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Abstract
Acute myeloid leukemia (AML) is a highly aggressive malignancy with poor prognosis, underlining the need for suitable model systems

to develop novel treatments. To complement the few existing AML cell lines and restricted primografts, we transplanted more than

100 primary AML samples into immunocompromised mice and generated 23 exceptionally robust patient‐derived xenograft (*PDX)

models of AML that allow virtually unlimited serial transplantation and efficient genetic engineering. These models represent in-

dividuals of all age groups and several WHO subgroups. *PDX models substantially outperform AML cell lines in preserving leukemia

biology and include AML subgroups for which no cell lines exist, such as cytogenetically normal or IDH1/2‐mutant AML or si-

multaneous NPM1 mutation and FLT3‐ITD. Their resilience to freeze‐thaw cycles supports broad dissemination across research

institutions through sharing via CancerModels.org. Using lentiviruses, we stably expressed luciferase for longitudinal, noninvasive, and

sensitive real‐time monitoring of leukemia burden and therapeutic response in vivo. This approach enabled rigorously controlled

preclinical studies, including phase II‐like trials, which demonstrated highly variable treatment responses between different *PDX

models, mimicking the heterogeneity in patient cohorts. Long‐term treatment, including repeated cytarabine exposure over 1 year,

showed a yet undescribed decrease in leukemia's proliferation rate. These insights underscore the platform's distinctive capacity to

study treatment dynamics over clinically relevant timeframes. Collectively, our unique resource represents a powerful, robust, and

versatile platform with strong potential to accelerate translational AML research for the ultimate benefit of patients.
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INTRODUCTION

Acute myeloid leukemia (AML) is an aggressive and heterogenous he-
matologic malignancy characterized by the clonal expansion of immature
myeloid cells.1 Initial chemotherapy can induce complete remission, but
high relapse rates lead to a persistently unfavorable prognosis in AML,
highlighting an urgent need for better treatment strategies.2 A major
challenge to developing novel cancer therapies is the lack of convenient
and faithful model systems. Primary patient samples are rare and often
low in cell numbers, especially in children suffering from hematologic
malignancies, and cells do not consistently grow ex vivo.3,4 Cell lines are
convenient to culture, but poorly model important features of primary
tumor cells as they are heavily biased toward unstable karyotypes and
certain genetic abnormalities and show altered drug response.5–7 While
establishing a cell line from a primary tumor sample is often successful in
solid tumors, this is rarely the case in liquid tumors and is often ac-
companied by acquired confounding features.8 Recent 3D organoid
models of the bone marrow (BM) niche containing multiple cell types9

lack, for example, mechanical forces from blood flow and cannot model
tumor cell migration into the BM.

Patient‐derived xenograft (PDX) models are highly attractive tools
for cancer research. By transplanting primary human cancer cells into
immunodeficient mice, they proliferate in an in vivo microenvironment.

Orthotopically growing tumors, as in AML, considerably facilitate our
understanding of disease pathogenesis, support reliable drug testing,
and more accurately reflect the genetic and biological heterogeneity of
the human disease.10–13 PDXs have offered critical insights into cancer
stem cell and AML biology, including mechanisms driving disease in-
itiation, progression, and therapy resistance, (epi)genetic clonal evolu-
tion, the biology of leukemia‐initiating cells and interaction with the
BM niche,14–17 and many more.

Most PDX AML studies focus on primary engraftment of patient
cells. A major limitation is the scarcity of primary patient material, as
in certain countries only small cell numbers are collected, restricting
their availability and use in repetitive assays. A decade ago, we
published our first serially transplantable PDX AML models, pio-
neered genetic engineering of PDX AML cells, and shared the models
across multiple laboratories worldwide.18 Building on these initial
results, we have since increased the number of available models,
characterized the models in depth, and were able to generate PDX
models for AML subgroups for which no cell lines exist. Our cohort of
serially transplantable and robust (STAR, *), genetically engineered
PDX (*PDX) models of AML supports pre‐clinical studies, including
phase II‐like and long‐term treatment trials, and addresses funda-
mental questions in leukemia pathology, ultimately facilitating the
development of novel therapeutic strategies aimed at benefiting
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patients with the greatest unmet clinical need. They are available to
the research community, and we actively encourage their broad use
by sharing cells upon request. Information on the different models
can be openly accessed via CancerModels.org.

MATERIALS AND METHODS

Mouse work

Animal trials were performed in accordance with the ethical standards
of the official committee on animal experimentation and according to
ARRIVE guidelines.19 Five‐ to 35‐week‐old male and female NOD.Cg‐
Prkdcscid IL2rgtm1Wjl/SzJ (NSG) mice (The Jackson Laboratory) were
included (n = 2111); these were part of diverse scientific projects
(see Supporting Information S1: Table S3 for a list of publications).
To reduce sex bias and ensure ethical animal use, we included both
female and male mice and both younger and older mice in our stu-
dies.20 This approach minimizes the number of animals bred without
scientific purpose, in line with German regulations that prohibit the
killing of animals without justified scientific need. No randomization
or blinding was performed. All mice, mouse‐related interventions,
and values were documented in a customized database (MyIMouse,
Bioslava GbR).

Transplantation of primary leukemia cells into
NSG mice

Depending on availability of cells, 2.5E5 to 1E7 fresh or frozen/
thawed primary cells were injected into the tail vein of one to eight
NSG mice. In contrast to literature16,17,21,22 and to avoid treatment‐
induced bias, mice were not pre‐irradiated prior to cell injection. No
enrichment or depletion steps were performed. Exclusion criteria
were samples from EDTA or citrate‐anticoagulated material, sam-
ples with less than 25% blasts, samples with less than 2.5E5 cells,
and acute promyelocytic leukemias. Information on samples is
listed in Supporting Information S1: Table S1 according to PDX‐MI
guidelines.23

Functional scoring system of PDX models

PDX models were categorized into classes (Score 1–6) according to
functional engraftment characteristics. Score 1: no primary engraft-
ment or engraftment of B‐ or T‐cells. Score 2: primary, but no sec-
ondary engraftment. Score ≥3: serial positive engraftment; positive
engraftment after freeze‐thawing cycles; engraftment primarily in BM
and spleen. Score ≥4: detection of >80% human cells in BM at end‐
stage leukemia; positive engraftment in at least 75% (Score 4 and 5)
or at least 90% (Score 6) of transplanted mice; median time from
transplantation to end‐stage leukemia below 110, 90, or 70 days
(Score 4, 5, or 6, respectively). Score ≥5: successful genetic
engineering. Score 6: transduction rates above 5%.

Therapy trials

Repetitive treatment cycles with cytarabine (AraC) and
DaunoXome (DNX)

AML‐491 *PDX cells were injected into groups of mice (5E5 luc+

cells/mouse). Tumor burden was regularly monitored by biolumines-
cence in vivo imaging (BLI). When BLI signals reached a total flux of
around 1E9 Photons/second, mice were either treated with PBS

(n = 7) or the first cycle of chemotherapy (C1, n = 15). Treated mice
showed a reduction in tumor burden followed by a re‐growth of
tumor cells and were again treated with a second cycle of che-
motherapy (C2). When BLI signals again reached a total flux above
1E9 Photons/second, or when mice showed clinical signs of illness,
the animals were sacrificed. PDX cells were re‐isolated, counted, and
5E6 cells were re‐injected into the next recipient mice. These mice
received a third cycle of chemotherapy (C3, n = 6). Chemotherapy
schedule: per cycle, three repetitions with 4 days treatment and
10 days rest; C1, Week 1 and 3: AraC 50mg/kg d1‐4, DNX 1mg/kg
d1 + 4; C1, Week 5: AraC 100mg/kg d1‐4; C2 and C3, Week 1, 3, and
5: AraC 100mg/kg, d1‐4. AraC (Cell Pharma GmbH) was diluted in
PBS and applied i.p., DNX (Galen Ltd.) was diluted in distilled H2O
and applied i.v. One control mouse did not engraft reliably and was
excluded from the study.

Long‐term treatment with azacitidine

AML‐372 (n = 3 per group) or AML‐491 (n = 4 per group) *PDX cells
were injected into groups of mice (3E5 luc+ cells/mouse). Tumor
burden was regularly monitored by BLI. When BLI signals reached a
total flux of around 1E8 Photons/second, mice were treated i.p.
either with PBS or azacitidine (2.5 mg/kg or 5mg/kg, diluted in PBS)
three times a week for 11 weeks. Monitoring of tumor burden was
continued after the end of therapy.

Enrichment of AML PDX cells for sequencing

AML PDX cells were enriched from murine BM at end‐stage leukemia
via negative selection by magnetic cell sorting using a mouse cell
depletion kit (Miltenyi Biotech). 100 μL MicroBeads were used per
1E7 BM cells. Enriched PDX cells were lysed in RLT‐Buffer (Qiagen)
with 1% beta‐mercaptoethanol.

Prediction models

To develop a prediction model for positive engraftment, a backward
selection based on the Akaike information criterion was performed.
Variables were included that had less than 10% of missing values and
a univariable P ≤ 0.1.

Statistics

Statistical analyses were performed using GraphPad Prism 10 soft-
ware (Graphpad Prism) and R.24 Analyses used are indicated in the
figure legends. n.s.: not significant; *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

RESULTS

Primary AML engraftment in NSG mice is favored by
aggressive disease and female mice

Primary samples of 102 adult AML patients were transplanted into
mice over a period of 12 years (Supporting Information S1: Table S1);
of these, 75 samples were collected at the University Hospital at LMU
Munich (cohort 1, Supporting Information S1: Table S2), and 27 sam-
ples were collected either at hospitals in Germany in the framework of
the German Cancer Consortium (n = 22) or at the hospital of the Uni-
versity of Pennsylvania (n = 5) (together cohort 2). Furthermore, PDX

4 of 17 |
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models were included which have been established by collaboration
partners (n = 22), among them five from pediatric patients (cohort 3). In
an independent approach, PDX models of seven AML samples from
children, mainly with KMT2A‐rearranged AML, and of 32 AML samples
from adults were established at Hannover Medical School (cohorts 4
and 5, respectively). In total, cells from 163 patients were included in
the study (Figure 1A and Supporting Information S1: Table S1). Using
nonirradiated NSG mice and intravenous injection, 43% and 56% of
primary samples engrafted in cohorts 1 and 2, respectively, in line with
published data (Figure 1B).25,26

To assess predictive parameters for primary engraftment,
we analyzed concomitant clinical data available for cohort 1 and
reproduced known prediction factors such as relapse/primary re-
fractory (R/R) disease and presence of FLT3‐ITD mutations
(Supporting Information S1: Table S2 and Supporting Information S1:
Figure S1A).22,25,27–30 Additionally, BCOR‐mutated samples, although
low in numbers, showed a trend toward higher engraftment capacity
(Supporting Information S1: Figure S1A). It has been previously
shown that xenograft potential is negatively associated with overall
survival (OS) and event‐free survival probability.27,28 A similar trend
was observed in cohort 1; however, the differences did not reach
statistical significance, presumably due to the small sample size
(Supporting Information S1: Figure S1B). This is consistent with
the extremely poor prognosis for patients with relapsed disease, for
example, after allogeneic BM transplant, when treatment may focus
on supportive care.

Conflicting results have been published concerning engraftment
capacity in male versus female NSG mice.31,32 In our study, primary
cells from male patients transplanted into male mice showed the
lowest engraftment rates, while primary cells from female patients
transplanted into female mice showed the highest engraftment rates;
age of recipient mice, however, did not affect engraftment efficiency
(Supporting Information S1: Figure S1C,D).

A rare subfraction of primografts allows generation of
PDX models with robust serial engraftment and
genetic engineering

Serial re‐transplantation of PDX AML cells beyond two passages has
been scarcely studied, except for our own previous data.16,18,30,33,34

Here, we aimed to establish robust, serially transplantable, and ra-
pidly engrafting PDX AML models which allow freeze/thaw cycles
and genetic engineering as new tools for complex downstream ap-
plications ex vivo and in vivo. To identify appropriate samples, we
defined subjective characteristics based on prior experience to ca-
tegorize PDX AML models into six groups, considering the following
features: (i) positive primary engraftment, (ii) serial engraftment
capacity of frozen/thawed cells, (iii) high engraftment rate in the BM
and in a majority of mice, (iv) passaging time (period from trans-
plantation to end‐stage leukemia) below 16 weeks, and (v) ability for
lentiviral transduction (Figure 1C). Of the 108 AML samples with
primary engraftment (score ≥2), only 77 (71%) showed positive
serial engraftment (score ≥3). This contrasts with the closely related
disease acute lymphoblastic leukemia (ALL), where both primary and
serial engraftment are feasible for virtually all samples.35 Robust and
fast serial engraftment was achieved in 40/77 samples (52%, score
≥4). While genetic manipulation was not conducted in samples of
cohorts 4 and 5, 23/29 (79%) Score 4 samples of cohorts 1‐3 al-
lowed genetic engineering (score ≥5, Figure 1C,D and Supporting
Information S1: Table S1E). We called those score 5/6 samples
*PDX models of AML to indicate their ability for serial transplan-
tation and robust engraftment (STAR) and genetic engineering. In

summary, *PDX models were generated from only around one‐
fourth of primografts.

In vivo characteristics of *PDX models

Individual *PDXmodels showed re‐engraftment in up to 200 mice, up to
18 consecutive passages, and thereby in vivo growth for up to 800
consecutive days until today, indicating the presence of nonexhausting
leukemia‐initiating cells (Supporting Information S1: Table S1 and Sup-
porting Information S1: Figure S1F,G). The passaging time was highly
heterogeneous between and within models, with median passaging
times ranging from 42 to 105 days, dependent on injected cell numbers
and mouse sex, and other factors in individual models (Supporting
Information S1: Figure S1H,I). The positive engraftment rate (PER)
remained constant over sequential passaging and was independent of
the number of injected cells, use of freshly isolated versus thawed cells,
or recipient mouse age for most models (Supporting Information S1:
Figure S1J). On purpose, we included male and female mice in our
studies to prevent sex bias and ensure ethical animal use. While genetic
engineering mildly affected PER, mouse sex had a more pronounced
effect, with higher PER in female than in male mice in some models, in
line with published data (Supporting Information S1: Figure S1J,K).32

PER was slightly reduced in old mice (≥20 weeks) compared to young
mice (≤10 weeks) (Supporting Information S1: Figure S1L).

The amount of PDX cells that could be re‐isolated from BM or
spleen at end‐stage leukemia was highly heterogenous within and
across *PDX models; splenic engraftment associated with spleno-
megaly was observed in a subfraction and at late disease stages
(Supporting Information S1: Figure S1M), while we could not define
any factors predicting splenic involvement (data not shown). Per-
centage of PDX cells in PB at end‐stage leukemia differed between
the models (Supporting Information S1: Figure S1N). A particular
advantage of the model is that, upon careful observation, most
experiments can be terminated with mice showing no or only mild
symptoms (Supporting Information S1: Figure S1O).

*PDX models represent aggressive diseases of diverse
subgroups

*PDX models might represent a biased subfraction of AML in
patients; thus, we next examined variables associated with these mod-
els. As for primary engraftment (Supporting Information S1: Figure S1A),
disease status emerged as the most robust predictor for the ability to
generate *PDX models (Figure 2A and Supporting Information S1:
Figure S2A); accordingly, patients whose cells gave rise to a *PDXmodel
showed dismal OS (Figure 2B and Supporting Information S1:
Figure S2B) and thus represent a population of high need for better
treatment. Extramedullary disease (EMD) is another feature of
aggressive leukemia and is present in about 2.5%–9% of AML patients
at initial diagnosis or 10% after allogeneic stem cell transplantation.37,38

We found that 4/23 (17%) *PDX models and 7/29 (25%) with scores 3
to 6 were generated from patients with EMD. Of note, the 23 *PDX
models were retrieved from patients of all age groups and from both
sexes and originated from five distinct AML World Health Organization
(WHO) subgroups at representative proportions (Figure 2C).39–43

*PDX models resemble primary AML better than cell
lines

Molecular alterations within serially passaged *PDX cells were stu-
died using whole‐genome sequencing, panel sequencing, full‐length
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F IGURE 1 Robust serial engraftment is confined to a minority of PDX models. (A) Overview of included cohorts: cohort 1: primary samples of adult patients

(n = 75, 34% R/R); cohort 2: primary samples of adult patients (n = 27, 57% R/R); cohort 3: xenografted models of adult or pediatric patients (n = 22, 32% R/R); cohort

4: xenografted models of pediatric patients (n = 7, 0% R/R); cohort 5: xenografted models of adult patients (n = 32, 0% R/R). R/R: relapsed/primary refractory.

(B) Primary patient cells of cohorts 1 and 2 were transplanted into one to eight NSG mice via tail vein injection (2.5E5–2E7 cells per mouse), and positive engraftment

was analyzed. If at least one mouse showed positive engraftment, the sample was classified as engrafted. (C, D) Primary AML samples (cohorts 1 and 2) and AML PDX

models (cohorts 3–5) were serially transplanted into NSG mice, and positive engraftment was analyzed. Scheme illustrating the scoring system based on specific

features (C). Number of models within Score 2–6 (D). As models of cohorts 4 and 5 have not been genetically engineered, no discrimination between scores 4, 5, or

6 is feasible.
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F IGURE 2 (See caption on next page).
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RNA sequencing, cytogenetics, methylation profiling, and fluores-
cence in situ hybridization (Supporting Information S1: Table S1). At
the genomic level and in contrast to primary engraftment, mutations
inWT1, KRAS, or ETV6, but not in FLT3‐ITD or BCOR, were associated
with an increased likelihood of generating *PDX models (Figure 2A
and Supporting Information S1: Figure S2C), although the presence of
WT1, KRAS, or ETV6 mutations does not correlate with patient OS
probability (Supporting Information S1: Figure S2D).

Our *PDX models exhibited a wide range of chromosomal
alterations and/or mutations known to be associated with AML
(Figure 2C and Supporting Information S1: Table S1). Longitudinal
analysis of variant allele frequencies (VAF) across serial passages re-
vealed that clones defined by AML‐specific mutations remain largely
stable over time, consistent with our own previous data.18 The most
pronounced changes in clonal composition occurred during primary
engraftment, in line with published data17,44,45 (Supporting Informa-
tion S1: Figure S2E,F,G). Furthermore, transcriptome analysis re-
vealed the presence of both known fusions and undescribed fusion
genes (Figure 2C and Supporting Information S1: Figure S2H,I;
Supporting Information S1: Table S1).

We compared the frequency of alterations between primary AML
cells, *PDX models, and cell lines. In the initial analysis, we included
primary AML samples from adult patients at relapse from the BEAT
cohort (n = 53),46 *PDX models from adults (n = 18), and AML cell
lines from adults which were most frequently used in research
(n = 19).36

Importantly, cytogenetically normal samples, samples with
both NPM1 mutation and FLT3‐ITD, and mutations in IDH1, IDH2,
PTPN11, and RAD21 can be modeled in *PDX models but are ab-
sent in AML cell lines or in most frequently applied cell lines, re-
spectively. Additionally, mutations most prevalent in primary
patient cells—NPM1, FLT3‐ITD, DNMT3A, and WT1—are re-
capitulated in *PDX models at similar frequencies but are severely
underrepresented in cell lines. Conversely, cell lines have a strong
bias toward TP53 mutations and complex karyotypes, while pri-
mary samples and *PDX models display these alterations at low
frequencies (Figure 2D and Supporting Information S1: Fig-
ure S2K,L). Several alterations were represented by both *PDX
models and cell lines, with *PDX models overrepresenting KRAS
mutations and KMT2A rearrangements. Some rare AML mutations
were not found in *PDX models, explainable by the limited number
of primary samples studied. Unfortunately, some mutations are still
not represented, neither in *PDX models nor in cell lines, for ex-
ample, biallelic CEBPA, SF3B1, or SRSF2, although for the latter we
were able to establish serially transplantable, although less robust
PDX models of score 3 (Supporting Information S1: Figure S2J–L
and Supporting Information S1: Table S1).

When we further broadened the analyses by including additional
primary patient data sets,47,48 scores 3–6 AML PDX models derived
from adult patients (n = 45), and all adult AML cell lines (n = 54),36

we could reproduce the results described above and additionally
found that the number of AML‐specific mutations was similar in
PDX models and primary samples (Supporting Information S1: Fig-
ure S2L,M). In summary, PDX models were clearly superior to cell
lines in mimicking the genetic and chromosomal alterations found in
primary AML cells, including alterations for which no cell lines exist.

Next, we analyzed DNA methylation by bisulfite sequencing and
gene expression by 3′‐tag RNA‐sequencing49 from PDX models
(Supporting Information S1: Table S1) and compared them to avail-
able own data from AML patient samples at initial diagnosis (AML‐CG
Registry, n = 224).50,51 Mutation prediction models trained on tran-
scriptome and methylome data of primary patient samples showed
comparable performance in patient and PDX cohorts (Figure 3A
and Supporting Information S1: Figure S3A). This suggests that the
transcriptional programs and methylation patterns associated with
recurrent AML mutations are largely preserved in PDX samples. To
study epigenetic consistency of *PDX models compared to primary
AML cells, a recently established DNA methylation‐based hierarchical
classification framework was used.52 This framework predicts disease
entities and epigenetic disease subgroups (epitypes) from DNA
methylation data. All samples were correctly classified as AML,
while AML epitypes were successfully determined for 17/25 (68%)
models.53 Of these, genetic mutations that are characteristic of the
respective epitype were detected in genomic analysis of 15 samples
(88%), indicating a high concordance of both readout layers. The re-
maining eight models did not pass the epitype prediction threshold,
whereby still in 7/8 models, measured genotypes matched low‐
confidence epitype predictions (Figure 3B).

Finally, *PDX models maintained key immunophenotypic char-
acteristics of primary AML cells, expressing myeloid and precursor
antigens at heterogeneous levels and in similar percentages across all
cohorts (CD33, CD123, and HLA‐DR) or more biased toward samples
from initial diagnosis (CD34 and CD33/CD7) or relapse (CD135
(FLT3) and CD33/CD64) (Figure 3C and Supporting Information S1:
Figure S3B,C,D). In summary, *PDX models largely mimic primary
patient AML cells at the level of genome, transcriptome, methylome,
and immunophenotype.

*PDX models allow a wide range of ex vivo and in vivo
experiments

Until today, *PDX models have been successfully used for a variety of
applications, including functional and molecular assays and treatment

F IGURE 2 *PDX models represent aggressive diseases of diverse AML subgroups and resemble primary AML cells better than cell lines. (A) Prediction model

for Score 5/6 (n = 23) versus Score 2–4 (n = 46) was calculated by backward selection based on the Akaike information criterion, including samples of cohort 1–3. Left:
percentage of models originating from initial diagnosis (ID, gray) or primary refractory/relapse (R/R, black) patient samples are depicted (P = 8.7E−4). Right:

percentage of models with no (gray) or detected mutation in KRAS orWT1 or ETV6 (black) are depicted (P = 1.8E−05). The P‐values were calculated with Fisher's exact

test. (B) Kaplan–Meier graph showing the survival probability of patients with R/R disease in cohort 1 whose cells produced Score 5/6 PDX models (green) or did not

meet the criteria for high‐score models (Score 2–4, blue). Log‐rank test, P = 0.053. (C) Clinical features and genomic landscape of *PDX models. *PDX models are

presented and categorized according to their WHO group. Patient (Pat.) data indicate age group, sex, and disease status at the time of sample collection. *PDX models

were characterized by cytogenetics, low‐coverage whole‐genome sequencing, RNA sequencing, methylation profiling, and DNA panel sequencing. PDX data depict

cytogenetically normal (CN) models, detection of copy number alterations (CNAs), gene fusions, KMT2A rearrangements, and complex karyotype, as identified with at

least two independent methods. Recurrent mutations are presented by variant allele frequency (VAF). (D) Relative frequencies of samples/models with specific

mutational or chromosomal alterations are depicted for primary adult patient samples at relapsed disease of the BEAT cohort (n = 53, black), *PDX models generated

from adult patients (n = 18, green), and AML cell lines36 generated from adult patients and having more than 500 hits in Google Scholar (n = 19, gray). Events are

included if they are present in a minimum of 5% in one of the three cohorts and are found in primary patients. Alterations are categorized according to prevalence in

cell line models and sorted according to relative frequencies in patients. Refer to Supporting Information S1: Figure S2J for further categories.
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F IGURE 3 (See caption on next page).
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trials, and were included in 48 scientific publications from colla-
boration partners across the globe and us (Figure 4A and Supporting
Information S1: Figure S4A–C; see Supporting Information S1: Ta-
ble S3 for a list of publications). To actively encourage their broader
scientific use, these models were included in the openly accessible
repository CancerModels.org, and cells will be shared upon request.
For cutting‐edge in vivo experiments, *PDX models were genetically
engineered to stably express enhanced firefly luciferase for sensitive
and repetitive monitoring of tumor burden using BLI.18,54 For mole-
cular studies, derivative *PDX models were generated which express
Cre‐ERT2 or Cas9, enabling in vivo inducible shRNA knockdown or
CRISPR‐mediated gene knockout, respectively55–57 (Supporting In-
formation S1: Figure S4D and Supporting Information S1: Table S3).
*PDX cells freshly isolated from donor mice display higher viability
than frozen/thawed cells, allowing complex ex vivo studies with high
cell numbers and over several weeks (Supporting Information S1:
Figure S4E). As prolonged ex vivo culture induced reversible changes
in the immunophenotype of *PDX cells, most prominently in AML‐
388 (Supporting Information S1: Figure S4F), studies were preferably
performed using *PDX cells freshly isolated from donor mice.

Long‐term in vivo experiments show reduced growth
rates after treatment

As an example of their application, we show here that *PDX models
and repetitive in vivo imaging enabled long‐term in vivo treatment
trials and thus provide new insights into disease biology. Spontaneous
tumor (re‐) growth cannot be directly studied in leukemia patients
due to the necessity of immediate and ongoing treatment following
diagnosis. This obscures our understanding of how treatment influ-
ences natural tumor progression. While accelerated growth following
chemotherapy has been reported for certain solid tumors, leukemia
growth dynamics remain largely unexplored.58,59

Using an adapted form of a mouse equivalent to the “7+3” induction
therapy in patients,60,61 we mimicked induction‐ and consolidation‐
therapy and treated mice carrying luciferase‐transgenic *PDX AML‐491
cells with repetitive cycles of chemotherapy (Figure 4B–F); despite
expected reduction in blood cell counts,62 the treatment was well
tolerated over prolonged periods of time (Supporting Information S1:
Figure S4G,H). After 1 year of treatment with nine blocks of che-
motherapy in three cycles, and a re‐transplantation to respect mouse
wellbeing, we were surprised to find that response to treatment
remained unchanged, with no signs of acquired resistance. However,
tumor growth rate decreased continuously with each treatment block,
but not in untreated controls (Figure 4D,E and Supporting Information
S1: Figure S4I). Therapy selected for a minor NRAS‐mutated clone
in some mice, which did not show any differences in response or growth
rate compared to the NRASwt clone (Figure 4F and Supporting In-
formation S1: Figure S4J).63

To validate this finding in a different setting, we studied hypo-
methylating agents that are routinely used to treat less fit AML pa-
tients.64 Mice carrying TP53‐mutant *PDX AML‐372 showed tumor
re‐growth after the end of azacitidine treatment with an increase in

doubling time, indicating that a reduced growth rate after treatment
represents a shared feature across different treatment modalities and
across different *PDX models (Figure 4G and Supporting Information
S1: Figure S5K‐M).

Thus, our *PDX models allowed insights into cancer biology
that are inaccessible in patients. In contrast to data published
for solid tumors,58,59 we found a reduced in vivo growth rate
after treatment, which is consistent with the known higher effi-
cacy of chemotherapy against dividing tumor cells compared to
non‐dividing ones.

*PDX models allow phase II‐like preclinical trials

Preclinical trials in mouse models are an essential step in the drug
development pipeline prior to testing drugs in humans. However, the
majority of clinically tested drugs fail to reach approval and routine
clinical application due to limited efficacy or toxicity.65 One promising
strategy to overcome the limitations of conventional preclinical
studies is conducting phase II‐like preclinical trials which enable
adequately powered studies to assess drug efficacy across different
tumor subgroups.13,33 Mimicking challenges in the clinics, such pre-
clinical trials allow studying the heterogeneity of response of differ-
ent patient tumors to the same treatment as well as of a single
patient's tumor to different treatments. Of note, while phase II‐like
trials are more frequently implemented for disease entities such as
ALL,33,66 these studies remain very limited in AML due to the high cell
numbers required for primograft experiments.

When mice transplanted with *PDX models were treated
with two different regimens of conventional chemotherapy, we
observed varying treatment responses for individual *PDX models,
including complete response, stable disease, and progressive
disease (Figure 4H and Supporting Information S1: Figure S4N).
Notably, treatment responses observed in our *PDX models in vivo
closely mirrored the clinical outcomes of the corresponding
patients, underscoring the translational relevance of our platform.
Patient AML‐491 received cytarabine‐based therapy (including
cytarabinosid s.c., cytarabin, hydroxycarbamid, and clofarabin) prior
to allogeneic stem cell transplantation and survived 484 days after
sampling. Consistent with this favorable clinical response, AML‐491
*PDX cells demonstrated sensitivity to cytarabine and DaunoXome
in vivo.63,67 In contrast, patients AML‐372, AML‐388, and AML‐393
were refractory to intensive chemotherapy containing cytarabine
and exhibited poor clinical outcomes, surviving only 57, 28, or
25 days after sampling, respectively. *PDX cells of AML‐372, AML‐
388, and AML‐393 faithfully recapitulated this resistant phenotype,
displaying progressive disease in treated mice (Figure 4H and
Supporting Information S1: Figure S4N). Of note, serial passaging
and genetic engineering did not affect therapy response ex vivo
(Figure S4O–R).

Our established cohort of *PDX models thus presents an ideal
tool to test novel therapies on cohorts of AML patient tumors in
reliable, sensitive, and rigorously controlled preclinical treatment trials
(see Supporting Information S1: Table S3 for a list of publications).

F IGURE 3 *PDX models resemble primary AML cells. (A) Prediction analysis of microarrays (PAM) classifiers based on DNA methylation profiling evaluated on

AML‐CG Registry patient samples (n = 224) and *PDX models (n = 19). Displayed are the true positive rate and true negative rate for genes mutated in at least 20% of

PDX samples. (B) DNA methylation‐based disease classification. Hierarchical classification was applied to PDX AML models (n = 25). Data show successful classification

according to disease entity, MARLIN epitype family classification, and genetic evidence. (C) Immunophenotype of *PDX models resembles primary patient samples.

Primary patient samples at initial diagnosis (ID, n = 20), primary patient samples at relapse (REL, n = 20), and *PDX models (n = 23, green) were analyzed for surface

molecule expression via flow cytometry. Primary patient samples originated from an independent cohort. Violin plots depicting the percentage of antigen‐positive cells

within the blast gate (upper) or mean fluorescence intensity (MFI, lower); median indicated by solid line and 25th and 75th percentile by dotted lines.
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F IGURE 4 (See caption on next page).
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As models are shared via CancerModels.org, they can be used in
laboratories worldwide.

In summary, we established *PDX models—serially transplantable
and robust genetically engineered PDX models of AML—for advanced
translational and preclinical trials, harboring the potential to foster
future AML research for the ultimate benefit of patients suffering
from AML.

DISCUSSION

To advance cancer research, we established and characterized
*PDX models as a broadly accessible and shareable tool according to
PDX‐MI guidelines.23 They fulfill clearly defined criteria regarding
the ability of serial transplantation, robust engraftment, and genetic
engineering. *PDX models represent alterations found in primary
AML patient cells, both at initial diagnosis and relapse, and include
subgroups that cannot be modeled with cell lines, such as CN AML,
IDH1/2 mutations, or co‐occurring NPM1 and FLT3‐ITD mutations.
They are used for complex molecular and functional studies, both
ex vivo and in vivo, and are especially suitable for long‐term preclinical
treatment trials.

*PDX models both complement and, in several key aspects,
outperform existing model systems such as primary tumor cells,
primografts, and cell lines. Primary patient cells and primografts
are typically available mostly in limited numbers, especially from pe-
diatric patients and in certain countries, and are rarely shared,
thus complicating data reproducibility and standardization of experi-
ments. However, it has already been extensively described that pri-
mografts undergo clonal selection favoring “relapse‐committed”
clones,17,44,45,68 thus complicating co‐clinical trials for individual
patients. Additionally, clones might be further enriched during serial
passaging.28 Nevertheless, our *PDX models, even from advanced
passages and after genetic engineering, showed high overall con-
cordance with primary patient samples regarding mutational land-
scape, chromosomal alterations, epitypes, and immunophenotype.
As shown before, neither serial passaging nor genetic engineering
had a major impact on characteristics of *PDX models, including
mutations, transcriptome, or therapy response.18,49,69 As an addi-
tional advantage, virtually endless serial transplantation and amplifi-
cation facilitate the application of *PDX AML models similar to AML
cell lines as highly valuable, shareable tools for research, for example,
in subgroups for which no cell lines exist.

*PDX models are biased toward high‐risk subgroups. Primary
leukemia cells from AML subtypes with less dismal prognosis showed
positive primary engraftment in immunocompromised mice only after
long latency and at low percentage,22 making it impossible to develop
*PDX models as defined here. The advantage of *PDX models lies in
their ability to provide highly patient‐related cells repetitively and
reproducibly for a wide variety of different AML subtypes and clones
across the broad heterogeneity of AML. This also warrants their use
in larger, phase II‐like preclinical trials, mimicking human randomized
clinical trials. Such an approach offers a promising strategy to
enhance the rate of successful translation into clinical practice by
enabling adequately powered studies to assess drug efficacy across
different tumor subgroups.13,33 Our findings indicate that our models
could help to identify patient subsets most likely to benefit from
specific therapies, enabling targeted pre‐selection for inclusion in
subsequent clinical trials.

Compared to cell lines, PDX models are time‐ and resource‐
intensive and logistically complex.70,71 Nevertheless and importantly,
PDX models of AML harbor major advantages over cell lines which
include (i) orthotopic engraftment due to a persistent dependence
on the physiologic tumor microenvironment67,72; (ii) maintained
stem cell hierarchy18,73,74; (iii) higher similarity to primary AML cells;
(iv) availability of AML subtypes for which no cell lines exist; and
(v) improved predictive value for drug responses.62,75

*PDX models allow performing prolonged in vivo treatment
trials. Repetitive in vivo imaging facilitates close monitoring of tumor
burden under treatment and thereby enabled, to our knowledge, the
first preclinical in vivo trial in acute leukemia which continued for
12 consecutive months. The technical advance allowed studying the
kinetics of tumor repopulation after treatment, a topic that was
often neglected so far, but is relevant to understanding real‐world
treatment outcomes.59 In contrast to findings in solid tumors, where
tumor growth was accelerated after chemotherapy,58,59 we ob-
served slower growth after treatment. Our results are consistent
with the well‐known fact that chemotherapy is more effective in
proliferating cells than in resting cells.67,76 Of relevance for clinical
decision‐making, our data show that AML growth dynamics might
substantially differ directly after treatment compared to disease
relapse. Of note, we have previously observed a significant increase
in doubling time of a long‐term chemotherapy‐treated ALL PDX
model compared to treatment‐naïve cells upon re‐transplantation.77

Together, these findings suggest that slowed tumor growth after
chemotherapy might be a special feature of acute leukemia and

F IGURE 4 *PDX models allow a wide range of ex vivo and in vivo experiments, including long‐term in vivo treatment trials. (A) Scheme illustrating published

in vivo and ex vivo trials conducted with *PDX models. For a list of respective publications, see Supporting Information S1: Table S3. (B–F) Repetitive treatment to

model induction plus consolidation chemotherapy. *PDX AML‐491 cells were injected into mice and tumor burden was monitored by BLI. At a total flux of around

1E9 P/s, mice were either treated with PBS (n = 7, gray) or two cycles of chemotherapy (C1 and C2, n = 15, black). After re‐growth, animals were sacrificed, and PDX

cells were re‐injected into the next recipient mice receiving a third cycle of chemotherapy (C3, n = 6). (B) Scheme. Gray syringe: AraC 50mg/kg, d1 − 4 +DNX

1mg/kg, d1 + 4, 10 days rest; black syringe: AraC 100mg/kg, d1 − 4, 10 days rest. (C) BLI pictures of two exemplary mice are shown; numbers indicate weeks after

treatment start. (D) Quantification of BLI. Gray box indicates the treatment period, and red lines show the exponential trend line during growth. (E) Doubling time,

measured by increase in BLI signal, is depicted for untreated mice (before A/D, n = 7), after stop of 1st (C1, n = 15), 2nd (C2, n = 13), or 3rd (C3, n = 6) cycle of

chemotherapy, or of untreated cells after 1, 2, or 3 re‐transplantation steps (P + 1 n = 2, P + 2 n = 7, P + 3 n = 8). Dots indicate values of individual mice; the line

indicates the median. n.s. not significant, *P < 0.05, ****P < 0.0001 as tested by two‐sided unpaired t‐test with Welch's correction. (F) Panel sequencing was

performed with re‐isolated PDX cells. Percentage of NRAS‐mutant cells is depicted. (G) Long‐term therapy with azacitidine. AML‐372 (n = 4–5 per group, diamonds)

or AML‐491 (n = 4 per group, circles) *PDX cells were injected into mice and tumor burden was monitored by BLI. Mice were either treated with PBS (gray) or

azacitidine (black) for 11 weeks. Quantification of BLI. Gray box indicates the treatment period, and the red lines show the exponential trend line during growth.

(H) Phase II‐like preclinical trials. Diverse *PDX models were injected into mice and tumor burden was monitored by BLI. Mice were treated with PBS (gray) or AraC

+DNX for two consecutive weeks (left) or with AraC in Week 1 and Week 3 (right, black); AraC 100mg/kg, d1 − 4, DNX 1mg/kg, d1 + 4. Relative tumor burden

compared to the start of therapy was calculated; the mean is indicated for each model. Left: AML‐602 (stars, n = 5), AML‐372 (diamonds, n = 4), AML‐388 (triangles,

n = 4), AML‐491 (circles, n = 7), and AML‐393 (squares, n = 6); right: AML‐661 (circles, n = 6), AML‐573 (triangles, n = 3), AML‐640 (squares, n = 3), and AML‐538
(diamonds, n = 4). PD, progressive disease; PR, partial response; SD, stable disease.
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highlight the platform's suitability for modeling treatment dynamics
and tumor cell adaptation.

In summary, *PDX models mimic the human disease more closely
than cell lines and provide a reliable preclinical platform for testing
therapies, including novel treatment strategies, across multiple
genetically distinct AML subtypes, generating data that can inform
subsequent clinical trials. We envision *PDX models being globally
shared, analogous to cell lines, driving scientific progress and ultimately
contributing to improved prognosis for patients suffering from AML.
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