV-3 cells into the first piglet during the development phase: A Only whitish

scars at the injection sites after 1 week; B Swelling of the uterine horn adhered to the adjacent peritoneum after 2 weeks; C Metastatic tumors
developed in the epigastrium, left upper, left lower, and right lower regions after 3 weeks; D Metastatic tumors developed in the central, right

Left lower

Epigastrium Left upper Right lower

upper, epigastrium, left upper, left lower, pelvis, right lower, ileal, and jejunal regions after 4 weeks

at the omentum or the peritoneum after 2 weeks. After
3 weeks, the second piglet showed metastatic lesions in
the left flank, pelvis, and right lower regions with a modi-
fied PCI score of 4. After 4 weeks, it demonstrated met-
astatic lesions in the central, right upper, left flank, left
lower, pelvis, right lower, and jejunal regions with a mod-
ified PCI score of 15 (Fig. 5 and Table 1).

Immunocompetent piglets with peritoneal metastasis
were also made by inoculation of SNU-008 cells

in the phase Il trial

Ten immunocompetent piglets were inoculated with
SNU-008 cells. Of those, PM was developed in eight
piglets. The modified PCI score ranged from two to 15
(Figs. 6, 7, 8, 9, 10, 11, 12 and Table 2). The success rate
of producing an immunocompetent large animal model
with PM was 100% (2/2) after inoculation of SK-OV-3
cells and 70% (7/10) after inoculation of SNU-008 cells,
with an overall success rate of 75% (9/12).

Metastatic tumor cells were seen in H&E and PAX8 staining
On immunohistochemical H&E staining, metastatic
tumors obtained from piglets with PM were pathologi-
cally identified. Moreover, tumor cells were stained by

PAXS, suggesting human high-grade serous ovarian car-
cinoma (Fig. 13).

Discussion

Since animal models in which epithelial cells undergo
neoplastic transformation can provide opportunities to
evaluate cellular and molecular changes related to malig-
nant transformation, immunodeficient rodent models
have been used to create PM using cancer cells or tissue
xenografts due to their cost-effectiveness [20]. However,
these models are too small to evaluate the efficacy or
safety of new methods such as intraperitoneal chemo-
therapy, hyperthermic intraperitoneal chemotherapy
(HIPEC), pressurized intraperitoneal aerosol chemother-
apy (PIPAC), and precision surgery that can selectively
remove tumor cells expressing specific biomarkers for
treating PM [21-23].

To the best of our knowledge, this is the first study to
succeed in making an immunocompetent mid-sized
animal model with PM. We secured the manufacturing
technology required to fabricate this animal model suc-
cessfully. We employed commercially available cross-
bred pigs for this experimentation. Xenograft injection
of human cancer cells into pigs was possible without
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Fig. 5 Progression of peritoneal metastasis after inoculation of SK-OV-3 cells into the second piglet during the development phase: A No
metastatic lesions after 1 week; B swelling of the uterine horn adhered to the adjacent peritoneum after 2 weeks; C metastatic tumors developed
in the left flank, pelvis, and right lower regions after 3 weeks; D metastatic tumors developed in the central, right upper, left flank, left lower, pelvis,
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Table 1 The modified peritoneal cancer index score 3 and
4 weeks after inoculation of SK-OV-3 cells in the development
phase

Regions 1st piglet 2nd piglet

After
3 weeks

After
3 weeks

After 4 weeks After 4 weeks

Central
Right upper
Epigastrium
Left upper
Left flank
Left lower

Right lower
Right flank
Small bowel
Large bowel
Stomach

A = O N O W = = O = N = N
A O OO O N — O —= O O O O
U1 O NN O NN NN — O O N

0
0
1
1
0
2
Pelvis 0
1
0
0
0
0
5

Total

showing any immunological complications up to 4 weeks
after inoculation. The piglet model system suggested
in this study can improve the efficacy due to the use of
commercially available species and modeling without
any immunologic treatments to increase the feasibility.
In preclinical studies using this mid-size animal model,
we can evaluate tumor responses after HIPEC or PIPAC
medical devices according to the PCI applied to the
human body. Moreover, cytoreductive surgery can be
conducted to remove tumors that have metastasized to
the abdominopelvic peritoneum and visceral organs of
sizes similar to those of the human body.

Up to now, many studies have attempted to develop
a PM model in different species. A rabbit PM model
for intraperitoneal tumors was developed in a previ-
ous study, where the greater omentum and the upper
abdominal cavity of rabbits weighing from 2.5 kg to
3 kg, success rates of PM formation were 100% (12/12),
91.7% (11/12), and 58.3% (7/12), respectively after VX2
gastric cancer cells were injected into the submucosal
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Fig. 6 Progression of peritoneal metastasis after inoculation of SNU-008 cells into the first piglet during the reproducibility phase. Metastatic
tumors were developed in the central, right upper, epigastrium, left upper, left flank, left lower, and large bowel regions after 4 weeks
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Fig. 7 Progression of peritoneal metastasis after inoculation of SNU-008 cells into the second piglet during the reproducibility phase. Metastatic
tumors were developed in the central, left upper, and left flank regions after 4 weeks

Central Epigastrium Left flank

Fig. 8 Progression of peritoneal metastasis after inoculation of SNU-008 cells into the third piglet during the reproducibility phase. Metastatic
tumors were developed in the central and epigastrium and left flank regions after 4 weeks
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Fig. 9 Progression of peritoneal metastasis after inoculation of SNU-008 cells into the fourth piglet during the reproducibility phase. Metastatic
tumors were developed in the central and left flank regions after 4 weeks
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Fig. 10 Progression of peritoneal metastasis after inoculation of SNU-008 cells into the fifth piglet during the reproducibility phase. Metastatic
tumors were developed in the central and left flank regions after 4 weeks
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Fig. 11 Progression of peritoneal metastasis after inoculation of SNU-008 cells into the eighth piglet during the reproducibility phase. Metastatic
tumors were developed in the central, right upper, epigastrium, left flank, left lower, and large bowel regions after 4 weeks

layer of the stomach [24]. Nevertheless, there is a limi-
tation in that this model is still too small to be applied
for surgery or intraperitoneal chemotherapy. Attempts
have also been made in pigs. After HeLa cells were
injected into the abdominal cavity with laparoscopic
surgery, the success rate of producing intraperitoneal

tumors was 63.8% (23/36) on port sites [25]. Further-
more, severe combined immunodeficient (SCID) pigs
have been employed for cancer cell xenograft [26, 27].
However, PM was localized to the surgical incision
site and subcutaneous or intramuscular layers in these
models.
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Fig. 12 Progression of peritoneal metastasis after inoculation of SNU-008 cells into the tenth piglet during the reproducibility phase. Metastatic
tumors were developed in the central, right upper, left flank, left lower, pelvis, and small bowel regions after 4 weeks
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Table 2 The modified peritoneal cancer index score 4 weeks after inoculation of SNU-008 cells in the reproducibility phase

Regions 1st piglet 2nd piglet 3rd piglet 4th piglet

5th piglet

6th piglet  7th piglet 8th piglet 9th piglet 10th piglet

Central 3
Right upper 1
Epigastrium 2
Left upper 1
Left flank 3
Left lower 3
Pelvis 0
Right lower 0
Right flank 0
Small bowel 0
Large bowel 1
Stomach 0

4

U O O O O O O O N — O O N
L O O O O O O O N O — O N
A O O O O O O O W o o O w
N O O O O O O O O —= O o —

Total 1

O O O O O O O O O O O O O
O O O O O O O O O o o O O
O O = O O O O — W O = = W
O O O O O O O O O o oo O O
L O O N O O N W w o O N W

In this study, we developed a piglet PM model using 4-
to 5-week-old piglets for acquiring immunocompetence.
Although a pig fetus becomes immunocompetent at
about 80 days of gestation [28], the piglet’s immune sys-
tem is not complete till 6 weeks of age because it depends
on passive immunity using maternally derived immuno-
globulins before weaning of milk [29]. Thus, we used 4 to
5 weeks old piglets with “the window of vulnerability” for
making this immunocompetent mid-sized animal model
with PM. This could contribute to the success of cancer
cell housing after xenotransplantation, while the only
limited time of observation period can be possible.

In general, leukocytes, granulocytes, and lympho-
cytes increase after the cessation of colostral intake 3
to 4 weeks after birth based on previous reports where

age-dependent immunologic changes in piglets were
evaluated [30, 31]. Although lymphocytes and T cells
(CD21-CD3+) increase gradually, granulocytes increase
abruptly 8 weeks after birth. Thus, the graduality of
lymphocytosis may be important for maximally extend-
ing the successful period of cancer cell housing after
xenotransplantation, whereas rapid granulocytosis may
hinder it by their destructive role of tissue damage by
massive releases of oxidative and proteolytic molecules
[32]. Thus, “the window of vulnerability” can be consid-
ered 4 to 8 weeks after birth for making immunocompe-
tent piglets with PM (Fig. 14).

The repetitive injection of tumor cells into the uterine
horn might have contributed to the successful xenograft
in this study. Although we injected tumor cells twice
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into three common tumorigenic sites (the omentum,
submesothelial layers of the peritoneum, and the uter-
ine horn), we found that the fluid with tumor cells after
the first injection remained in the uterine horn, whereas
tumor formation was not confirmed at other sites at the
time of the second injection of tumor cells. Finally, we
found a 75% success rate in constructing an immuno-
competent large animal model with PM and that five out
of nine piglets with PM showed metastatic tumors from
the uterine horn adhered to the pelvic cavity despite dif-
ferent types of cancer cell lines.

In particular, the uterine horn has the advantage in
that tumor cells can be continuously discharged into the
abdominopelvic cavity while maintaining the concentra-
tion of tumor cells for a long time in a space like a bal-
loon tube. Moreover, the porcine endometrium consists
of predominantly stromal and glandular cells secreting
prostaglandins E and F,, [33], which can promote tumo-
rigenesis and metastasis by immunosuppression [34].

Nevertheless, this study has some limitations as fol-
lows. First, there was no information on whether
PM would worsen or become alleviated when active

immunity was completed because we sacrificed all
4 to 5 weeks old piglets 4 weeks after this experi-
ment. Since we used “the window of vulnerability” to
increase tumor implantation, tumors in this model can
be regressed as piglets grow, and active immunity is
strengthened. Second, this immunocompetent model
has been established in the relative duration of immu-
nosuppression, called “the window of vulnerability,” in
piglets. Thus, this model cannot be helpful in immune-
oncology agents such as immune checkpoint inhibitors
because the immune reaction related to cancer treat-
ment may not be anticipated in this model. Moreo-
ver, this model may not help investigate the efficacy
of chemotherapeutic or targeted agents 8 weeks after
birth because human cancer cells implanted in the peri-
toneum can be regressed by acquired immunocompe-
tence beyond the window of vulnerability. Third, we
used only female piglets and ovarian cancer cell lines
for making this model. Thus, further research is needed
to make male piglets with PM using different types of
cancer cell lines.
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Conclusion

We report the establishment of an immunocompetent
piglet (4- to 5-week-old) model for PM that can be used
in preclinical studies for evaluating the efficacy and
safety of intravenous or intraperitoneal usage of anti-
cancer agents in various types of solid tumors with PM.
Moreover, this model helps pioneer the field of preci-
sion surgery that selectively removes tumor-specific tis-
sues in the era of precision medicine. However, there
was a limitation in that only 4 weeks were observed due
to the acquisition of immunity with the growth of pig-
lets. Long term-observation of more than four weeks
should be made in the future to increase the feasibility
of this piglet PM model.
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