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Abstract
A lack of practical resources in Japan has limited preclinical discovery and testing of 
therapies for pediatric relapsed and refractory acute lymphoblastic leukemia (ALL), 
which has poor outcomes. Here, we established 57 patient- derived xenografts (PDXs) 
in NOD.Cg- Prkdcscidll2rgtm1Sug/ShiJic (NOG) mice and created a biobank by preserving 
PDX cells including three extramedullary relapsed ALL PDXs. We demonstrated that 
our PDX mice and PDX cells mimicked the biological features of relapsed ALL and that 
PDX models reproduced treatment- mediated clonal selection. Our PDX biobank is a 
useful scientific resource for capturing drug sensitivity features of pediatric patients 
with ALL, providing an essential tool for the development of targeted therapies.
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1  |  INTRODUC TION

Acute lymphoblastic leukemia (ALL) is the most frequent malignancy 
in childhood. Although improvements in treatment strategy have 
resulted in an overall survival rate >90%, patients with some ALL 
subtypes, such as Philadelphia chromosome-  and KMT2A- fusion- 
positive leukemia, continue to suffer from relapse and their progno-
sis remains poor.1,2 Therefore, there continues to be an urgent need 
for the development of new drugs to treat pediatric ALL; however, 
difficulties in accessing primary samples have limited the opportuni-
ties for drug development.

Recently, PDX models, established from primary tumor samples, 
have been widely used for translational drug discovery and personal-
ized oncology studies.3– 6 Some large- scale biobanks of PDX models 
have been established to serve as preclinical platforms; for example, 
PDX Finder at the National Cancer Institute,7 EuroPDX in Europe,8 
the Public Repository of Xenografts (ProXe) at the Dana- Faber 
Center Institute,9 and the Children's Oncology Group's Childhood 
Solid Tumor Network.10 Despite these large- scale biobanks, PDX 
models derived from pediatric ALL are scarce. Furthermore, as eth-
nic differences of genes influence drug sensitivity, such as genes 
to drug metabolism,11,12 have existed, specific national PDX librar-
ies should be established and will be highly valuable. In Japan, the 
establishment of a large- scale Japanese PDX library, consisting of 
a wide range of cancer subtypes, was reported recently; however, 
samples from leukemia patients were not successfully engrafted13 
and there is no ALL PDX library. Therefore, there is an urgent need 
for a Japanese biobank of pediatric ALL PDX models.

In this paper, we report a Japanese PDX biobank that provides 
a practical resource to accelerate research into those groups of pa-
tients with ALL who have poor outcomes.

2  |  MATERIAL S AND METHODS

2.1  |  Mice

NOD.Cg- Prkdcscidll2rgtm1Sug/ShiJic (NOG) mice, developed at the 
Central Institute of Experimental Animals (Kawasaki, Japan) as pre-
viously reported,14 were used to generate PDX models. All mice 
were maintained under specific pathogen- free conditions, in accord-
ance with the guidelines of Kyoto University Graduate School and 
Fukushima Medical University.

2.2  |  Patient samples

Many of the patient samples used in this study were derived from 
patients enrolled in the Japanese Pediatric Leukemia/Lymphoma 
Study Group (JPLSG) ALL- R14 (UMIN000019878) and IntReALL SR 
2010 (jRCTs041180122) studies.

To address the deficiency of practical samples for research into 
pediatric ALL, the JPLSG initiated the ALL- R14 clinical study; a pro-
spective observational study of pediatric patients with relapsed 

and refractory ALL that aims to accumulate clinical information and 
samples from patients. Samples were also collected from the partici-
pants of IntReALL SR 2010, an international study for the treatment 
of standard risk childhood relapsed ALL. In these studies, primary 
BM or peripheral blood samples collected at registration to the study 
were sent to Kanagawa Children's Medical Center, where mononu-
clear cells were separated by Ficoll– Hypaque density gradient cen-
trifugation and cryopreserved. Cryopreserved samples were sent 
and xenografted into NOG mice at Fukushima Medical University 
or Kyoto University. In addition, extramedullary relapsed specimens 
were collected and xenografted at Kyoto University. Cerebral spinal 
fluid and testicular samples were centrifuged (200 g, 5 min) and cells 
transplanted into NOG mice, without cryopreservation.

Informed consent was given for collection and use of all samples, 
in accordance with the Declaration of Helsinki. Approval was ob-
tained from the local Institutional Review Board for all participating 
centers in the ALL- R14 and IntReALL SR 2010 studies.

2.3  |  PDX mice derived from patients with 
pediatric ALL

All experimental studies were approved by the Animal Care and 
Ethics Committee of the Kyoto University Graduate School and 
Fukushima Medical University.

Transplantations of primary leukemic cell samples were per-
formed using previously reported methods,15,16 with some modifi-
cations. In brief, mononuclear cells isolated from primary samples 
(0.25– 1.5 × 106 for primary BM samples) were transplanted into non-
pretreated 8– 12- week- old male NOG mice by tail vein injection. The 
two institutions conducting xenotransplantation (Kyoto University 
Graduate School and Fukushima Medical University) shared techni-
cal guidance on the method for establishing PDX mice.

2.4  |  Flow cytometric analysis of human leukemic 
cell engraftment in PDX mice

Human leukemic cell engraftment was evaluated by flow cytom-
etry analysis of BM aspirates from transplanted NOG mice after 2 
or 4 weeks. The leukemic cell surface markers, human CD19 and 
CD3, were used to identify B- ALL and T- ALL samples, respectively. 
Antibodies used in this study were as follows: allophycocyanin- 
conjugated anti- mouse CD45 (BD Pharmingen), PE- conjugated anti- 
human CD45 (BD Pharmingen), PE- conjugated anti- human CD19 
(Biolegend), and fluorescein isothiocyanate- conjugated anti- human 
CD3 (BD Pharmingen).

2.5  |  Harvest and preservation of leukemic cells 
from PDX mice

Human leukemic cells were harvested from BM, CNS, and spleen 
from transplanted NOG mice when human leukemic cell chimerism 
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in BM aspirates reached >90% or clinical symptoms associated with 
overt leukemic infiltration, such as low activity, weight loss, and 
limb paralysis, occurred. Cells were harvested according to previ-
ously reported methods.17 Briefly, mice were euthanized, and then 
their organs were perfused with PBS before they were removed and 
mechanically dispersed. Engrafted leukemic cells were isolated by 
Ficoll– Hypaque density gradient centrifugation and cryopreserved 
in liquid nitrogen using CELLBANKER1 (Nippon Zenyaku Kogyo).

2.6  |  Characterization of PDX histology

In B- ALL PDX mice, murine tibia, spleen, liver, brain, and testis 
tissue sections were analyzed morphologically, using H&E stain-
ing, and immunohistochemically. Organs were harvested, fixed 
in 4% paraformaldehyde, embedded in paraffin, and sectioned. 
Each section was deparaffinized, underwent citrate- based anti-
gen retrieval, and stained with rabbit anti- human CD19 (Spring 
Bioscience) for B- ALL, followed by detection using a VECTASTAIN 
Elite ABC Rabbit IgG Kit (Vector Laboratories) with 50% hema-
toxylin counterstain. A BZ- 9000 microscope (Keyence) was used 
for sample observation.

2.7  |  DNA microarray analysis

For the DNA microarray that used total RNA, a set of synthetic poly-
nucleotides (80- mers) (MiroDiagnostic) representing 14,400 species 
of human transcript sequences was printed on a glass slide using a 
custom array. For the RNA of the samples, SuperScript II (Invitrogen 
Life Technologies) and cyanine 5- dUTP (Perkin- Elmer Inc.) were used 
to synthesize labeled cDNA from 5 μg of total RNA. Using the same 
method for the reference RNA, cyanine 3- dUTP (Perkin- Elmer Inc.) 
was used to synthesize labeled cDNA from 5 μg of Human Universal 
Reference RNA Type II (MicroDiagonostic).

Hybridization was performed with a labeling and hybridization 
kit (MicroDiagnostic). Signals were measured using a GenePix 4000B 
Scanner (Axon Instruments, Inc.) and then processed into the primary 
expression ratios of the cyanine 5 intensity of each specimen to the 
cyanine 3 intensity of the human common reference RNA. Each ratio 
was normalized using GenePix Pro 3.0 software (Axon Instruments, 
Inc.). The primary expression ratios were converted into log2 values, 
which were designated as log ratios or converted values. The data 
were processed using Microsoft Excel software (Microsoft) and the 
MDI gene- expression analysis software package (MicroDiagnostic).

2.8  |  RNA sequencing

RNA was isolated from samples using the NucleoSpin TriPrep kit 
(MACHEREY- NAGEL), according to the manufacturer's instructions. 
RNA integrity was measured using an Agilent 2200 TapeStation and 
RNA Screen Tapes (Agilent Technologies). Sequencing libraries were 

prepared using an NEB Next Ultra II RNA Library Kit for Illumina 
(New England Biolabs), according to the manufacturer's protocol, and 
prepared libraries were run on an Illumina HiSeq × high- throughput 
sequencing system. Paired- end reads were aligned to the hg19 
human genome assembly using STAR.18 Fusion transcripts were de-
tected using Genomon version 2.6.2 (https://github.com/Genom on- 
Proje ct/) and filtered by excluding fusions: (a) mapping to repetitive 
regions, (b) with fewer than four spanning reads, (c) that occurred out 
of frame, or (d) that had junctions not located at known exon– intron 
boundaries. The expression level of each RefSeq gene was calculated 
from mapped read counts using HTSeq and normalized using the 
Bioconductor package, DESeq2 version 1.28.1.23. Supercomputing 
resources were provided by the Human Genome Center, Institute of 
Medical Science, The University of Tokyo. Hierarchical clustering was 
applied and performed using Ward's method to calculate Euclidian 
distances. Cluster stability was ascertained by consensus clustering 
using the R package, ConsensusClusterPlus, with 500 iterations.

2.9  |  In vitro drug sensitivity assays

Cryopreserved leukemic cells harvested from the spleens of PDX 
mice were recovered in RPMI1640 medium supplemented with 20% 
FBS, and disseminated at 1.0 × 104 cells per 10 μl in each well of a 
384- well plate. Then, cells were treated with drugs at predetermined 
concentrations. After 96 h incubation at 37°C in a fully humidified 
5% CO2 atmosphere, live cell counts were determined using the Cell 
Titer Glo Assay (Promega), a chemiluminescent assay that detects 
live cells based on metabolic activity and ATP content.

2.10  |  In vivo dasatinib treatment assay

After substantial engraftment of leukemic cells was confirmed by 
BM aspiration, mice (n = 2 per group) were treated with dasatinib 
(LC laboratories, Woburn, MA) or vehicle. Dasatinib was formulated 
in 0.5% (w/v) methylcellulose solution (Wako, Japan) and delivered 
orally at 35 mg/kg for 5 days (Monday to Friday) on/2 days off. 
Leukemic cell chimerism was monitored by flow cytometry analysis 
of BM aspirates, as described above. Once leukemic cell chimerism 
in BM reached <5%, the dasatinib dose was reduced to 20 mg/kg. 
After chimerism had recovered to >90%, mice were sacrificed by 
cervical dislocation, the femur, tibia, ilium, and brain were removed 
and mechanically dispersed, and leukemic cells were then isolated 
by Ficoll– Hypaque density gradient centrifugation and used for 
FISH analysis.

2.11  |  FISH analysis

Cells isolated from BM and CNS samples from PDX mice treated 
with dasatinib were sent to the cytogenetics laboratory and pro-
cessed following standard procedures. FISH was performed using 

https://github.com/Genomon-Project/
https://github.com/Genomon-Project/
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TA B L E  1  Clinical characterstics of samples

B or T
Cytogenic 
abnormality

Chromosomal 
number

Age (y)/
Gender Source

Blast 
(%) Disease stage

Treatment response 
after relapse

ALL #1 B- ALL Other abnormalitya 44 11/F BM 85.8 1st relapse, late relapse CR

ALL #2 B- ALL Other abnormalitya 54 5/M BM 59.2 2nd relapse CRp

ALL #3 B- ALL ETV6- RUNX1 46 6/M BM 97.0 1st relapse, early relapse CR

ALL #4 B- ALL MEF2D- BCL9 52 12/F BM 48.4 1st relapse, extremely 
early relapse

CR

ALL #5 B- ALL ETV6- RUNX1 46 6/M BM 98.0 1st relapse NR

ALL #6 B- ALL Other abnormalitya 46 15/M BM 52.0 1st relapse, extremely 
early relapse

PD

ALL #7 B- ALL Normal 46 3/M BM 79.7 1st relapse, extremely 
early relapse

PR

ALL #8 B- ALL Normal 46 10/M BM 97.0 1st relapse, extremely 
early relapse

CR

ALL #9 B- ALL Other abnormalitya 47 6/F BM 89.8 1st relapse, early relapse CR

ALL #10 B- ALL BCR- ABL 46 7 /M BM 70.2 1st relapse, late relapse CR

ALL #11 B- ALL Other abnormalitya 55 11/M BM 62.8 1st relapse, late relapse NR

ALL #12 B- ALL Other abnormalitya 55 7/M BM NR Second relapse Relapse

ALL #13 B- ALL Other abnormalitya 58 11/M BM 98.4 1st relapse, late relapse SD

ALL #14 B- ALL Other abnormalitya 45 10/F BM NR 1st relapse, early relapse CR

ALL #15 B- ALL NR 56 16/M BM 93.4 1st relapse, extremely 
early relapse

PD

ALL #16 B- ALL BCR- ABL NR 7/F CSF 80.0 1st relapse, extremely 
early relapse

PD

ALL #17 B- ALL KMT2A- AFF1 NR 0.4/F BM 72.3 Diagnostic CR

ALL #18 B- ALL KMT2A- MLLT1 NR 2/M BM 75.4 Diagnostic CR

ALL #19 B- ALL KMT2A- AFF1 NR 10/M BM NR 1st relapse, extremely 
early relapse

CR

ALL #20 B- ALL KMT2A- AFF1 45 10/M BM 98.6 Diagnostic CR

ALL #21 B- ALL BCR- ABL 46 6/F BM NR Diagnostic Relapse

ALL #22 B- ALL Other abnormalitya NR NR BM NR Diagnostic NR

ALL #23 B- ALL ETV6- RUNX1 NR NR BM NR Diagnostic NR

ALL #24 B- ALL MEF2D- BCL9 NR NR/ F BM NR 1st relapse NR

ALL #25 B- ALL ETV6- ABL1 46 10/M Testis NR 1st relapse, extremely 
early relapse

NR

ALL #26 T- ALL Normal 46 3/M CSF NR 1st relapse CR

ALL #27 T- ALL NR NR 13/M BM 58.8 1st relapse, late relapse PR

ALL #28 T- ALL Other abnormalitya 47 9/M BM 91.8 1st relapse, early relapse CR

ALL #29 B- ALL Other abnormalitya 58 9/F BM NR 1st relapse, late relapse CR

ALL #30 B- ALL Other abnormalitya 47 17/F BM NR 1st relapse, late relapse CR

ALL #31 B- ALL Other abnormalitya 45 4/M BM 98.0 1st relapse, extremely 
early relapse

NR

ALL #32 B- ALL Other abnormalitya 53 5 /M BM 79.0 1st relapse, early relapse CR

ALL #33 B- ALL ETV6- RUNX1 46 15/F BM 90.0 1st relapse, late relapse PR

ALL #34 B- ALL Other abnormalitya 46 9/F BM 70.0 1st relapse, extremely 
early relapse

PR

ALL #35 B- ALL Normal 46 11/F BM 40.4 1st relapse, extremely 
early relapse

PR

ALL #36 B- ALL ETV6- RUNX1 46 8/F BM 70.0 2nd relapse NR

(Continues)
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the LSI BCR- ABL dual color, dual fusion translocation probe (Abbot), 
according to the manufacturer's instructions. Cells with a t(9;22) 
translocation exhibited a yellow fusion signal, whereas normal cells 
showed a pattern of two red and two green signals. Analysis of 1000 
cells in metaphase was conducted for each case, and the percent-
ages of cells with double, triple, and quadruple fusion signals were 
calculated.

2.12  |  Statistical analysis

Survival analysis was conducted by log- rank test with Bonferroni 
correction. Results are expressed as mean values with the standard 
deviation. p- values for comparisons of two groups were determined 
using a two- sided t- test. Two- sided p- value <0.05 was considered 
statistically significant.

3  |  RESULTS

3.1  |  Establishment of a biobank of pediatric ALL 
PDX models

In total, 60 primary samples were transplanted into NOG mice; 34 
in Fukushima Medical University, 21 in Kyoto University, and five 
in both institutes, to assess the concordance of PDX sample quality 
between the two institutions. The engraftment success rate of first 
passage samples was 93.3% (57/60), including 54 B- ALL and 3 T- ALL 
samples. Of established models, 54 were derived from primary BM 
samples, two from CSF, and one from testis. Relevant clinical details 
are provided in Table 1.

The timing of engraftment, defined as the detection of >0.1% 
human CD19 or CD3 cells in tibial BM aspirates by flow cytometry, 
ranged from 14 to 168 days (Figure 1A). To assess the usefulness of 

B or T
Cytogenic 
abnormality

Chromosomal 
number

Age (y)/
Gender Source

Blast 
(%) Disease stage

Treatment response 
after relapse

ALL #37 B- ALL Other abnormalitya 51 7/F BM 94.1 1st relapse, late relapse CR

ALL #38 B- ALL Other abnormalitya 46 14/F BM 89.0 1st relapse, early relapse NR

ALL #39 B- ALL ETV6- RUNX1 46 6/F BM 80.0 1st relapse, early relapse CR

ALL #40 B- ALL Other abnormalitya 46 9/F BM 97.8 1st relapse, early relapse SD

ALL #41 B- ALL Other abnormalitya 48 25/M BM 90.0 >3rd relapse SD

ALL #42 B- ALL Other abnormalitya 55 4/F BM 95.0 1st relapse, early relapse CR

ALL #43 B- ALL BCR- ABL 46 14/M BM 36.8 1st relapse, extremely 
early relapse

CR

ALL #44 B- ALL Other abnormalitya 46 20/F BM 90.0 1st relapse, late relapse NR

ALL #45 B- ALL Other abnormalitya 48 17/F BM 90.0 >3rd relapse PR

ALL #46 B- ALL Other abnormalitya 49 17/F BM 75.8 second relapse SD

ALL #47 B- ALL Other abnormalitya 46 18/F BM 96.6 1st relapse, late relapse CR

ALL #48 B- ALL Other abnormalitya 46 13/M BM 65.6 1st relapse, late relapse CR

ALL #49 B- ALL Other abnormalitya 46 3/M BM 96.4 1st relapse, extremely 
early relapse

SD

ALL #50 B- ALL Other abnormalitya 47 10/M BM 64.3 1st relapse, late relapse NR

ALL #51 B- ALL Other abnormalitya 46 14/M BM 61.6 1st relapse, late relapse CR

ALL #52 B- ALL Normal 46 9/F BM 97.8 1st relapse, early relapse PD

ALL #53 B- ALL Other abnormalitya 46 13/M BM NR 1st relapse, late relapse CR

ALL #54 B- ALL Normal 46 8/M BM NR 1st relapse, late relapse CR

ALL #55 B- ALL BCR- ABL 46 12/F BM 93.0 1st relapse, late relapse CR

ALL #56 B- ALL Other abnormalitya 45 10/F BM NR 1st relapse, early relapse CR

ALL #57 B- ALL Normal 46 15/F BM 66.0 1st relapse, late relapse CR

ALL #58 B- ALL BCR- ABL 45 8/M BM 18.6 2nd relapse CRp

ALL #59 B- ALL Normal 46 7/M BM NR 1st relapse, late relapse CR

ALL #60 B- ALL ETV6- RUNX1 NR 8/M Testis NR 1st relapse, late relapse NR

Abbreviations: CR, complete remission; CRp, complete remission with incomplete platelet recovery; NR, not reported; PD, progressive disease; PR, 
partial response; SD, stable disease.
aOther abnormality denotes another abnormality except for BCR- ABL, ETV6- RUNX1, KMT2A rearrangement, RUNX1- RUNX1T1, E2A- PBX1, IGH- 
CMYC, IL3- IGH, JAK mutation, and CRLF2 mutation.

TA B L E  1  (Continued)
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PDX models as incubators of rare primary samples, we calculated 
the fold expansion of primary leukemic cells in each PDX mouse. In 
primary B- ALL samples derived from BM, mean leukemic cell ex-
pansion was 28.9 (±6.9)- fold, whereas T- ALL BM primary samples 
expanded 19.5- fold per mouse. In particular, leukemic cells from 
extramedullary relapsed samples were effectively expanded in PDX 
mice, despite the fact that very few primary cells could be collected 
from patients (Figure 1B).

3.2  |  PDX mice preserve the characteristics of 
primary samples

To determine whether ALL PDX models could reproduce the pattern 
of human leukemic infiltration, we conducted histopathological and 
immunohistochemical examinations of ALL PDX mouse specimens. 
Microscopic examination confirmed that PDX models preserved 
the histopathological characteristics of leukemic infiltration in both 
hematopoietic and extramedullary sites. Human leukemic cells infil-
trated spleen diffusely; in liver, large clusters of leukemic cells were 
observed in the portal area, whereas in the brain, leukemic infiltra-
tion was observed along the subarachnoid space, and leukemic cells 
were present in the interstitium of testicle specimens. Engraftment 
patterns in each organ were consistent with previously reported pa-
thology of human patients with ALL19,20 (Figure 2A– D).

To evaluate the stability of the genetic features of PDX cells gen-
erated from the same ALL samples at two different institutes, we 
compared gene- expression data from four PDX mouse strains using 
DNA microarray analysis. As expected, unsupervised clustering of 
samples showed that each individual primary sample and the corre-
sponding PDX cells were clustered together, regardless of both the 
organ and the institute from which PDX cells were derived. These 
data demonstrated that there was less variation between PDX cells 
produced from the same primary sample than there was between 
different primary sample strains. (Figure 2E).

3.3  |  PDX cells retain gene- expression features 
corresponding to their cytogenetic abnormalities

It is established that cytogenetic abnormalities, such as specific fu-
sion genes and chromosomal aneuploidies, are related to sensitiv-
ity to molecular targeted therapy in pediatric ALL.21 To apply PDX 
cells for evaluation of the efficacy of novel therapeutic agents, it is 
necessary to determine whether PDX cells retain molecular profiles 
corresponding to their cytogenetic abnormalities. Therefore, we 
analyzed gene- expression patterns in 16 PDX samples with specific 
cytogenetic abnormalities by RNA- seq. As expected, the expression 
patterns of PDX cells clustered according to the cytogenetic abnor-
malities present in primary samples (Figure 3).

F I G U R E  1  Establishment of a biobank of pediatric ALL PDX models. (A) Engraftment of leukemia cells in PDX mice over time. Primary 
leukemic cells were transplanted into recipient mice, and the proportions of human CD19-  or CD3- positive ALL cells were detected in BM 
by flow cytometry. Each line represents data from a single mouse. (B) In vivo expansion rate of leukemic cells. Numbers above are mean 
expansion rates with standard deviation. BM (B- ALL, n = 14), CSF (B- ALL, n = 3; T- ALL, n = 2), and testis (B- ALL, n = 1).

F I G U R E  2  PDX mice preserve the characteristics of primary samples. (A– D) Immunohistochemical analysis of leukemic cell proliferation 
in (A) spleen, (B) liver, (C) brain, and (D) testis from a xenograft mouse generated from a sample from patient ALL#25 relapsed in testis. 
(E) Unsupervised hierarchical clustering of expression of patterns using DNA microarray data among four primary ALL samples and the 
corresponding PDX cells derived from BM and spleen.
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Furthermore, using these 16 PDX samples, we acquired in vitro 
drug sensitivity data for 80 anti- neoplastic compounds,22 that 
showed that KMT2A fusion- positive samples tended to be highly 
sensitive to the MEK inhibitors, trametinib and selumetinib, relative 
to cells with other cytogenetic characteristics (Figure S1). These re-
sults are consistent with some previous reports showing high sen-
sitivity of KMT2A fusion- positive leukemia to treatment with MEK 
inhibitor.23,24 Furthermore, our data imply that the established PDX 
samples reflect both gene- expression and drug- sensitivity features 
consistent with their cytogenetic abnormalities.

3.4  |  PDX cells are useful resources for in vitro 
drug testing

To assess the level of concordance between the in vitro and in vivo 
anticancer drug responses of PDX samples, we compared drug sen-
sitivities between B- ALL and T- ALL PDX samples by treating PDX 
mice with Ara- C or Ara- G. As expected, during in vivo experiments, 
B- ALL PDX mice showed significantly improved survival duration in 
only the Ara- C- treated group, whereas T- ALL PDX mice showed im-
provements in both Ara- C-  and Ara- G- treated groups as was previ-
ously described20 (Figure S2). Next, we examined whether in vitro 
drug sensitivity of PDX cells was consistent with the observed in 
vivo drug responses; the same drug sensitivity tendencies were ob-
served (Figure 4A,B). In addition, we compared in vitro drug sensi-
tivity data between three pairs of primary samples and PDX cells 
of KMT2A- rearranged B- ALL. The PDX cells are resembling primary 

samples in the pattern of in vitro drug sensitivity. (Figure S3) These 
suggest that in vitro drug screening assays could be useful substi-
tutes for costly and time consuming in vivo experiments (Figure 4C).

3.5  |  Treatment- induced clonal selection 
reproduced in a patient- derived mouse model

Due to the difference in microenvironment, a major drawback of 
applying PDX models for analysis of responses to anti- tumor com-
pounds is uncertainty over whether mechanisms of drug resistance 
will be reproducible in mice.25– 28 Therefore, we compared the clonal 
architecture in a PDX model and its dynamics with that in the pa-
tient from which the cells were derived. A 6- year- old girl, diagnosed 
with Philadelphia chromosome- positive ALL, suffered a secondary 
disease relapse during maintenance therapy with dasatinib after 
hematopoietic transplantation.29 Leukemic cells at diagnosis and at 
secondary relapse were analyzed by FISH to detect the BCR- ABL 
fusion. At diagnosis, a major subpopulation (740/1000 cells) showed 
triple fusion signals, whereas at secondary relapse 900/1000 cells 
showed quadruple fusion signals (Figure 5A). We established PDX 
mice using a diagnostic sample from this patient. In serial transplan-
tation, untreated PDX mice showed prompt engraftment and PDX 
mice treated with dasatinib relapsed once they reached <5% of leu-
kemic cells in BM. FISH analysis revealed that, in untreated mice, 
the proportion of leukemic cells with quadruple BCR- ABL fusion 
signals was consistent with that of the primary sample. By contrast, 
in relapsed PDX mice treated with dasatinib, cells with quadruple 

F I G U R E  3  PDX cells retain gene- expression features corresponding to their cytogenetic abnormalities. Unsupervised hierarchical 
clustering of expression of patterns of 500 genes among 16 PDX cells with cytogenetic abnormalities.
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signals became dominant (740/1000 cells), consistent with findings 
in relapsed samples in the clinical setting (Figure 5C). This result 
supports the idea that PDX models have the potential to reproduce 
treatment- induced clonal selection and to be a valuable tool for pre-
clinical therapy evaluation.

4  |  DISCUSSION

Faithful preclinical models are critical tools for cancer research to fa-
cilitate the study of tumor biology and anticancer therapy. Recently, 
use of PDX models has been widespread in preclinical cancer drug 

F I G U R E  4  PDX cells are useful resources for in vitro drug testing. (A, B) In vitro drug treatment of leukemic cells from the same B- ALL (A) 
and T- ALL (B) xenograft mice. Single agent VCR, DEX, l- Asp, Ara- C, or Ara- G therapies were assessed and sensitivity to each drug is shown 
as the ratio of that to VCR. (C) Heatmap of in vitro responses of 80 drugs tested against ALL PDX cells. Responses are shown for each drug 
against each PDX tested as scored according to the following formula: drug effective score = [log125 × {1 − (survival rate at less than ×1/125 
concentration)} + log25 × {1 − (survival rate at less than ×1/25 concentration)} + log5 × {1 − (survival rate at less than ×1/5 concentration)} + {1 
− (survival rate at less than ×1 concentration)}] × 100/(log125 + log25+ log5 + 1).
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development.3– 6,30 Some large- scale repositories and PDX model 
resources have been established in the USA and Europe; however, 
PDX models of pediatric tumor are not yet adequate, due to the rar-
ity of the disease. Here, we established a domestic open- resource 
biobank of pediatric ALL PDX models in Japan.

One of the advantages of our PDX biobank is that most of the 
primary samples were derived from patients with relapsed and re-
fractory ALL. PDX models of patients with relapsed and refractory 
pediatric ALL are in high demand because prognosis remains poor for 
such patients. In our PDX biobank, the success rate of engraftment 
was higher than previously reported,31– 34 possibly attributable to 
the fact that our PDX biobank mainly comprises relapsed and refrac-
tory ALL samples because leukemic cell growth in immunodeficient 
mice is reported to be associated with clinical relapse.35 Another ad-
vantage is that our biobank contains some PDX models derived from 
extramedullary relapsed ALL. We previously demonstrated that leu-
kemic cells that have infiltrated the CNS show differential biological 
features compared with those in the BM.15 Although a considerable 
proportion of ALL relapse occurs in extramedullary organs, such as 
the CNS and testis,1 PDX models derived from extramedullary re-
lapse ALL samples are very difficult to establish, mainly due to the 
small amounts of available primary samples. PDX models serve as 
efficient in vivo incubators for such scarce samples.

Although previous studies have reported that leukemic cells en-
grafted in PDX models retain many of the phenotypic and genotypic 
features of the original specimens,36,37 there remain several possible 

issues with the reproducibility of PDX models for drug develop-
ment.27 Transplanted leukemic cells in the murine microenvironment 
may be exposed to some pressure for selection of subclones through 
engraftment.25,38 Therefore, to validate whether PDX samples are 
reliable for drug development and biological analysis, we confirmed 
that leukemic infiltrations maintained their histopathological fea-
tures in both hematopoietic and extramedullary organs. In addition, 
we confirmed the concordance of the genetic profiles between pri-
mary and PDX cells by DNA microarray analysis. Our data demon-
strate that differences in organs from which PDX cells are derived do 
not influence the genetic features of primary samples. In addition, 
we have shown that serial transplantation had preserved clonal com-
position analyzed by FISH after serial transplantation. As previously 
reported,39 this means that molecular signatures during serial trans-
plantation of PDX models demonstrated high stability. These data 
enhance the utility of PDX mice as in vivo incubators because large 
amounts of PDX cells can be collected from the spleens of PDX mice. 
Moreover, our data show that PDX cells generated at two different 
institutes retained identical qualities. As the quality of primary cells 
influences the engraftment rate, it is preferable that multiple centers 
can establish identical PDX mice to prevent the deterioration of pri-
mary cells during transportation.

A significant limitation of PDX models as a preclinical plat-
form is the fact that in vivo studies are not well suited for high- 
throughput drug screening due to their cost and time- consuming 
nature. Furthermore, it was established that treatment response in 

F I G U R E  5  Treatment- induced clonal selection reproduced in a patient- derived mouse model. (A) Multiplexed- FISH analysis showing the 
BCR- ABL1 fusion signal in patient samples collected at diagnosis (left) and at relapse (right). Original magnification ×100. Arrowheads, yellow 
fusion signal; arrows, probe signals. Probe combinations were as follows: BCR, green; ABL1, red. (B) Human leukemic chimerism levels in 
the BM of PDX mice over time in untreated (left, n = 5) and dasatinib treated (right, n = 3) mice. Data are presented as means with standard 
deviations. (C) Patterns of cytogenetic subclonal populations. Clonal stability, with no change in the dominant clone between transplantation 
without treatment, is observed in upper right and lower left charts. Clonal selection with a minor population becoming dominant at relapse 
in the clinical setting was reproduced in PDX mice (lower right chart).
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pediatric ALL is related to the presence of the cytogenetic abnor-
malities, which are each associated with distinct genetic expression 
patterns. We used RNA- seq analysis to demonstrate that PDX cells 
retained the molecular features corresponding to the cytogenetic 
abnormalities observed in primary samples. These data indicate that 
our PDX cells can be used for in vitro screening of candidate com-
pounds by pathway analysis. Furthermore, we show that the results 
of in vitro drug sensitivity screening using PDX cells were consistent 
with those found in vivo, and added to the profile of in vitro drug 
responses, including molecular targeted agents. Recently, several 
clinical studies have reported that drug efficacy tests showed high 
concordance between the PDX model and patients' responses.40,41 
Additionally, we have demonstrated the similarities in in vitro drug 
sensitivity patterns between primary and PDX cells. Our data sug-
gest that in vitro drug screening, followed by in vivo response val-
idation, will be a cost- effective and time- saving method for drug 
development.

In addition, we demonstrated the reproducibility of changes in 
clonal composition observed during the clinical course of a patient 
with Philadelphia chromosome- positive ALL. As enhanced BCR- 
ABL signaling is a reported mechanism of resistance to tyrosine 
kinase inhibitors in leukemia,42 the clonal selection of quadruple 
fusion signals was likely to be the main cause of relapse in the 
patient. Although it has already been reported that treatment- 
induced clonal selection in chronic lymphoblastic leukemia PDX 
models was reproduced in chronic lymphoblastic leukemia PDX 
models, our result is the first data showing that ALL PDX models 
have the potential to reproduce the treatment- induced selection 
of clones resistant to anti- tumor agents, providing a valuable tool 
for preclinical testing of novel therapeutic strategies against re-
fractory subclones.

5  |  CONCLUSIONS

Here, we report our new national biobank of pediatric ALL and its 
value as a preclinical tool for further drug development. Now, to 
make our PDX models available to academic and scientific commu-
nities in Japan, we are planning to produce a catalog of PDX sam-
ples, presenting the characteristics of each line, which can be easily 
browsed in a web portal site.
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