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Abstract: Patient-derived xenograft (PDX) models are created by engraftment of patients’ tumor 14 
tissues into immunocompetent mice. Since PDX model keep the characteristics of primary patient’s 15 
tumor such as gene expression profiles and drug sensitivity, it now becomes most reliable in vivo 16 
human cancer model. The engraftment rate are increased with the introduction of NOD/Scid based 17 
immunocompromised mice, especially, NK cell defective NOD strains such as NOD/Scid/IL2Rγnu 18 
(NOG/ NSG) mice and NOD/Scid/Jak3null (NOJ) mice. Success ratio differs from the origin of tumor: 19 
Gastrointestinal tumors tend to higher success rate and breast cancer is lower. Subcutaneous 20 
transplantation is most popular method to establish PDX, but some tumor needs orthotropic or renal 21 
capsule transplantation, and human hormone treatment is needed to establish hormone dependent 22 
cancers such as prostate and breast cancer. PDX library with patient’s clinical data, gene-expression 23 
patterns, mutational status, drug responsiveness and tumor architecture will be the powerful tool 24 
for developing specific biomarker and novel individualized therapy and establishing precision 25 
cancer medicine. 26 

Keywords: patient-derived xenograft; immunocompromised mice; precision medicine; drug 27 
screening; cancer; cell line 28 

 29 

1. Introduction 30 

 The preclinical study using animal model is essential for drug development. However, even 31 
preclinical trial is successful, fewer than 10% of drug candidates was approved for market[1]. 32 
Success rate of oncology field drug development has been ~5%, worst of all of field [2]. It is 33 
explained that there is not appropriate animal model of human cancers. Mice tumors and human 34 
cell line transplanted animal models are not always reflected the human cancer pathogenesis and 35 
drug response [3], because mice and humans are considerably different [4] and human cancer cell 36 
lines lost the character of original tumor[5]. National Cancer Institute (NCI, USA) recently decided 37 
to retire NCI-60, a panel of 60 human cell lines from its drug screening, and use Patient-derived 38 
xenograft (PDX) with these reasons [3]. PDX is established with direct engraftment of patient’s 39 
tumors into immunocompromised mice and maintained in vivo, which have emerged as important 40 
tool for preclinical and translational research, especially to investigate the nature of tumor and drug 41 
development. With the introduction of highly immunocompromised mice as recipients, PDX 42 
models are now widely spread and are becoming standard “Avatar” models for cancer research. 43 
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2. Establishment of immunocompromised mice 45 

2.1. Nude mice 46 

In 1962, .first known immunocompromised mice, namely Nude mice, were discovered by Dr. 47 
Norman. R. Grist. Since the coat hair is lacking in this mice, the “Nude” nickname was given for the 48 
mice. Flanagan SP showed that nude mice also lacked thymus and Y lymphocytes are lacking in these 49 
mice[6]. Therefore they are lacking adaptive immune response including T cell mediated immune 50 
responses and antibody formation that requires helper T cells. Nude mice have been used as the 51 
recipient of human tumor xenografts since then, however, the there are limitations on transplantable 52 
human tumor cells due to intact (or rather activated) innate immunity [7].  53 

2.2. SCID mice 54 

In 1983, Bosma GC (Fox Chase Cancer Institute) first described severe combined 55 
immunodeficient (SCID) mice lacking both functional T and B lymphocytes[8]. Since Prkdc (Protein 56 
kinase, DNA activated, catalytic polypeptide: DNK-PKCs)) is lacking, V(D)J recombination does not 57 
occur and B and T lymphocytes fail to mature. The engraftment efficiency of human tumor is higher 58 
in SCID mice than nude mice [9]. SCID mice were first used as recipient of human hematopoietic 59 
stem cells (HSCs) and peripheral blood mononuclear cell (PBMC) transplantation [10,11]. However, 60 
the transplantation efficiency of human blood cells and tumor cells were not high enough, which was 61 
considered that remaining NK cells inhibited homing and maintenance of human cells. To overcome 62 
the effects of NK cells, Scid/Beige mice were established by crossbreeding SCID mice and Beige mice. 63 
The taking rate of human tumor cells are increased in Scid/Beige mice compared with Scid mice as 64 
expected. However, the engraft rate of human HSCs are not clearly increased [12]. 65 

2.3. NOD/Scid mice 66 

 In 1980, Non-obese diabetic (NOD) mice were discovered by Makino S, which develop diabetes 67 
by the infiltration of T lymphocytes into the pancreatic islets [13]. It is also showed that NOD mice 68 
multiple immune abnormalities including loss of complement, impaired NK, macrophage and 69 
dendritic cell function [14]. NOD/Scid mice were established by crossing NOD and Scid mice, which 70 
do not develop diabetes due to loss of functional T lymphocytes. NOD/Scid mice were shown to have 71 
multiple defects in innate and adaptive immunity, which provided an excellent recipient of human 72 
hematopoietic stem cell transplantation [15] and human solid tumors. Several trials were performed 73 
to suppress the residual NK activity using anti-IL-2 receptor antibody or asialoGM1 or cross with β2 74 
microgloblin or perforin deficient mice, and improved the efficacy of transplantation. Finally 75 
NOD/Scid mice with complete loss of NK cells were established by crossing NOD/Scid mice with IL-76 
2 receptor deficient (NOD/Scid/IL2Rγnul:NOG[16], NOD/Scid/IL2Rγnul:NSG[17])or Jak3 deficient 77 
mice (NOD/Scid/Jak3null :NOJ[18])(Table 1). Recently, Signal regulatory protein alpha (SIRPα)-CD47 78 
signaling, so called “Don’t eat me” signal was shown to play an important role in tumor and graft 79 
rejection by macrophages[19], and polymorphism of SIRPα in the NOD mice strain contributes the 80 
efficient human cell engraftment into NOD strain (Figure 1) [20,21]. BALB/c mice strain also have 81 
SIRPα polymorphism with affinity to human CD47, and in fact, BALB/c strain immunocompromised 82 
mice such as BALB/c Rag-2null/IL2Rγnull[22]and Rag-2null/Jak3null mice[23] are also useful recipient mice 83 
for human cell and tissue transplantation[24,25]. Other genetic background of the mice such as 84 
C57/BL6 mice were shown to have lower efficacy to accepting human normal and malignant cells 85 
[23,26]. Since SCID mutation has several disadvantages such as high radiation and drug sensitivity 86 
and leakage of T lymphocytes, Rag-1/Rag-2 knock out mice are also using for eliminating mature 87 
lymphocytes (Table 2) [22,27].  88 
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Table 1. NOD/Scid based severe immunocompromised mice 90 

strain NOD/Scid NOG NSG NOJ 

strain  NOD.Cg-Prkdcscid NOD.Cg-

PrkdcscidIl2rgtm1Sug/Jic 

NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ 

NOD.Cg-

PrkdcscidJak3tm1card 

Genetic 

defects 

Scid Scid, IL-2γPartial 

deficiency 

Scid,IL-2RγComplete 

deficiency 

Scid,Jak3 

deficiency 

Developer CIEA1, Jackson 

Laboratory 

CIEA1 Jackson Laboratory Kumamoto Univ. 

Supplier Japan Clea  

Charles River  

Japan Clea Charles River  Kumamoto Univ. 

Reference  Blood 100:3175, 2002  J Immunol 174:6477, 

2005 

Int J Hematol 

88:476, 2008  

NK cells NK cell dysfunction Complete loss of NK cells 

 Loss of mature B, T, NKT cells, Loss of complement 

1 Central Institute for Experimental Animals (CIEA) 91 

 92 
 93 
 94 
 95 
 96 
 97 
 98 
 99 
 100 
 101 
 102 
 103 
 104 
 105 
 106 
Figure 1. NOG, NSG, and NOJ mice support engraftment of human cells with multiple immune 107 
deficiencies. 1) Loss of NK cells, 2) Loss of acquired immunity by T and B lymphocytes deficiency, 108 
3) “Don’t eat me” signal by NOD-Sirpα, 4) Loss of Compliment 109 
 110 

Table 2. Comparison of SCID and Rag-1/Rag-2 mutation 111 

 ScCID mice 
Rag-1/Rag-2 knock out 

mice 

Chromosome Chr.16 Chr.11 p13 

Mutated gene Prkdc Recombination-

activation gene-1/-2 

Mutation Natural mutant Homologous 

reconbination 

Repair   

Immunological phenotype Deficiency of Mature B 

and T lymphocytes 

NK cells are normal 

Deficiency of Mature B 

and T lymphocytes 

NK cells are normal 

Radiation sensitivity Sensitive 

(Lethal dose <3Gy) 

Normal 

(Lethal dose 9 Gy) 

Leakage Leaky None 

 112 
 113 
 114 

115 
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3. Establishment of Nude/Hairless immunocompromised mice 116 

 Although more combined immunocompromised mice have been developed, Nude mice were 117 
still used in human tumor engraftment due to the benefit of hairless phenotype. It is easy to detect 118 
subcutaneous tumors and its application for in vivo imaging. We crossed Nude mice with Rag-2null 119 
and Jak3null mice with a BALB/c background and established BALB/c Nude Rag-2/Jak3 double 120 
deficient (Nude RJ) mice[28,29]. Nude RJ mice has no B and T lymphocytes with Rag-2 deficiency, no 121 
NK cells with Jak3 deficiency, and had “Don’t eat me signal” with BALB/c background. Nude RJ mice 122 
keep the advantages of no coat hair and higher immunocompromised level than Nude mice, and 123 
consequently, optimized for in vivo imaging (Figure 2). The mice expressing fluorescent protein are 124 
powerful tool in cancer research to visualize the tumor-host interaction[30], and several types of 125 
fluorescence expressing immunocompromised mice are established and utilized for human cancer 126 
research [31-33]. These mice are useful to analyze the relation with human tumor and tumor 127 
microenvironment such as tumor vessel, tumor associated macrophages (TAM) and cancer 128 
associated fibroblasts (CAF) [34]. There exists another type of no coat hair mice, hairless mice, without 129 
major immunodeficiency [35,36]. SCID hairless (SHO) mice (Charles River) and Hairless NOD/Scid 130 
mice (Envigo) were established backcrossing with Hairless mice and also using in vivo imaging (Table 131 
3) [37,38]. However, expected engraftment efficiency is lower than NK deficient strains.  132 

 133 
Figure 2. Nude RJ mice. Nude RJ mice keep no coat hair phenotype (a), easy to observe subcutaneous tumors 134 
(b), and optimized for in vivo fluorescent imaging (c, d). 135 
 136 

 137 
Figure 3. GFP Nude RJ mice. Transgenic Nude mice with ubiquitous green fluorescent protein (GFP) 138 
expression (β-actin promoter) (a) fluoresced very bright green with UV light (b). [33] 139 

 140 

 141 

Table 3. Comparison of hairless immunocompromised mice  142 

mice Hairless Nude SCID Hairless Nude-R/J 

Strain Balb/c Balb/c CB17.Cg/ICR Balb/c 

Gene abnormality Hairless FOXN1 
Hairless,  

SCID 

FOXN1, Rag-2, 

Jak3 

Immune 

system 

T cells + - - - 

B cells + + - - 

NK cells + + + - 

Hair coat None None None None 

 143 
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3. Establishment of PDX model using various immunocompromised mice 144 

 PDX models are generated with engraftment of patient tumor samples into 145 
immunocompromised mice (Figure 4). An important advantage of PDX model is that they retain key 146 
characteristics of patient’s tumor, such as gene expression profile, heterogeneity of tumor cells. 147 
Currently, PDX models are most clinically relevant in vivo cancer models, and represent highly 148 
predictive drug response platform [39] US National Cancer Institute (NCI) decided to retire NCI-60, 149 
a panel of 60 human cell lines from its drug screening, and use PDX model [3]. PDX is now expected 150 
as the most useful “Avatars” for individualized medicine. The duration of first tumor growth in mice 151 
differs and it usually takes a few months to observe the tumor growth (F0). The duration of tumor 152 
growth is going to stably approximately 2 months with the serial transplantation [40]. PDX samples 153 
can be stored with patient’s clinical data, gene-expression patterns, mutational status, drug 154 
responsiveness and pathological analysis to make PDX library. 155 
 156 

 157 
Figure 4. Patient-derived xenograft (PDX) model 158 

 Nude mice have been used to generate PDX models with reasonable efficacy and continuously 159 
used as standard recipient (Table 5). In fact, the engraft efficiency of gastrointestinal tumors are 160 
relatively high, however; establishment of hematological tumor PDX is almost impossible with Nude 161 
mice. Introduction of Scid and NOD/Scid mice increased the success ratio [41]. As NOD/Scid mice is 162 
known to has relatively short life span and develop thymoma [15], recipient of PDX is now shifting 163 
to more immunocompetent NOG/NSG mice [42-44]. Success ratio of PDX varies between tumor 164 
origin, aggressiveness, relapsed or not, primary tumor or metastatic tumor. Gastrointestinal cancers 165 
such as colon and pancreatic cancer tends to high engraft ratio compared with hematological 166 
malignancies. Orthotropic or renal capsule engraftment is needed some tumors [24]. Human 167 
hormone replacement supports hormone dependent tumors such as breast and prostate cancers 168 
[45,46].  169 

4. Generation of PDX derived cell lines 170 

 Tumor cell line can be generated from PDX tissue sample [40,47,48]. It is hard to establish tumor 171 
cell lines from primary tissue, because fibroblasts are predominantly developed during in vitro 172 
culture in most of the cases. Human fibroblasts are replaced to murine fibroblasts in the PDX tissue, 173 
and these fibroblasts are regenerated during in vitro culture. It is of interest that male derived tumor 174 
cells keep Y chromosome in PDX tissues but lose it during developing cell lines, indicating that at 175 
least one more hit is needed to establish cell lined from PDX. PDX derived tumor cell lines can use 176 
for the drug screening as they still keep the character of primary tumors.  177 

 178 
 179 
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 185 
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 187 
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 192 
 193 
 194 
 195 
 196 
 197 
 198 
 199 
Figure 5. Generation process of PDX 200 
 Surgical specimen from patient’s tumor (1) are divided into small pieces (2) and transplanted into 201 
anesthetized immunocompromised mice (3). It takes 1-6 months for tumor growth (4). When tumors are grown 202 
in F0 mice, xenograft are resected (5) and cut into small pieces (6). Tumor cells are analyzed for characterization 203 
such as whole exome sequencing (WES), RNA sequence (RNA-seq), and copy number alteration (CAN) analysis. 204 
Tumor cells are also preserved in liquid nitrogen tank. Tumor cells are further transplanted into 205 
immunocompetent mice (7), and expanded tumor xenografts (F2-F3) are used for drug screening, validation of 206 
biomarkers, characterization of tumor, etc. 207 
 208 
 209 
Table 5. Engraft rates of PDX in different mice 210 

Tumor type 
Mice 

strain 

Implantation 

site 

Engraftment 

ratio 
References 

Cholangiocarcinoma Scid 

NOD/Scid 

BALB/c RJ 

s.c.＊ 

s.c. 

s.c. 

34.5% 

5.8% 

75% 

Ojima, 2010 [49] 

Cavalloni, 2016 [50] 

Vaeteewoottacharn, 2019 [40] 

Colorectal cancer Nude 

NOD/Scid 

NSG 

s.c. 

s.c. 

s.c 

63.5% 

87% 

54% 

Julien S, 2012 [51] 

Bertolini, 2011 [52] 

Chou, 2013 [53] 

Pancreatic cancer Nude 

SCID 

NSG 

s.c. 

s.c. 

s.c 

61% 

67% 

71.1% 

Garrido-Laguna, 2011 [54] 

Mattie, 2013 [55] 

Guo, 2019 [56] 

Gastric cancer Nude 

NOD/Scid 

Nude/SCID 

Nude/NOG 

s.c. 

s.c. 

s.c 

s.c 

73.7% 

34.1% 

16.9%/26.9% 

24.2% 

Wang, 2017 [57] 

Zhu, 2015 [58] 

Zhang, 2015 [59] 

Choi, 2016 [60] 

Head & Neck cancer Nude 

NSG 

s.c. 

s.c 

54% 

85% 

Keysar, 2013 [61] 

Kimple, 2013 [62] 

Breast cancer Nude 

NOD/Scid 

Scid/beige/ NSG 

s.c. 

breast 

breast 

13% 

27% 

19%/21% 

Marangoni, 2007 [63] 

DeRose , 2011 [64] 

Zhang, 2013 [65] 

＊ s.c. subcutaneous 211 
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5. Perspective 212 

 PDX models have emerged as important tools for cancer research with the promise of enabling 213 
a more personalized approach together with gene-expression and drug sensitivity profiles. However, 214 
PDX requires long time for establishment (several months to 2 years) and success rate is not 100% 215 
(10-90%). So it is difficult to restore the data for the patient of tumor source. Therefore, many 216 
institutions and organizations are focus on creating large stock of PDXs and PDX libraries. European 217 
institutions established EurOPDX, a consortium to store PDXs and have already accumulated more 218 
than 1,500 samples in a PDX bank [66,67]. Jackson Laboratory provides more than 450 samples to 219 
researchers [43]. Mega Pharmacies are also establishing their own PDX libraries, and Novartis 220 
recently published data on drug screening using 1,000 PDXs [68]. These PDX banks are very useful 221 
source for precision cancer medicine. As current source of PDX is biased in USA and European 222 
countries and common cancers, it is necessary to establish PDX in Asian countries and rare cancers.  223 

 Developments of xenograft technology and highly immunocompromised mice such as NSG 224 
mice enable us for broadening the application of the PDX platform. However, we need more effort to 225 
establish clinically relevant PDX. For example, Humanized mice with PDX are expected to function 226 
as a novel platform for examining immunotherapy [69]. Several attempts have been made to establish 227 
more humanized microenvironments in immunocompromised mice [70]. 228 
 229 
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