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Thymic stromal lymphopoietin (TSLP) stimulates in vitro proliferation
of human fetal B-cell precursors. However, its in vivo role during
normal human B lymphopoiesis is unknown. Genetic alterations

that cause overexpression of its receptor component, cytokine receptor-like
factor 2 (CRLF2), lead to high-risk B-cell acute lymphoblastic leukemia
implicating this signaling pathway in leukemogenesis. We show that
mouse thymic stromal lymphopoietin does not stimulate the downstream
pathways (JAK/STAT5 and PI3K/AKT/mTOR) activated by the human
cytokine in primary high-risk leukemia with overexpression of the receptor
component. Thus, the utility of classic patient-derived xenografts for in vivo
studies of this pathway is limited. We engineered xenograft mice to pro-
duce human thymic stromal lymphopoietin (+T mice) by injection with
stromal cells transduced to express the cytokine. Control (–T) mice were
produced using stroma transduced with control vector. Normal levels of
human thymic stromal lymphopoietin were achieved in sera of +T mice,
but were undetectable in –T mice. Patient-derived xenografts generated
from +T as compared to –T mice showed a 3-6-fold increase in normal
human B-cell precursors that was maintained through later stages of B-cell
development. Gene expression profiles in high-risk B-cell acute lym-
phoblastic leukemia expanded in +T mice indicate increased mTOR path-
way activation and are more similar to the original patient sample than
those from –T mice. +T/–T xenografts provide a novel pre-clinical model
for understanding this pathway in B lymphopoiesis and identifying treat-
ments for high-risk B-cell acute lymphoblastic leukemia with overexpres-
sion of cytokine-like factor receptor 2. 
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ABSTRACT

Introduction 

Thymic stromal lymphopoietin (TSLP) is an IL-7-like cytokine that plays key
roles at several points in normal hematopoietic cell development and function.1-4

The role of TSLP in B lymphopoiesis has been evaluated almost exclusively in
mice.5-8 Knowledge of TSLP in normal human B-cell development is limited to a sin-
gle in vitro study showing that TSLP increases production of fetal 
B-cell precursors.9 Genetic alterations that cause overexpression of the TSLP recep-
tor component, CRLF2, have been linked to B-cell acute lymphoblastic leukemia



(ALL), thus implicating the TSLP pathway in leukemogen-
esis.10-13 The low homologies of murine versus human TSLP
and CRLF2 (approx. 40%)14,15 suggest the need for novel
models to study the in vivo role of TSLP in normal and
malignant human B lymphopoiesis. 

Acute lymphoblastic leukemia is the most common

childhood malignancy and primarily involves the B lineage
(B-ALL). Although cure rates approach 90%, approximate-
ly 10%-20% of patients still relapse.16,17 Genomic profiling
has identified several high-risk B-ALL subtypes that are
chemoresistant.18-21 These include CRLF2 B-ALL, a
leukemia with genetic alterations causing overexpression
of the CRLF2 protein on the surface of B-ALL cells.10-13

CRLF2 and the IL-7 receptor alpha chain (IL-7Rα) 
together form the TSLP receptor signaling complex (Figure
1A).8, 22 Binding of TSLP induces CRLF2 and IL-7Rα dimer-
ization leading to activation of the JAK-STAT523,24 and the
PIK3/AKT/mTOR pathways,25,26 as demonstrated in
CRLF2 B-ALL.27 The finding that JAK kinases are mutated
in CRLF2 B-ALL28 suggested that CRLF2 and mutated JAK
co-operate to induce constitutive STAT5 activation in
CRLF2 B-ALL.29,30 However, approximately half of CRLF2
B-ALL lack JAK mutations. Thus, the role of TSLP in the
leukemogenesis of CRLF2 B-ALL remains unclear and the
mechanisms for its contribution to chemoresistance are
unknown.

The genetic landscape produced by inherited germline
variations contributes to leukemogenesis and disease out-
come,31 and is a biological component that contributes to
racial, ethnic and other health disparities in ALL.32 This is
particularly relevant in CRLF2 B-ALL which occurs five
times more often in Hispanic children than others28 and
comprises more than half of the ALL cases in children
with Down Syndrome.11,18,33 Patient-derived xenograft
(PDX) models produced by injecting human cells into
immune deficient mice provide in vivo pre-clinical models
for understanding disease mechanisms and identifying
effective therapies in the context of the range of genetic
landscapes present in the human population. However,
engineered cellular models8 suggest that mouse TSLP
(mTSLP) is species-specific and unlikely to stimulate
CRLF2-mediated signaling in human cells.8,22 Given the
role of TSLP in activating the CRLF2 pathway,27 and the
identification of CRLF2 as a biological component of
health disparities in CRLF2 B-ALL,11,18,28,33 it is important
that studies to identify disease mechanisms and potential
therapies for this leukemia be performed in pre-clinical
models that provide human TSLP (hTSLP). 

Our goal was to develop and validate a xenograft model
that can be used to study the role of hTSLP in normal and
malignant B lymphopoiesis. Here we describe the devel-
opment of a novel xenograft model system comprised of
mice that provide hTSLP (+T mice) and mice that do not
(–T mice). PDX generated from +T mice show functional
in vivo hTSLP effects, expanding the production of normal
B-cell precursors from hematopoietic stem cells (HSCs)
and inducing changes in mTOR-regulated gene expression
in primary CRLF2 B-ALL cells. These data validate the
+T/–T xenograft model system as an important new pre-
clinical model for understanding the role of hTSLP in nor-
mal and malignant B lymphopoiesis and for identifying
therapies to treat CRLF2 B-ALL. 

Methods 

Human samples and cell lines 
Human CRLF2 B-ALL cell lines MUTZ5 and MHH-CALL4

were from DSMZ (Braunschweig, Germany) and the human stro-
ma line HS-27a (HS27) from ATCC (Manassas, VA, USA). Primary
human CRLF2 B-ALL cells (Online Supplementary Table S1) and
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Figure 1. Mouse TSLP does not activate the human TSLP receptor complex. (A)
Pathways activated downstream of TSLP receptor in human cells. (B) CRLF2 B-
ALL cell lines (MUTZ5, MHH-CALL4) and primary CRLF2 B-ALL cells used to pro-
duce patient-derived xenografts (PDX) used in the studies described here were
stained for flow cytometry to detect the TSLP receptor components (IL-7Rα and
CRLF2). Plotted in red are CRLF2 B-ALL cells within living cell light scatter.
Quadrants shown are set based on unstained controls (blue overlay) (C-E)
CRLF2 B-ALL cell lines and primary CRLF2 B-ALL cells were stimulated with
human TSLP (hTSLP), mouse TSLP (mTSLP), or no cytokine and evaluated for
phosphorylated STAT5 (pSTAT5) AKT (pAKT), and S6 (pS6) by phospho-flow
cytometry. 

A

B

C

D

E



umbilical cord blood (CB) were obtained in accordance with pro-
tocols approved by the Loma Linda University Institutional
Review Board (IRB) and with the 1975 Declaration of Helsinki, as
revised in 2008. Details of HS27 stroma characteristics, CB CD34+

cell isolation, and culture media are described in the Online
Supplementary Methods.

Mice
Studies were performed using NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ

(NSG) mice (Jackson Laboratory) housed under pathogen-free
conditions at Loma Linda University Animal Care Facility. Studies
were conducted in accordance with the Loma Linda University
Institutional Animal Care and Use Committee (IACUC) approved
protocols.

Flow cytometry
Cells were prepared for flow cytometry using specific antibody

clones as described in the Online Supplementary Methods. Flow
cytometry analysis was performed using a MACSQuant analyzer
(Miltenyi Biotec Inc., Auburn, CA, USA) and FlowJo analysis soft-
ware (FlowJo, Ashland, OR, USA). 

Stromal cell transduction 
Human HS27 stromal cells were transduced to express hTSLP

(+T stroma) or with control vector (–T stroma) at a multiplicity of
infection of 0.5-5/cell overnight. After transduction, cells were
washed, expanded in culture, and frozen in aliquots. For the gen-
eration of +T and –T mice, stromal cells were thawed, cultured,
and injected into mice within 15 passages after thawing. Details of
lentiviral vector production and ELISAs to determine hTSLP levels
are available in the Online Supplementary Methods. 

Xenograft transplantation 
HS27 stroma transduced to be +T or –T were injected intraperi-

toneally into NSG mice at doses of 5 or 10x106 cells at time points
described in the Results section. Mice were sub-lethally irradiated
with 225 cGy, then transplanted by tail vein injection with freshly
thawed human umbilical CB CD34+ cells (1x105) or primary
CRLF2 B-ALL cells (5x105 Patient 1 and 1.5x106 Patient 2).

Gene expression analysis in CRLF2 B-ALL cells
Microarray analyses were performed by Miltenyi Biotec’s

Genomic Services (Miltenyi Biotec GmbH, Bergisch Gladbach)
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Figure 2. Engineering xenograft mice to express normal serum levels of
human TSLP. (A) Strategy for developing the –/+hTSLP xenograft model. (B)
ELISA assays of hTSLP protein in culture supernatant from HS27 +T and HS27
–T stromal cells collected after multiple passages following the initial trans-
duction (Transduction 1) or at early (1-5), mid (6-10) and late (11-15) post-
thaw passages following Transduction 2. (C-D) Elisa assays of serum hTSLP in
blood collected at indicated time points from +T or –T mice injected with stro-
ma as follows: (C) loading dose (3 doses of 1x107 in first week) followed by
weekly doses of 1x107 stromal cells (Transduction 1), graphed are the means
± SEM of n = 2-7 mice each time point. (D) injection of 5x106 stromal cells
(Transduction 2) at weekly intervals; graphed are the means ± SEM n ≥ 24
mice at each time point. (E-G) CRLF2 B-ALL cell lines were stimulated with stro-
mal cell supernatant (Transduction 2) and levels of pSTAT5, pAKT and pS6
were measured by phospho-flow cytometry. 
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using Agilent Whole Human Genome Oligo Microarrays (Design
ID 039494, 8x60K v.2). Libraries for RNA sequencing were pre-
pared and sequenced by the UCLA Clinical Microarray Core. Data
discussed in this publication are deposited in the NCBI Gene
Expression Omnibus (GEO).34

Microarray and RNA sequencing data are available through
accession numbers GSE65274 and GSE74339, respectively, at
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSExxx. Gene set
enrichment analysis (GSEA) was performed by Novogenix
Laboratories, LLC (Los Angeles, CA, USA). Details of microarray,
RNA sequencing, data processing, differential gene expression
analysis, GSEA, and quantitative RT-PCR analysis are available in
the Online Supplementary Appendix.

Further details are available in the Online Supplementary Methods. 

Results 

Mouse TSLP does not activate the human TSLP 
receptor complex

Activation of the human TSLP receptor complex can be
induced by hTSLP, but not by mTSLP, in murine Ba/F3
cells transduced to express human CRLF2 and IL-7Rα.8

However, the ability of mTSLP to activate CRLF2-signal-
ing in human cells, particularly those expressing high lev-
els of CRLF2 observed in CRLF2 B-ALL, has not been
reported. To determine if mTSLP can induce CRLF2-medi-
ated signals, we tested its ability to activate downstream
pathways in human CRLF2 B-ALL cells. First, we verified
that the CRLF2 B-ALL cell lines and primary CRLF2 B-ALL
cells used in our studies express the TSLP receptor compo-
nents. Expression of IL-7Rα, as well as high levels of
CRLF2, was observed in both CRLF2 B-ALL cell lines and
in the 2 primary CRLF2 B-ALL samples used in studies
described here (Figure 1B). 

We then used phospho-flow cytometry to determine
whether mTSLP can activate the JAK-STAT5 and
PI3K/AKT/mTOR pathways activated by hTSLP in CRLF2
B-ALL cells.27 hTSLP induced robust increases in phospho-
rylated STAT5 (pSTAT5) and S6 (pS6, activated down-
stream of mTOR) and more modest increases in phospho-
rylated AKT (pAKT) in CRLF2 B-ALL cell lines and pri-
mary CRLF2 B-ALL cells (Figure 1C-E). In contrast, stimu-
lation of CRLF2 B-ALL cells with mTSLP showed no effect
(Figure 1C-E).35 These data show that mTSLP fails to
induce the STAT5, AKT, or S6 phosphorylation that are
characteristic of CRLF2-mediated signals induced by
hTSLP in human CRLF2 B-ALL cells. Thus, TSLP produced
in the existing mouse xenograft models does not induce
human CRLF2-mediated signals.

Engineering xenograft mice to express normal serum
levels of human TSLP

We developed a strategy for engineering xenograft mice
that provide hTSLP to activate CRLF2-mediated signals
(Figure 2A) by building on a previous cytokine delivery
approach.36 Our goal was to produce stable, sustained serum
levels of hTSLP, similar to normal levels reported in children
(range 13-32 pg/mL)37 by intraperitoneal injection of stromal
cells transduced to express high levels of hTSLP (+T mice)
(Figure 2A). Control mice (–T mice) were produced by
injecting stroma transduced with empty vector. Because the
only difference between +T and –T mice is the presence of
hTSLP in +T mice, this model would allow us to identify the
in vivo effects of hTSLP by comparing hematopoiesis in +T
and –T PDX generated from these mice. 

Human HS27 stromal cells38 were transduced with
lentiviral vector containing hTSLP (+T stroma) or with
control vector (–T stroma). Culture supernatant collected
from stroma after the initial transduction showed hTSLP
levels of approximately 500 pg/mL (Figure 2B,
Transduction 1). The ability of +T stroma to generate
measureable serum levels of hTSLP in vivo was evaluated.
NSG mice receiving weekly intraperitoneal injections of
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Figure 3. hTSLP produced in xenograft mice exerts in vivo functional effects
on normal human B-lineage cells. (A) –T and +T NSG mice were transplanted
with 1x105 CD34+ human cord blood (CB) cells and injected with weekly doses
of 5x105 stromal cells (Transduction 2 stroma). (B) Five weeks post transplant,
mice were euthanized, BM harvested and cells were stained for flow cytometry
to detect mouse CD45 (mCD45), human CD45 (hCD45), and hCD19. Total liv-
ing cells were gated and mCD45 versus hCD45 is plotted with gates to identify
mouse and human leukocytes, respectively, in the BM. (C) hCD45+ cells were
gated and hCD19 expression is shown by histogram. Percentages are mean ±
SEM. Data shown in A-C were obtained from CB2, n=2 –T PDX and n=4 +T PDX;
data from two additional CB samples (CB1 and CB3) are shown in Online
Supplementary Figures S3-S4. (D) Graphed are the fold change in total human
cells (hCD45+ ), human B-lineage cells (CD19+), and human non-B-lineage cells
(CD19-). Fold change was obtained by normalizing cell numbers in +T animals
to the average cell numbers in –T animals for each experiment. (D) Data pooled
from 3 different experiments performed with CB samples 1-3. Total n=9 –T PDX
mice and n=14 +T PDX mice. Statistical significance was calculated using a
two-tailed, unpaired t-test (*P≤0.05; ** P≤0.05). 

A

B

C

D



5x106+T stroma showed serum hTSLP levels that were
low but detectable (4-10 pg/mL) (data not shown). To
achieve higher levels of sustained hTSLP expression, NSG
mice were injected with 3 doses of 1x107 +T or –T stroma
over a 1-week period (loading dose) followed by weekly
injections of 1x107 stromal cells. Serum collected at weekly
time points showed serum hTSLP levels of approximately
80 pg/mL following the initial 3 doses of +T stroma but
quickly dropped to 15-20 pg/mL with +T stroma injec-

tions (Figure 2C, left panel). hTSLP was not detectable in
the sera of mice transplanted with –T stroma (Figure 2C).
These data show that +T stroma can generate normal
serum levels of hTSLP and that serum levels of hTSLP cor-
respond to the number of stromal cells injected during the
previous 1-2 week period. These data suggested that sta-
ble, sustained hTSLP production might be more likely
with weekly injections of stroma that could deliver slight-
ly higher doses of hTSLP.
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Figure 4. B-cell precursor production is increased in +T PDX. Bone marrow (BM) and spleen were harvested from –T and +T PDX mice generated from 3 different
CB samples as shown in Figure 3, and in Online Supplementary Figures S3 and S4. (A) Harvested cells were counted and stained for flow cytometry to identify pro-
genitors and B-cell subsets in the BM and spleen based on indicated immunophenotypes. (B) The number of cells  and fold change in each subset were obtained
by normalizing cell numbers in +T animals to the average cell numbers in –T animals for each experiment. (C) Graphed is the frequency of each subset within the
total CD19+ B-lineage pool. Data shown are pooled from experiments performed using PDX generated from CB 1-3. n=9 –T PDX mice and n=15 +T PDX mice.
Statistical significance was calculated using a two-tailed, unpaired t-test (**P≤0.01; ***P ≤0.001).
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A second stromal cell transduction produced hTSLP lev-
els averaging approximately 900 pg/mL in culture super-
natants harvested at early, mid and late passages from +T
stroma across multiple thaws of frozen aliquots (Figure 2,
Transduction 2). (hTSLP was undetectable in supernatant
from similarly passaged –T stroma (Figure 2, Transduction
2). NSG mice transplanted at weekly time points with
5x106 stroma from Transduction 2 showed serum hTSLP
levels of approximately 20 pg/mL that were stable for up
to 11 weeks (Figure 2D and data not shown). Evaluation of
BM and spleen of +T and –T mice by flow cytometry
showed that HS27 stroma (CD29+CD90+) were not
detectable in either the spleen or BM of PDX mice (Online
Supplementary Figure S1). These data provide evidence that
the HS27 +T stroma in the peritoneal cavity give rise to
normal serum levels of hTSLP in PDX mice. 

To verify that the hTSLP produced in our model induces
CRLF2-mediated signals, CRLF2 B-ALL cell lines were
assessed for activation of the JAK/STAT5 and
PI3K/AKT/mTOR pathways. Supernatant from +T stroma
induced robust pSTAT5 and pS6 and minimal pAKT
(Figure 2E-G). In contrast, CRLF2 B-ALL cells stimulated
with supernatant from –T stroma showed background
levels of pSTAT5, pAKT, and pS6, similar to cells incubat-
ed with medium alone (Figure 2E-G). These data show
that +T stroma, but not –T stroma, used in our model pro-
duce hTSLP that can activate signaling in human CRLF2 B-
ALL cells. 

hTSLP produced in xenograft mice exerts in vivo 
functional effects on normal human B-lineage cells 

We evaluated the ability of hTSLP in +T PDX to induce
in vivo functional effects on human B-lineage cells. hTSLP
has been shown to increase the in vitro production of nor-
mal human B-cell precursors9 despite their low levels of
CRLF2 expression (Online Supplementary Figure S2). Thus,
expansion of normal human B-cell precursors provides a
sensitive in vivo functional test of the hTSLP produced in
our xenograft model. We compared normal B-cell produc-
tion in +T and –T NSG mice transplanted with umbilical
CB CD34+ cells from 3 different donors (Figure 3A and
Online Supplementary Figures S3A and S4A). Five weeks
post-transplant mice were euthanized and bone marrow
(BM) harvested for flow cytometry to evaluate the produc-
tion of B-lineage and other hematopoietic cells. Mouse
and human cells were identified based on expression of
mouse CD45 (mCD45) or human CD45 (hCD45), respec-
tively (Figure 3B and Online Supplementary Figures S3B and
S4B). Flow cytometry analysis of hCD19 expression on
gated human cells showed an increase in the percentage of
B-lineage cells in +T as compared to –T PDX mice gener-
ated from all 3 CB donors (Figure 3C and Online
Supplementary Figures S3C and S4C). Pooled data compar-
ing BM cellularity in all 3 experiments showed that the
total number of human cells (hCD45+) was increased by 3-
4-fold in +T as compared to –T PDX and this was due to
significant increases in CD19+ (B-lineage) cells but not
CD19– cells (Figure 3D). These data suggest that hTSLP in
+T PDX selectively expands human B-lineage cells rather
than exerting global effects on hematopoiesis.

B-cell precursor production is increased in +T PDX
mice 

To confirm that normal human B-cell precursors are
expanded in +T PDX, we compared the production of

O.L. Francis et al.

422 haematologica | 2016; 101(4)

A

B

C

E

D

Figure 5. hTSLP in +T xenograft mice induces mTOR-regulated genes in pri-
mary CRLF2 B-ALL. (A) –T and +T NSG mice were transplanted with primary
CRLF2 B-ALL cells from Patient 1 and injected weekly with 5x106 stromal cells
(transduction 1). (B) Nine weeks post transplant, mice were euthanized, BM was
harvested and cells were stained with mCD45 and hCD19 to identify human B-
ALL cells. CRLF2 staining (black overlay) on gated hCD19+ cells is shown in bot-
tom panels. Isotype control is shown in gray. (C) Human hCD19+ B-ALL cells were
isolated by magnetic separation and analyzed using whole genome microarray
to identify genes that are differentially regulated in +T as compared to –T PDX.
Graphed are the numbers of Agilent gene reporters up or down-regulated (≥2
fold, P≤0.05) in CRLF2 B-ALL cells from +T as compared to –T PDX. (D) qRT-PCR
validation of whole genome microarray. Regression analysis of fold changes
measured by microarray versus fold changes measured by qRT-PCR. (E) Gene
Set Enrichment Analysis (GSEA) of whole genome microarray data shows that
CRLF2 B-ALL cells harvested from +T PDX exhibit an increase in expression of
genes regulated downstream of mTOR signaling as compared to cells from –T
PDX. The top half of the GSEA enrichment plot shows the enrichment score for
each gene and the bottom half shows the values of the ranking metric moving
down the list of the ranked genes. 



human B-cell subsets (Figure 4A) and non-B-cell lineages in
–T and +T PDX. Staining of PDX BM for markers of
human non-B cells showed that human CD19– cells are
comprised primarily of monocytes (CD14+), but also
include granulocytes (CD66B+), NK cells (CD56+), and
CD34+ cells. The number of cells in each non-B lineage
was similar (data not shown) in the BM from –T and +T
PDX, indicating that the production of these cells is not
skewed. However, the production of B-cell precursors was
increased 3-6-fold at each stage of B-cell development in
+T PDX as compared to –T PDX, beginning with the ear-
liest CD34+ pro-B cells (Figure 4B). This increase was
maintained through the mature B-cell stage in BM and
spleen (Figure 4B) with no skewing of B-cell subsets in the
BM (Figure 4C) or spleen (data not shown). These data pro-
vide evidence that hTSLP produced in vivo in +T PDX has
a functional effect on normal human B-cell precursors that
express low levels of CRLF2. 

hTSLP in xenograft mice induces mTOR-regulated genes
in primary CRLF2 B-ALL

To determine the ability of hTSLP in +T xenografts to
activate CRLF2 downstream pathways in CRLF2-B-ALL
cells, we used primary samples obtained from 2 different
Hispanic pediatric patients. Patients' characteristics are
shown in Online Supplementary Table S1. First, we evaluat-
ed the ability of NSG mice transplanted with HS27 stroma
to support engraftment of primary CRLF2 B-ALL cells.
PDX from Patient 1 were generated using NSG mice
injected with +T stroma from transduction 1 (stroma
injection schedule) (Figure 5A). Serum levels of hTSLP pro-
duced in these mice were detectable but below normal
levels (4-10 pg/mL) and therefore provided a sensitive test
of in vivo hTSLP activity in +T PDX. +T and –T NSG mice
were transplanted with primary CRLF2 B-ALL cells (Figure
1B, right panel) from Patient 1. Mice were euthanized at
nine weeks when peripheral blood chimerism reached
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Figure 6. +T PDX show gene expression profiles that are more similar to the original patient sample. (A) –T and +T NSG mice were transplanted with primary CRLF2
B-ALL cells from Patient 2. Beginning at ten weeks after leukemia transplant mice received two injections with 5x106 stromal cells (Transduction 2 stroma) one week
apart. (B) Twelve weeks post transplant, mice were euthanized, BM was harvested stained with mCD45 and hCD19 to identify human B-ALL cells. CRLF2 staining
(black overlay) on gated hCD19+ cells is shown in bottom panels. Isotype control is shown in gray. (C-E) RNA sequencing was performed on CRLF2 B-ALL cells isolated
by magnetic separation from 2 +T PDX mice (+T PDX M1 and M2) and 2 –T PDX mice (–T PDX M1 and M2) and from the original Patient 2 primary sample used to
generate them. (C) Differential gene expression analysis was performed and graphed are the numbers of significantly up- or down-regulated genes (≥2-fold, P≤0.05)
in CRLF2 B-ALL cells from +T as compared to –T PDX. (D) GSEA of RNA sequencing data shows that CRLF2 B-ALL cells from +T PDX exhibit an increase in expression
of genes regulated downstream of mTOR signaling as compared to cells from –T PDX. (E) Graphed is a dendrogram of unsupervised hierarchical clustering and
heatmap of Spearman rank correlation values showing that gene expression in +T PDX is more closely correlated (P<0.0001) to the original sample than is –T PDX.
Spearman rank coefficients are shown in Online Supplementary Figure S5. 
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80%. BM was harvested and stained for mCD45 and
human-specific markers (CRLF2 and CD19) to identify
CRLF2 B-ALL cells (Figure 5B). Flow cytometry analysis
showed BM chimerism of human CRLF2 B-ALL cells was
more than 90% in +T and –T PDX (Figure 5B). These data
show that NSG mice support engraftment of primary B-
ALL cells when injected with –T or with +T stroma. 

The leukemia cell burden in the BM of –T and +T PDX
generated from Patient 1 and from Patient 2 showed no
consistent differences (Online Supplementary Figure S6).
Thus, our next question was whether hTSLP in +T ani-
mals induces gene expression profiles associated with
pathway activation downstream of CRLF2-mediated sig-
naling in primary CRLF2 B-ALL cells. Human CRLF2 
B-ALL cells were isolated from the BM of +T and –T PDX
generated from Patient 1 by magnetic separation. Gene
expression was compared by whole genome microarray
performed in triplicate. Differential gene expression analy-
sis identified 280 gene reporters that were up-regulated
and 281 gene reporters that were down-regulated at least
2-fold (Figure 5C). Microarray was validated by quantita-
tive RT-PCR (qRT-PCR) analysis of selected differentially
expressed genes (Online Supplementary Table S2). Changes
in gene expression by microarray and qRT-PCR were
strongly correlated as indicated by linear regression (Figure
5D). GSEA39,40 of whole genome microarray data showed
a strong enrichment for genes regulated downstream of
mTOR activation in CRLF2 B-ALL cells from +T PDX as
compared to –T PDX (FDR 
q-value=0.022) (Figure 5E). These data provide evidence
that the hTSLP in +T PDX, even when present at low lev-
els, acts on CRLF2 B-ALL cells to increase mTOR pathway
activation downstream of CRLF2.

+T PDX show gene expression profiles that are more
similar to the original patient sample 

Next we performed experiments to determine whether
+T PDX provide an in vivo environment more like the
patient than –T PDX and if this could be achieved with
short-term in vivo hTSLP exposure. PDX were established
using CRLF2 B-ALL cells from Patient 2. Injection of stro-
mal cells from transduction 2 were not initiated until two
weeks prior to euthanasia (Figure 6A). At euthanasia, BM
was harvested and stained for flow cytometry to verify
CRLF2 B-ALL engraftment (Figure 6B). Human leukemia
cells were isolated from the BM of +T and –T PDX by
magnetic separation for RNA sequencing. Differential
gene expression analysis identified 503 genes that were
up-regulated and 117 that were down-regulated at least 2-
fold in CRLF2 B-ALL cells from +T as compared to –T
PDX (Figure 6C). Similar to what we observed with
Patient 1, GSEA analysis of RNA sequencing data showed
an enrichment for genes regulated downstream of mTOR
in CRLF2 B-ALL cells from +T as compared to –T PDX
(FDR q-value = 0.00048) (Figure 6D). A comparison of +T
PDX to –T PDX showed similar immunophenotypes to
each other and to that reported for the respective original
Patient 1 and Patient 2 samples (Online Supplementary Table
S1 and Figure S7), indicating that the differences in mTOR-
regulated gene expression are unlikely to be due to selec-
tive survival of different clones. These data demonstrate
that in vivo hTSLP-induced changes in mTOR regulated
gene expression can be observed after short-term stimula-
tion and validate our model in a second primary CRLF2 
B-ALL patient sample. 

To determine whether +T PDX provide an in vivo envi-
ronment that is more similar to the patient than –T PDX,
we compared gene expression profiles of +T and –T PDX
to the original ex vivo CRLF2 B-ALL patient sample.
Human leukemia cells were isolated from the BM of +T
and –T PDX generated from Patient 2, and from the origi-
nal primary Patient 2 sample by magnetic separation. RNA
sequencing was performed to determine whole genome
expression. Analysis of gene expression by unsupervised
clustering and Spearman rank correlation show that gene
expression in +T PDX, as compared to –T PDX, is signifi-
cantly more closely correlated to the original patient sam-
ple (Figure 6E). These data validate the use of +T/–T
xenograft mice as an in vivo pre-clinical model system for
studies to understand the role of hTSLP in normal human
B-cell production and in the development and progression
of CRLF2 B-ALL. 

Discussion 

Patient-derived xenografts provide a critical comple-
ment to other models in understanding normal and malig-
nant human B lymphopoiesis in the context of the broad
background of human genetic variation. A limitation of
PDX is the reduced cross-species activity of some
cytokines. Classic immune deficient mice, including NSG
mice, selectively support B-lineage differentiation. This is
because IL-7, a cytokine important for human B-cell pro-
duction,41 shows high species cross reactivity42 while
myeloid supportive cytokines do not. Here we show that
mTSLP does not induce the increases in STAT5 and
PI3K/AKT/mTOR phosphorylation induced by hTSLP in
CRLF2 B-ALL cells (Figure 1). CRLF2 B-ALL cells express
abundant IL-7Rα and CRLF2 as compared to normal B-cell
precursors (Figure 1 and Online Supplementary Figure S1)
and thus provide a sensitive test for mTSLP activity. These
data establish that the classic mouse xenograft models do
not provide cross-species activation of the human TSLP
receptor. 

The goals of the studies described here were to develop
a xenograft model that expresses hTSLP and to validate
the effects of hTSLP produced in the model on normal and
malignant B-cell precursors. We engineered NSG mice that
express normal serum levels of hTSLP (+T mice) or that
lack hTSLP (–T mice) (Figure 2) by intraperitoneal injec-
tion with stroma transduced to express hTSLP (+T stroma)
or with a control vector (–T stroma) (Figure 2). hTSLP pro-
duced by +T stroma induced in vitro STAT5 and
PI3K/AKT/mTOR pathway activation (Figure 2) and
showed in vivo functional effects as indicated by selective
expansion of normal B-cell precursors (Figures 3 and 4 and
Online Supplementary Figures S3 and S4) and upregulation
of the mTOR pathway in primary CRLF2 B-ALL cells
(Figures 5 and 6). The studies described here establish and
validate a novel hTSLP+/– xenograft model system while
providing the first data on the in vivo impact of hTSLP on
normal B-cell development and primary CRLF2+ B-ALL
cells.

Normal serum levels of hTSLP were achieved in our
model; however, a novel aspect of our model is the ability
to modulate serum levels of hTSLP based on the timing
and number of stromal cells injected intraperitoneally. The
ability to vary hTSLP levels or initiate hTSLP at time
points after transplant of hematopoietic cells offers advan-
tages for experimental design. The ability to modulate
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serum levels of hTSLP is also biologically relevant because
TSLP production is increased by environmental factors
such as pollutants and allergens, and is up-regulated in
some autoimmune diseases and solid tumors.43 TSLP is pri-
marily produced by cells residing outside the BM (immune
cells, smooth muscle cells, gut and skin epithelial cells),44

although human BM stroma do produce hTSLP.45 Thus,
the major source of hTSLP that acts on normal and malig-
nant B cells in vivo in patients is likely to be produced out-
side the marrow as it is in our model. 

Little is known about cellular mechanisms that con-
tribute to the initiation, progression and maintenance of
CRLF2 B-ALL or the biological factors that contribute to
the health disparities associated with this disease. Studies
of the relationship between inherited genetic variation
and susceptibility to ALL provide some clues to the rela-
tionship of ALL to ethnicity.46 Patient-derived xenograft
(PDX) models are particularly critical for health disparities
in diseases where inherited genetic variation or alterations
such as Down Syndrome are likely to play a role in disease
progression.47,48 The ability to generate PDX mice that pro-
vide hTSLP makes it possible to study the initiation, pro-
gression and maintenance of CRLF2 B-ALL from normal
human progenitors transduced to over-express CRLF2 on
a range of genetic backgrounds. 

The +T and –T PDX generated in the studies described
here did not show consistent differences in the leukemia
cell burden (Online Supplementary Figure S6). However,
changes in gene expression that contribute to chemoresis-
tance would not necessarily be expected to impact
leukemia burden in untreated PDX, but would instead be
revealed following chemotherapy. CRLF2 B-ALL is a
leukemia at high risk for relapse and the mTOR pathway
is known to play a role in chemoresistance in multiple
malignancies.49 The ability of +T PDX to model TSLP-
induced mTOR activation makes this an important model
for understanding and identifying therapeutic strategies
for overcoming chemoresistance in CRLF2 B-ALL. Our
finding that gene expression in +T PDX is significantly

more like the original patient sample than –T PDX (Figure
6E and Online Supplementary Figure S5) supports the use of
+T PDX mice as a pre-clinical model of CRLF2 B-ALL.
PDX generated from +T and –T mice and CRLF2 B-ALL
samples obtained from Hispanic or Down Syndrome pedi-
atric patients will allow us to study disease mechanisms:
1) in the context of a genetic background associated with
CRLF2 B-ALL health disparities; and 2) in the context of
TSLP-CRLF2-mediated signals present in vivo in the
patient. 

The model developed here provides an important new
tool for understanding the mechanisms of TSLP activity in
normal and malignant B lymphopoiesis. It also provides a
pre-clinical model for identifying therapies to effectively
treat CRLF2 B-ALL in an environment that can induce the
TSLP-mediated signals present in vivo in patients and in the
context of the genetic background that leads to health dis-
parities in this disease. 
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