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Abstract

Many leukemias are characterized by well-known mutations that drive oncogenesis. Mice 

engineered with these mutations provide a foundation for understanding leukemogenesis and 

identifying therapies. However, data from whole genome studies provide evidence that 

malignancies are characterized by multiple genetic alterations that vary between patients, as well 

as inherited genetic variation that can also contribute to oncogenesis. Improved outcomes will 

require precision medicine approaches–targeted therapies tailored to malignancies in each patient. 

Preclinical models that reflect the range of mutations and the genetic background present in 

patient populations are required to develop and test the combinations of therapies that will be used 

to provide precision medicine therapeutic strategies. Patient-derived xenografts (PDX) produced 

by transplanting leukemia cells from patients into immune deficient mice provide preclinical 

models where disease mechanisms and therapeutic efficacy can be studied in vivo in context of the 

genetic variability present in patient tumors. PDX models are possible because many elements in 

the bone marrow microenvironment show cross-species activity between mice and humans. 

However, several cytokines likely to impact leukemia cells are species-specific with limited 

activity on transplanted human leukemia cells. In this review we discuss the importance of PDX 

models for developing precision medicine approaches to leukemia treatment. We illustrate how 

PDX models can be optimized to overcome a lack of cross-species cytokine activity by reviewing 

a recent strategy developed for use with a high-risk form of B-cell acute lymphoblastic leukemia 

(B-ALL) that is characterized by overexpression of CRLF2, a receptor component for the 

cytokine, TSLP.
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INTRODUCTION

Leukemia, like other malignancies, is a disease of cells with selective survival and 

proliferation advantages due to multiple diverse genetic alterations. These include acquired 

genetic alterations layered on inherited genetic variation to produce a genetic landscape that 

is highly variable from patient to patient. Mutant mouse and engineered cell models provide 

valuable tools for defining the roles of particular pathways in cancer cells. However, the 

patient’s cells remain the best model for studying and identifying effective therapies to target 

the complex and diverse interactions between acquired mutations and background genetic 

landscape that are unique to the development and progression of cancer in each patient. 

Successful precision medicine approaches will require preclinical models, like patient-

derived xenografts (PDX), that allow investigators to evaluate therapies and model the 

emergence of chemoresistant clones using patient cells in an in vivo environment optimized 

to mimic conditions present in the patient. Here we describe a high-risk B-cell acute 

lymphoblastic leukemia (B-ALL) characterized by overexpression of a cytokine receptor 

(CRLF2) that lacks cross-species cytokine activation. We review the strategy used to develop 

a PDX model that produces physiological levels of the human cytokine, thymic stromal 

lymphopoietin (TSLP), for activating this receptor.

LEUKEMOGENESIS AND CHEMORESISTANCE ARE THE OUTCOME OF 

SELECTIVE PROCESSES DEPENDENT ON THE GENETIC LANDSCAPE

Leukemia is caused by genetic alterations that allow cells to proliferate more and survive 

better than normal cells. Normal blood cells differentiate continuously from rapidly dividing 

progenitors produced by hematopoietic stem cells in the bone marrow. Somatic mutations 

due to intrinsic causes (errors in DNA repair, replication) and external causes (mutagens, 

cytotoxic therapies) occur over the life of an individual. These mutations, are passed from 

parent to daughter cells, and accumulate, along with epigenetic changes, over time.1 

Leukemia cells compete with normal cells and with each other for nutrients and for space in 

their microenviroment. Cells with detrimental mutations are selected against and those with 

survival advantages are selected for.

A range of genetic features comprise the genetic landscape that is acted on by selective 

pressures. Mutations that give cells a fitness advantage contribute to oncogenesis and are 

referred to as driver mutations. Mutations that co-occur with driver mutations but do not 

contribute to oncogenesis are described as passenger mutations.2 Inherited genetic 

variability is an additional factor that can impact the development of leukemia as well as 

treatment outcomes.3 In addition to rare germline mutations, common genetic variants, 

identified based on their overrepresentation in patients with leukemia, have the potential to 

contribute to genetic susceptibility to this disease. Whole genome studies also provide 

increasing evidence that inherited genetic variations impact relapse through multiple 

mechanisms, including altering the response of cancer cells to cytotoxic agents.3

The number of known driver mutations, as well as passenger mutations, has soared with 

input from Genome Wide Association Studies (GWAS). Solid tumors average 33–66 

mutations per patient that affect protein structure.4 Distinguishing driver mutations from 
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passenger mutations can be a challenge. A number of statistical and theoretical methods for 

evaluating GWAS data have been developed to predict which mutations are drivers and 

passengers.4 Engineered animal and cell model systems are likely to provide biological 

information important for determining the driver versus passenger mutation status and for 

identifying the oncogenic mechanisms of individual driver mutations. However, passenger 

status can be context dependent —with time passenger mutations may modify the disease, 

conferring survival advantages in context of additional mutations or under the selective 

pressure of chemotherapy.5 Leukemias exhibit fewer genetic alterations (~9 per patient) than 

most other malignancies, nevertheless the variation in genetic factors from patient to patient 

and at different points in the course of leukemia is substantial.4

Thus, leukemogenesis and chemoresistance are selective processes that act on the unique 

combinations of driver and passenger mutations present in context of inherited genetic 

variation. Effective precision medicine approaches will depend on identifying combinations 

of drugs that target the multiple driver mutations in context of a range of unique passenger 

mutations and inherited genetic variation with minimal adverse effects. Experimental 

systems that can model the diverse genetic landscapes present in patient populations, as well 

as the dynamics of disease progression under the selective pressure of chemotherapy will be 

essential to this process.

LEUKEMIA MODELS AND THEIR LIMITATION

Mouse models of leukemia

The earliest mouse models of malignancy were generated by exposure to carcinogens. These 

models were important tools for evaluating cytotoxic agents and understanding the process 

of oncogenesis. They provided support for the use of cytarabine, which continues to be a 

widely used therapy for leukemia. A major drawback to these models is that few cases of 

human leukemia arise from exposure to carcinogens, and the molecular basis of the 

malignancies are not known.6 These gave way to transgenic mice that expressed fusion 

proteins associated with human cancers. Mice transgenic for the BCR-ABL fusion protein 

that arises from the Philadelphia positive chromosome translocation produces murine B-

ALL that mirrors the human disease. This model has been used to test targeted therapies and 

obesity effects on the progression of ALL.6 Knockout mice with deletions of the IKZF1 
(Ikaros) provided the first evidence that this DNA binding protein was a tumor suppressor.7 

Subsequent studies showed that that deletions/mutations in IKZF1 are strongly associated 

with poor prognosis in B-ALL.8 Similarly, mosaic models created by engineering fusion 

proteins into hematopoietic stem cells and subsequent transplantation back into mice have 

provided important models for understanding disease mechanisms of particular genetic 

alterations and for identifying therapies to effectively target these mutations. The 

identification of combination therapies that effectively target multiple combinations of driver 

mutations in mouse models becomes complex and costly. Evaluating drug efficacy in context 

of inherited genetic variability across the human genome is not possible using mouse 

models. Complementary approaches are needed.
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Cell lines and primary patient samples

Human cell lines cloned from patient samples provide a renewable source of human cells but 

with limitations. Once large scale molecular analyses established the heterogeneity of 

tumors, there was a move toward the use of panels of cell lines that could better reflect the 

heterogeneity across the population. Platforms of up to 1200 cell lines from multiple cancer 

types are now available.9 The ability to engineer combinations of mutations by genome 

editing using the clustered regularly-interspaced short palindromic repeats (CRISPR) 

technology offers new opportunities for developing cell lines with unique combinations of 

driver mutations.10 However, cell lines are derived from rare cells selected for their ability to 

grow well in vitro over time. After multiple passages cell lines can undergo extensive 

modifications.9 Despite this, cell lines can provide the reproducible results necessary for 

dissecting signaling pathways that contribute to leukemogenesis in humans.

It is important that data obtained from cell lines is validated in primary patient samples, 

although primary samples have their own limitations. Primary leukemia samples are 

typically available in small quantities, limiting the information that can be obtained from 

them. Primary cells often die quickly in culture outside of the in vivo environment. For 

example, it is not unusual to find that 90% of primary leukemia cells are dead in untreated 

cultures within 3 days. The health of the remaining cells is unlikely to be optimal, making it 

difficult to evaluate drug efficacy. In vitro co-cultures that mimic the bone marrow 

microenvironment by providing bone marrow stromal cells11 and/or exogenous cytokines 

can improve survival. However, as shown in figure 1, the viability of primary samples in co-

culture with stromal cells and cytokines is variable, and can still be as low as 10% after 3 

days. Although primary human cells, and to a lesser extent, human cell lines, can model 

diverse combinations of driver mutations in context of inherited genetic variability, the data 

in figure 1 serve to illustrate that they do not model critical in vivo factors.

PDX models

PDX models produced by transplanting primary patient samples into immune deficient mice 

offer several advantages not present in mouse models. They provide an in vivo model of 

disease heterogeneity across the human population and also model the polyclonal nature of 

leukemia. PDX models also have the potential of modeling the range of driver mutation 

combinations present in the patient population and in context of existing inherited genetic 

variability. However, PDX have a number of limitations, foremost among these are (1) the 

absence of normal immune components and (2) absent or reduced ability of murine 

cytokines and chemokines to replace their human counterparts in stimulating human 

leukemia cells. Experiments to optimize PDX models by circumventing these limitations are 

ongoing and summarized in a recent review.12 Here we will focus on one example.

CRLF2 B-ALL: A PERFECT LEUKEMIA STORM WHERE PDX MODELS 

COULD BE MOST EFFECTIVE

Children with ALL who are at high-risk for relapse can be identified based on clinical 

features at diagnosis.13 GWAS studies have identified specific genetic lesions and their 

associated signaling pathways as driving factors in chemoresistant B-ALLs.1415 One 
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example is the genetic alteration leading to overexpression of the CRLF2 cyto-kine receptor 

component that results in CRLF2 B-ALL.16–18

CRLF2 B-ALL is a high-risk ALL with multiple associated driver mutations and inherited 

germline variations that are also likely to contribute to disease. CRLF2 is characterized by 

deletions/mutations in the IKZF1 (Ikaros) tumor suppressor gene (80% of cases) as well as 

mutations in JAK kinases (~50% of cases).19 In addition, CRLF2 B-ALL frequently 

includes deletions and/or mutations in EBF and PAX5, two genes essential for B cell 

differentiation.20 CRLF2 B-ALL is five times more common in Hispanic children than 

others.1921 Further, children with Down syndrome have a 10-fold to 20-fold increased risk of 

developing ALL, and half of these cases are CRLF2 B-ALL.161722 This increased 

susceptibility suggests that inherited genetic variations are a likely contributor to 

leukemogenesis and/or disease progression. Hispanic children who develop B-ALL also 

experience a higher mortality rate than others, raising the possibility that inherited genetic 

variations could also contribute to chemoreistance and relapse in CRLF2 B-ALL. Thus, in 

CRLF2 B-ALL, diverse combinations of driver mutations and inherited genetic variations 

come together to create a perfect leukemia storm where PDX models could be most helpful 

in defining disease mechanisms and identifying effective therapeutic strategies.

Biologically, CRLF2 is part of the receptor complex for the cytokine, TSLP. CRLF2 and the 

IL-7 receptor α chain (IL-7Rα) come together to form a cytokine receptor signaling 

complex that is activated by TSLP. Binding of TSLP induces downstream activation of the 

JAK2-STAT5 (Janus Kinase 2-Signal Transducer and Activator of Transcription 5) (figure 2) 

and PI3K/AKT/mTOR (Phosphoinositide3-kinase/protein kinase B/mechanistic target of 

rapomycin) pathways in CRLF2 B-ALL cells.2324 Activation of these pathways induces 

changes in gene expression and cellular functions that are associated with survival and 

proliferation of leukemia cells.25–27 CRLF2-mediated signals are therefore likely to 

contribute to leukemogenesis, disease progression and chemoresistance. However, mouse 

TSLP is species-specific and does not activate human CRLF2.24 Thus, classic PDX mice do 

not model the TSLP-induced CRLF2 signaling present in vivo in patients.

A PRECLINICAL PDX MODEL THAT PROVIDES PHYSIOLOGICAL LEVELS 

OF HUMAN TSLP FOR STUDIES OF CRLF2 B-ALL

To overcome the lack of CRLF2 stimulation in classic PDX, we developed and implemented 

a strategy (figure 3) for engineering PDX mice to express physiological levels of human 

TSLP (hTSLP).24 We first transduced a human stromal cell line to express high levels of 

hTSLP and then injected the stromal cells intraperitoneally into immune deficient mice. 

Weekly injections produced sustained physiological levels of hTSLP (12–32 pg/mL). Levels 

of TSLP correlated with numbers of stromal cells injected. Thus by varying the number of 

injected stroma we could manipulate circulating hTSLP levels. In addition to mice that 

expressed hTSLP (+T mice), we also generated control mice (−T mice) using stroma 

transduced with empty vector. hTSLP was not detectable in the sera of −T mice.24

We validated our model by evaluating its in vivo functional effects on normal B cell 

precursors and on primary CRLF2 B-ALL cells. TSLP has been shown to induce in vitro 
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proliferation of normal human B cell precursors.28 To test our model we transplanted +T and 

−T mice with normal human CD34+ hematopoietic stem cells and compared the production 

of B cell precursors. The production of normal B cell precursors was increased threefold to 

sixfold in +T as compared to −T mice, providing one validation of the +T PDX model.24 To 

provide additional validation, we transplanted +T and −T mice with primary CRLF2 B-ALL 

cells. Leukemia cells were allowed to expand for several weeks and then harvested for 

comparisons of whole genome expression. Gene set enrichment analysis (GSEA) showed 

that genes downstream of mTOR were upregulated in leukemia cells from +T mice as 

compared to −T mice,24 thus providing a second validation of +T PDX mice in CRLF2 B-

ALL cells.

The true test of the model is whether +T PDX provides an in vivo environment that is more 

like the patient than −T PDX. To test this, we compared whole genome expression in 

CRLF2 B-ALL cells harvested from +T and −T mice to the original patient sample used to 

generate them. We found that gene expression in in +T PDX was significantly closer than 

−T PDX to the original patient sample.24 Taken together our studies showed that PDX mice 

can be engineered to express physiological levels of hTSLP that induces gene expression 

profiles that are more similar to those in patients than classic PDX.

The +T PDX model and others like are likely to be important tools for identifying 

combinations of targeted therapies that can be used to effectively treat leukemia with unique 

combinations of driver mutations in context of inherited genetic variations that can impact 

disease progression as well as chemoresistance. Such models are likely to be a critical bridge 

between the laboratory and the use of precision medicine approaches in the clinic.
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Figure 1. 
Primary leukemia samples show poor in vitro survival. Primary leukemia cells were 

obtained as waste samples from two patients with high-risk B-ALL and viably frozen and 

stored in liquid nitrogen. Cells were thawed and placed immediately in co-culture with a 

mixture of mouse (MS-5 cell line) and human (HS27 +T cell line) bone marrow stromal 

cells that provide a source of interleukin-7 (IL-7) and TSLP.1124 Following 72 h in culture 

cells were harvested and stained for flow cytometry to detect living (7-AAD–) leukemia 

cells. Graphed are the percent of living cells among total leukemia cells following 3 days of 

culture. B-ALL, B-cell acute lymphoblastic leukemia; TSLP, thymic stromal lymphopoietin.
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Figure 2. 
Pathways activated following binding of the TSLP cytokine to its receptor complex. CRLF2 

together with the IL-7Rα chain form a cytokine receptor signaling complex activated by 

TSLP. Binding of TSLP stimulates downstream JAK-STAT5 and PI3K/AKT/mTOR 

pathway activation and subsequent expression of genes that promote cell survival and 

proliferation. JAK2-STAT5, Janus Kinase 2-Signal Transducer and Activator of 

Transcription 5; PI3K/AKT/mTOR, phosphoinositide3-kinase/protein kinase B/mechanistic 

target of rapomycin; TSLP, thymic stromal lymphopoietin.
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Figure 3. 
Strategy for engineering PDX mice to express hTSLP. Human stromal cells were transduced 

to express high levels of hTSLP (+T stroma) or with control (ctrl) vector (−T stroma). 

Immune deficient mice were engineered to express physiological levels of hTSLP by weekly 

intraperitoneal injection of +T stroma (+T mice). hTSLP was not detectable in −T mice that 

were produced by weekly injections with −T stroma. Together +T and −T mice produce a 

model system to study the role of TSLP in CRLF2 B-ALL. +T mice provide a PDX model 

for identifying combinations of therapies that can be used to effectively treat CRLF2 B-ALL 

arising from diverse genetic landscapes and in context of physiological levels of hTSLP. B-

ALL, B-cell acute lymphoblastic leukemia; hTSLP, human TSLP; TSLP, thymic stromal 

lymphopoietin.
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