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Abstract
Acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) are malignant clonal diseases of the hematopoietic system with an
unsatisfactory overall prognosis. The main obstacle is the increased resistance of AML and ALL cells to chemotherapy. The development and
validation of new therapeutic strategies for acute leukemia require preclinical models that accurately recapitulate the genetic, pathological, and
clinical features of acute leukemia. A patient-derived xenograft (PDX) model is established by transplanting patient tumor tissue or cells into
immunocompromised or humanized mice. They closely resemble human tumor progression and microenvironment and are more reliable
translational research tools than other models. A patient-derived orthotopic xenograft (PDOX) model that transplants tumor cells into the
corresponding anatomical site in mice better recapitulates human tumor behavior than subcutaneous or intravenous xenografts. In this study, we
established bone marrow and peripheral blood cell models of AML and ALL patients, characterized their pathology, cytology, and genetics, and
compared the model's characteristics and drug responsiveness with those of the corresponding patients.

Introduction
Leukemia is a common malignancy worldwide. Acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) are monoclonal neoplastic
proliferations of myeloid precursors or lymphoid progenitor cells. Ongoing advances in treatment have signi�cantly improved 5-year survival, but the
overall prognosis of acute leukemia is not satisfactory (1). About 50% of AML patients and 20% of ALL patients experience a relapse, which is the
greatest challenge in the management of acute leukemia (2,3). The main obstacle in the treatment of acute leukemia is the increased resistance of
AML and ALL cells to chemotherapy (4, 5). The development and validation of novel therapeutic strategies for acute leukemia require preclinical
models that accurately recapitulate the genetic, pathological, and clinical characteristics of AML and ALL.

Preclinical experimental models of acute leukemia are limited because they differ from human disease in genetic heterogeneity, pathological
characteristics, and drug responsiveness (6). Patient-derived xenograft (PDX) models are established by transplantation of patient tumor tissue or
cells into immunocompromised mice. They are reliable tools for translational research than other models (7). PDX models using immunode�cient
mice are limited by the lack of interaction between tumor cells and immune cells. Patient-derived orthotopic xenograft (PDOX) models, with
implantation of tumor cells into the corresponding anatomical position in mice, better recapitulate human tumor behavior than subcutaneous or
intravenous xenografts [8]. As PDOX models mimic the drug sensitivity of the corresponding patient, they potentially bene�t personalized therapy of
acute leukemia [9].

This study investigated the usefulness of PDOX mouse models of AML and ALL for the study of drug sensitivity and resistance. We established
models from patients with AML and ALL, characterized their pathological, cytological, and genetic features, and compared the features and drug
responsiveness of the models with those of the corresponding patients.

Materials And Methods

AML and ALL patient samples
Peripheral blood or bone marrow samples were obtained from AML and ALL patients at the China–Japan Union Hospital of Jilin University. The
study was reviewed and approved by the Institutional Ethics Committee, and written informed consent for study enrollment and blood or bone
marrow collections was obtained from all patients. 

Antibodies and other reagents
Antibodies (Abs) used for �ow cytometry, PE mouse antihuman CD33 (Cat#: 555450) and APC mouse antihuman CD45 (Cat#: 555485) were
purchased from BD Biosciences, PerCP/Cy5.5 antihuman CD19 (Cat#: 302229) was purchased from Biolegend. Cytarabine (Cat#:
BD8499), imatinib (Cat#: BD42606), and ibrutinib (Cat#:BD254580) were purchased from Bide Pharmatech (Shanghai, China). Epirubicin (Cat#:
56390-09-1) was purchased from Shandong New Time Pharmaceutical Co., Ltd., Company (Shandong, China). Vincristine (Cat#: MB1298) was
purchased from Melone Pharma (Dalian, China). Cladribine (Cat#:CSN10004) was purchased from CSNpharma (Shanghai, China). 

Animals
The immunode�cient NCG (NOD/ShiLtJ-Prkdc em26Cd52 Il2rg em26Cd22) mice used in this study were purchased from GemPharmatech Co., Ltd.
Company (Nanjing, China) and maintained in pathogen-free conditions at Shanghai LIDE Biotechnology Co., Ltd., Company (Shanghai, China).  

Establishment of the PDOX models using peripheral blood or bone marrow
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6- to 8-week-old NCG mice were were injected intrafemorally with 1–2×106 peripheral blood or bone marrow cells of AML or ALL patients after being
anesthetized with a 1.25% avertin solution, respectively.

Evaluation of the PDOX models and patient samples
Flow cytometry: Engraftment of the orthotopic models was monitored by �ow cytometry of peripheral blood from inoculated mice. The frequencies of
CD45+CD33+ expression in AML and CD45+CD19+ expression for B-ALL were assayed. A 5–15% dual positivity indicated AML or ALL PDOX
engraftment. The procedures of PDOX establishment are shown in Figure 1. Staining and �ow cytometry were performed following the
manufacturers’ protocols. An Attune NxT �ow cytometer was used with Attune NxT v4.2.0 software. 

Additional analysis: 
The presence of gene mutations that commonly occur in AML and ALL patients was investigated by next generation sequencing of peripheral blood
and bone marrow samples obtained from the AML and B-ALL patients and the xenografts in the PDOX mouse spleen samples. Chromosomal
analysis of human AML and ALL cells in mouse spleen samples from the established PDOX models was performed by karyotyping and standard G-
banding. 

Standard of care in AML and ALL PDOX models
Cladribine, cytarabine, imtatinib, or epirubicin in combination with vincristine were used to validate the in vivo e�cacy of standard chemotherapies in
the AML and ALL PDOX models. Cladribine and imatinib was given daily via gavage at 0.4 mg/dose and 25 mg/kg, respectively. Cytarabine was
given on days 1–5 by intraperitoneal injection at 10 mg/kg. Epirubicin was given weekly by intraperitoneal injection at 1 or 2.5 mg/kg. Vincristine was
given weekly by intravenous injection at 0.5 mg/kg. The body weight of each animal was recorded every day, and doses were normalized against the
individual weight to ensure consistency among groups. Flow cytometry was performed weekly to determine AML/ALL progression and the antitumor
effectiveness of each treatment.

Results

Identi�cation of patient samples
In the validation phase, we identi�ed potential markers and targets in patient samples by next generation sequencing, G-banding, and �ow cytometry,
and the results are shown in Table I.

Tab. I 

Cell surface markers, chromosome characteristics, and genetic analysis in patients
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Engraftment of AML and ALL PDOX model evaluated by �uorescence-activated cell
sorting (FACS)
Patient characteristics, diagnosis, and treatment history, are shown in Table II. Xenograft models of AML and ALL were prepared by intrafemoral
injection of fresh blasts from the peripheral blood (PB) or bone marrow (BM) of leukemia patients into NCG mice and screened for their potential to
initiate leukemia in the mouse models. The frequency of CD45+CD33+ cells or CD45+ cells in mouse peripheral blood was monitored weekly by FACS
beginning 3–4 weeks after transplantation. To con�rm the engraftment of human AML/ALL in the mouse models. P0 indicates the primary passage
of patient cell suspension prepared from patient blood or bone marrow samples. When the percentage of positive cells reached 10%, single cell
suspensions prepared from the mouse spleen were inoculated intrafemorally into naïve NCG mice (P1), or cryopreserved in liquid nitrogen until
inoculation (FP0+1). The percentages of leukemia cells at P0, P1, and FP0+1 in 12 representative PDOX models are shown in Figure 2. Successfully
engraftment of PDOX models was de�ned as 10% CD45+CD33+ or CD45+ at P1. Successfully established PDOX required stable morphologic and
molecular characteristics for at least two passages.

Tab. II 

Patient characterization

Summarized clinical data of patients at the time of sample withdrawal. All samples used in this study were from patients with AML/ALL.
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Cell suspensions prepared from patient samples were injected intrafemorally into NCG mice to generate the PDOX models. The frequency and
percentage of CD45+ or CD45+CD33+ cells in mouse peripheral blood were determined by FACS at P0 (black lines), P1 (red lines), and FP0+1 (blue
lines) of established PDOX models. Individual mice are shown as point values. Group results are shown with bars that give the standard deviation. 

Cell suspensions prepared from patient samples were injected intrafemorally into NCG mice to generate the PDOX models. The frequency and
percentage of CD45+ or CD45+CD33+ cells in mouse peripheral blood were determined by FACS at P0 (black lines), P1 (red lines), and FP0+1 (blue
lines) of established PDOX models. Individual mice are shown as point values. Group results are shown with bars that give the standard deviation. 

Consistency of cell surface markers in patient samples and PDOX models
FACS analysis of cell surface markers in peripheral blood of patient samples and the PDOX models established using the samples are shown in Table
III. CD19 was positive in both patient samples and all four of the corresponding PDOX ALL models. The ALL were B cell-derived phenotypes. All four
were CD10+ and CD38+, suggesting that CD19+CD10+CD38+ cell populations might be a useful as a panel to determine the establishment of PDOX in
this type of B-ALL. The series of ALL-associated antigens revealed that the immunophenotype of PDOX cells was consistent with the primary
specimens for most antigens tested and that they preserved the disease characteristics of the patients that they originated from.

Tab. III 

Consistency of partial PDOX with the clinical: FACS analysis
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Model ID Clinical PDOX FACS

Immunophenotype Result Immunophenotype Result

LD1-0041-362073 abnormal cells 69.44% abnormal cells 86.77%

CD34 + CD34 +

HLA-DR + HLA-DR No detection

CD33 + CD33 No detection

CD123 + CD123 +

CD9 + CD9 No detection

CD19 + CD19 +

CD10 + CD10 +

cCD79a + cCD79a No detection

TDT + TDT +

CD13 + CD13 No detection

CD22 + CD22 No detection

  CD24 +

  CD81dim +

  CD73 +

CD20 - CD20 -

CD38 - CD38 -

LD1-1041-362519 abnormal cells 90.83% abnormal cells 94.74%

CD38 + CD38 +

HLA-DR + HLA-DR No detection

CD22 + CD22 No detection

CD19 + CD19 +

CD10 + CD10 +

CD9 + CD9 No detection

cCD79a + cCD79a No detection

CD34 +/- CD34 -

TDT +/- TDT No detection

    CD81 +

CD20 - CD20 -

CD123 - CD123 -

LD1-0041-362021 abnormal cells 94.40% abnormal cells 80.25%

CD19 + CD19 +

CD22 + CD22 No detection

CD34 + CD34 +

CD38 + CD38 +

cCD79a + cCD79a No detection

CD10 - CD10dim +

cIgM - cIgM No detection

    CD24 +
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    CD81dim +

    CD123 +

CD20 - CD20 -

    CD73 -

LD1-0041-362478 abnormal cells 84.98% abnormal cells 98.44%

CD19 + CD19 +

CD10 + CD10 +

CD34 + CD34 -

HLA-DR + HLA-DR No detection

CD9 + CD9 No detection

CD24 + CD24 No detection

CD58 + CD58 No detection

CD38 + CD38 +

cκdim + cκdim No detection

    CD81 +

    CD20 -

    CD123 -

Note:”+” means positive, ”-” means negative.

Chromosome analysis of clinical samples and PDOX cells
G-banding karyotype analysis showed normal karyotypes and revealed that the karyotype of PDX cells was similar to that of patient specimens.
(Table IV, Figure 3)

Tab. IV 

Consistency of partial PDX/PDOX with the clinical: Chromosomal analysis 

Model ID Tissue type Clinical result PDOX result

LD1-0041-362073 peripheral blood +5

t(9;22)(q34;q11.2)[18]/51 t(9;22)(q34;q11.2)

+der(22)t(9;22)(q34;q11.2)[1]/48 der(22)t(9;22)[cp14]/46

LD1-1041-362519 Bone marrow del(9)(p13) Normalization

der(9)[18]/46 -9

add(9)(p13) del(9)(p22)

del(1)(q21) Normalization

del(18)(q21) Normalization

LD1-0041-362021 Bone marrow Normalization Normalization

Normalization del(9)(p12p21)

del(9)(p21)[20] i(17)(q10)[20]

PDOX and the parental clinical sample have similar genetic pro�les
An AML patient (LD1-0040-361280) had a mutation on exon 12 of NPM1, a typical hot-spot alteration seen in AML patients without chromosome
abnormalities [13]. As shown in Table V, an NPM1exon12A mutation was found in the PDOX model by either RNAseq or whole exon sequencing.
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Model
ID

Gene Clinical
result

PDOX result

WES_Mut(AF) RNA_Mut(AF) RNA_TPM RNA_TPM_zscore_GTEx RNA_TPM_zscore_TCGA

LD1-
0040-
361280

c-kit/D816V - - - 12.5 4.200862 -1.08643

CEBPA - - - 117.22 1.922675 0.460406

NPM1exon12A + Trp288fs(0.312) Trp288fs(0.355) 1558.02 4.793047 3.388323

FLT3/ITD - - - 146.78 2.790451 0.758332

Other mutations such as c-kit/D816V, CEBPA, or FLT3/ITD that are often found in AML were not present in either the PDOX model or the original
patient sample. The result indicates consistency in the genetic pro�les of the patient and the PDOX model.

Tab. V 

Consistency of partial PDX/PDOX with the clinical: Genetic alteration

 

Standard of care validation with therapeutic regimens used in clinical practice
Validation using the same treatments that were administered to patient was performed in �ve of the established PDOXs. Cytarabine, which is
commonly given to AML/ALL, patents had antitumor activity in both the AML and the ALL PDOXs (Figure 4B–E). In the AML PDOX, cladribine
completely eliminated the tumor (Figure 4A). Epirubicin and vincristine, which are components in CEOP treatment [14] had good anti-tumor activity in
three of the four ALL PDOX models (Figure 4C–E), but not in the LD1-0040-362519 model (Figure 4F). Imatinib and ibrutinib, two small molecules
that target BCR-Abl and BTK, respectively, were not effective in all the PDOX models (Figure 4C and F). As shown in Table II, response or nonresponse
of the PDOX models was consistent with the clinical outcomes that occurred in response to those agents by the corresponding patients. The patient
responses to treatment were maintained in the PDOX mouse models. 

Discussion
AML and ALL PDOX mouse models were established by intrafemoral injection of leukemia cells from patients into triple immunode�cient NCG mice.
The xenografted mouse models faithfully mimicked the pathology, cytology, karyotype, and genetic pro�le of the corresponding patient samples. The
responsiveness of the AML and ALL PDOX mouse models to chemotherapy drugs was highly consistent with the clinical outcomes of the
corresponding patients. The �ndings suggest that the AML and ALL PDOX mouse models established in this study preserved the features of the
disease in the patients.

Heterogeneity of the malignant cells, with multiple mutant clones and subclones is a hallmark of acute leukemia [10, 11]. Tumor cell heterogeneity in
acute leukemia reduces the effectiveness of treatment [12]. Culturing and passaging exert a selective pressure on leukemia cells that favors the
survival of undifferentiated cells and results in loss of original tumor cell heterogeneity [13]. Therefore, the behavior of leukemia cell lines is
profoundly different from the patient’s original tumor. PDX models of AML and ALL, which better represent the genetic and phenotypic heterogeneity
of the corresponding leukemia, are indispensable for translational studies in acute leukemia [14, 15]. Establishment of PDX models of hematological
malignancies remains challenging because leukemia cells have low take rate when transplanted into mice. The low success rate might be the result
residual natural killer (NK) cell activity in nonobese diabetic (NOD)/severe combined immunode�cient (SCID) mice [9, 16, 17]. Crossbreeding
NOD/SCID and interleukin (IL)-2 receptor γ-de�cient mice has produced triple immunode�cient NCG, NSG, or NOG mice that lack functional T, B, and
NK cells and are available from a number of suppliers [18]. The use of the triple immunode�cient NSG and NOG mouse models has signi�cantly
improved the e�ciency of ALL and AML tumor engraftment in mouse models [19–21]. Triple immunode�cient NCG mice are not yet widely used to
generate PDX models. This study demonstrated that NCG mice are an ideal model for the establishment of AML and ALL PDX models.

The implantation site of cancer cells affects the growth characteristics and phenotype of the PDX model [22]. Early PDX models of leukemia were
established by heterotopically implanting cancer cells into the subcutaneous or intravenous space [8–10], and patient-derived heterotopic xenografts
are widely used in cancer research. In this study, leukemia cells were injected intrafemorally into NCG mice to generate PDOXs. It is technically easier
to perform and monitor tumor size of heterotopic implantation than establishing PDOXs [15]. Establishment of the leukemia PDOX model is time-
consuming and technically challenging. The main advantage of PDOX models is a preserved tumor microenvironment and better modeling of tumor
metastasis than heterotopic implantation [11].

An ideal research model should recapitulate the phenotypic and genetic characteristics of the original tumor in patients. In this study, the pathology of
the mouse spleen and the surface markers of the engrafted cells from the PDOX models faithfully resembled the phenotypes of the patient leukemia
samples. The karyotypes of PDOX cells were also highly consistent with those of the patient samples. We also compared the genetic pro�les of
PDOX models, and the clinical samples used for grafting by next generation sequencing. The NPM1 gene is the most frequently mutated gene in
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AML. We found that the NPM1 gene mutation in the PDOX model was consistent with the patient’s bone marrow sample, suggesting the PDOX model
has stable genetic pro�ling.

In conclusion, it is feasible to establish AML and ALL PDOX models using the triple immunode�cient NCG mouse model. The established PDOX
models preserve the pathological, phenotypic, and genetic characteristics of the clinical samples, and they also have similar drug sensitivity to the
corresponding patients. The PDOX mouse model of acute leukemia provides a clinically relevant platform for testing novel chemotherapy drugs.
Ultimately, the PDOX mouse model may be used for developing precision medicine approaches to treat leukemia.
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Figures

Figure 1

Procedures for PDOX establishment using AML/ALL samples.

Figure 2

Establishment of PDOX Model in NCG mice

Cell suspensions prepared from patient samples were injected intrafemorally into NCG mice to generate the PDOX models. The frequency and
percentage of CD45+ or CD45+CD33+ cells in mouse peripheral blood were determined by FACS at P0 (black lines), P1 (red lines), and FP0+1 (blue
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lines) of established PDOX models. Individual mice are shown as point values. Group results are shown with bars that give the standard deviation.

Figure 3

Karyotypes

(A) of peripheral blood from an ALL patient (model ID: LD1-0041-362073) and of (a) mouse peripheral blood from the LD1-0041-362073 PDOX
model. (B) Karyotypes of bone marrow from an ALL patient (model ID: LD1-1041-362519) and of (b) mouse bone marrow from the LD1-1041-362519
PDOX model. (C) Karyotypes of bone marrow of an ALL patient (model ID: LD1-0041-362021) and (c) mouse bone marrow of the LD1-0041-362021
PDOX model

Figure 4

Standard of care validation in PDOX models.

AML PDOX (LD1-0040-361280) and ALL PDOXs (LD1-0040-362073, LD1-0040-362356, LD1-0040-362021, and LD1-0040-362519) models were used
for standard of care validation. Treatment of the model mice began after randomization to the indicated regimen. Cell surface markers (CD45+,
CD33+, and/or CD19+) were monitored weekly until the end of the study. Data are means ± standard deviation and p< 0.05 indicates statistical
signi�cance vs. control


