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Abstract: Severely immunodeficient NOD/Shi-scid, IL-2Rγnull (NOG) mice provide an in vivo model 
for human cell/tissue transplantation studies. NOG mice were established by combining interleukin-2 
receptor-γ chain knockout mice and NOD/Shi-scid mice. They exhibit a high incidence of thymic 
lymphomas and immunoglobulin (Ig) leakiness. In this study, we assessed the incidence of malignant 
lymphomas and the occurrence of leakiness in 2,184 non-experimental NOG retired breeder mice 
aged 16–40 weeks. We established that the total incidence of lymphomas was only 0.60% (13/2,184). 
Most lymphomas (10/13) occurred in female mice by the age of around 25 weeks. No mice developed 
Ig leakiness. All lymphomas were derived from the thymus, and consisted mainly of CD3-positive 
and CD45R-negative lymphoblastic-like cells. Therefore, based on the absence of Ig leakiness and 
a very low incidence of lymphomas, including thymic lymphomas, NOG mice may be useful in 
regeneration medicine for xenotransplantation of human embryonic stem (ES) cells or induced 
pluripotent stem (iPS) cells, and in transplantation experiments involving tumor cells.
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Introduction

NOD/Shi-scid, IL-2Rγnull (NOG; formally NOD. Cg-
Prkdcscid Il2rgtm1 Sug/ShiJic) mice are severely immuno-
deficient and are used as in vivo models for human cell/
tissue transplantation studies [9, 33]. Recently, NOG 
mice have been used to test tumorigenicity in induced 
pluripotent stem cell (iPSC)-derived cell products, in-
cluding the first iPSC-derived retinal pigment epithelium 
cell sheet [16, 17]. Furthermore, various improved strains 
of NOG mice are excellent humanized mouse models 

[12, 14, 28]. NOG mice were established by combining 
NOD/ShiJic-Prkdcscid (NOD-scid) mice and interleukin 
(IL)-2 receptor-γ chain knockout mice. As a result, NOG 
mice present defects in T-, B-, and natural killer cells, as 
well as poorly functioning macrophages and dendritic 
cells [11]. NOD-scid mice show a high incidence of 
thymic lymphomas, and some mice develop partial im-
mune reactivity termed “leakiness,” despite the absence 
of T- and B-cells in normal NOD-scid mice [2, 22, 27]. 
NOG mice share the genetic background of NOD-scid 
mice, and can develop thymic lymphomas and leakiness. 
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Kato et al. reported an extremely low incidence of thymic 
lymphomas in NOG mice [15]. This is in spite of sev-
eral of those mice being pretreated with irradiation, a 
known inducer of mouse thymic lymphoma [31], before 
xenotransplantion. Additionally, the occurrence of leak-
iness could not be clearly established in NOG mice with 
thymic lymphomas [15]. In contrast, Katano et al. re-
ported no leakiness and no incidence of thymic lympho-
mas in NOG mice [13], however, their study included 
only a small number of mice. So far, no report has de-
scribed the incidence of tumors other than lymphomas 
in NOG and NOD-scid mice, and little information is 
available on spontaneous non-lymphomatous tumors 
even in CB17/Icr-Prkdcscid (CB17-scid) mice [4, 10]. 
Therefore, here, we evaluated the incidence of spontane-
ous tumors including thymic lymphomas and the occur-
rence of leakiness in non-experimental NOG mice. At 
the same time, this is the first report of spontaneous non-
lymphomatous tumors in NOG mice.

Materials and Methods

Animals
All NOG mice used in this study were bred and main-

tained in the production colony at CLEA Japan, Inc. 
(Fujinomiya, Japan), and were housed in an exclusive 
specific-pathogen-free room fitted with a bioBubble™ 
(bioBUBBLE, Inc., Fort Collins, CO, USA). The animal 
room was maintained at 24 ± 2°C with 55 ± 15% relative 
humidity and with a 12-h light/dark cycle. All mice were 
fed an autoclaved (127°C, 30 min) CL-2 diet (CLEA 
Japan, Inc., Tokyo, Japan) and provided ad libitum access 
to autoclaved (127°C, 30 min) tap water. The mouse 
facility of CLEA Japan, Inc. is accredited by the Asso-
ciation for Accreditation and Assessment for Laboratory 
Animal Care and Use International.

To investigate the incidence of spontaneous lympho-
mas, non-experimental retired NOG mice were necrop-
sied, because retired breeder mice are commonly used 
for aging or cancer studies. A total of 2,184 retired NOG 
mice (1,043 males and 1,141 females) were examined 
at weekly intervals. Their age ranged from 16 to 40 
weeks (16–20, 21–25, 26–30, 31–40 weeks), with the 
average age of examined male and female mice being 
26.6 and 27.6 weeks, respectively. Retired breeders in-
cluded breeding male/female mice that had been sterile 
for two months, and old breeding males/females that had 
lived for longer than eight months after the first mating.

Complete necropsies were performed on all retired 
NOG breeders every week over a seven-months surveil-
lance period. Mice were euthanized by exsanguination 
under isoflurane anesthesia and then necropsied. To 
determine serum Ig levels, blood samples (minimum of 
0.2 ml of whole blood) were collected from the caudal 
vena cava or the heart. Sera were separated by centrifu-
gation (2,500 rpm, 5 min) and the resulting serum 
samples were stored at −20°C. Organs such as the thy-
mus and spleen were weighted.

Single radial immunodiffusion (SRID)
To determine the presence of immunoglobulin leaki-

ness in NOG mice with an enlarged thymus, serum Ig 
levels were assayed by SRID [19], using plates contain-
ing agarose gel incorporating anti-mouse IgG, IgA, and 
IgM (Medical & Biological Laboratories CO., LTD., 
Nagoya, Japan). A serum sample (10 µl) was added to 
each well, the agar plates were incubated for 48 h at 
25°C, and the diameter of the precipitin rings was mea-
sured to the nearest 0.1 mm. The detection limit was 
estimated to be 2.3 µg/ml, as determined using reference 
serum. Positive control serum was obtained from normal 
Jcl:ICR mice.

Histopathological analysis and immunohistochemistry
To determine the presence of lymphomas, the thymus, 

spleen, bone marrow of the sternum, and other organs 
with metastatic lesions associated with lymphoma, as 
well as organs with visible abnormal lesions unrelated 
to lymphoma, were collected in 10% neutral-buffered 
formalin, embedded in paraffin, and sectioned into 4-µm-
thick slices. These were stained with hematoxylin and 
eosin (HE) for histopathological examination by light 
microscopy. To diagnose thymic neoplasms, immuno-
histochemical staining was performed as instructed by 
the manufacturer using a Leica BOND-MAX automated 
IHC/ISH stainer and a Leica Refine detection kit (Leica 
Biosystems K.K., Tokyo, Japan). Sections were incu-
bated with primary antibodies diluted with Bond Pri-
mary Antibody Diluent (Leica Biosystems), as detailed 
in Table 1. The pathological evaluation of lymphoid 
organs, such as the thymus, spleen, and bone marrow, 
was performed according to the “STP Position Paper” 
published by the STP Immunotoxicity Working Group 
[8] and “A Monograph on Histopathologic Evaluation 
of Lymphoid Organs [20].”
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Results

Occurrence and incidence of thymic enlargement in NOG 
mice

As shown in Table 2, the total incidence of visibly 
enlarged thymuses was 0.60% (13/2,184) in all NOG 
retired breeders, 0.29% (3/1,043) in male mice, and 
0.88% (10/1,141) in female mice. In particular, enlarged 
thymus tended to occur in females by 25 weeks of age, 
with an incidence of 1.84% (9/490), as compared to 
same-age males (0.39%, 2/510).

Serum Ig assay
IgG, IgA, and IgM could not be detected by SRID in 

NOG mice with an enlarged thymus.

Gross and histopathological lesions
Necropsy revealed that in normal NOG mice, the thy-

mus was located in the anterior mediastinum and supe-
rior to the heart, a position typical of immunocompetent 
and other immunodeficient mouse strains (Fig. 1). How-
ever, the thymus had undergone so-called “thymic atro-
phy,” being only about 0.1 cm in size, such that its weight 
was difficult to measure exactly (average weight of the 
normal thymus was approximately 5–20 mg). Moreover, 
the thymus was buried in periaortic adipose tissue, which 
made it difficult to see by eye. The normal spleen was 
also small: absolute weight was 49 ± 25 mg and relative 
weight was 172 ± 83 mg/100 g body weight (mean ± 
SD). Finally, the normal lymph node was also remark-
ably small. Abnormal NOG mice with enlarged thy-
muses showed clinical signs of weakening, such as a 
hunchback position, anemia, and weight loss (average 
body weight was 21.0 ± 2.2 g). The abnormal enlarged 
thymuses were generally of a white or light-brown 

color with lobular structures: absolute weight was 336 
± 325 mg and relative weight was 1,579 ± 1,517 mg/100 
g body weight. Severely enlarged thymuses were seen 
to occupy most of the thoracic cavity with associated 
pleural effusion and/or ascites, and adhered to the pleu-
ra, heart, and lungs (Fig. 1). As shown in Table 3, three 
out of 13 abnormal NOG mice presented only visibly 
enlarged thymuses, whereas others revealed also en-
larged spleen, lung subinvolution with red or brick-red 
discoloration, enlarged liver, and/or enlarged lymph 
nodes. The absolute weight of the enlarged spleen was 
173 ± 139 mg and relative weight was 828 ± 639 mg/100 
g body weight. Finally, in NOG mice with severely en-
larged thymuses, whitish neoplastic tissue/cells were 
seen to invade the mediastinum and pleural effusion.

A histopathological examination revealed that in nor-
mal NOG mice, the thymus and spleen were hypoplastic. 
Normal thymuses were devoid of lymphoid cells and 
cortico-medullary junctions, and consisted mostly of 
thymic epithelial and stromal cells (Fig. 2). Thymic 
epithelial cells were immunohistochemically positive 
for cytokeratin (Fig. 2). Some NOG mice presented non-
neoplastic lesions of the thymus, such as sporadic cystic 
structures, ectopic exocrine glands, and ectopic parathy-

Table 1.	 Protocol used for each primary antibody

Antibody Host Clone Dilution Antigen 
retrieval Sourced)

Cleaved caspase-3 (Asp175) Rabbit Polyclonal 1:1,500 ER2a) Cell Signaling Technology
CD3 Rabbit SP7 1:50 ER1b) Nichirei
mCD45R (B220) Rat RA3-6B2 1:200 ER1b) Santa Cruz Biotechnology
Ki-67 Rabbit SP6 1:100 ER2a) Abcam
Keratin/Cytokeratin Rabbit Polyclonal 1:1 Proteasec) Nichirei
a)Treated with ER2 (EDTA-based pH9.0 epitope retrieval solution; Leica Biosystems K.K., Tokyo, Japan) for 20 
min at 100°C. b)Treated with ER1 (Citrate-based pH6.0 epitope retrieval solution; Leica Biosystems) for 30 min at 
100°C. c)Treated with Protease Solution (Prediluted; Nichirei Biosciences, Inc., Tokyo, Japan) for 5 min at room 
temperature. d)Sources: Cell Signaling Technology, Inc. (Danvers, MA, USA), Nichirei Biosciences, Inc., Santa 
Cruz Biotechnology, Inc. (Dallas, TX, USA), Abcam plc (Cambridge, UK).

Table 2.	 Occurrence and incidence of visibly enlarged thymuses 
in NOG mice

Age range (weeks) Males (%) Females (%)

16–20 0/331 (0.00) 8/310 (2.58)
21–25 2/179 (1.12) 1/180 (0.56)
26–30 1/191 (0.52) 0/207 (0.00)
31–40 0/342 (0.00) 1/444 (0.23)

16–40 3/1043 (0.29) 10/1,141 (0.88)

Results are given as the number of mice presenting thymic en-
largement/number of examined mice.
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Fig. 1.	G ross appearance of an enlarged thymus from a female NOG mouse aged 16–20 weeks 
(A), compared with a that from a same-age normal female NOG mouse (B). A: The enlarged 
thymus (arrowhead) is seen to occupy most of the thoracic cavity with lung hepatization 
and pleural effusion. B: The normal thymus is very small and buried in periaortic adipose 
tissue (arrow). Bars: 1 cm.

Fig. 2.	H istopathological and immunohistochemical analysis of an enlarged thymus from a female NOG mouse 
(Fig. 1) and a normal thymus from a normal female NOG mouse. The normal thymus shows severe hypo-
plasia and mostly cytokeratin (CK)-positive thymic epithelial cells. In the enlarged thymus, CK-negative 
neoplastic cells show invasion to the CK-positive thymic epithelial meshwork structure. Bars: 200 µm.
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roid glands. Normal spleens revealed absence of lym-
phoid cell follicles, with some presenting osseous meta-
plasia and/or extramedullary hematopoiesis (Fig. 4). 
Normal NOG mice presented neither CD3- nor CD45R-
positive lymphocytes in the thymus (Fig. 3), spleen (Fig. 
4), or bone marrow.

All enlarged thymuses consisted mainly of neoplastic 
lymphoblastic cells. The neoplastic lymphocytes in-
vaded the thymic capsule and neighboring adipose tissue. 
As a result, the cytokeratin-positive thymic epithelial 
meshwork structure was destroyed and surrounded by 
neoplastic cell sheets (Fig. 2). The neoplastic lympho-
cytes were non-cohesive, medium-sized with scant and 
deeply basophilic cytoplasm (Fig. 3). Their nuclei were 
round to pleomorphic, with hypochromatin and promi-

nent nucleoli. Moreover, cells exhibited numerous mi-
toses and homogeneous sheet-like growth. Scattered 
macrophages with a ‘starry sky’ appearance were ob-
served among neoplastic cell sheets. All neoplastic lym-
phocytes in enlarged thymuses were cytoplasmic CD3-
positive (Fig. 3), CD45R-negative (Fig. 3), and 
cytokeratin-negative, with most of the CD3-positive cells 
being also positive for Ki-67. As CD3-positive cells were 
retained within the thymic mass, neoplastic lymphocytes 
were considered to be of T-cell origin. At the same time, 
the normal/enlarged thymus and spleen were character-
ized by CD45R-positive small-sized cells. However, 
these CD45R-positive cells presented small, apoptotic, 
deeply staining nuclei, and were caspase-3-positive.

Neoplastic lymphocytes were seen to spread into me-

Table 3.	 Characterization of the NOG mice with an enlarged thymus

Case Age range 
(weeks) Sex Clinical symptoms Necropsy finding Body weight 

(g)
Thymus weight 

(mg)
Spleen weight 

(mg)

1 16–20 Female Weakening and 
anemic response

Enlarged thymus 21.2 148 16

2 16–20 Female Weakening and 
anemic response

Enlarged thymus and spleen 21.3 105 102

3 16–20 Female Wasting Enlarged thymus and spleen 
Swollen lungs and liver 
Pleural effusion

20.3 436 428

4 16–20 Female Weakening and 
anemic response

Enlarged thymus 
Lung hepatization 
Pleural effusion 
Ascitic fluid

23.4 162 51

5 16–20 Female No change Enlarged thymus 22.7 41 55

6 16–20 Female Weakening and 
anemic response

Enlarged thymus and spleen 
Pleural effusion

21.4 184 204

7 16–20 Female Weakening and 
anemic response

Enlarged thymus 
Lung hepatization 
Pleural effusion

21.5 529 79

8 16–20 Female Wasting Enlarged thymus and spleen 15.2 40 125

9 21–25 Male Wasting Enlarged thymus and spleen 19.6 173 208

10 21–25 Male Wasting Enlarged thymus, spleen 
and intrathoracic lymph nodes 
Pleural effusion

22.0 240 111

11 21–25 Female Wasting Enlarged thymus, spleen, 
and intrathoracic lymph nodes 
Lung hepatization 
Swollen liver and kidney 
Pleural effusion 
Ascitic fluid

21.1 1,202 322

12 26–30 Male Anemic response Enlarged thymus and spleen 24.0 657 431

13 31–40 Female Wasting Enlarged thymus and spleen 
Lung hepatization 
Pleural effusion

19.6 454 120
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diastinal tissue adjacent to the enlarged thymus. In ten 
out of 13 NOG mice with an enlarged thymus, invading 
CD3-positive and CD45R-negative neoplastic lympho-
cytes were observed also in adjacent and intraperitoneal 
organs, such as the lungs, heart, aorta, esophagus, tra-
chea, upper thoracic vertebrae, spleen, liver, and kidney. 
In the enlarged spleen, CD3-positive lymphoma cells 
were found in the white pulp, infiltrating the red pulp, 
or expanded diffusely (Fig. 4). In the lungs, they bilater-
ally invaded the perivascular and peribronchial region, 
or expanded diffusely (Fig. 5). In the heart, they invaded 

the pericardium, myocardial intestinal tissue, and peri-
aortic and precaval adipose tissue. In the liver, CD3-
positive lymphoma cells infiltrated the hepatic sinusoids 
and triad areas (Fig. 5). In the kidney, they infiltrated the 
renal interstitium (Fig. 5). Finally, as these metastatic 
cells were CD3-positive and CD45R-negative, they were 
assumed to derive from T-cells in the thymus.

During the same period, spontaneous non-lymphoma-
tous neoplastic lesions were detected only in female 
NOG mice, with an incidence of 0.44% (5/1,141), as 
compared to 0.23% (5/2,184) in all NOG retired breed-

Fig. 3.	H istopathological and immunohistochemical analysis of an enlarged thymus and a normal one. High mag-
nification of Fig. 2. In the normal thymus, thymic epithelial cells appear negative for CD3 and CD45R. In 
the enlarged thymus, CD3-positive and CD45R-negative neoplastic cells show monomorphous proliferation. 
Bars: 20 µm.
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ers (Table 4).
From the above results, spontaneous tumors including 

thymic lymphomas were detected with an incidence of 
0.82% (18/2,184) in all NOG mice, 0.29% (3/1,043) in 
male mice, and 1.31% (15/1,141) in female mice. There-
fore, in NOG mice, thymic lymphoma has the highest 
incidence among spontaneous tumors.

Discussion

To our knowledge, there are only a few reports about 
the development of lymphomas and Ig leakiness in NOG 
mice [13, 15]. In the present study, we investigated the 
incidence of spontaneous lymphomas in untreated and 
non-irradiated NOG mice. We based our choice on re-
ports of non-irradiated NOG mice surviving longer than 
irradiated mice prior to transplantation with human stem 
cells [32], and of radiation inducing mouse lymphomas 

Fig. 4.	R epresentative histopathological features of an enlarged spleen in a NOG mouse with an enlarged thymus 
(Figs. 2 and 3) compared with a normal spleen. Neither CD3- nor CD45R-positive lymphocytes are observed 
in the normal spleen with extramedullary hematopoiesis. In the enlarged spleen, as well as in the enlarged 
thymus, CD3-positive and CD45R-negative neoplastic lymphocytes infiltrate into the perivascular lymphoid 
sheath in the white pulp. Bars: 200 µm.
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Fig. 5.	 Photomicrograph of neoplastic cells invading the lungs, liver, and kidneys of a female NOG mice aged 21–25 
weeks. CD3-positive neoplastic cells invade the perivascular regions and expand diffusely. Bars: 200 µm.

Table 4.	 Characterization of non-lymphomatous tumors in NOG mice

Case Age range 
(weeks) Sex Clinical 

symptoms Necropsy finding Diagnosis

1 21–25 Female None The right lower abdominal subcutaneous mass in 
the region of the mammary gland

Adenocarcinoma [26]

2 26–30 Female None Enlargement of the left ovary Teratoma, benign [5]

3 26–30 Female None Nodular lesion in the right lower lobe of the lung Carcinoma, bronchiolo-alveolar [23]

4 31–40 Female None Retroperitoneal mass Rabdomyosarcoma [7]

5 31–40 Female None The left lower abdominal subcutaneous mass in 
the region of the mammary gland

Adenoma [26]
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[3]. Overall, the incidence of lymphomas was very low. 
Moreover, NOG mice with lymphomas did not develop 
any leakiness. Therefore, this and previous [15] reports 
confirm that NOG mice are resistant to lymphoma/leu-
kemia development even after irradiation treatment.

Lymphomas are the most noticeable hematolymphoid 
tumors; however, the mechanism by which they occur 
in mice is unclear. Various factors, including retrovi-
ruses [30], irradiation [1, 3], and chemicals [6], can in-
duce lymphomas/leukemia in mouse strains. In NOD-
scid mice, whose genetic background is shared by NOG 
mice, endogenous ecotropic provirus Emv30 is thought 
to be one of the causative agents of lymphomas [27]. 
Some immunodeficient mouse strains are characterized 
by the early activation of endogenous retroviruses [18, 
34, 35]. Accordingly, immunocompromised NOD-scid 
mice are thought to activate Emv30 and develop thymic 
lymphomas at a young age [27]. Additionally, Shultz et 
al. have suggested that the development of lymphomas 
in NOD-scid mice is dependent on cytokine signaling 
through the IL-2 receptor-γ chain [29]. Unlike NOD-scid 
mice, NOG mice lack the IL-2 receptor-γ chain, which 
may explain the low incidence of lymphomas and the 
absence of Ig leakiness observed in the present study.

At the same time, the incidence of spontaneous non-
lymphomatous tumors (mammary gland adenoma/adeno-
carcinoma, teratoma, bronchiolo-alveolar carcinoma, 
and rabdomyosarcoma) was 0.23% in all NOG retired 
breeders, 0.00% in male mice, and 0.44% in female mice. 
In comparison, in CB17-scid mice (10–65 weeks of age), 
the total incidence of non-lymphomatous tumors is 
1.5–1.9% [4, 10].

From the above results, and the macro- and micro-
pathological characterization of lymphomas in 13 NOG 
mice, it can be concluded that: 1) lymphomas were pri-
marily of thymic origin, 2) they occurred by about 25 
weeks of age, 3) they consisted mainly of lymphoblastic 
neoplastic cells, 4) neoplastic lymphocytes were non-
cohesive and medium-sized with scant cytoplasm, 5) 
neoplastic lymphocytes were cytoplasmic CD3-positive 
and CD45R-negative, and 6) CD3-positive and CD45R-
negative metastatic cells invaded the perivascular re-
gions of the spleen, lung, liver, and kidney. CD45R-
positive small-sized cells were observed in the normal/
enlarged thymus and the spleen. However, these CD45R-
positive cells presented small, apoptotic, deeply staining 
nuclei, and were caspase-3-positive. Therefore, given 
that the CD45R epitope was reported to be expressed on 

T-cells or thymocytes undergoing apoptosis [21, 24, 25], 
these cells were considered apoptotic cells and not B-
cells. Consequently, we speculate that lymphomas in 
young NOG mice were thymus-derived T-cell lympho-
blastic lymphomas. In summary, unlike SCID mice, the 
absence of Ig leakiness and a very low incidence of 
spontaneous tumors, including lymphomas, make NOG 
mice a useful model in xenotransplantation experiments, 
such as iPSC treatment studies.
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