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Abstract
Background  Hyperleukocytic acute myeloid leukemia (HLL) is marked by high early mortality and presents 
significant therapeutic challenges. Research on HLL is still in its infancy, and comprehensive development of patient-
derived xenograft (PDX) models, especially CD34 + hematopoietic stem cell-derived models, remains limited.

Methods  We evaluated the establishment of the HLL model through blood examinations, smear analysis, bone 
marrow biopsy, flow cytometry, and mutation analysis. Correlation between survival times in mice and patients was 
assessed using linear regression.

Results  In the HLL PDX mouse model, leukocyte counts could reach up to 37.35^10⁹/L, and immunophenotyping 
revealed the presence of hCD45+, hCD15+, and hCD33 + cells in both peripheral blood (PB) and bone marrow (BM) 
following inoculation with PB-derived cells for the establishment of the HLL PDX model. Similar results were observed 
with cells derived from the patient’s BM. In the CD34 + hematopoietic stem cell-derived xenograft model, extensive 
infiltration of CD34 + cells into the BM, liver, and spleen was observed. Additionally, human WT1 and NRAS mutations 
were identified in the liver, spleen, and BM of the mice. A comparative analysis of multiple experiments revealed that 
shorter survival times were observed in mice receiving a higher irradiation dose of 2.5 Gy and a greater number of 
cells derived from PB. Additionally, shorter survival times were observed in model mice injected with cells carrying 
NRAS, DNMT3A, FLT3, or NPM1 gene mutations. Correlation analysis indicated that the survival times of the mice were 
significantly associated with the survival status of the patients.

Conclusions  We successfully established a CD34 + hematopoietic stem cell-derived xenograft model of HLL, 
providing a valuable tool for mechanistic research, drug screening, individualized therapy, and precision medicine.

Trial registration  Not application.
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Backgrounds
Hyperleukocytic leukemia, a particularly high-risk sub-
type of leukemia, is typically defined by peripheral blood 
leukocyte counts exceeding 50–100 × 10⁹/L [1]. This con-
dition is marked by an abnormal proliferation of white 
blood cells (WBCs), which significantly increases blood 
viscosity, leading to complications such as leukocyte 
stasis [2] and subsequent leukemic infiltration of vari-
ous organs, including the lungs, liver, and central ner-
vous system. Patients diagnosed with hyperleukocytic 
acute myeloid leukemia (HLL) often face a grim prog-
nosis, with elevated mortality rates attributed to severe, 
life-threatening complications [3]. These complications 
include, but are not limited to, severe respiratory failure 
[4], disseminated intravascular coagulation (DIC), and 
tumor lysis syndrome—conditions that collectively exac-
erbate the already critical nature of the disease [1, 5]. The 
hyperviscosity and leukostasis can precipitate respiratory 
and neurological crises, while DIC contributes to wide-
spread clotting and bleeding issues, further complicating 
patient management.

The early mortality associated with hyperleukocytic 
leukemia is particularly concerning, with studies indicat-
ing that mortality rates can soar as high as 40% within the 
first week post-diagnosis [6, 7]. This rapid decline under-
scores the urgency of effective therapeutic interventions. 
One of the primary treatment strategies is leukapher-
esis. By mechanically removing excess leukocytes from 
the bloodstream, leukapheresis not only reduces blood 
viscosity but also lessens the immediate leukemic cellu-
lar burden, offering a critical window of time to initiate 
definitive treatment [5]. However, while leukapheresis 
provides rapid relief, it is often used in conjunction with 
other therapies, such as cytoreductive chemotherapy, to 
achieve long-term disease control.

To investigate the pathogenesis of HLL and identify 
effective treatments, establishing a suitable model of HLL 
is of critical importance. Traditional mouse models of 
leukemia are often constructed by transplanting immor-
talized cell lines; however, these cell lines can undergo 
phenotypic changes that do not accurately reflect the dis-
ease’s true state [8]. Such alterations may lead to a loss 
of key disease characteristics, limiting the utility of these 
models in understanding the complexities of HLL.

The patient-derived xenograft (PDX) model offers a 
more representative approach by transplanting primary 
cells from fresh tumor tissues of patients into immuno-
deficient mice. This model has been widely used to study 
various cancers, including non-small cell lung cancer, 
bladder cancer, triple-negative breast cancer [9–11], and 
acute myeloid leukemia (AML) [12]. The PDX model 
preserves the original tumor microenvironment and the 
unique characteristics of the patient’s tumor within the 
mouse, making it a more valuable in vivo tool compared 

to cell line-based models when studying leukemia [13, 
14]. Recent studies have utilized NSGS mice to charac-
terize the engraftment of AML patient samples strati-
fied by risk, revealing important insights into the model’s 
robustness and kinetics [13]. In a study involving 28 AML 
patient samples, the engraftment was assessed based on 
molecular and cytogenetic classification. The study dem-
onstrated that, while the majority (85–94%) of mice were 
successfully engrafted in the bone marrow (BM) regard-
less of risk group, high-risk (HR) AML cases exhibited 
significantly superior engraftment levels compared to 
favorable-risk (FR) and intermediate-risk (IR) cases.

Currently, research on hyperleukocytic acute myeloid 
leukemia (HLL) is still in its early stages, and the estab-
lishment of a patient-derived xenograft (PDX) model for 
HLL has not been fully reported. Particularly, the devel-
opment of a CD34 + hematopoietic stem cell-derived 
xenograft model for HLL remains unexplored. In this 
study, we address this gap by utilizing NOD.CB17-Prkdc-
scidIl2rgtm1/Bcgen (B-NSG) mice, which are characterized 
by severe immunodeficiency, to establish and evaluate an 
HLL model [10, 15]. These mice provide a highly suitable 
platform for the engraftment and study of human HLL 
cells, given their lack of T cells, B cells, and functional 
NK cells, which allows for a more accurate representation 
of human disease and therapeutic responses.

Methods
Patient-derived leukemia cell collection and culture
Human cells were collected from newly diagnosed HLL 
patients enrolled from Zhongnan Hospital of Wuhan 
University, and the information for the collected clini-
cal samples is provided in Table 1. Patient diagnosis with 
AML was based on standard morphological and cyto-
chemical examinations of peripheral blood and marrow 
smears according to the French-American-British (FAB) 
and World Health Organization (WHO) criteria.

The HLL cells were collected using a Fresenius COM.
TEC machine at Zhongnan Hospital; the procedures 
were described in our previous reports [16]. Peripheral 
blood mononuclear cells (PBMCs) were separated with 
a Ficoll kit according to the manufacturer’s instructions 
(TBD, lot: LDS1075, Tianjin, China). The separated cells 
were maintained in RPMI 1640 media containing 10% 
FBS (Gibco, Invitrogen, Carlsbad, CA, USA) with 100 U/
ml penicillin and 100  µg/ml streptomycin at 37  °C and 
5% CO2. Bone marrow-derived cells were collected from 
HLL patients during bone marrow biopsy and separated 
using a red blood cell lysis buffer.

Isolation of CD34 + cells
CD34 + cells were separated using the CD34 MicoBe-
ads Kit (Miltenyi Biotec, Germany) according to the 
manufacturer’s instructions. In brief, PBMCs from HLL 
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patients (Patient #2) with WT1 and NRAS mutations 
were magnetically labeled with CD34 microbeads for 
30 min at 4 ℃, and then centrifuged at 300 g for 10 min. 
The cell suspension was loaded onto a MACS® col-
umn with a MACS separator. The magnetically labeled 
CD34 + cell subpopulations were retained within the 
column, and the unlabeled cells were washed. After 
removing the column from the magnetic field, the mag-
netically retained CD34 + cells were eluted as the posi-
tively selected cell fraction.

Animal experiments
Five- to six-week-old female B-NSG mice were obtained 
from Beijing Biocytogen Co., Ltd. (permission num-
ber: SCXK 2016-0004) and maintained in a pathogen-
free animal facility in laminar airflow cabinets with a 
12 h light/12 h dark schedule. The mice were given free 
access to an autoclaved rodent diet. All experimental 
procedures adhered to both institutional and national 
guidelines for the care and use of laboratory animals. 
Euthanasia was performed using 3–5% isoflurane (RWD, 
China) to induce unconsciousness, followed by cervi-
cal dislocation to ensure death. All procedures followed 
the guidelines of the Institutional Animal Care and Use 
Committee (IACUC) and follows the recommendations 
of the AVMA (American Veterinary Medical Associa-
tion) for the euthanasia of laboratory animals.

For HLL PDX model establishment with PBMCs of 
patients, patient-derived xenografts (PDXs) were con-
structed as described below. On day 0, B-NSG mice were 
treated with 0 Gy (n = 5) or 2.5 Gy (n = 5) χ-rays for total 
body irradiation and intravenously injected with har-
vested human HLL cells from Paitient #1 mixed with 
granulocyte colony-stimulating factor (G-CSF). Every 
mouse was injected with 1.5 × 107 cells within 24  h of 
irradiation.

For HLL PDX model establishment with BM-derived 
cells from patients, PDXs were constructed as described 
below. On day 0, B-NSG mice were treated with 0  Gy 
(n = 5) or 1.5  Gy (n = 6) χ-rays for total body irradiation 

and intravenously injected with harvested BM-derived 
cells from a human HLL patient (Patient #3) at day 1. The 
mice in the 1.5  Gy irradiated group were injected with 
2.0 × 106 cells within 24  h of irradiation, and the mice 
without irradiation were injected with 1.5 × 107 cells. 
Blood samples were collected at intervals to test whether 
the model was successfully constructed.

For the CD34+ hematopoietic stem cell-derived xeno-
graft model of HLL, NOD-SCID-IL2rγnull (B-NSG) mice 
were treated with 1.5  Gy χ-rays for total body irradia-
tion on day 0 and intravenously injected with isolated 
1.5 × 107 HLL cells (n = 5) or 1.5 × 106 CD34+ cells (n = 5) 
from Patient #2 (WT1 and NRAS mutation) mixed with 
G-CSF within 24 h of irradiation.

To validate whether these models were success-
fully constructed, on day 9 peripheral blood was col-
lected through the tail vein in mice. Routine blood tests 
were performed and body weights were determined 
at regular intervals. The mice were anesthetized with 
intraperitoneal (i.p.) injection of sodium pentobarbi-
tal administration at 120  mg/kg, then the harvested 
blood, bone marrow and tissue samples were collected 
for further analysis. The experimental procedures were 
approved by Experimental Animal Ethics Committee of 
Wuhan University.

Routine blood examination
Approximately 50 µL of blood was used for routine blood 
examination with a Coulter STKS automated blood cell 
analyzer (Beckman Coulter, USA).

Smear analysis and bone marrow biopsy
Blood smears and bone marrow smears were stained via 
Wright’s staining and observed with a microscope under 
an oil immersion lens (OLYMPUS BX41) to measure the 
ratio of leukemia cells.

For the bone marrow biopsy, bone marrow collected 
from mouse thighs was fixed in formalin and embed-
ded in paraffin for bone marrow examination. The sec-
tions were sliced using a slicing machine (Leica RM2016) 

Table 1  The information of the collected clinical samples
Information Patient #1 Patient #2 Patient #3
Gender Male Male Female
Age (year) 44 27 28
Clinical diagnosis AML-M5 AML-M1 AML-M1
Detection of gene mutation (PCR and sequencing) DNMT3A (+)

NRAS (+)
NPM1 (+)
FLT3-TKD (+)

WT1 (+)
NRAS (+)

WT1 (+)
SET-CAN (+)

Immunophenotype (Flow 
cytometry)

Abnormal cells ratio 58.50% 74.6% 71.8%
Immunopheno-type 
expression

CD36, HLA-DR, CD11b, CD15, 
CD38, CD33, CD64

CD34, CD33, CD11b, CD7, CD123, 
CD99, CD71

CD7, CD34, 
CD33, CD19, 
CD11b, 
CD79a, CD38
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and incubated with anti-CD34+ (1:200, BD Biosciences). 
Finally, the images were observed with an OLYMPUS 
BX53 microscope.

HE staining and immunohistochemistry
The tissues were fixed with formalin and embedded in 
paraffin to test the infiltration of leukemic cells by HE 
staining or immunohistochemistry. For IHC, the tissues 
were stained with antibodies against human anti-CD45+ 
(1:200, BD Biosciences) or human anti-CD34+ (1:200, BD 
Biosciences). The images were observed with an OLYM-
PUS BX41 microscope.

Flow cytometry
Harvested mouse peripheral blood and bone mar-
row were treated with RBC lysis buffer, HLL cells from 
Patient #1 were stained with human anti-CD45-Per-
CPcy5.5, anti-CD15-FITC, and anti-CD33-PE antibodies 
(BD Biosciences), and HLL or CD34 + cells from Patient 
#2 were stained with human anti-CD45-PerCPcy5.5 and 
anti-CD34-APC antibodies (BD Biosciences). The stained 
cells were analyzed by flow cytometry (FACS Canto II, 
FACS Verse, and FACS Diva software, BD Biosciences), 
and data were analyzed with FlowJo Software.

RNA extraction and quantitative real-time PCR (qPCR) 
detection
The collected fresh liver and spleen tissues from mice 
were treated and prepared as single cell suspensions. 
Then, total RNA from the liver, spleen and bone marrow 
was extracted with TRIzol reagent (Vazyme, Lot: R401-
01). The cDNAs were obtained by Evo M-MLV reverse 
transcript kits (Accurate Biotechnology Co., Ltd, Lot: 
AG11705).

All qPCR reactions were performed with the SYBR® 
Premix Ex Taq™ kit (Takara) for 40 cycles using a fluores-
cence quantitative PCR instrument (Applied Biosystems 
ABI 7500). The primer sequences were synthesized by 
Tsingke Biological Technology (Wuhan, China) and were 
as follows: (1) human WT1 gene forward (​C​A​G​G​C​T​G​C​
A​A​T​A​A​G​A​G​A​T​A​T​T​T​T​A​A​G​C​T) and reverse (​G​A​A​G​T​
C​A​C​A​C​T​G​G​T​A​T​G​G​T​T​T​C​T​C​A), and (2) human refer-
ence gene for ABL gene forward (​T​G​G​A​G​A​T​A​A​C​A​C​T​C​
T​A​A​G​C​A​T​A​A​C​T​A​A​A​G​G​T) and reverse (​G​A​T​G​T​A​G​T​T​
G​C​T​T​G​G​G​A​C​C​C​A). The positive rate for the WT1 gene 
in the mice was calculated.

NRAS mutation analysis
DNA was extracted from the liver, spleen and bone mar-
row using a DNA Extraction System (TIANGEN, Lot: 
DP304). The PCR primer sequences for the NRAS gene 
were synthesized by Tsingke Biological Technology 
(Wuhan, China) and were as follows: forward (​T​A​G​C​T​
A​A​G​G​A​T​G​G​G​G​G​T​T​G​C) and reverse (​A​C​T​G​G​G​C​C​T​

C​A​C​C​T​C​T​A​T​G​G). PCR was performed with 2 × Hieff™ 
PCR Master Mix (YEASEN, Lot: H2001071), and the 
products were sequenced by Tsingke Biological Technol-
ogy (Wuhan, China) and analyzed by Chromas software 
(version 1.62).

Statistical analysis
All statistical comparisons were performed using Graph-
Pad Prism 6.0 software. Survival curves were constructed 
using SPSS 24.0 software. A P-value of < 0.05 was consid-
ered statistically significant.

Results
Construction of the HLL model with PBMCs from patients
The individual information of enrolled HLL patients were 
collected from the electronic patient records and pro-
vided in the Table  1. PBMCs were collected from HLL 
patients who underwent leukapheresis by using a Frese-
nius COM.TEC blood cell separator. The collected leuko-
cytes were isolated by density gradient centrifugation and 
cultured. The cell viability of separated leukemic cells was 
still over 90% after culture for four days (Additional file: 
Figure S1).

Harvested HLL cells were intravenously injected into 
B-NSG mice to construct the HLL PDX model, and the 
integrated workflow strategy is shown in Fig.  1a. The 
body weights of mice in the 2.5  Gy irradiated group 
gradually decreased (Fig.  1b). The nonirradiated mice 
survived longer than the mice in the 2.5  Gy irradiated 
group, and the survival rate was 66.67% (Fig.  1c). On 
the 9th day, the immunophenotype ratios of hCD45+, 
hCD15 + and hCD33 + cells in the 2.5 Gy irradiated group 
were higher than that of nonirradiated group (Fig.  1d). 
This shows that the HLL model can be successfully estab-
lished under these two conditions. Because of the rapid 
death and poor survival of the mice in the 2.5  Gy irra-
diated group, we performed related experiments on the 
nonirradiated group. Routine blood examination showed 
that WBC counts first increased and gradually decreased 
in the peripheral blood (PB) of B-NSG mice, and the 
maximum leukocyte count was above 37.35 × 109/L. 
The red blood cell counts, platelet counts and hemo-
globin content decreased gradually (Fig.  1e-h). Leuke-
mic cells were found on the 9th, 21st and 25th days by 
blood smear analysis (Fig. 1i), and the immunophenotype 
ratio of hCD45 + cells increased up to 73.8% gradually 
in PB (Fig. 1j & Fig. S2). Many leukemic cells infiltrated 
the bone marrow (BM) on the 25th day and even caused 
erythrocyte lysis, which was observed on a bone mar-
row smear (Fig.  1k). The immunophenotype ratio of 
hCD45 + cells in bone marrow were 43.62% (9.5-75.2%), 
the hCD15 + cells were 54.07% (3.3-79.9%) and the 
hCD33 + cells were 48.4% (5.7-80.4%) (Fig.  1l). In addi-
tion, the histopathological analysis indicated that a large 
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Fig. 1 (See legend on next page.)
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number of human leukemic cells infiltrated the liver and 
spleen tissue of the mouse (Fig. 1m).

Construction of the HLL model with BM-derived cells of 
patients
After experimenting with different irradiation doses, we 
observed that 2.5  Gy irradiation significantly shortened 
the survival time of the mice. Therefore, we chose to use 
a lower dose of 1.5  Gy for bone marrow-derived cells 
(from Patient #3) to avoid excessive toxicity to the bone 
marrow microenvironment and improve survival, ensur-
ing a more stable engraftment of hematopoietic stem 
cells in the B-NSG mice. The body weights were worse 
and the survival was poorer in the 1.5 Gy group than the 
0 Gy group (Fig. 2a, b). Cell morphology analysis showed 
that human leukemia cells were present in blood smears 
and detected in blood smear experiments (Fig.  2c, d). 
Furthermore, the immunophenotype ratios of human 
leukemia cells in the PB and BM of mice were increased 
(Fig. 2e, f & Fig. S3, S4).

Successful construction of the CD34 + cell-derived 
xenograft model
To better explore the HLL model, we constructed a 
CD34 + hematopoietic stem cell-derived xenograft model 
of HLL. First, the workflow of model establishment is 
shown in Fig.  3a. At day 9, the immunophenotypes of 
hCD45 + and hCD34 + cells were detected at higher 
ratios in the CD34 + group with PB, and leukemia cells 
were also detected (Fig. 3b, c), which suggested that the 
model was successfully established. The body weights 
of mice in the CD34 + group decreased faster due to the 
severe tumor load (Fig.  3d). In the CD34 + group, rou-
tine blood examination indicated changes, especially the 
WBC counts and PLT counts (Fig. 3e, f, g, h). On the 25th 
day, leukemic cells were found by blood smear analysis 
and flow cytometry (Fig.  3i, j), which were more obvi-
ously observed in BM, and the immunophenotype ratios 
of hCD45 + and hCD34 + cells were slightly increased in 
the CD34 + group (Fig.  3k, l). Further analysis showed 
that CD34 + cells infiltrated into the BM, liver and spleen 
tissues on the 25th day, which indicated more obvious 

model construction using CD34 + hematopoietic stem 
cells (Fig. 3m). We also detected gene mutations in mice 
samples and found that the WT1 gene was positive in the 
liver, spleen and BM in mice (Fig. 3n). Moreover, NRAS 
mutations were found in the liver, spleen and BM in mice 
(Fig. 3o).

Summary of the constructed HLL models with B-NSG mice
The HLL models were constructed for multiple repeated 
experiments, and the patient information, separated cell 
characteristics, irradiation doses, injection cell counts, 
and survival time are summarized in Fig.  4a. By com-
parison analysis, the mice treated with a higher irradia-
tion dose of 2.5 Gy had a shorter survival time (Fig. 4b), 
and the more injection of cells derived from PB resulted 
in a shorter survival time (Fig. 4c). In the absence of irra-
diation, the constructed model mice injected with cells 
derived from PB had shorter survival times than the mice 
injected with cells derived from BM of patients; how-
ever, there were no significant differences in survival time 
between the 1.5 Gy irradiated model mice receiving cells 
derived from PB and BM (Fig.  4d). Furthermore, muta-
tions of the NRAS, DNMT3A, FLT3, and NPM1 genes 
were also analyzed, which indicated that the model mice 
injected with the NRAS gene mutation had a shorter 
survival time than those injected with cells lacking the 
NRAS gene mutation, and the same results were obtained 
with the DNMT3A, FLT3, and NMPM1 gene mutations 
(Fig. 4e). In addition, correlation analysis showed that the 
survival time in mice had a significant correlation with 
the survival status of enrolled patients (Fig. 4f ).

Discussion
In this study, we utilized B-NSG mice, which have a dele-
tion of the interleukin-2 receptor gamma chain (IL2Rγ) 
and a nearly complete absence of the murine immune 
system, to construct an HLL model. This choice of model 
was intended to enhance the engraftment of HLL cells 
and reduce the incidence of graft-versus-host disease 
(GVHD) [17, 18]. Our experimental results demonstrated 
that we successfully established a CD34 + hematopoi-
etic stem cell-derived xenograft model of human HLL in 

(See figure on previous page.)
Fig. 1  Establishment of the model of HLL with PBMCs of patients. (a) The HLL cells were collected from HLL patients using a Fresenius COM.TEC machine, 
and then the PBMCs were separated with a Ficoll kit and cultured. After irradiation at day 0, the B-NSG mice were treated with 0 Gy (n = 5) or 2.5 Gy (n = 5) 
χ-rays for total body irradiation and intravenously injected with harvested from PBMCs of human HLL cells from Patient #1 mixed with granulocyte colony-
stimulating factor. Every mouse was injected with 1.5 × 107 cells within 24 h of irradiation at day 1. Blood samples were collected to test the WBC counts at 
D3, D9, D12, D17, D21 and D25. The immunophenotypes of leukemia cells, including hCD45+, hCD15+ and hCD33+, were detected by flow cytometry on 
days 9, 7, and 25. (b) The body weights were analyzed using GraphPad Prism software (version 8.0) with parametric unpaired t tests. **P < 0.01, ***P < 0.001, 
****P < 0.0001. (c) Survival analysis. (d) Immunophenotype analysis of leukemia cells. *P < 0.05, **P < 0.01. (e-h) Routine blood tests with a Coulter STKS 
automated blood cell analyzer. e, WBC counts. f, RBC counts. g, PLT counts. h, HGB content. (i) Blood smear analysis were stained via Wright’s staining and 
observed with a microscope under an oil immersion lens to measure the ratio of leukemia cells. (j) Detection of the immunophenotype in peripheral 
blood by BD FACS Verse flow cytometry. HLL cells were stained with human anti-CD45-PerCPcy5.5, anti-CD15-FITC, and anti-CD33-PE antibodies. (k) Bone 
marrow smear analysis. (l) Detection of the immunophenotype in bone marrow by flow cytometry at day 25. (m) Histopathological analysis of leukemia 
cell infiltration into liver and spleen tissues. Magnification: ×400
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B-NSG mice. Initially, a significant number of HLL cells 
were detectable in the peripheral blood following the 
transplantation of cells into the mice, with leukemic cells 
being clearly observed based on cell morphology in both 
the peripheral blood and bone marrow. Subsequently, 
flow cytometry analysis revealed a high ratio of leuke-
mic cell immunophenotypes in the mice, which closely 

matched those of the patients from whom the cells were 
derived. Lastly, we observed extensive infiltration of leu-
kemic cells into various tissues, and gene mutations char-
acteristic of the original HLL cells were detected in these 
infiltrated tissues within the CD34 + hematopoietic stem 
cell-derived xenograft model.

Fig. 2  Construction of the HLL model with BM-derived cells of patients. (a) On day 0, B-NSG mice were treated with 0 Gy (n = 5) or 1.5 Gy (n = 6) χ-rays for 
total body irradiation and intravenously injected with harvested BM-derived cells from a human HLL patient (Patient #3) at day 1, then tested the change 
in body weight at intervals. (b) Survival analysis. (c) Blood smear analysis. PB, peripheral blood. (d) Bone marrow smear analysis. BM, bone marrow. (e) 
Immunophenotype analysis of leukemia cells in peripheral blood at day 30 by flow cytometry. **P < 0.01. (f) Detection of the immunophenotype in bone 
marrow by flow cytometry after mice were sacrificed
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Fig. 3 (See legend on next page.)
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According to previous reports, 1.5–3.5  Gy doses of 
χ-ray radiation have been used before leukemia cell [19–
21] or CD34+ cells [22, 23] transplantation into mice, 
though a few studies have successfully established mod-
els without irradiation [24]. For instance, Shafat et al. 
reported the successful construction of a primary AML 
model using nonirradiated NSG mice [25]. In this study, 
we investigated the impact of different radiation doses 
on the construction of our HLL model. Our findings 
indicated that mice subjected to 2.5 Gy χ-ray irradiation 
experienced faster body weight loss and had a shorter 
survival time compared to those in the nonirradiated 
(0 Gy) group. This suggests that nonirradiated mice may 
be more suitable for drug research, as they maintained 
better overall health and stable body conditions. In con-
trast, mice in the 2.5  Gy group exhibited poor health, 
with a median survival time of approximately 17 days, 
making them less favorable for studying drug efficacy 
or the mechanisms of HLL development. Irradiation is 
known to cause transient yet severe myelosuppression 
[26], which complicates the clear observation of leukemic 
cells in blood and bone marrow smears, thereby chal-
lenging the successful assessment of the model’s estab-
lishment. Moreover, myelosuppression severely affects 
routine blood tests, preventing a true evaluation of white 
blood cell (WBC) dynamics [27, 28]. Our results further 
demonstrated that irradiation-induced myelosuppression 
could significantly impact the survival time of the mice, 
potentially leading to no discernible difference in survival 
between the 1.5 Gy irradiated models injected with cells 
derived from peripheral blood (PB) and bone marrow 
(BM).

In our previous studies on drug screening using a 
PDX model of HLL, we observed varying survival times 
for B-NSG mice under different irradiation conditions. 
Specifically, in the 2.5 Gy irradiated group, B-NSG mice 
injected with HLL cells that lacked malignant gene muta-
tions survived for more than 20 days [29]. In contrast, 
nonirradiated B-NSG mice injected with human AML 
cells isolated from a hyperleukocytic AML-M5 patient 
harboring NPM1 and DNMT3A mutations survived for 
over 31 days [30]. Additionally, B-NSG mice subjected 
to 1.5 Gy irradiation and injected with AML cells from a 
hyperleukocytic AML-M5 patient with WT1, DNMT3A, 

and FLT3 mutations survived for more than 20 days [31, 
32]. The mutational status of AML cells is a critical fac-
tor in the construction of a PDX model using immuno-
deficient mice [33, 34]. In this study, we observed that 
B-NSG mice injected with AML cells harboring NRAS 
mutations had shorter survival times compared to those 
injected with cells lacking NRAS mutations. Similar 
trends were noted for DNMT3A, FLT3, and NMPM1 
mutations. Importantly, the survival time of the mice was 
significantly correlated with the survival status of the cor-
responding patients. These findings suggest that the suc-
cessful construction of an HLL PDX model using B-NSG 
mice is strongly influenced by the presence of malignant 
gene mutations in the HLL cells, which are associated 
with poor prognosis. Furthermore, the outcome is also 
dependent on the number of cells injected and the irra-
diation dosage administered to the mice.

In this study, we successfully established the 
CD34 + cell-derived PDX model of HLL by treating 
B-NSG mice with 1.5  Gy χ-ray irradiation and inject-
ing them with CD34 + cells derived from an HLL patient 
harboring WT1 and NRAS mutations—two mutations 
frequently associated with AML [35]. These results sug-
gest that B-NSG mice subjected to low-dose radiation are 
more suitable for model construction when using cells 
with moderate malignant mutations. However, the HLL 
model still presents certain limitations. For instance, HLL 
cells from patients often face challenges in proliferating 
in vitro, and the mice do not exhibit the full spectrum 
of clinical characteristics, such as specific immunophe-
notypes. As a result, the PDX model of HLL remains 
unstandardized and requires further refinement. Addi-
tionally, we have yet to replicate the complex immune 
microenvironment in immunodeficient mice [36], which 
limits our ability to fully explore the intricate heteroge-
neity of HLL and the interactions between HLL cells and 
their microenvironment [14, 37]. Despite these chal-
lenges, further experiments will be conducted to address 
these issues. Nonetheless, the HLL mouse model remains 
a valuable tool for studying the pathogenesis of the dis-
ease and evaluating drug efficacy.

(See figure on previous page.)
Fig. 3  Construction of a CD34+ hematopoietic stem cell-derived xenograft model of HLL. (a) The workflow of model construction. The B-NSG mice were 
treated with 1.5 Gy χ-rays for total body irradiation on day 0 and intravenously injected with isolated control cells (n = 5) or 1.5 × 106 CD34+ cells using 
magnetic beads (n = 5) from Patient #2 (WT1 and NRAS mutation) mixed with G-CSF within 24 h of irradiation. (b) Detection of immunophenotype in 
peripheral blood by flow cytometry at day 9. (c) Blood smear analysis at day 9. (d) The analysis of body weight. (e-h) Routine blood tests. e, WBC. f, RBC. 
g, PLT. h, HGB. (i) Blood smear analysis at day 25. (j) Detection of immunophenotype in peripheral blood at day 25. The cells were stained with human 
anti-CD45-PerCPcy5.5 and anti-CD34-APC antibodies. (k) Bone marrow smear analysis at day 25. (l) Detection of immunophenotype in bone marrow at 
day 25. (m) Immunohistochemical analysis of leukemia cell infiltration into bone marrow, liver and spleen tissues. The tissues were stained with antibodies 
against human anti-CD45+. BM, bone marrow. (n) Detection of the positivity rate of the WT1 gene using a fluorescence quantitative PCR instrument in 
tissues of mice in the CD34+ group. (o) Detection of NRAS mutation in tissues of mice in the CD34+ group. Green represents base A, red represents base 
T, blue represents base C and black represents base G. The green arrow represents a mutation in BM. BM, bone marrow
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Conclusion
In conclusion, we successfully transplanted hyperleu-
kocytic leukemia cells into severely immunodeficient 
B-NSG mice, which preserved most of the original 
characteristics of the disease and more accurately simu-
lated tumor growth as observed in clinical patients. We 
thoroughly assessed and optimized the methods for 

constructing the HLL model, leading to the success-
ful establishment of a CD34 + hematopoietic stem cell-
derived xenograft model of HLL in B-NSG mice. This 
model provides a valuable tool for mechanistic research, 
drug screening, individualized therapy, clinical efficacy 
assessment, and precision medicine in HLL.

Fig. 4  Summary of HLL models constructed with B-NSG mice. (a) List of experiments for HLL model establishment in B-NSG mice intravenously injected 
(i.v.) with patient-derived cells at D1. PB, peripheral blood. BM, bone marrow. The survival months were calculated from leukapheresis to presentation as 
of March 2021. (b) Analysis of the survival time in mice at different irradiation dosages. (c) Analysis of the survival time in mice with different injection cell 
counts from the PB of patients. (d) Analysis of the survival time in mice injected with cells derived from PB and BM with irradiation of 0–1.5 Gy. (e) Analysis 
of survival time in mice with different gene mutations. (f) Correlation analysis was performed to characterize the correlation between the survival time 
in mice and in patients by a linear regression model with variable selection “entered” with SPSS software (version 26.0). *P < 0.05, **P < 0.01, ****P < 0.0001. 
ns, no significance
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