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ABSTRACT — The purpose of tumorigenicity testing, as applied not only to cell substrates used for
viral vaccine manufacture but also stem cells used for cell-based therapy, is to discriminate between cells
that have the capacity to form tumors and cells that do not. Therefore, tumorigenicity testing is essential
in assessing the safety of these biological materials. Recently developed NOD/Shi-scid IL2Rg™" (NOG)
mice have been shown to be superior to NOD/Shi-scid (SCID) mice for xenotransplantation of both nor-
mal and cancerous cells. To select a suitable mouse strain as a xenogenic host for tumorigenicity testing,
we compared the susceptibility of NOG (T, B, and NK cell-defective), SCID (T and B cell-defective), and
the traditionally used nude (T cell-defective) mice to tumor formation from xenotransplanted HeLa S3
cells. When 10¢ HeLa S3 cells were subcutaneously inoculated into the flanks of these mice, the tumor
incidence on day 22 was 10/10 (100%) in NOG, 2/10 (20%) in SCID, and 0/10 (0%) in nude mice. The
subcutaneous tumors formed reproducibly and semiquantitatively in a dose-dependent manner. Unexpect-
edly, half of the NOG mice (5/10) that had been inoculated with a mere 10' HeLa S3 cells formed pro-
gressively growing subcutaneous tumors on day 78. We confirmed that the engrafted tumors originated
from inoculated HeLa S3 cells by immunohistochemical staining with anti-HLA antibodies. These data
suggest that NOG mice may be the best choice as a suitable strain for testing tumorigenicity.

Key words: HelLa S3, NOD/Shi-scid IL2ZRg™" (NOG), Tumorigenicity testing, Xenografl

INTRODUCTION

One of the greatest contributions of the cultured cell to
health care is the production of biologicals involving viral
vaccines (Balducci ef al., 1962; Robinson er al., 1966)
and humoral factors (Delzer er al., 1985; Sambrook er al.,
1986). Recently developed cell culture technology pro-
vides us with a new application known as “stem cell ther-
apy” in the field of regenerative medicine (Badayan and
Cudkowicz, 2008; Dalbello-Haas er al., 2008). Stem cell-
based therapy has received attention as a possible alter-

native to organ transplantation, owing to the ability of

stem cells to repopulate and differentiate at the engrafted
site. In particular, induced pluripotent stem (iPS) cells
(Okita ef al., 2007; Takahashi er al., 2007) would be the
best source of patient-specific cell therapy, and thus enable
us to autologously transplant without an immune rejec-

tion because of immunological incompatibility between
patient and donor. In contrast to cell substrates for pro-
ducing biologicals, in cell-based therapies, the therapeu-
tic cells must be transplanted into the patient directly. The
anticipated benefit of patient-specific cell therapies has
always been tempered by inherent worries concerning the
undesirable growth of contaminated undifferentiated stem
cells in the recipient. Although many factors (e.g., cell
migration, differentiation, phenotype expression, tumori-
genicity) have been involved, the transplantable therapeu-
tic cell has always been considered a safety risk. The pur-
pose of tumorigenicity testing, as applied not only to cell
substrates used for viral vaccine manufacture but also dif-
ferentiated stem cells (e.g., derived from embryonic, mes-
enchymal, hematopoietic stem, and iPS) used for cell-
based therapy, is to discriminate between cells that have
the capacity to form tumors and cells that do not.
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Recently, we developed NOD/Shi-scid IL2Rgm!
(NOG) mice by crossing TL-2 receptor gamma chain-defi-
cient (IL2ZRg™") mice (Ohbo er al., 1996) with NOD/Shi-
scid mice (SCID) (Koyanagi er al., 1997). NOG mice lack
T and B lymphocytes and natural killer (NK) cells, and
demonstrate impaired dendritic cell function (lto er al.,
2002, 2008; Yahata er al., 2002). Because of their severe
immunodeficient state, NOG mice have been used as an
in vivo model to study human cells and tissues (Ito er
al., 2002; Yahata er al., 2002; Matsuura-Sawada et af.,
2005; Masuda er al., 2007; Suemizu et al., 2008). NOG
mice also showed superiority in cancer xenotransplanta-
tion systems compared to SCID (Nakamura and Suemizu,
2008). To select a suitable mouse strain as a xenogenic
host for testing tumorigenicity, we compared the suscepti-
bility of NOG (T, B, and NK cell-defective), SCID (T and
B cell-defective), and the traditionally used nude (T cell-
defective) mice for tumor formation from xenotransplant-
ed HeLa S3 cells.

MATERIALS AND METHODS

The protocol of the present study was reviewed before-
hand and approved by the Animal Ethics Committee of
the Central Institute for Experimental Animals (CIEA,
Kanagawa, Japan), and all animal experiments were per-
formed according to the Ethical Guidelines for Animal
Experimentation from the CIEA.

Cells

HeLa S3 (human cervical cancer cell line) cells were
obtained from the Health Science Research Resources
Bank (HSRRB, Osaka, Japan). The cells were maintained
in F-12 (HAM) (Gibco, Carlsbad, CA, USA) supplement-
ed with 10% fetal bovine serum (FBS) (HyClone, Logan,
UT, USA), incubated in a humidified (37°C, 5% CO,)
incubator, and passaged on reaching 80% confluence.

Detection of the tumorigenic cells in vivo

We used BALB/cA nu/nu (nude; Clea Japan Inc.,
Tokyo, Japan) and SCID (Clea Japan Inc.), and NOG
mice aged 6-8 weeks. For direct comparison of suscep-
tibility to cancer cell engraftment, various concentrations
(107 to 104 cells’/head) of HeLa S3 cells suspended in 0.1
ml of serum-free medium were subcutaneously inoculat-
ed into ten mice (5 males and 5 females) of each strain.
The mice were surveyed daily and tumors were meas-
ured with calipers. The tumor volume (TV) was calculat-
ed using the formula TV = 1/2 x A x B2 (A: length (mm);
B: width (mm)). The criteria for successive engraftment
were as follows: progressive nodule growth at the site of
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injection and TV values exceeding 10 mm’.

Histology and immunohistochemistry

The engrafted tumors were fixed with 4% (v/v) phos-
phate-buffered formalin, and paraffin-embedded sections
were stained using hematoxylin and eosin (H&E). Some
sections were autoclaved for 10 min in target retriev-
al solution (0.1 M citrate buffer, pH 6.0; ] mM EDTA,
pH 9.0) and then placed at room temperature for 20
min. Monoclonal mouse anti-HLA class I-A, B, C (clone
EMRB8-5; Hokudo, Sapporo, Japan), mouse antihuman
CK8/18 (clone 5D3; Novocastra Laboratories, Newcas-
tle, UK), and mouse monoclonal antihuman Ki67 anti-
gen (clone MIB-1; Dako A/S, Glostrup, Denmark) were
the primary antibodies used. The antibodies for mouse
Ig were visualized using amino acid polymer/peroxi-
dase complex-labeled antibodies (Histofine Simple Stain
Mouse MAX PO (M); Nichirei Bioscience, Tokyo, Japan)
and diaminobenzidine (DAB) (Dojindo Laboratories,
Kumamoto, Japan) substrate (0.2 mg/ml 3,3’-diaminoben-
zidine tetrahydrochloride, 0.05 M Tris-HCI (pH 7.6), and
0.005% H,0,). Sections were counterstained with hema-
toxylin.

Statistical analyses

The differences in incidence of each engraftment were
tested by Fisher’s direct probability method with p < 0.05
as the cutoff for significance. All statistical analyses were
performed using Prism 5 software (GraphPad Software,
La Jolla, CA, USA).

RESULTS AND DISCUSSION

In previous reports, we demonstrated a high rate
of liver metastasis in NOG mice inoculated with small
numbers of pancreatic cancer cells (as few as 100 cells)
and higher levels of liver metastasis in NOG mice than
in SCID mice (Suemizu et al., 2007). Therefore, NOG
mice are expected to be better subjects for testing tum-
origenicity in assessing the safety of cell substrates and
therapeutic cells. The purpose of this study was to quanti-
fy the advantage of NOG mice over SCID and nude mice
in terms of transplantability of human tumor cells. HeLa
S3 was examined for its ability to engraft in the subcu-
taneous spaces of these mice (Table 1). No statistical-
ly significant differences were found in the tumorigen-
ic incidence between male and female mice in all strains.
Therefore, tumorigenic incidence was directly compared
between each strain. The athymic nude mice, tradition-
al standards for tumorigenicity testing, showed no tumor
formation when HeLa S3 cells were seeded at a density



Table 1. Comparative growth of HeLa S3 cells among BALB/cA nuw/nu, SCID, and NOG mice

Higher susceptibility of NOG mice to xenotransplanted tumors

Cell dose Sex Number of mice with tumors (% engraftment)®
(cells/head) B ;AL;;A nu/nu SCID NOG
1x10° _.;a; 7777777 NT : 0/5 (0%) 3/5 (60%)
Female NT 0/5 (0%) 3/5 (60%)
Total NT (3.—’-10 (0";‘:.) 6‘.'10 (60%5 *
1x10° _ !E - 0/5 (0%) 0/5 (0%) 3/5 (60%)
Female 0/5 (0%) 0/5 (0%) 3/5 (60%)
Total 0/10 (0%) 0/10 (0%) 6/10 (60%) *
wm]x]O‘ Male 0/5 (0%) - 2/5 (40%) | 5.*‘5._(_1 00%) '_”" -
Female 0/5 (0%) 0/5 (0%) 5/5 (100%) ™
Total 0/10 (0%) 2/10 (20%) 10710 (100%) ™
o 1x10° Male 5/5 (100%) 5/5 (100%) NT
Female 3/5 (60%) 4/5 (80%) NT
Total 8710 (80%) | B 9/10 (90%] NT

* Engraftment was evaluated 22 days after inoculation by | x 10°, 10+, and 10° cancer cells, and 43 days after inoculation by 1x10°
cancer cells. Fisher’s exact test was performed in statistical analysis. * P < 0.05 compared to the SCID strain. ** P < 0.01 compared
to the BALB/cA nuw/nu strain. * P < 0.05 compared to the BALB/cA nu/ni and SCID strain. = P < 0.01 compared to the BALB/cA nu/

nu and SCID strain. NT: not tested.

of up to 107 cells. The SCID mice developed tumors with
a lower cell inoculation dosage (10* cells) compared to
nude mice. This result supports the report stating that the
implantation rate of human xenografts in subcutaneous
tissue is significantly higher in SCID mice than in nude
mice (Taghian er al., 1993). SCID mice inoculated with
10¢ HeLa S3 cells formed tumors within 22 days postin-
oculation, but at a rate of only 20% (2/10). In contrast to
nude and SCID mice, all NOG mice (10/10; 100%) inoc-
ulated with 10° Hela S3 cells formed tumors within 22
days. Furthermore, 60% (6/10) of the NOG mice formed
subcutaneous solid tumors within 22 days of inoculation
with only 10* HeLa S3 cells, and all NOG mice (10/10;
100%) formed tumors within 43 days (data not shown).
On the other hand, no tumor formation was observed in

SCID mice within 22 days of inoculation with 10° HeLa
S3 cells, while 60% (6/10) formed subcutaneous solid
tumors within 43 days (data not shown). Earlier, we dem-
onstrated that just 10? AsPC-1, MIA PaCa-2, and PANC-1
cells (human pancreatic cancer cell lines) were needed for
engraftment in NOG mice livers by intrasplenic inocula-
tion within 56 days (Suemizu ef a/., 2007). In this study,
we examined the tumor-forming potential of subcutane-
ous tissue in NOG mice when inoculated with 102 HeLa
S3 cells. Although the inoculation site differed from that
of previous studies, the NOG mice showed a high engrafi-
ment rate (6/10; 60%) within 43 days of inoculation with
107 Hela S3 cells, but not within 22 days (0/10; 0%,
data not shown). These results demonstrate that the NOG
mouse model is more sensitive for detecting tumorigenic-
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