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Figure 2. Immunohistochemistry of uPA-NOG mouse livers engrafted with BA patient hepatocytes. (A) Sections were stained for
hALB, human CYP3A4. and human Ki-67 antigen: Azan-Mallory staining was also used. The scale bars represent 100 pm. (B) Immu-
nohistochemical staining for CYP3A4 in a fully reconstituted uPA-NOG liver with NHEPS hepatocytes. The scale bar represents 100
pm. {C) Negative controls for immunostaining: NGS, NRS, and NMS. The scale bars represent 100 pm.

process was also observed in the colonies of NHEPS
hepatocytes (Fig. 4, middle} but not in the HCT 116
colorectal tumors (Fig. 4, bottom). The typical BC net-
work was detectable in the human hepatocyte con-
glomerates, as visualized by anti-MRP2, HLA
antibodies, and H&E staining (Fig. 4). These results
suggest that the intrahepatic bile duct system within
the colonies reconstituted with hepatocytes from
patients with BA must be nondefective.

DISCUSSION

BA is the most common reason for LT in children
worldwide. The aim of this study was to evaluate

regenerative medicine as a possible alternative to LT
for treating BA. We succeeded in isolating viable hepa-
tocytes from the livers of patients with BA so that we
could evaluate the regenerative potential in vivo with
a liver failure mouse model.*! Recently, Gramignoli
et al.?® reported the successful isolation of hepato-
cytes from people with a number of different meta-
bolic and other liver diseases {n = 35}). The purpose of
their study was to evaluate hepatocytes from individu-
als with metabolic disease for use in cell therapy via
hepatocyte transplantation. Although they performed
hepatocyte isclation in patients with BA (n =7}, those
cells would not be recommended for clinical trans-
plants because of concerns about cell yields, viability,
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Figure 3. Detection of biliary obstructions and hepatic fibrosis. {A) Immunohistochemical staining for MRP2 protein in livers from
patients with BA (patients 80, 86, and 105; left). Enlarged views of the boxed areas are shown with Hall's bilirubin staining {right). Bile
stained with Hall's method appears green {arrowheads). (B} Immunohistochemical staining for MRP2 protein {left) and Hall's bilirubin
staining (right) in uPA-NOG mouse livers engrafted with hepatocytes from BA patients {patients 80, 86, and 105}). The dotted areas
indicate the repopulated human liver. (C) H&E and Azan-Mallory staining and immunohistochemical staining for VIM and «SMA in the
liver from a BA patient {patient 80). (D} H&E and Azan-Mallory staining and immunohistochemical staining for VIM and oSMA in a
uPA-NOG mouse liver engrafted with hepatocytes from a BA patient (patient 80). The dotted areas indicate the repopulated human
liver. The scale bars represent 100 pm.
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Functional integrity of the BC network within the reconstituted livers. Biliary excretion tests were performed with a fluores-

cent metabolic marker (5-CFDA). Serial sections were prepared from the livers of mice that received transplants of hepatocytes from a
BA patient (patient 80), commercially available cryopreserved hepatocytes (NHEPS: positive control), or HCT 116 colorectal tumor cells
{negative control). The sections were loaded with 5-CFDA. and the presence of the fluorescent metabolite 5-CF was assessed. In the liv-
ers reconstituted with patient hepatocytes and NHEPS hepatocytes, 5-CF (green on a dark field) was rapidly excreted into the BCs that
formed the honeycomb networks over the lobule. In contrast, the BCs around the tumor, which formed after the transplantation of
HCT 116 colorectal tumor cells, did not have this honeycomb pattern. Additional sections were stained for human MRP2 (brown in a
bright field) and HLA (red in a dark ficld); H&E staining was also performed. The scale bars represent 50 pm.

and function. Bhogal et al.?® reported that the viabil-
ity, the total cell yield, and the success rate with cir-
rhotic tissues were low. In the cuirent study, the
cell yield and cell viability of hepatocytes from BA
patients with fibrosis grade II or IIl were comparable
to the yields and viability previously reported by
Gramignoli et al. We expected that the low cell yield
and viability would depend on the degree of fibrosis in
patients with BA. However, there were no significant
differences in the cell yields of hepatocytes from
patients with grade II fibrosis and hepatocytes from
patients with grade III fibrosis (Fig. 1C) or in cell
viability (Fig. 1D). These results indicate that regard-
less of the extent of hepatic fibrosis, the presence of
fibrosis affects the cell yield and viability when
hepatocytes are isolated from the livers of patients
with BA.

For hepatocytes from patient 80, 3 different condi-
tions (freshly isolated, chilled, and frozen-thawed
hepatocytes) were compared in terms of their engraft-
ment and proliferative potential in a liver failure
model using uPA-NOG mice. HLA-positive hepatocyte
colonies were observed in the livers of all uPA-NOG
mice that underwent transplantation with hepatocytes

of any condition; however, a higher ratio of hALB-
secreting mice and a higher level of seruum hALB were
observed in the mice that underwent transplantation
with freshly isolated hepatocytes (Table 2). We suc-
ceeded in isolating a small number of hepatocytes
buried in the severely cirrhotic liver of BA patient 149
(fibrosis grade UI), and surprisingly, the hepatocytes
could successfully engraft and proliferate within the
uPA-NOG mouse livers as HLA-positive colonies.
These results indicate that even hepatocytes buried in
the cirrhotic livers of patients with BA do not lose
their proliferative potential.

Recent studies of the molecular biology of BA have
revealed no significant differences in the hepatic
MRP2 expression levels of BA patients and control
groups.® In fact, we confirmed the expression of not
only the adenosine triphosphate-binding cassette,
subfamily C (cystic fibrosis transmembrane conduct-
ance regulator (CFTR}/multidrug resistance-associ-
ated protein (MRP}), member 2 (ABCC2) gene but also
the MRP2 protein, which was located on the apical
plasma membranes of hepatocytes both in the livers
of BA patients (Fig. 3A, left) and in partially human-
ized livers repopulated with hepatocytes from patients
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with BA (Fig. 3B, left). Despite the normal MRP2 pro-
tein expression in the livers of patients with BA and
in the partially humanized mouse liver, the bile was
accumulated only in the many BCs of livers from
patients with BA. This result clearly demonstrates the
extrahepatic obstruction of the biliary flow.

In this study, using a reconstituted-liver mouse
model, we examined the hepatocytes of patients with
BA for the presence of abnormalities in vivo.
Unfortunately, we failed to establish a BA model with
liver-injured mice. However, this result indicates
that the primary etiology of BA is absent in the hepa-
tocytes themselves, and the hepatocytes buried in
the cirrhotic livers of patients with BA are function-
ally intact hepatocytes retaining their proliferative
potential and able to reconstitute a partially func-
tioning human liver in mice. Gramignoli et al.?®
recently reported the isolation of hepatocytes from
patients with many metabolic diseases, including
BA, and the rapid and efficient repopulation of FRG
{fumarylacetoacetate hydrolase (Fah), recombination
activating gene 2 {Rag2) and interleukin 2 receptor
gamma chain (II-2ry) triple gene knockout] mouse
livers after the transplantation of hepatocytes
obtained from patients with metabolic disease. In
addition to Gramignoli et al’’s report, the current
study supports the hypothesis that hepatocytes from
patients with BA are morphologically and biochemi-
cally normal.

Recently, it has been reported that the extent of
liver fibrosis at the time of portoenterostomy, as eval-
uated by picrosirius red staining., appears to be a
strong negative predictor of outcomes.®! The negative
correlation between the extent of liver fibrosis and the
yield of viable hepatocytes suggested by our resulis
might be associated with that phenomenon. These
results support the possibility that if the primary eti-
ology is removed by Kasai portoenterostomy before
progressive cholestasis develops, the liver of the
patient with BA may regenerate autologously via the
functionally intact hepatocytes remaining in the cir-
rhotic liver. The hepatocyte function in patients with
BA may be independent of the degree of fibrosis;
therefore, efforts to ameliorate the fibrosis would have
great promise in treating this disease. Treatment
would include an earlier diagnosis and surgery but
might also include developing antifibrotic pharmaco-
logical approaches. If a method for earlier diagnosis
or new drugs are developed in the near future,
patients with BA may not require an operation that is
as difficult as LT.
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NOD-Rag2"! IL-2Ry"“" Mice: An Alternative to NOG
Mice for Generation of Humanized Mice
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) Central Institute for Experimental Animals, 3-25-12 Tonomachi, Kawasaki-ku, Kawasaki, Kanagawa 216-0001,
Japan
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Shinjuku-ku, Tokyo 160-8582, Japan

Abstract: We have developed NOD-Rag2™! |L-2Ry™! (NR2G) mice similar to NOD-scid IL-2Ry"!
(NOG) mice that are known as an excellent host to generate humanized mice. To evaluate the
usefulness of NR2G mice as a host for humanized mice, the engraftment rates and differentiation of
human cells after human hematopoietic stem cell (HSC) transplantation were compared among
NR2G, NOG, and NOD-scid mice. For this purpose, the appropriate irradiation doses to expand the
niche for human stem cells in the bone marrow were first determined. As a result, 8 and 2.5 Gy in
adult, and 4 and 1 Gy in newborn NR2G and NOG mice, respectively, were found to be appropriate.
Next, 5 x 10* human umbilical cord blood CD34* cells were intravenously inoculated into irradiated
adult or newborn of the immunodeficient mice. These HSC transplantation experiments demonstrated
that both NR2G and NOG mice showed high engraftment rates compared with NOD-scid mice,
although NOG mice showed a slightly higher engraftment rate than that for NR2G mice. However,
no difference was found in the human cell populations differentiated from HSCs between NR2G and
NOG mice. The HSC transplantation experiments to adults and newborns of two immunodeficient
mice also revealed that the HSC transplantation into newborn mice resulted in higher engraftment
rate than those into adults. These results showed that NR2G mice could be used as an alternative
host to NOG mice to generate humanized mice.

Keywords: humanized mice, immunodeficient mice, NOD-Rag2™! |L-2Ry™" mice, NOG mice

Introduction

Immunodeficient mice harboring human cells or tis-
sues are considered useful for analyzing human biology
in vivo without the ethical constraints associated with
using humans themselves. These mouse models, termed
humanized mice, would significantly advance our un-
derstanding of various human diseases and would fa-

cilitate development of new drugs against human dis-
eases [18].

Recent advances in the development of newly immu-
nodeficient mice such as NOD-scid IL-2Ry™!! (NOG/
NSG) and BALB/c-Rag2™! [L-2Ry™" (BR2G) mice have
enabled the generation of humanized mice in which
various human immune cells are successfully developed,
and have promoted research in human biology and dis-
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Abbreviations: RAG2/1: recombination activating gene 2/1, HSC. hematopoietic stem cell, RBC: red blood cell, WBC: white blood cell, SPF:
specific pathogen free, PB: peripheral blood, CB: umbilical cord blood, BM: bone marrow, SPL: spleen
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eases [6, 14, 16]. Indeed, those studies not only showed
an extremely high engraftment efficacy but also the de-
velopment of multi-lineage human cells, including various
subsets of T cells after transplantation of human umbilical
cord blood (CB)-derived CD34" stem cells (HSCs) [4].
To generate appropriate humanized mice, the choice
of immunodeficient mouse strains, human stem cell
source, inoculation route, and mouse age used for cell
transplantation are considered to be important. For a
stem cell source, Lepus ef al. [8] recently compared the
engraftment and differentiation of human cells from
various sources using three types of immunodeficient
mice—NSG, BR2G, and C.B-17-scid/bg mice—and
concluded that the use of CD34" stem cells from fetal
liver and CB is suitable for studying human hematopoi-
etic cell lineage development and function in humanized
mice. However, the use of cells from aborted fetuses is
not always feasible because of ethical issues in some
countries. In this sense, the use of stem cells from CB
may be more convenient for collection to circumvent
ethical issues. For an inoculation route, intravenous in-
oculation has been used commonly for adult mice; by
contrast, intrahepatic or intravenous inoculation has been
used for newborn mice [4, 15]. However, it remains un-
resolved which route generates humanized mice more
efficiently because of the different conditions, such as
cell sources and mouse strains, used by researchers.
Regarding mouse strains, NOG/NSG and BRG mice
are presently generally used for the generation of human-
ized mice. Pearson et al. [12] recently reported radio-
resistant NOD-Rag /™! IL-2Ry"™ (NR1G) mice, as well
as NSG mice, showing high engraftment of human cells.
Brehm ef al. [2] compared the engraftment of human
cells among NSG, NR1G, and BALB/c-Ragl™! IL-
2Ry™! (BR1G) mice generated based on Ragl™ mice
and concluded that NSG and NR1G mice showed more
efficient engraftment than BR1G mice. Both Prkdc and
Ragl/2 genes are responsible to compose T and B cell
receptor genes resulting in T and B cell deficiency in
mice mutated with both genes. SCID mice mutated with
Prkdc gene but not with RAG1/2 genes have disadvan-
tages in which irradiation sensitivity and T/B cell leaki-
ness occurred [1, 3]. Therefore, Introduction of RAG1/2
mutation for Prkdc’™ mutation into mice may provide
more stable immunodeficient strain of mice for xeno-
transplantation. We also independently developed NOD-
Rag2™!! IL-2Ry™! (NR2G) mice based on Rag2™ mice.
In the present study, we evaluated the usefulness of

NR2G mice as humanized mice by comparing human
cell engraftment and differentiation among NOG, NR2G,
and NOD-scid mice after HSC transplantation.

Regarding mouse age, when HSCs are inoculated,
adult or newborn mice have been used. Particularly, HSC
inoculation into newborn mice is considered to be effi-
cient because Traggiai ef al. [16] reported humanized
mice by HSC inoculation into newborn BRG mice. How-
ever, it is unclear what differences exist in the engraft-
ment and differentiation of human cells from HSCs upon
inoculation into newborn and adult mice. To address this
issue, we compared the engraftment and differentiation
of human cells in the mice when the same lot of CB
CD34% cells was transplanted into newborn and adult
NOG, NR2G, and NOD-scid mice.

Materials and Methods

Mice

NOD.CB17-Prkdc*/ShiJic (NOD-scid), NOD.Cg-
Prkdcsed I12rg™548/Jic (NOD-scid IL-2Ry"™": NOG),
NOD.Cg-Rag2™!wa [2rg"™Sug/ShiJic (NOD-Rag2™!!
IL-2Ry™: NR2G, here termed to distinguish from NR1G
of NOD-Rag1™ IL-2Ry"" mice), and BALB/c-Rag2™
IL-2Ry™" (BR2G) were used in the present study. NOD-
scid mice were purchased from CLEA Japan, Inc. (To-
kyo, Japan). NOG and NR2G mice were maintained at
the Central Institute for Experimental Animals (CIEA).
NR2G mice, first described in the present study, were
generated as follows. NOD.Cg-Rag2™/"4/Jic mice were
generated by the six-generation backcross-mating of
B6.129S1-Rag2™™a/JJic mice [13], which were origi-
nally a gift from Dr. Alt F. of Columbia University, into
NOD mice using a speed congenic technique combining
a marker-assisted selection protocol and in vitro fertiliza-
tion [15]. NR2G mice were obtained by intercross mat-
ing among the offspring (NOD-Rag2** IL-2Ry™") be-
tween NOD-Rag2™ and NOD-IL-2Ry"" mice.

For HSC transplantation experiments, adult mice were
obtained by natural mating, and newborn mice were
obtained by Cesarean section from recipient IQI females
transplanted with NR2G embryos into the oviduct after
in vitro fertilization. The newborn mice were nursed by
IQI foster mothers until weaning after irradiation and
cell transplantation.

The present study was performed in accordance with
institutional guidelines and was approved by the Animal
Experimentation Committee of CIEA.
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Irradiation

Adults and newborns of NOG, NR2G, and BR2G mice
were irradiated with 0-12 Gy using an X-ray irradiation
device (MBR-1505R; Hitachi Medical Co., Tokyo, Ja-
pan) to determine an appropriate dose for the respective
mice. The body weight of NOG, NR2G, and BR2G mice
was measured each week for 4 or 8 weeks after irradia-
tion using a scale (Pocket Scale 80; BOMSO, Tokyo,
Japan).

Transplantation of human HSCs

The same lot of commercially available human CB
derived CD34" cells (Lonza, Basel, Switzerland) was
used in the current study. The frozen cells were incu-
bated for a few minutes in a 37°C water bath, and then
were moved quickly into phosphate-buffered saline
(PBS) containing 2% fetal bovine serum. After washing
with PBS, the viability of CD34* cells was examined by
dye exclusion using 2.5% Trypan blue solution, and the
cells with more than 80% viability were used for trans-
plantation into the mice. For HSC transplantation into
adult mice at 8 to 9 weeks of age, 5 x 10* of CD34" cells
were inoculated intravenously via the tail vein at 24 h
after irradiation. Newborn mice were irradiated at a day
after birth, and 5 x 10* CD34" cells were inoculated
intravenously via the facial vein at 24 h after irradiation.

Flow cytometry

To identify human cells in mouse peripheral blood
(PB), the spleen, and the bone marrow (BM), multi-
color flow cytometric analysis was performed using a
FACSCanto flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA) with FACS Diva software (ver. 5.0.2;
Becton Dickinson).

PB was collected periodically from the retro-orbital
venous plexus using a capillary pipette (Drummond
Scientific, Broomall, PA, USA) coated with heparin
(Novo-Heparin 5000 units for Injection; Mochida Phar-
maceutical Co., Tokyo, Japan) under anesthesia with
isoflurane between 8 and 20 weeks after transplantation.

Mice were sacrificed by exsanguinating under anes-
thesia between 22 and 23 weeks after HSC transplanta-
tion. PB was collected from an abdominal vein, and the
femurs, spleens and thymuses were also removed. After
preparation of single cell suspensions and following
treatment with red blood cell (RBC) lysis solution (0.154
M NH,CI, 13.770 mM NaHCOs;, 0.102 mM EDTA-2Na)
to eliminate RBCs, white blood cells (WBCs) were sus-

pended in PBS containing 2% fetal bovine serum. The
cells were incubated with human-specific antibodies for
30 min at 4°C under protection from light.

The anti-human antibodies used for staining were
fluorescein isothiocyanate (FITC)-conjugated anti-hu-
man CDA45 (clone HI30; Becton Dickinson), anti-human
CD33 (clone HIM3-4; BD Pharmingen, Franklin Lakes,
NJ, USA), and anti-human CD4 (clone RPA-T4; eBiosci-
ence, Inc., San Diego, CA, USA); phycoerythrin (PE)-
conjugated anti-human CD3 (clone UCHT1 555333; BD
Pharmingen), PE-Cy7-conjugated anti-human CD3
(clone UCHT1; Beckman Coulter, Brea, CA, USA), and
anti-human CD19 (clone J4.119; Beckman Coulter); al-
lophycocyanin (APC)-conjugated anti-human CD8a
antibody (clone OKTS; eBioscience, Inc.), anti-mouse
CD45 antibody (clone 30-F11; BD Pharmingen), and
APC-Cy7-conjugated anti-human CD45 (clone 2D1; BD
Pharmingen). The engraftment rate of human cells was
expressed as a percentage of human CD45" cells in the
total human CD45* and mouse CD45* cells. The ratio
of human immune cells was expressed as a percentage
of human CD3*, CD19*, CD4%, and CD8" cells in human
CD45% cells.

Immunochemistry

To identify human cells in the spleen of transplanted
mice, the spleens were removed from the mice after
blood removal, and tissues were fixed with 10 nM for-
malin (10 nM Mildform; Wako, Tokyo, Japan), embed-
ded in paraffin, and stained with hematoxylin and eosin
(HE), mouse anti-human CD45 antigen monoclonal
antibody (clone 2B11+PD7/26; Dako Cytomation, Glos-
trup, Denmark), rabbit anti-human CD3 monoclonal
antibody (clone SP7; Nichirei, Tokyo, Japan), and mouse
anti-human CD79a monoclonal antibody (clone JCB117;
Nichirei). Briefly, 5-um-thick sections of femurs and
spleens on amino-silane coated glass slides (Matsunami
glass, Osaka, Japan) were immunostained by the univer-
sal immuno-enzyme polymer method (Nichirei). Each
of the anti-human antibodies was incubated overnight at
4°C. Sections were serially incubated with peroxidase-
labeled polymer-conjugated goat anti-mouse antibody
(Histofine Simplestain Max-PO; Nichirei) for 30 min at
room temperature. Immunoreaction products were visu-
alized by incubation with 0.02% 3, 3’-diaminobenzidine
(DBA; Dojindo, Kumamoto, Japan) containing 0.006%
H,0,. Immunostained sections were counterstained with
hematoxylin for visualization of nuclei.

— 201 —



324

L KATANO, ET AL.

NOG NR2G BR2G
Adult
100 el » » oy 100 pord o £ Cpemy 100 (o \
. e ]
St \ 80 \\ 0} ~
© X
~ e
;(l.é 50 60 | \ . 60 .
e N R %
T %0 Gy (5) ~*=0Gy 0 \o -0 Gy (16) \
BRI B0 0 F|-a656y ) |
& -8 2.5 Gy (5) =8 Gy (17 e
= <R3 Gy (5) NI . <+ 5.5 Gy (14)
D 20 b 20 b4 8.5 Gy (16 |l 20 R e Cy (13)
3.5 Gy (5) 9 Gy (1) 6 Gy
i 4 Gy (5) it 6.5 Gy (0)
0 : 0 0
0 7 1421 28 35 0 7 14 21 28 0 7 14 21 28
Days after irradiation
Newborn
100 r;———f<3-—c £ et e, e L0 Yo ey 100 [ Qe ,._,.,\
— et e, Y R Yy
® 80 i"__,__._____ 80 80
e
©
2 ol
© 60 b e ey | 60 6
©
2 40 }[=oovm R 20 H *0Cv@
g 0.5 Gy i) -84 Gy (7) -3 Cy(7)
173} <11 Gy @) m 4.5 Gy (8) 2o b 3sH®
201 1oy 201 e ay v Gy (8)
<2 Gy () =7 Gy 3) < 8.5 Gy (7)
o re—r— et o . o —
0 7 14 21 28 35 42 49 56 0o 7 14 28 35 42 49 56 0 7 14 21 28 35 42 49 56

Days after irradiation

Fig. 1. Sensitivity of immunodeficient mice to total-body irradiation. Adult and newborn NOG, NR2G, and BR2G mice
were irradiated with 0-12 Gy using an X-ray irradiation device to determine the appropriate dose. The body weight
of NOG, NR2G, and BR2G mice was measured every week beginning 4 or 8 weeks after irradiation using a scale.

Statistical analysis

Mean values and standard deviations were calculated
using the Excel software (Microsoft, Redmond, WA,
USA). Significant differences were identified using Stu-
dent’s r-test, and a P-value less than 0.05 was deemed
to indicate statistical significance.

Results

Radiation sensitivity of immunodeficient mice

Prior to transplantation experiments of human HSCs,
the radiation sensitivity of adult and newborn mice of
NOG, NR2G, and BR2G mice was investigated to de-
termine an appropriate irradiation dose for HSC trans-
plantation in each mouse strain. After irradiation into the
mice with a dose ranging from 0.5 to 12 Gy, the body
weight was periodically measured, and general observa-
tion was also performed for 26 days in adults and 56
days in newborns after irradiation, respectively. Non-
irradiated mice in each strain were used as controls. As
shown in Fig. 1, the minimum irradiation doses for the
survival of all mice of each strain were 2.5 Gy, 8 Gy, and

5.5 Gy in adults, and 1 Gy, 4 Gy, and 3.5 Gy in newborns
of NOG, NR2G, and BR2G mice, respectively. Thus

extremely high resistance to irradiation was observed in
NR2G mice.

Engraftment of human cells after HSC transplantation
into adults and newborns of immunodeficient mice

The engraftment and differentiation of human cells
were investigated when HSCs were transplanted into
adult or newborn NOG, NR2G, and NOD-scid mice us-
ing the experimental protocol shown in Table 1. The
2.5-Gy dose of irradiation for adult NOD-scid mice used
here was described previously [17], and this dose was
equivalent with that of adult NOG mice. Therefore, the
1-Gy dose for newborn NOG mice was used for newborn
NOD-scid mice.

Table 2 summarizes the engraftment rates of human
cells into the adults and newborns of three strains of mice
at 20 weeks after HSC transplantation. Twenty weeks
after cell transplantation into NOG mice, 3 (30%) of 10
adult mice died, but none of the six newborn mice died
during the same period. By contrast, all of the trans-
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Table 1. Experimental conditions for human cell engraftment in immunodeficient mice

Mouse strain ~ Age for injection ~ No. of mice . l?o?e of R?ut‘e. of
irradiation (Gy) injection
NOG Adult 10 2.5 Tail vein
Newborn 6 1 Facial vein
NR2G Adult 10 8 Tail vein
Newborn 6 4 Facial vein
NOD-scid Adult 9 2.5 Tail vein
Newborn 5 1 Facial vein

Table 2. Human cell engraftment in adults or newborns of three strains of immunodeficient mice at 20 weeks after

CD34" cell transfer

Frequency of Human CD45%

S . . . o
Age for injection Mouse strain No.of mice  Survival rate (%) engrafted mice (%) cells (%)*
Adult NOG 10 70 (7/10) 100 (7/7) 50.8+17.2
NR2G 10 100 (10/10) 100 (10/10) 40.0+12.4
NOD-scid 9 55.6 (5/9) 100 (5/5) 43.4+14.6
Newborn NOG 6 100 (6/6) 100 (6/6) 69.9+4.5
NR2G 6 83.3 (5/6) 100 (5/5) 43.1+9.9
NOD-scid 5 40 (2/5) 100 (2/2) 123+2.1

*Percentages of human CD45" cells in mononuclaer cells of peripheral blood.

planted adult NR2G mice survived, but 1 (17%) of 6
newborn mice died. Human cells could be engrafted
successfully in all surviving mice. When the engraftment
rate of human cells was compared among the three
strains of the mice, no significant difference was ob-
served among adult mice of the three mouse strains.
However, a significant difference was noted among the
mouse strains when human cells were transplanted into
newborn mice—namely, engraftment was higher in
NOG, NR2G, and NOD-scid mice, in that order.

To examine the time course of human cell engraftment
and differentiation from HSCs, the peripheral blood of
the transplanted mice were collected at 8, 12, 16, and 20
weeks after HSC transplantation into adults and new-
borns mice, and then were analyzed by flow cytometry
(Figs. 2 and 3).

In NOG and NR2G mice, only CD19* B cells were
detected at 8 weeks after HSC transplantation. CD3* T
cells were detected at 12 weeks after transplantation and
reached 20% at 16 weeks in the NOG and NR2G mice.
By contrast, only CD197 B cells, not CD3" T cells, de-
veloped during all periods tested in NOD-scid mice. The
same results were obtained in transplanted adult and
newborn mice, suggesting no significant difference in
the differentiation of human cells. Conversely, engraft-
ment of human cells was higher in transplanted NOG

mice than in transplanted NR2G mice for both newborns
and adults.

Human cells in the BM, the spleen, and PB of HSC
transplanted mice

The human cell engraftment rates in the BM, the
spleen, and PB at 2223 weeks after cell transplantation
into adult and newborn mice are shown in Supplemental
Data Fig. 1. Extremely high engraftment rates were ob-
served in both NOG and NR2G mice regardless of the
transplanted age of the mice. Human cell engraftment
rates were higher in the spleen, the BM, and PB, in that
order, and this tendency was identified regardless of the
transplanted age of the mice. The transplanted newborn
mice showed higher engraftment rates than transplanted
adult mice. However, no difference in the engraftment
rate was observed between NOG and NR2G mice, except
in PB from the newborn transplanted mice. The percent-
age of T, B cells and other lineage cells in human CD45*
cells of the BM, the spleen, and PB are shown in Fig. 4.
CD3* T cells were dominant in PB, but CD19" B cells
were dominant in the BM and spleen of both NOG and
NR2G mice. Particularly, a few CD3* cells were de-
tected in the BM. No difference in the T- and B-cell
subsets was noted in transplanted adult and newborn
mice. For other lineage cells including NX cells and
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Fig. 2. Human cells in mouse peripheral blood after HSC transplantation into adult immunodeficient mice. A total of 5 x

10* commercially available human CB CD34" cells was intravenously inoculated via the tail vein in adult mice at
24 h after irradiation. After HSC transplantation, PB was collected periodically from the retro-orbital venous
plexus using a capillary pipette coated with heparin under anesthesia with isoflurane at 8-20 weeks after transplan-
tation. Human cells in mouse PB were analyzed by flow cytometry.

myeloid cells, only a small numbers of them were ob-
served in NOG and NR2G mice, and there was also no
difference among them (Data not shown).

T-cell subsets in PB, the spleen, and the thymus from
HSC transplanted mice

To investigate the differentiation potential of T cell
subsets, human CD3", CD4*, and CD8&" cells were ex-
amined in the BM, spleen, and thymus of both strains of
mice. The ratios of CD4" cells were twofold those of
CD8* cells in all organs tested. In the thymus, CD4*CDg&*

T cells were dominant, as in humans. Here, no difference
in the ratios of these T-cell subsets was observed in all
organs of both mouse strains (Table 3). In addition, no
difference in T-cell subset differentiation was observed
between the adult and newborn transplanted mice. These
results indicate that T-cell subsets can develop from
HSCs in both strains, regardless of the transplanted age.

Distribution of human cells in the spleen
To investigate the distribution of human cells in the
spleens of NOG and NR2G mice, we performed im-
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Fig. 3. Human cells in mouse peripheral blood after HSC transplantation into newborn immunodeficient mice. A total of
5 x 10* commercially available human CB CD34" cells was intravenously inoculated via the facial vein in newborn
mice at 24 h after irradiation. After HSC transplantation, the analysis was done in the same manner as described in
Figure 2. The number of NOD-scid mice (n=2) at 20 weeks after HSC transplantation was so small for statistical
analysis that the mice were excluded in statistical analysis.

munohistological staining of the spleen using anti-human
CD45, CD79a, and CD3 antibodies. As shown in Supple-
mental Data Fig. 2, human CD45" cells were broadly
distributed in the spleen and formed strongly concen-
trated round-shaped areas. In these areas, CD79a* B cells
were located in the periphery, whereas CD3* T cells were
found in the central regions. Such structures were also
observed in NOG and NR2G mice regardless of their
transplanted age.

Discussion

In the present study, we established NR2G mice by
introducing the Rag2™!! gene into NOD-IL-2Ry™" mice
and investigated the capacity of the NR2G mice as re-
cipients for human cell development after HSC trans-
plantation in comparison to NOG mice, which are cur-
rently used extensively for generating humanized mice.
In addition, we investigated the differences in human
cell development and differentiation when HSCs are
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Adult transplanted into newborns and adults of these immuno-
BM SPL PB deficient mice.
100% Prior to HSC transplantation, irradiation sensitivities

were determined in NOG, NR2G, and BR2G mice.

NR2G mice showed high resistance against irradiation,

similar to that in NR1G mice reported by Pearson et al.

[12], compared with NOG and NOD-scid mice with the

Prkdcse gene in which DNA double-strand break repair

../ Others is impaired [3]. However, the irradiation resistance of
- gg i;fi‘;g NR2G mice was higher than that of NR1G mice. Name-
' ly, all NR2G mice survived for at least 26 days after
8-Gy irradiation to adult mice and at least 56 days after

4-Gy irradiation to newborn mice. By contrast, 30% of

NR1G adult mice died within 28 days after 7-Gy irra-

diation. The reason for this difference in irradiation re-

sistance between the NR2G and NR1G mice remains

unclear. The difference between the targeted Rag2 and

Newborn Ragl genes in both mouse types is unlikely to affect
irradiation resistance because both genes are closely

75%

50%

25%

0%

100%
located on chromosome 2 [10], and the targeting strat-
egy and resulting phenotypes are quite similar between
3.4 them [9, 13]. One explanation may be the difference in
75% |17 . o . ..
the irradiation source, namely X-ray irradiation for
NR2G mice and '37Cs irradiation for NR1G mice. An-

~1Others other explanation may be the difference in environmen-
LICD3"cells 4] factors, including the intestinal flora. Ivanov et al. [7]
H D197 cells reported that the intestinal flora influenced the appear-
ance of T helper cells in the intestinal lymphoid appara-

tus and demonstrated that the responses differed among

mice with different flora from different breeders. The

difference in the irradiation resistance between the

mouse strains may be due to differences in the intestinal

flora because damage to the intestine—in which cell

turnover is rapid—causes early death after irradiation.

Fig. 4. Human T and B cells in the BM, spleen and PB of HSC- Differences in irradiation sensitivity among mouse
transplanted mice at 20 weeks after HSC transplantation.  strains have been reported [11]; however, these differ-
Figures in the column reprgsent the percentage of each cell ences are not likely to exist between NOD/LtSz and

type among human CD45 cells. The number of NOG and NOD/ShiJic mice because they are closely related in

NR2G mice used in this figure was 7 and 10 in adult, and }
6 and 5 in newborn, respectively. genetics as substrains.

50% |

25%

Table 3. Percentages of T-cell subsets in the spleen, thymus, and peripheral blood of HSC-transplanted mice

Agein Mouse No.of Spleen Peripheral blood Thymus

injection  strain  mice hCD3 hCD4 hCD8 hCD3 hCD4 hCD8 hCD3  hCD4/CD8  hCD4 hCD8

Adult NOG 7 289£29 641+6.1 30.0+44 14.1£4.9 709+42 265+3.6 902x12.0 62.6+264 22.0+14.9 13.1+10.3
NR2G 10 27.7+£13.9 69.0+8.5 28.6+8.8 82+58 76.1+£88 22.0+9.0 893£62 46.9+29.0 29.9+17.5 155+9.8

Newborn NOG 6 295£60 568+80 355+75 314£160 69.5+3.6 285+3.0 884£37 69.9+132 13.9x6.5 124=52
NR2G 5 241+£71 639£129 305+100 174+58 708+£74 27.8+67 7884150 83.1+6.0 108+3.5 44£17

Human cells in spleen, thymus and peripheral blood from mice at 20 weeks after HSC transplnatation were analyzed by flow cytometry.
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Pearson ef al. [12] also reported that NR1G mice
showed high human cell engraftment and differentiation
after HSC transplantation, similar to that in NSG mice.
In the current study, we also compared the degree of
human cell engraftment and differentiation among
NR2G, NOG, and NOD-scid mice. To eliminate the in-
fluence of different sources of CD347 cells and different
inoculation periods on the results of this comparison, we
used the same lot of commercially available CD34* cells
and inoculated them into the mice on the same day. Par-
ticularly, for the comparison between adults and new-
borns at the transplanted age, we obtained the newborns
by Cesarean section after transplantation of their em-
bryos from in vitro insemination. High engraftment of
human cells from HSCs was observed in both NOG and
NR2G mice regardless of inoculation age, although the
HSC population in the former was slightly higher than
that in the latter during the test periods. No fundamental
difference in the differentiation of human cells was ob-
served between the two mouse strains. B cells developed
earlier than T cells. Namely, B cells were dominant 8 to
12 weeks after cell transplantation, but T cells became
dominant from 16 weeks after cell transplantation. By
contrast, no T cells developed in NOD-scid mice during
the test period. Immunohistochemical staining of human
cells in the spleen revealed that differentiated human
cells were located in the same area in both NR2G and
NOG mice. These results indicate that NR2G mice can
be used as an alternative to NOG mice for generating
humanized mice.

Regarding the age of HSC transplantation, Traggiai ez
al. [16] reported the successful generation of humanized
mice by intrahepatic inoculation of HSCs into newborn
BR2G mice. Ishikawa et al. [5] also reported the high
efficiency of human cell development by intravenous
HSC inoculation into newborn NSG mice. The present
study also revealed that the transplantation of HSCs into
newborn mice resulted in a higher engraftment rate than
transplantation into adult mice. However, the difference
in the engraftment rates between the mouse strains was
not marked, and the differentiation of human cells was
fundamentally similar, suggesting that researchers can
select the age for HSC inoculation into humanized mice
according to the purpose of their research.

In conclusion, newly established NR2G mice can be
used as an alternative host to NOG mice for generation
of humanized adult and newborn mice by inoculation of
HSCs.
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A Novel Enhanced Green Fluorescent
Protein-Expressing NOG Mouse for Analyzing
the Microenvironment of Xenograft Tissues

Yuichiro HIGUCHIY, Kenji KAWAI?, Masafumi YAMAMOTOD, Miyuki KURONUMAD,
Yasuhiko ANDOD, Ikumi KATANO?, Masato NAKAMURAZ24, and Hiroshi SUEMIZUD

. UBiomedical Research Department, Central Institute for Experimental Animals, 3—25-12 Tonomachi, Kawasaki-ku,
Kawasaki, Kanagawa 210-0821, Japan

Z)Pathology Department, Central Institute for Experimental Animals, 3—25-12 Tonomachi, Kawasaki-ku, Kawasaki,
Kanagawa 210-0821, Japan

¥ Laboratory Animal Research Department, Central Institute for Experimental Animals, 3—25-12 Tonomachi,
Kawasaki-ku, Kawasaki, Kanagawa 210-0821, Japan

Y Department of Pathology and Regenerative Medicine, Tokai University School of Medicine, 143 Shimokasuya,
Isehara, Kanagawa 259-1193, Japan

Abstract: The interaction between transplanted cells and host tissues is important for the growth
and maintenance of transplanted cells. To analyze the mechanisms of these interactions, a systemic
fluorescent protein-expressing mouse is a useful recipient. In this study, we generated a novel NOG
strain, which strongly expresses enhanced green fluorescent protein (EGFP; PgkEGFP-NOG),
especially in the liver, kidney, gastrointestinal tract, and testis. Because the host tissues expressed
EGFP, xenotransplanted human cancer cells were clearly identified as EGFP-negative colonies in
PgkEGFP-NOG mice. Immunohistochemical analysis revealed that EGFP-expressing stromal tissues
formed a complicated tumor microenvironment within xenograft tissues. Moreover, a similar
microenvironment was observed in human iPS cell-derived teratomas. Collectively, these results
indicated that a suitable microenvironment is essential for the growth and maintenance of
xenotransplanted cells and that PgkEGFP-NOG mice represent a useful animal model for analyzing
the mechanisms of microenvironment formation.

Key words: NOG mouse, teratoma, tumor microenvironment, xenotransplantation

Introduction provide oxygen and other essential nutrients. To eluci-

date the mechanisms that form such microenvironments,

Cell transplantation analysis is performed for safety
testing (tumorigenicity), in vivo functional characteriza-
tion of engrafted cells, and establishment of a “human-
ized” mouse model [5, 10, 16, 17]. Growth and progres-
sion of transplanted cells are dependent on the formation
of a suitable microenvironment [1-4, 14, 21]. For ex-
ample, host stromal tissue components, such as vessels
and fibroblasts, interact with engraftment derivatives and

various fluorescent protein-expressing murine models
have been established [20, 22, 23] by mating systemi-
cally florescent protein-expressing mice with nude mice,
which lack T cell production because of thymic defi-
ciency, but retain production of B cells and other im-
munocompetent cells. The survivability of transplanted
cells is dependent on the immune status of the recipient.
It was previously demonstrated that nude mice showed
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a little resistance to xenotransplantation [10]. Another
group reported the nonobese diabetic/severe combined
immunodeficient (NOD/Scid) transgenic mouse express-
ing enhanced green fluorescent protein (EGFP) [11].
NOD/Scid mice lack B and T lymphocytes and have low
natural killer (NK) cells and hemolytic complement ac-
tivity, defects in myeloid development, and poor antigen-
presenting-cell function. The NOD/Scid mouse demon-
strates immunodeficiency that is severer than that in the
nude mouse. However, it was reported that lymphoma
developed in the NOD/Scid mouse with high incidence
[71.

We previously established a nonobese diabetic/severe
combined immunodeficiency interleukin-2 receptor
y(NOD/Shi-scid 112rg™!") (NOG) mouse that incor-
porated the //2rg™! mutation from C57BL/6-1/2rg"Sue
mice by backcross mating with NOD/Shi-scid mice [6].
NOG mice have no lymphocytes or NK cells and have
impaired dendritic cells and macrophage function [9,
13]. Additionally, we previously reported an EGFP-ex-
pressing NOG mouse line (NOG-EGFP mouse) [18].
Since the NOG-EGFP mouse demonstrates severe im-
munodeficiency and systemic EGFP expression, it is
considered the most appropriate recipient mouse for
analyzing the microenvironment of xenograft tissues
[15].

The NOG-EGFP mouse demonstrated strong EGFP
expression especially in the skin, muscle, and pancreas.
However, EGFP expression in the hepatic parenchymal
cells was not observed (Fig. S1). This suggests that the
NOG-EGFP mouse is not suitable as a recipient for
liver metastatic model. In the present study, we estab-
lished a novel EGFP-expressing NOG mouse that ex-
pressed EGFP under the control of the phosphoglycerate
kinase promoter (PgkEGFP-NOG mouse). The PgkEG-
FP-NOG mouse retains equivalent immunodeficiency to
the NOG mouse, and whole-body immunohistochemical
analysis revealed that PekEGFP-NOG mice demon-
strated strong EGFP expression especially in the liver.
Xenograft colonies in the PgkEGFP-NOG mice were
clearly identified as EGFP-negative colonies, and the
tumor microenvironment in xenograft colonies was com-
posed of EGFP-expressing fibroblasts and vessels. More-
over, a similar microenvironment was observed in human
induced pluripotent stem (iPS) cell-derived teratomas.
These results demonstrated that PekEGFP-NOG mice
present a useful host model for analysis of the microen-
vironment of xenograft tissues.

Materials and Methods

DNA construction

The EGFP gene expression unit was constructed as
follows. The promoter region (621 bp) of the murine
phosphoglycerate kinase 1 gene was amplified by poly-
merase chain reaction (PCR) at an annealing temperature
of 60°C with the primers mPGK-F-Asel (5'-AAAAT-
TAATACCGGGTAGGGGAGGCGCT-3") and mPGK-
R-BamHI (5'-TTTGGATCCACGCGCTTCTA-
CAAGGCGCT-3") and then cloned into the pEGFP-N1
plasmid (Clontech Laboratories, Inc., Mountain View,
CA, USA) at the Ase I-Bam HI restriction site (pmPg-
KkEGFP). A vector-free 1.6-kb EGFP expression frag-
ment was prepared by cleavage of the pmPgkEGFP
plasmid DNA at unique 4se I and Ssp I restriction sites.

Generation of the PgkEGFP-NOG mouse

The PgkEGFP-NOG construct was microinjected into
fertilized NOD/Shi strain mouse eggs using standard
methods. Transgenic offspring were identified by PCR
(annealing temperature 60°C) using GFPF1 forward and
reverse primers (5'-CTGGTCGAGCTGGACGGC-
GACG-3" and 5'-CACGAACTCCAGCAGGAC-
CATG-3', respectively). Genomic DNA extracted from
tail tissue was amplified in a 20 x4 reaction volume under
the following conditions: 94°C for 2 min; 30 cycles at
94°C for 30 s, 60°C for 30 s, and 72°C for 30 s; and a
final extension step at 72°C for 3 min. Transgene DNA
showed an amplified product band of 630 bp on agarose
gel electrophoresis. For cloning of the transgene/trans-
gene junction, PCR amplification was conducted using
PgkEGFP-NOG mouse DNA and the GFPF1 forward
primer and PGKR1 reverse primer, 5'-AGAAAGC-
GAAGGAGCAAAGCT-3'. Nucleotide sequences of the
transgene/transgene junction were determined using an
ABI PRISM 3130 x 1 Genetic Analyzer (Life Technolo-
gies Corporation, Carlsbad, CA, USA) and ABI PRISM
BigDye Terminator Cycle Sequencing Ready Reaction
Kits (Life Technologies Corporation). Transgenic females
were mated with NOG males to confer the scid and JI-
2rg" mutations to the offspring. The JI2rg" mutations
were genotyped using a previously described PCR meth-
od [6]. The scid mutations were genotyped using Cycling
Probe Technology (Cycleave®PCR Reaction Mix, Ta-
kara Bio Inc., Shiga, Japan). Information for the primers
and probes is provided in the supplementary table. Reac-
tion mixture composition and cycling conditions were in
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accordance with the instruction manual. Real-time PCR
was performed using an Applied Biosystems 7500 Fast
Real-Time PCR System, and data were collected using
the SDS 2.6 application software (ABI). EGFP expression
in the PgkEGFP-NOG mouse was then confirmed with
the IVIS Spectrum CT and Living Image software (Per-
kin Elmer Inc., Waltham, MA, USA). For flow cytomet-
ric analysis of peripheral blood, hemolysis was performed
as previously described [6]. Samples were analyzed using
a FACSCanto analyzer (BD). Data were recorded with
the BD FACSDiva Software (BD) and analyzed using the
FlowJo software (Tree Star). The murine line used in the
present study was assigned the genetic designation NOG-
Tg (Pgk-EGFP) 16/ShiJic (formally, NOD.Cg-Prkdcs
I12rg'm!Sug To (Pgk-EGFP) 16/ShiJic, abridged name:
PgkEGFP-NOG). We also generated BALB/cA.Cg-Tg
(Pgk-EGFP) 16/Jic (abridged name, PgkEGFP-BALB)
and C57BL/6J.Cg-Tg (Pgk-EGFP) 16/Jic (abridged
name, PgkEGFP-C57BL/6) by crossing the inbred Pg-
kKEGFP-NOG strain with the BALB/cA or C57BL/6J
strain, respectively, using the speed congenic method
[18]. This study was performed in accordance with the
guidelines of our institution and was approved by the
Animal Experimentation Committee of the Central Insti-
tute for Experimental Animals.

Cell culture

The human colorectal cancer cell line HCT 116 was
obtained from the American Type Culture Collection
(Manassas, VA, USA). HCT 116 cells were maintained
in Dulbecco’s Modified Eagle Medium (DMEM; Invit-
rogen Corporation, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (Invitrogen), 2 mM L-
glutamine (L-Gln; Nacalai Tesque, Inc., Kyoto, Japan),
50 units/ml of penicillin, and 50 xg/ml of streptomycin
(P-S; Nacalai Tesque, Inc.).

Human iPS cell line 201B7 was provided by the
RIKEN BRC (Ibaraki, Japan) through the National Bio-
Resource Project of the Ministry of Education, Culture,
Sports, Science and Technology (MEXT), Japan [19].
Human iPS cells were maintained with mitomycin C-
treated mouse embryonic fibroblast feeder cells in
DMEM:Nutrient Mixture F-12 (Invitrogen) supple-
mented with 20% knockout serum replacement (KSR;
Invitrogen), L-Gin, P-S, 100 uM nonessential amino
acids (Invitrogen), 100 M B-mercaptoethanol (Sigma-
Aldrich, St. Louis, MO, USA), and 5 ng/ml of basic fi-
broblast growth factor (Wako Pure Chemical Industries,

Ltd., Osaka, Japan).

Transplantation

Confluent HCT 116 cells were dissociated using
0.25% trypsin- ethylenediaminetetraacetic acid (EDTA,;
Invitrogen). For subcutaneous transplantation, 1 x 103
HCT 116 cells were suspended in 100 I of Hanks’ Bal-
anced Salt Solution (HBSS, Invitrogen) and subcutane-
ously injected. For transplantation under the kidney
capsule, the kidney was exteriorized through a dorsal-
horizontal incision, and a syringe with a 29-G needle
with a flattened tip was introduced into the kidney at a
site away from the transplanted region. The kidney was
penetrated, the tip of the needle was held just beneath
the kidney capsule, and 1 x 10* HCT 116 cells in 10 I
of HBSS were injected. For transplantation into the tes-
tis, 1 x 104 HCT 116 cells in 10 gl of HBSS were in-
jected into the testis using a syringe with a 29-G needle.
In the case of intrasplenic (isp) injection, 1 x 10* HCT
116 cells in 50 41 HBSS were injected isp using a Ham-
ilton syringe with a 26-G needle, as previously described
[8]. Recovered grafts were embedded in optimal cutting
temperature compound (Sakura Finetechnical Co., Ltd.,
Nagoya, Japan). Fresh frozen sections were immedi-
ately fixed with 4% paraformaldehyde (PFA) or 100%
ethanol. For the observation of EGFP fluorescence, PFA-
fixed samples were embedded in ImmunoSelect Antifad-
ing Mounting Medium (Dianova, Inc., Pinole, CA, USA)
and then analyzed by fluorescent microscopy (Carl Zeiss
Microscopy GmbH, Jena, Germany).

To assess teratoma formation, confluent human iPS
cells were treated with phosphate-buffered saline (Na-
calai Tesque, Inc.) supplemented with 20% KSR, 0.25%
trypsin (Invitrogen), 1 mg/ml of collagenase IV (Invit-
rogen) and 10 mM CaCl, (Nacalai Tesque, Inc.) for 5
min. Cell clusters were gently detached using a cell
scraper and collected in a 15-ml conical tube. A part of
the cell suspension was treated with 0.25% trypsin-
EDTA and used for cell counting. Next, 1 x 107 human
iPS cells were suspended in 0.2 ml of HBSS and then
subcutaneously injected into the mice. Eight weeks post-
transplantation, the teratomas were recovered and fixed
with 10 nM Mildform formaldehyde solution (Wako Pure
Chemical Industries, Ltd.). Paraffin-embedded tissues
were then sliced and stained with hematoxylin and eosin
(HE).
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Fig. 1. Establishment of the PgkEGFP-NOG mouse. A. A schematic representation of the
inserted transgenes. The GFPF1+GFPR1 primer set was used for genotyping PCR,
and the GFPFI+PGKR1 primer set was used to sequence the tandem transgene
junction. The nucleotide sequence of the tandem transgene junction was described.
B. The PCR products of the primer sets GFPF1+GFPR1 (630 bp) and GFPF1+PGKR1
(1288 bp). NOG mice were used as negative controls (Non). Tg indicates the Pg-
KkEGFP-NOG offspring. C. HCT 116 cells were transplanted into subcutaneous (a),
kidney (b), testis (c), and liver tissues (d) of the PgkEGFP-NOG mice. Xenotrans-
planted organs were recovered 2 weeks after transplantation, and fresh frozen
sections were analyzed by fluorescence microscopy. The green fluorescence indi-
cates EGFP, and blue indicates nuclear staining (DAPI). Xenografts in the PgkEG-
FP-NOG mice were clearly identified as EGFP-negative colonies. *Bar=200 um.

Immunohistochemical analysis

The following antibodies were used for immunohis-
tochemical analysis: mouse anti-human leukocyte anti-
gen (Hokudo Co., Ltd., Hokkaido, Japan), rabbit anti-
vimentin (Nichirei Bioscience, Tokyo, Japan), and
anti-GFP (Abcam Inc., Cambridge, MA, USA). The
antibodies for mouse immunoglobulins were visualized
using amino acid polymer/peroxidase complex-labeled
antibodies (Histofine Simple Stain Mouse MAX PO (M);
Nichirei Bioscience) and diaminobenzidine (Dojindo
Laboratories, Kumamoto, Japan) substrate (0.2 mg/ml
3,3’-diaminobenzidine tetrahydrochloride, 0.05 M Tris-
HCI (pH 7.6), and 0.005% H,0,). Sections were coun-
terstained with hematoxylin.

Results

Establishment of the PgkEGFP-NOG mouse line

The PgkEGFP transgene was microinjected into fertil-
ized NOD/Shi strain mouse eggs and confirmed by ge-
nomic PCR, and the sequence of the tandem transgene
junction was defined (Figs. 1 A and B). Transgenic off-
spring were mated with NOG mice, and insertion of the
scid and I12rg"™" mutations was confirmed as previously
described [6]. Next, we confirmed EGFP expression in
the PgkEGFP-NOG mice (Figs. S1-S3). Although EGFP
expression in the cardiac muscle, skeletal muscle and
pancreatic exocrine cells was faint (Figs. S1 and S3),
EGFP expression was systemically observed (including
in the liver parenchymal and ductal epithelium cells).
Furthermore, no sexual dimorphism was observed (data
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Fig. 2. Tumor microenvironment in the xenograft colonies composed of EGFP-expressing
stromal tissue components. HCT 116 cells were intrasplenically transplanted into
the livers of PgkEGFP-NOG mice. Xenotransplanted livers were recovered 3 weeks
after transplantation, and EGFP-expressing tissues in the xenografts were sub-
jected to immunohistochemical analysis. In the recovered livers, the xenografts
were identified as EGFP-negative colonies (A). EGFP-expressing vessels (B) and
fibroblasts (C) formed the tumor microenvironment in the xenograft colonies. On
the other hand, EGFP-expressing stromal tissues were not observed in the necrotic
areas (A and D, arrowheads). ¥Bar=100 ym.

not shown). Since the host tissues expressed EGFP, en-
graftment derivatives that were transplanted in the Pg-
kKEGFP-NOG mice appeared to be EGFP-negative. We
then transplanted the human colon cancer cell line, HCT
116, into the PgkEGFP-NOG mice. HCT 116 cells were
transplanted into subcutaneous, kidney capsule, testis,
and liver tissues of the PgkEGFP-NOG mice, and each
transplanted organ was recovered 2 weeks posttransplan-
tation. EGFP fluorescence analysis revealed that the HCT
116-derived xenografts could be clearly distinguished
from host tissues, which displayed EGFP fluorescence
(Fig. 1 C). Immunohistochemical analysis of the xeno-
grafts demonstrated that EGFP-negative tissues were
positively counterstained with human leukocyte antigen
(HLA; Fig. S4). Collectively, these results indicated that
the xenografts in the PegkEGFP-NOG mice were clearly
identified by the absence of EGFP expression.

Tumor microenvironment analysis in PgkEGFP-NOG
mice
To investigate the tumor microenvironment, we per-

formed isp transplantation of the HCT 116 cells into
PgkEGFP-NOG mice. The xenotransplanted livers were
recovered 3 weeks after transplantation and subjected to
immunohistochemical analysis. EGFP-expressing stro-
mal tissue components (i.e., vessels and fibroblasts) were
readily identified in the xenograft tissues and formed a
complicated tumor microenvironment (Figs. 2 A-C). We
also observed necrotic areas in the xenografts (Figs. 2 A
and D). In accordance with a previous report, EGFP-
expressing vessels and fibroblasts were not observed in
the necrotic areas [22]. Collectively, these results indi-
cated that the interaction between the xenograft and host
tissues is important for tumor growth and maintenance.
Next, we examined teratoma formation in the subcutane-
ously injected PgkEGFP-NOG mice. It is well known
that human iPS cells can differentiate into stromal tissue
components. However, EGFP-expressing vascular cells
and fibroblasts were clearly distinguishable from xeno-
transplanted derivatives (Figs. 3 B and E). The micro-
environment was composed of EGFP-expressing tissues
and human iPS cell derivatives, which stained posi-
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