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Brief report

Leukemia-initiating cells of patient-derived acute lymphoblastic leukemia
xenografts are sensitive toward TRAIL

Catarina Castro Alves,' Nadia Terziyska,' Michaela Grunert,! Sibylle Gtindisch,! Ulrike Graubner,?
Leticia Quintanilla-Martinez,? and Irmela Jeremias'2

'Department of Gene Vectors, Helmholtz Zentrum Minchen, German Research Center for Environmental Health, Munich, Germany; 2Department of Oncology,
Dr von Haunersches Kinderspital, Ludwig-Maximilians-University of Munich, Munich, Germany; and 3Institute of Pathology, Eberhard-Karls-University of

Tibingen and Comprehensive Cancer Center, Tiibingen, University Hospital Tibingen, Tiibingen Germany

Cancer stem cells represent the most
important target cells for antitumor
therapy. TRAIL (TNF-related apoptosis-
inducing ligand) is a potential anticancer
agent that induces apoptosis in a wide
variety of tumor cells, but its ability to
target cancer stem cells is currently un-
known. Here we investigated whether
TRAIL targets leukemia-initiating cells.

Limiting dilution transplantation assays
were performed on xenografts from pedi-
atric patients with precursor B-cell acute
lymphoblastic leukemia (pre-B ALL) in
NSG mice. In vitro treatment of xenograft
cells with TRAIL significantly reduced
and delayed their engraftment and pro-
crastinated animal death from leukemia.
Systemic TRAIL treatment of mice in-

jected with patient-derived pre-B ALL
xenograft cells abrogated leukemia in 3 of
5 mice in 1 sample. In conclusion, our
data suggest that TRAIL targets leukemia-
initiating cells derived from pre-B ALL
xenografts in vitro and in vivo, and hence
constitutes an attractive candidate
drug for treatment of ALL. (Blood. 2012;
119(18):4224-4227)

Introduction

The cancer stem cell (CSC) model suggests that a subset of cells is
uniquely able to sustain tumor growth and relapse. Therefore,
CSCs represent the most important targets for anticancer therapy.'-
The cancer stem cell hypothesis was first demonstrated in studies
on acute myeloid leukemia, which serves as suitable model
disease.>* CSCs seem to display high resistance to conventional
cytotoxic drugs®7; therefore, new therapies are needed.

TRAIL (TNF-related apoptosis-inducing ligand) triggers apopto-
sis preferentially in solid tumor® and leukemia cells®!? while sparing
normal cells, including hematopoietic progenitors'! and, therefore, is
considered a promising anticancer agent. TRAIL showed antitumor
activity in several preclinical models'? and in phase 1 and 2 clinical
trials,'31* but so far no studies have assessed its ability to target CSCs.

Acute lymphoblastic leukemia (ALL) is a frequent disease in
children. Despite its favorable prognosis in children, the demand
for new therapies persists, especially for relapsed and adult ALL
patients.!> Here we asked whether TRAIL targets leukemia-
initiating cells (LICs) in precursor B-cell acute lymphoblastic
leukemia (pre-B ALL) cells of patients using limiting dilution
transplantation assays and a preclinical mouse model. LICs are
functionally defined as cells that regenerate the patients’ leukemia
in mice. In this model, we show that treatment with TRAIL in vitro
or in vivo inhibits LICs and their capacity to recapitulate disease in
NSG mice.

Methods

Pre-B ALL samples were obtained from children at the Dr von Haunersches
Kinderspital, Ludwig-Maximilians-University Munich. Cells were injected

intravenously into NSG (NOD-scid IL2Rgamma™"") mice,'® and engraft-
ment was monitored by FACS staining and/or immunohistochemistry.
Recombinant human TRAIL was produced in Escherichia coli. For
determining LIC frequencies, limiting dilution transplantation assays were
performed in mice after in vitro treatment with TRAIL or vehicle for
48 hours. In vivo, engrafted mice were treated with TRAIL or vehicle
intravenously. For a detailed description, see supplemental Methods
(available on the Blood Web site; see the Supplemental Materials link at the
top of the online article).

The study was performed in accordance with the ethical standards of the
responsible committee on human experimentation (written approval by
Ethikkommission des Klinikums der Universitit of Ludwig Maximilians
Universitidt Miinchen, April 15, 2008, #068-08) and with the Declaration of
Helsinki (1975), as revised in 2000. Written informed consent was obtained
from all patients and from parents/caregivers in the cases where the patients
were minors.

Results and discussion

CSCs constitute the most important target for anticancer therapy.!217
Here we aimed at determining whether the candidate anticancer
drug TRAIL'" targets LICs in pre-B ALL. Studying the sensitivity
of CSCs to drugs is technically challenging. In vitro studies are
hampered by the fact that cell lines do not represent adequate
models. In addition, all attempts to phenotypically characterize
LICs in patient samples have failed to identify discrete populations
of LICs in ALL.'32% Here we studied the effect of TRAIL on LICs
within unsorted leukemia xenograft cells. We transplanted leuke-
mia xenografts into NSG mice in limiting dilutions and determined
engraftment. In ALL, studies on LICs require transplantation
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Figure 1. In vitro treatment with TRAIL delays engraftment of pre-B ALL xenograft cells. Xenograft ALL-177 cells freshly isolated from the spleen of a donor mouse were
treated in vitro with vehicle or TRAIL (1000 ng/mL) for 48 hours. Cells were serially diluted (range, 1 X 10 to 3 X 10%) and injected into a total of 39 mice. (A-B) Half of the
39 mice (13 mice in the vehicle group, 10 mice in the TRAIL group, raw data are shown in supplemental Table 2) were killed 15 weeks after transplantation to evaluate
dose-response. (A) Representative spleen sizes (left); immunohistochemistry of spleens stained for cells expressing human CD10 (middle; original magnification xX200); and
bone marrow infiltration by human leukemia cells using flow cytometric analysis of human CD38 (right); numbers on top of the panels indicate amount of human leukemia cells
injected per mouse. (B) Leukemic infiltration in bone marrow (BM) and spleen for all mice, as estimated by flow cytometric analysis of human CD38; each mouse is represented
by a single dot. (C) From analysis of bone marrow and spleen, engraftment was considered positive if = 1% human cells were detected in at least 1 organ (raw data listed in
supplemental Table 2). LIC frequencies were calculated using Poisson statistics. Similar experiments were performed for ALL-54 and ALL-169 (supplemental Figure 3; raw
data listed in supplemental Table 2). Decrease in LIC frequency by TRAIL treatment was calculated and indicated above bars. **P < .01 (Student ttest). ***P < .001 (Student
t test). Filled bars represent late mouse passage (passage 3 in ALL-54 and passage 4 in ALL-177); and bars with dots, early passage (cells that have been collected from
a mouse injected with the primary sample). (D-E) To evaluate the kinetics of leukemic growth, the second half of the 39 animals transplanted with ALL-177 cells were observed
over time (n = 8 mice per group; supplemental Table 4). Appearance of leukemic cells in peripheral blood (PB) was the readout, which was regularly determined by
flow cytometry detecting human CD38. (D) Kinetics in 6 representative mice injected with 3 different cell numbers, for TRAIL and vehicle. (E) The relation between
time to engraftment/time to death and numbers of leukemia cells injected per mouse; each mouse is represented by a single dot. Leukemic engraftment was defined as
= 1% leukemia cells in PB; overt leukemia/time to death was defined as = 35% leukemia cells in PB. p.i. indicates postinjection. Regression curves and equations were
calculated thereof and are indicated.
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assays, as phenotypic characterization of LICs is currently unfea-
sible in this disease.!3-20 Only LICs support serial transplantation of
leukemia xenografts. However, the functional approach to study
LICs does not allow mechanistic or signaling studies.

In previous studies, TRAIL induced apoptosis in 25% of
primary pediatric ALL samples.?! Here, primary ALL samples were
engrafted and passaged as xenografts in NSG mice.?> We chose to
study 3 pre-B ALL xenografts ALL-54, ALL-169, and ALL-177
(clinical data in supplemental Table 1), in which TRAIL induced
97% (ALL-54), 60% (ALL-169), and 98% (ALL-177) specific
apoptosis after 48 hours in vitro.

ALL is known for its erratic clonal nature.>?* Nevertheless
and according to published data,? sensitivity of leukemia bulk
cells toward TRAIL-induced apoptosis remained unchanged on
xenotransplantation and passaging through mice (supplemental
Figure 1A), and cells of different passages remained indistinguish-
able from primary tumor cells regarding expression of surface
markers (supplemental Figure 1B). In all samples, bulk leukemia
cells expressed at least 1 agonistic TRAIL receptor (supplemental
Figure 2).

To study the effect of TRAIL on LICs, fresh splenic isolates
from passage 3 to 5 were incubated with TRAIL or vehicle
(1000 ng/mL) for 48 hours in vitro. In leukemia bulk cells, TRAIL
treatment slightly increased the percentage of CD34* cells suggest-
ing increased sensitivity in CD34~ cells (supplemental Figure 3).
Serial dilutions were performed and the cells injected into groups
of mice (supplemental Table 2). Twelve to 16 weeks after injection,
mice were analyzed for engraftment and LIC frequencies were
calculated.

Mice injected with vehicle-treated cells showed typical signs of
leukemia in a cell number-dependent manner, including spleen
enlargement and infiltration of other organs. In contrast, in vitro
TRAIL treatment before transplantation significantly reduced leu-
kemic burden and delayed or even abrogated engraftment as a
function of the number of transplanted cells (Figure 1A-B;
supplemental Figure 4; supplemental Table 2). TRAIL exposure
before injection resulted in a 75% to 99.9% reduction of LIC
frequencies in the samples tested (Figure 1C; supplemental Table
3) and clearly documented that TRAIL affected LICs at least as
efficiently as it affected the bulk of leukemia cells. The effect of
TRAIL against LICs was independent from the number of passages
in mice arguing toward low clonal evolution in the model (Figure
1C). These data suggest that TRAIL might affect LICs, which are
known for their resistance against conventional drugs.>7-2

In addition to the dose-response analysis, kinetics of engraft-
ment were investigated using ALL-177 in limiting dilution trans-
plantation assays (supplemental Table 4). Here the animals were
monitored until death by overt leukemia. The known relationship
between cell number and 2 variables (time to engraftment and time
to death) was clearly visible (Figure 1D-E). On in vitro treatment
with TRAIL, onset and death from leukemia were significantly
delayed. For example, TRAIL treatment of 10° injected cells
delayed onset of and leukemic death by 8 and 10 weeks, respec-
tively (Figure 1E). Eventually, all mice died from leukemia, except
the animal injected with low numbers of TRAIL-treated cells
(4 X 10%). Surprisingly, TRAIL not only delayed engraftment
(P = .004) and death (P = .003) but also slowed down leukemic
growth kinetics in engrafted mice. In Figure 1D and E, slopes of
regression differed between both groups; the mean time between
engraftment and death differed significantly between animals
injected with TRAIL-treated (6.3 weeks) and vehicle-treated cells
(4.6 weeks; P = .03, Student ¢ test).
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Figure 2. In vivo treatment with TRAIL prolongs life in animals engrafted with
pre-B ALL xenograft cells. NSG mice were injected with 5 X 10* ALL-54 cells and
treated on days 5 to 9 and days 12 to 16 (10 doses) with 7.5 mg/kg TRAIL, vehicle, or
mutant C230S-TRAIL by intravenous bolus injection. Five mice were treated with
TRAIL; 6 mice each were treated with vehicle or the TRAIL mutant C230S.
(A) Survival curve. The P value is for the log-rank test. p.i. indicates postinjection.
(B) For secondary transplantations, 10 leukemia splenic cells of 1 mouse treated
with vehicle and 1 diseased mouse treated with TRAIL were injected into 2 mice each.
Secondary transplant recipients were monitored for engraftment as described in
Figure 1D and E. The mean time to overt leukemia is shown together with the SD from
the 2 mice.

vehicle

In a second approach, mice transplanted with ALL xenografts
were treated with TRAIL systemically to determine its effect in
vivo in a proof-of-concept approach. In the preclinical xenograft
mouse model, 5 X 10* pre-B ALL xenograft cells ALL-54 or
ALL-177 were injected per mouse. Five or 6 mice per group were
treated with TRAIL, nonfunctional TRAIL mutant C230S-TRAIL,
or vehicle starting on day 5 after injection, after leukemia cell
homing.?0 In sample ALL-177, TRAIL significantly extended the
survival of the animals (5 weeks, P = .007, supplemental Figure
5). In sample ALL-54, mice treated with the nonfunctional TRAIL
showed similar kinetic of engraftment and death as the vehicle-
treated animals, but TRAIL completely prevented development of
leukemia in 3 of 5 mice (Figure 2A; supplemental Figure 6).
Surviving mice did not show any signs of leukemia until the end of
their life spans and in postmortem analyses. As TRAIL abrogated
development of leukemia in these mice, TRAIL must have affected
LICs in vivo. From a TRAIL-treated mouse that nevertheless
developed leukemia, secondary transplant recipients showed re-
tarded leukemic growth, again arguing that systemic TRAIL
treatment had affected LICs in the primary recipients (Figure 2B).
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Both approaches did not reveal the mechanisms by which
TRAIL targeted LICs (eg, by reducing engraftment, affecting graft
survival, inducing cell death) but, based on current knowledge
about TRAIL, it most probably induced apoptosis in LICs.

Taken together, our data show, for the first time, that TRAIL
significantly reduces the leukemia-initiating capacity of pre-B ALL
xenografts derived from patients, pointing toward a beneficial use
of TRAIL for treatment of ALL.

Acknowledgments

The authors thank Volker Groif3 for all mouse work, Wolfgang
Hammerschmidt for helpful discussions and for reading the
manuscript, Katja Schneider for establishing the ALL xenograft
model, the animal facility for caring for the mice, Ulrike Borgmeier
for technical help, Harald Ehrhardt for TRAIL-receptor staining,
and Claudia Kloss for immunohistochemical analysis.

References

For personal use only.

TRAILTARGETS LICs 4227

This work was supported by Deutsche Forschungsgemeinschaft
(SFB684, TP22), Deutsche José Carreras Leukdmie Stiftung (R10/
26), and Bettina Briu Stiftung (all L.J.).

Authorship

Contribution: C.C.A. designed and carried out experiments and
wrote the manuscript; N.T. and S.G collected data; M.G. prepared
recombinant TRAIL; U.G. provided samples; L.Q.-M. performed
and interpreted the immunohistochemical analysis; I.J. designed
the experiments and wrote the manuscript; and all authors reviewed
the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Irmela Jeremias, Department of Gene Vectors,
Helmholtz Zentrum Miinchen, German Research Center for Envi-
ronmental Health, Marchioninistraf3e 25, 81377 Munich, Germany;
e-mail: irmela.jeremias @helmholtz-muenchen.de.

. Clarke MF, Dick JE, Dirks PB, et al. Cancer stem
cells. Perspectives on current status and future
directions: AACR Workshop on Cancer Stem
Cells. Cancer Res. 2006;66(19):9339-9344.

. Zhou B-BS, Zhang H, Damelin M, Geles KG,
Grindley JC, Dirks PB. Tumour-initiating cells:
challenges and opportunities for anticancer drug

selective mutants signal to apoptosis via

TRAIL-R1 in primary lymphoid malignancies.
Cancer Res. 2005;65(24):11265-11270.

. Wuchter C, Krappmann D, Cai Z, et al. In vitro

susceptibility to TRAIL-induced apoptosis of
acute leukemia cells in the context of TRAIL re-
ceptor gene expression and constitutive NF-xB
activity. Leukemia. 2001;15(6):921-928.

hood acute lymphoblastic leukemia, blasts at dif-

ferent stages of immunophenotypic maturation
have stem cell properties. Cancer Cell. 2008;
14(1):47-58.

Morisot S, Wayne AS, Bohana-Kashtan O, et al.
High frequencies of leukemia stem cells in poor-
outcome childhood precursor-B acute lympho-
blastic leukemias. Leukemia. 2010;24(11):1859-

discovery. Nat Rev Drug Discov. 2009;8(10):806-  11. Mizrahi K, Stein J, Pearl-Yafe M, Kaplan O, Yaniv |, 1866.
823. Askenasy N. Regulatory functions of TRAIL in hema- 20. Kong, Yoshida S, Saito Y, et al. CD34+CD38+

. Lapidot T, Sirard C, Vormoor J, et al. A cell initiat- topoieticlprogenitors: human umbilical_ cord blood ) CD19+ as well as CD34+CD38—CD19+ cells are
ing human acute myeloid leukaemia after trans- and murine bone marrow transplantation. Leukemia. leukemia-initiating cells with self-renewal capacity in
plantation into SCID mice. Nature. 1994;367(6464): 2010;24(7):1325-1334. human B-precursor ALL. Leukemia. 2008;22(6):
645-648. 12. Holland PM. Targeting Apo2L/TRAIL receptors by 1207-1213.

. Bonnet D, Dick JE. Human acute myeloid leuke- sqluble Apo2L/TRAIL [published onling ahead of 21. Baader E, Toloczko A, Fuchs U, et al. Tumor ne-
mia is organized as a hierarchy that originates prlnt January 8, 2011]. Cancer Left. doi:10.1016/ crosis factor-related apoptosis-inducing ligand-

M I j.canlet.2010.11.001. mediated proliferation of tumor cells with receptor-
from a primitive hematopoietic cell. Nat Med. X ,
1997-3:730-737. 13. Soria J-C, Smit E, Khayat D, et al. Phase 1b proximal apoptosis defects. Cancer Res. 2005;
. . . o study of dulanermin (recombinant human Apo2L/ 65(17):7888-7895.

- Chiu PPL, Jiang H, Dick JE. Leukemia-initiating TRAIL) in combination with paclitaxel, carbopla- 22. Fakler M, Loeder S, Vogler M, et al. Small mole-
cells in human T-lymphoblastic leukermia exhibit tin, and bevacizumab in patients with advanced cule XIAP inhibitors cooperate with TRAIL to in-
glucocorticoid resistance. Blood. 2010;116(24): non-squamous non-small-cell lung cancer. J Clin duce apoptosis in childhood acute leukemia cells
5268-5279. Oncol. 2010;28(9):1527-1533. and overcome Bcl-2-mediated resistance. Blood.

. Bachmann PS, Gorman R, MacKenzie KL, 14. Younes A, Vose JM, Zelenetz AD, et al. A Phase 2009;113(8):1710-1722.

Lutze-Mann L, Lock RB. Dexamethasone resis- 1b/2 trial of mapatumumab in patients with re- 23. Anderson K, Lutz C, van Delft FW, et al. Genetic
tance in B-cell precursor childhood acute lympho- lapsed/refractory non-Hodgkin's lymphoma. BrJ variegation of clonal architecture and propagating
P':S“Cd'e“kfmii °°°|”'S ‘t’,OW"fSt":eaT of "9:”“,21 Cancer. 2010;103(12):1783-1787. cells in leukaemia. Nature. 2011;469(7330):356-
induced nuclear transiocation of the glucocorticol 15. Pui C-H, Robison LL, Look AT. Acute lymphoblas- 361.

recaptor. Blood. 2005;105(6):2519-2526. tic leukaemia. Lancet. 2008;371(9617):1030- 24. Notta F, Mullighan CG, Wang JCY, et al. Evolution

. Kuhnl A, Gokbuget N, Stroux A, et al. High 1043. of human BCR-ABL1 lymphoblastic leukaemia-
BAALC expression predicts chemoresistance in 16. Cao X, Shores EW, Hu-Li J, et al. Defective lym- initiating cells. Nature. 2011;469(7330):362-367.
adult B-precursor acute lymphoblastic leukemia. phoid development in mice lacking expression of 25 Schmitz M, Breithaupt P, Scheidegger N, et al.
Biood. 2010;115(18):3737-3744. the common cytokine receptor gamma chain. /m- Xenografts of highly resistant leukemia recapitu-

. Gonzalvez F, Ashkenazi A. New insights into apo- munity. 1995;2(3):223-238. late the clonal composition of the leukemogenic
ptosis signaling by Apo2L/TRAIL. Oncogene. 17. Reya T, Morrison SJ, Clarke MF, Weissman IL. compartment. Blood. 2011;118(7):1854-1864.
2010;29(34):4752-4765. Stem cells, cancer, and cancer stem cells. Na- 26. Ishikawa F, Yoshida S, Saito Y, et al. Chemo-

. MacFarlane M, Kohlhaas SL, Sutcliffe MJ, ture. 2001;414(6859):105-111. therapy-resistant human AML stem cells home to
Dyer MJS, Cohen GM. TRAIL receptor- 18. le Viseur C, Hotfilder M, Bomken S, et al. In child- and engraft within the bone-marrow endosteal

region. Nat Biotechnol. 2007;25(11):1315-1321.


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

