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Acute Lymphoblastic Leukemia

Introduction

Acute lymphoblastic leukemia (ALL) is the most common
malignancy in childhood and has a guarded prognosis in the
20% of patients who relapse.1-3 Novel therapies are needed
for poor prognosis ALL. Oncolytic viruses are an emerging
therapeutic approach in solid tumors. Attenuated measles
virus (MV), such as the Edmonston-B strain (MV-Edm) and its
derivatives, is strongly oncolytic in solid tumor models.4-8 Its
action is enhanced by chemotherapy,9 irradiation,10 radioac-
tive nuclides11 and influx of neutrophils.12 The tropism of MV-
Edm can be narrowed by genetic manipulations.13-17 MV-Edm
and its derivatives have shown very few side-effects as vac-
cines in humans and when tested in susceptible and immuno-
compromised mouse models or non-human primates.6,9,18

Attenuated MV shows promise in clinical trials against solid
tumors. Cutaneous T-cell lymphoma regressed after intratu-
moral injection of attenuated MV.19 MV-Edm administered
intraperitoneally prolonged survival of patients with ovarian
carcinoma, without dose-limiting toxicity.20,21 MV-Edm is also
administered locally in patients with recurrent glioblastoma
multiforme and intravenously into patients with multiple
myeloma.22-24 While evidence for efficacy of attenuated MV in
solid tumors is mounting, little is known about its effects in
leukemias. Recent data suggest adult leukemias as possible
targets.25,26 No investigations have yet been performed in
pediatric ALL. 

CD150 (SLAM) expressed on immune cells are known to be
used by MV-Edm as an entry receptor in vivo, while the role
of ubiquitously expressed CD46 for in vivo entry of MV-Edm
has recently been challenged.27 Nectin-4 (PVRL4) has been
shown to be an epithelial cell receptor for both wild-type
MV28,29 and MV-Edm.29 After infection and replication, newly
formed viruses infect neighboring tumor cells by mechanisms
that are not yet completely understood. In some cell types,
close cell contact is important for viral spread,30-32 whereas
release of MV-Edm by infected cells into the extracellular
space appears to be non-essential in those cells.31,32

All human nucleated cells express CD46. Many solid tumor
cells over-express CD46.33 This is thought to confer preferen-
tial killing of cancer cells versus non-transformed cells follow-
ing infection by MV-Edm.34 It is unknown whether this mech-
anism is operative in ALL. Cells infected with paramyxovirus-
es, such as MV, sense the cytoplasmic presence of virus-spe-
cific RNA by the cytoplasmic pattern recognition receptors
retinoic acid-inducible gene I (RIG-I) and melanoma differen-
tiation associated gene-5 (MDA-5).35-37 Paramyxoviruses
attempt to inhibit MDA-5 using their V protein.38 RIG-I binds
the adaptor molecule mitochondrial antiviral signaling
(MAVS). This activates interferon response factor-3 (IRF-3)
and NF-κB, which translocate into the nucleus and activate
interferon-a/b (IFN-a/b) genes (reviewed by Randall and
Goodbourn39). IFN-a/b thus produced binds to the receptors
IFNAR1 and IFNAR2 inducing IFN-stimulated genes, whose
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Novel therapies are needed for pediatric acute lymphoblastic leukemia resistant to conventional therapy. While
emerging data suggest leukemias as possible targets of oncolytic attenuated measles virus, it is unknown whether
measles virus can eradicate disseminated leukemia, in particular pediatric acute lymphoblastic leukemia. We eva-
luated the efficacy of attenuated measles virus against a large panel of pediatric xenografted and native primary
acute lymphoblastic leukemias ex vivo, and against four different acute lymphoblastic leukemia xenografts of B-
lineage in non-obese diabetic/severe combined immunodeficient mice. Ex vivo, attenuated measles virus readily
spread among and effectively killed leukemia cells while sparing normal human blood cells and their progenitors.
In immunodeficient mice with disseminated acute lymphoblastic leukemia a few intravenous injections of atten-
uated measles virus sufficed to eradicate leukemic blasts in the hematopoietic system and to control central ner-
vous system disease resulting in long-term survival in three of the four xenografted B-lineage leukemias.
Differential sensitivity of leukemia cells did not require increased expression of the measles entry receptors CD150
or CD46 nor absence of the anti-viral retinoic acid-inducible gene I/melanoma differentiation associated gene-5
/interferon pathway. Attenuated oncolytic measles virus is dramatically effective against pediatric B-lineage acute
lymphoblastic leukemia in the pre-clinical setting warranting further investigations towards clinical translation.
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products inhibit replication and spread of MV. Deficiency
in suppression of the type I IFN response in normal cells is
part of the attenuated phenotype of vaccine strains of
MV.40,41 Many solid cancer cells are known to have a
decreased IFN response (reviewed by Pitha42), which can
be exploited for oncolytic virotherapy.43,44 It is unknown
whether ALL cells have a deficient type I IFN response
impacting on their response to viral infection, whether
they harbor defects in the RIG-I/MDA-5 pathway or
whether other mechanisms of increased susceptibility to
attenuated MV are operative in ALL cells. 
In this study, we set out to investigate the hitherto

unknown susceptibility of pediatric ALL to attenuated
MV. Using our large collection of primary pediatric ALL
propagated in immunodeficient mice45 we show that MV-
Edm is remarkably effective against acute B-lineage ALL in
the pre-clinical setting. 

Methods

ALL cell lines, xenografts and patient samples
The ALL cells lines Jurkat, CCRF-CEM, MOLT-4, REH, RS4;11

and NALM-6 were purchased. ALL cells from patients propagated
in non-obese diabetic/severe combined immunodeficient mice
(NOD/SCID) mice were procured from spleen tissue at a purity of
above 90%. Primary patient ALL samples were obtained at diag-
nosis from pediatric patients with de novoALL. Most patients were
enrolled in the ALL-BFM study protocols. Patients’ characteristics
for the xenografts are listed in the Online Supplementary Table S1.
The human study protocol was approved by the Ethical Review
Board of the University Medical Center Ulm in accordance with
the Declaration of Helsinki. Cell lines, xenografts and primary ALL
cells were cultured in RPMI 1640 with 10% fetal calf serum, L-glu-
tamine, penicillin and streptomycin.

Human ALL NOD/SCID mouse model
NOD/SCID mice at a median age of 8-10 weeks (w) were used.

Housing and treatment of animals were in accordance with state
guidelines. ALL cells were injected into a lateral tail vein. After
grafting, blood samples were evaluated at 1-w or 2-w intervals for
human leukemia cells by determining CD45+Ly5– cells using flow
cytometry. At necropsy cell suspensions from spleen, bone mar-
row and meninges were prepared and brains were procured. The
presence of leukemic cells in the suspensions was determined by
FACS analysis. 

Virus infection
Ex vivo cells were infected with MV-Edm at a MOI of 1. ALL cell

lines, xenografts, patient samples, peripheral blood mononuclear
cells (PBMC), B and T cells were infected in serum-free RPMI 1640
medium at 37°C for 3 hours (h). For hematopoietic stem cells
(HSC) serum-free IMDM medium was used. Medium was
changed depending on the experiment.

Replication of MV-Edm in Jurkat cells and PBMC
To quantitate viral replication in Jurkat cells, lysates were har-

vested 3, 24, 48 and 72 h after infection and added to Vero indica-
tor cells. Syncytia were determined 72 h later. To compare replica-
tion in Jurkat cells to PBMC, lysates of PBMC were collected 72 h
after infection and added to Vero cells. Syncytia formation was
documented after 72 h.

Spread and bystander effect of MV-Edm
To assess spread of MV-Edm in the presence of anti-MV-anti-

bodies, infected Jurkat or REH cells were mixed with non-infected
Jurkat or REH cells at increasing ratios of 1:20, 1:10, 1:5 and 1:2 in
the presence or absence of 10% measles immune serum. Cell via-
bility was determined by forward scatter/side scatter analysis
using FACS.

In vivo treatment
NOD/SCID mice were transplanted with B-cell precursor ALL

xenograft cells from patients #6, #13, #15 and #19. Once peripheral
blast counts reached 5-20%, as determined by FACS, mice
received intravenous injections of MV-Edm, heat-inactivated MV-
Edm or PBS each day (d) for 5 d. Mice of the treatment group were
killed and analyzed when their survival time after therapy was
three times the survival time after injection of the animals in the
control groups or when they reached the end of their natural lifes-
pan of 250 d.
Materials and Methods are fully described in the Online

Supplemental Appendix.

Results

MV-Edm effectively kills cells from ALL cell lines
We first investigated susceptibility of ALL cell lines to

MV-Edm. Cells of the T-lineage ALL cell line Jurkat were
killed within 72 h by MV-Edm, depending on dose (Figure
1A). Based on these results, a MOI of 1 was chosen for fur-
ther experiments in vitro. Next, we determined that the T-
lineage ALL cell lines Jurkat, CCRF-CEM and MOLT-4, and
the B-lineage ALL cell lines REH, NALM-6 and RS4;11 were
killed by MV-Edm in a time-dependent manner (Figure 1B
and Online Supplementary Figure S1A). B-lineage ALL cells
were killed more protractedly compared to T-lineage ALL
cells. Within the same experiments we showed good agree-
ment between results of forward scatter/side scatter and
Annexin V/PI analyses for all xenografts and all cell lines
except for REH and NALM-6 cells, where forward scatter /
side scatter analysis underestimated cell kill (Figure 1B and
Online Supplementary Figure S1). In addition, we verified that
results for inactivated MV-Edm and medium control were
comparable (Figure 1B and Online Supplementary Figure S1).
In Jurkat cells growing at high density MV-Edm induced

syncytia, the classical cytopathic effect of MV (Figure 1C).
Importantly, MV-Edm also markedly decreased clono-
genicity of Jurkat and REH cells (Figure 1D). Replication of
MV-Edm in Jurkat cells started 24 h post infection and con-
tinued at 72 h (Figure 1E).

MV-Edm effectively kills cells of pediatric primary ALL
and xenografts 
Next, we investigated sensitivity of pediatric primary

ALL and xenograft cells to MV-Edm. Of 6 ALLs from the
bone marrow of patients 4 could be evaluated, while in 2
leukemias extensive spontaneous apoptosis precluded
analysis. Of the evaluable ALL, 3 were sensitive to MV-
Edm in a heterogeneous fashion, while one (#4) was resist-
ant (Figure 2A). We extended the analysis to 18 evaluable
(out of 21 investigated) primary pediatric ALLs propagated
in NOD/SCID mice. Patients’ characteristics of primary
ALL and xenografts are listed in the Online Supplementary
Table S1. Spontaneous ex vivo apoptosis varied between
the ALL xenografts and was marked in some (Figure 2B).
Except for xenograft #19, all xenografts were very sensi-
tive to MV-Edm ex vivo. 
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As in cell lines, results of FSC/SSC analysis and Annexin
V/PI staining in explanted ALL xenografts were compara-
ble, and results for inactivated MV-Edm were similar to
medium control (Online Supplementary Figure S1B). Thus,
the simpler methods of FSC/SSC analysis and of using
medium as control were chosen for further experiments.
In summary, MV-Edm was strikingly effective in killing
primary ALL cells ex vivo.

MV-Edm spreads effectively in ALL cell lines
in the absence of measles antibodies, killing blasts
by apoptosis 
Effective killing of leukemic cells of systemically adminis-

tered MV-Edm against ALL hinges on effective spread of
MV-Edm between leukemic cells, as initial infection effi-
ciency in vivo is likely to be too low to target every leukemic
cell. Viral spread and killing of leukemic bystander cells was
modeled in vitro by mixing MV-Edm-treated with untreated
leukemic cells and determining cell death in the mixture. A

small number of initially infected cells sufficed to kill a large
number of initially uninfected cells, e.g. 5% initially infected
REH cells killed 50% of the cells in the mixture after 72 h
(Online Supplementary Figure S2). This shows that before
their demise, infected ALL cells are able to transmit infection
to bystander leukemic cells, leading to their death. Spread of
MV-Edm in ALL may proceed either by cell-to-cell contact
or by release of MV-Edm from infected cells into the extra-
cellular space. In either case, MV-Edm could be neutralized
if measles antibodies were present. Indeed, in a mixture of
infected ALL cells with uninfected bystander leukemic cells,
measles immune serum inhibited MV-Edm-induced death
in the bystander cells (Online Supplementary Figure S2). Cell
death of ALL cell lines and ALL xenograft cells by MV-Edm
occurred by apoptosis, while no non-apoptotic death was
evident (Online Supplementary Figure S3). Taken together,
these results support the notion that, in the absence of
measles antibodies, MV-Edm may control ALL even if only
a small quantity of blasts is infected initially.
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Figure 1. MV-Edm effectively replicates in
and kills ALL cell lines  (A) Dose-dependent
killing of Jurkat cells. Jurkat cells (4 x 104

cells per well in a 96-well plate) were infect-
ed with MV-Edm at increasing MOIs. Cell via-
bility was determined at 3 h and 72 h by
FACS using FSC/SSC analysis. Results are
means +SD of triplicates and are expressed
as percentage of total cells. Similar results
were obtained in 2 independent experi-
ments. (B) Time-dependent killing of Jurkat
and Reh cell lines. 4 x 104 cells per well were
incubated with MV-Edm at a MOI of 1 (“+”),
with heat-inactivated MV-Edm (“inactivated”)
or with medium (“-“). Cell viability was deter-
mined by FSC/SSC analysis (left panels) and
Annexin V/PI staining (middle panels).
Results are means +SD of triplicates and are
expressed as percentage of total cells.
Agreement between forward/side scatter
and Annexin V/PI analyses was determined
using Bland-Altman plots (right panels).
Mean difference (bias) is indicated by a solid
line, ± 1.96 standard deviations of the differ-
ences (95% limit of agreement) by dashed
lines. Average denotes average of results of
both methods. Similar results were obtained
in 3 independent experiments. (C) Formation
of syncytia in Jurkat cells. Jurkat cells were
seeded in 96-well plates (4 x 104 cells per
well in a 96-well plate) and infected with MV-
Edm at a MOI of 1 or were left uninfected. 48
h and 72 h post infection cells were
assessed by light microscopy. Bars equal
200 μm. (D) Reduced clonogenicity of Jurkat
and REH cells. REH and Jurkat cells infected
with MV-Edm at a MOI of 1 were seeded in 6-
well plates (1 x 103 cells per well) in methyl-
cellulose-containing medium. 14 d later
viable colonies were stained by MTT (left
panels) and counted (right panel). Similar
results were obtained in 2 independent
experiments. (E) MV-Edm replicates in Jurkat
cells. Jurkat cells (2.5 x 106 cells per 25 cm2

flask) were infected with MV-Edm at a MOI of
1. Cell supernatants were collected at the
time points indicated and added to Vero
cells. Syncytia formation was determined
(upper panel). To quantitate replication
infected Jurkat cells were lysed and the
TCID50 was determined using Vero cells
(lower panel). ***P<0.001 using the
unpaired t-test. 
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Specific sensitivity of ALL cells to MV-Edm compared to
hematopoetic cells does not depend on enhanced
expression levels of CD46 or CD150 
We have shown that MV-Edm readily kills primary ALL

and ALL xenografts, implying efficient viral replication in
these cells. We also showed pronounced MV-Edm-
induced cell death of ALL cell lines and proved strong

replication and intraleukemic spread of MV-Edm in Jurkat
cells. Next, we investigated whether normal hematopoiet-
ic cells are differentially sensitive to MV-Edm. Indeed, sus-
ceptibility of human PBMC from healthy donors was mar-
ginal (Figure 3A) compared with primary ALL and ALL
xenografts (Figure 2) and ALL cell lines (Figure 1 and
Online Supplementary Figure S1). Limited sensitivity of
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Figure 2. MV-Edm effectively kills cells of pediatric primary ALL and xenografts ex vivo. ALL cells (8 x 104 cells per well in a 96-well plate) were
treated at a MOI of 1 or were left untreated. Cell viability was determined 72 h after infection by FACS FSC/SSC. Results are means +SD of
triplicates and are expressed as percentage of total cells. ***P<0.001, **P<0.01, *P<0.05 and ns = not significant using the unpaired t-test.
(A) Killing of primary ALL cells. Cells were isolated from the bone marrow of 4 patients (ID #1-4) with pro-B, common (c), pre-B and T ALL. 
(B) Killing of explanted ALL xenografts. Xenograft cells were isolated from the spleen of NOD/SCID mice (#15 refers to the relapse of #9).  

Figure 3. Hematopoetic cells are not sensitive to MV-Edm despite sufficient expression of CD46 and CD150. (A) Limited susceptibility of
PBMC. 8 x 104 PBMC per well from buffy coats of 16 donors or 4 x 104 Jurkat cells were infected in 96-well plates with MV-Edm at a MOI of
1 or were left uninfected. Cell viability was determined 72 h after infection by FACS FSC/SSC. ***P<0.001 using the unpaired t-test. (B) No
infectious viruses from PBMC treated with MV-Edm after 72 h. 8 x 104 PBMC per well from 3 donors or Jurkat cells were treated with MV-Edm
at a MOI of 1. Cell lysates were obtained after 72 h and 15 μL was added to 2.25 x 105 Vero cells. Syncytia formation was determined 72 h
later after staining with crystal violet by light microscopy. (C) HSC function is not affected. 2 x 103 CD34+CD38– HSC from human cord blood
were infected with MV-Edm at a MOI of 1 or were left uninfected. Thereafter, 1 x 103 cells per dish were seeded in methylcellulose-based medi-
um. 14 d later, CFU-GEMM, CFU-GM and BFU-E colonies were determined. ns = not significant using the unpaired t-test. Similar results were
obtained in two independent experiments. (D) ALL cells do not express more CD46 than PBMC and HSC. PBMC from 16 donors, CD34+CD38-
HSC from 3 cord blood donors, 6 ALL cell lines (CCRF-CEM, Jurkat, MOLT-4, NALM-6, REH and RS4;11) and xenografts #6, #13, #15 and #19
were analyzed for CD46 expression relative to isotype control using FACS. Horizontal bars depict medians. *P< 0.05, ns = not significant using
one-way ANOVA with Tukey’s post hoc test. (E) Less CD46 is expressed on ALL blasts than on hematopoetic cells in patients. CD19+CD10+ ALL
blasts, CD34+CD19– HSC and CD45+CD19– hematopoetic cells from the bone marrow of patients at diagnosis were analyzed for expression
levels of CD46 by determining mean fluorescence intensity using FACS. 5-10 x 104 cells per sample were analyzed. **P<0.01 comparing
medians using the Kruskall-Wallis test. (F) ALL cells do not express CD150 more frequently than PBMC and HSC. CD150 expression levels
were determined in the cells described in (D) by mean fluorescence intensity normalized to isotype control using FACS. **P< 0.01, ns = not
significant using one-way ANOVA with Tukey’s post hoc test.  
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PBMC could be in part explained by limited replication of
MV-Edm in PBMC. Indeed, we could not detect infectious
viral particles from PBMC lysates 72 h after infection with
MV-Edm (Figure 3B). Taken together, these data suggest
that preferential replication of MV-Edm in ALL con-
tributed to the enhanced sensitivity of ALL cells. 
During treatment of ALL with MV-Edm hematopoietic

stem cells (HSC) will become exposed to MV-Edm, either
in the wake of systemic injection or after release of virus
from infected leukemic cells. To determine any possible
impact on the function of HSC, we asked whether the
capacity of HSC to form progenitor colonies would be
affected upon infection with MV-Edm. This was not the
case, showing that ex vivo human HSC are resistant to MV-
Edm (Figure 3C). 
Next, we explored potential mechanisms of the differ-

ential sensitivity of ALL and hematopoietic cells we had
observed. As enhanced expression of CD46, an entry
receptor for attenuated MV in vitro, on solid tumor cells
contributes to their specific susceptibility to MV com-
pared to normal cells that express less CD46,34 we rea-
soned that this may also apply to ALL. However,
enhanced sensitivity of ALL cells was not due to enhanced
expression of CD46, as measured by mean fluorescence
intensity. In fact, less CD46 was found on xenografts and
ALL cell lines than on PBMC, while HSC from cord blood
expressed amounts comparable to leukemic cells (Figure
3D). Along this line, leukemic blasts in the bone marrow
of patients always expressed less CD46 than HSC and
mature hematopoietic cells (Figure 3E). We then asked
whether CD150, a known entry receptor for MV-Edm in
vivo, could account for the differential sensitivity of ALL.
However, CD150 was expressed on only few of the
xenografts and ALL cell lines, on none of the HSC speci-
mens, but on all PBMC samples (Figure 3F). Taken togeth-
er, the different sensitivity of ALL cells and normal
hematopoietic cells to MV-Edm cannot be explained by
different expression of the entry receptors CD150 or
CD46. Rather, the data suggest that either other entry
receptors or post-entry mechanisms modulate efficacy of
MV-Edm in ALL.

Intact RIG-I/MDA-5-mediated transcriptional interferon
response in B-cell precursor ALL xenograft cells after
infection by MV-Edm
As the previous results suggested post-entry mecha-

nisms as possible determinants of differential sensitivity to
MV-Edm, we turned our attention to the interferon
response. Many cancer cells are defective in mounting a
type I IFN response to viral infection. As it was unknown
whether ALL cells harbor such a defect, we investigated
the pivotal RIG-I/MDA-5 sensing and signaling pathway
and subsequent interferon response upon infection with
MV-Edm. Investigating this pathway also appeared to be
important because paramyxovirus V protein is known to
inactivate MDA-5.38 Upon infection by MV-Edm, ALL
xenograft cells increased transcription of IFN-b, the inter-
feron target genes RIG-I and MDA-5, and the interferon-
responsive genes IRF-1, ISG-15 and IFIT1 (Figure 4). In
contrast, infected ALL cell lines did not respond with
increased transcription of these genes (Figure 4). 
These data show that the MV-Edm-induced RIG-

I/MDA-5-mediated interferon response was intact on the
transcriptional level in B-cell precursor ALL xenograft cells
but defective in ALL cell lines. 
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Figure 4. The RIG-I/MDA-5/MAVS/IFN-b axis is defective in ALL cell
lines but intact in B-cell precursor ALL xenograft cells. T and B cells
isolated from PBMC of 5 and 6 donors, respectively, ALL cell lines
and B-cell precursor ALL xenografts #6, #13, #15 and #19 were
infected with MV-Edm at a MOI of 1 or were not infected. mRNA was
isolated 12 h later. Expression of RIG-I, MDA-5, MAVS, IRF-3, IFN-b,
IFNAR1 IFNAR2, IRF-1, ISG-15 and IFIT1 was measured by qRT-PCR
and is shown relative to expression of b-actin. ***P<0.001;
**P<0.01; *P<0.05 and ns: not sigificant using the unpaired t-test.
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In vivo, MV-Edm eradicates or markedly decreases
peripheral blasts of B-lineage ALL leading to survival 
of most mice
Given the marked susceptibility of primary ALL to MV-

Edm in vitro we set out to determine if MV-Edm can con-
trol disseminated patient ALL in the human leukemia
NOD/SCID mouse model. We and others have shown
that this model faithfully simulates the situation in the
pediatric patient, the original characteristics of the
patients’ ALL being faithfully preserved even after repeat-
ed retransplantations.45,46 We assessed a pro B, a pre B and
two common ALL xenografts to cover the spectrum of B-
lineage ALL. Upon reaching a high leukemic burden, as
determined by the percentage of blasts in the peripheral
blood, mice were systemically treated with MV-Edm or
were mock-treated. In the mock-treated mice, percent-

ages of peripheral leukemic blasts quickly rose and the
general appearance of the mice deteriorated, necessitating
their euthanasia (Figure 5A). Thirty-three of the 44
untreated mice across all xenografts could be necropsied,
all of these revealed extensive leukemic infiltration of
bone marrow and spleen (data not shown). In stark con-
trast, leukemic blasts in the blood rapidly decreased in all
treated mice, regardless of whether they harbored pro B,
pre B or common ALL xenografts (Figure 5A). Leukemic
blasts remained undetectable in the peripheral blood of all
surviving mice. All treated mice with the common ALL
xenograft #15 survived until euthanized at the age of 265
d, beyond the life span of 250 d typical for NOD/SCID
mice. Necropsy showed no blasts in peripheral blood
(Figure 5A), bone marrow, spleen and liver (Online
Supplementary Figure S4), indicating complete eradication

Attenuated measles virus controls pediatric ALL
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Figure 5. In NOD/SCID mice with B-lineage ALL xenografts MV-Edm eradicates or profoundly decreases peripheral blasts leading to survival
of most mice NOD/SCID mice with the common ALL xenografts #15 and #13, the pro B ALL xenograft #6 and the pre B ALL xenograft #19
received MV-Edm ("+", n = 8), inactivated MV-Edm ("inactivated", n = 8) or no MV-Edm ("-", n = 8, #15 only) each d for 5 d once peripheral
CD45+Ly5– leukemic blasts reached mice. 5-20 % as determined by FACS. (A) Peripheral leukemic blasts and survival. Peripheral CD45+Ly5–

leukemic blasts were monitored by FACS analysis (left panels). Kaplan-Meier survival plots were generated (right panels; *** P<0.001, ns =
not significant using the log rank test). (B) Leukemic burden in blood and spleen of mice with xenograft #13 markedly decreases following
treatment. The percentages of CD45+Ly5– leukemic blasts in the last blood sample procured before death are compared (left panel; means
+SD for each group are depicted, ***P<0.001 using the unpaired t-test). Spleens were procured after death and photographed (right panel,
scale bar equals 3 cm).
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of leukemic blasts in the hematopoietic system and its
restitutio ad integrum. All treated mice with the pro-B
xenograft #6 survived until they were 238 d old, when
mice died. Necropsy revealed no leukemic blasts in blood,
spleen or bone marrow and no obvious cause of death in
these 2 visibly aged mice. The remaining #6 mice were
euthanized because of advanced age. Upon necropsy, no
ALL cells were found in blood, spleen and bone marrow.
All but one mouse treated with the pro-B xenograft #19
survived. The mouse that died could not be analyzed. No

leukemic blasts were evident in blood, spleen and bone
marrow of the surviving mice. Surprisingly, all but one of
the treated mice with xenograft #13 died as quickly as the
untreated mice harboring this extremely rapidly progress-
ing leukemia (Figure 5A), despite diminished leukemic
blasts in the blood and the spleen (Figure 5B). The two
bone marrows that could be examined in the treatment
group prior to autolysis showed only moderate infiltra-
tion by leukemic blasts, extensive areas of necrosis and
severe depression of hematopoiesis (Online Supplementary
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Figure 6. Systemic MV-Edm efficiently replicates, spreads
and kills within an ALL xenograft in vivo. NOD/SCID mice
with xenograft #15 received MV-Edm (n = 5) or PBS without
MV-Edm (n = 5) for 5 d once blasts reached 5-20% of
peripheral nucleated blood cells. 15, 18 and 25 d after
application of MV-Edm one pair of mice (treated and
untreated) was killed. Organs were analyzed by HE staining
and immunohistochemistry for MV-H protein, active
(cleaved) caspase-3 and Ki67. (A) Replication, spread and
kill in spleen. Representative micrographs of treated mice
are shown. Inserts depict higher magnification. Scale bars
equal 100 μm. Cells positive for active caspase-3, Ki67 and
MV-H were counted in representative spleen sections of
treated ("+") and untreated ("-") mice. Results shown in the
graphs are means +SD of three visual fields (magnification
200x) per animal and time point. ***P<0.001 **P<0.01,
*P<0.05, ns = not significant using the unpaired t-test. (B)
Blast clearance in liver. Representative micrographs of
treated mice are shown. Scale bar equals 100 μm. 
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Figure S5). Taken together, MV-Edm eradicated or
decreased peripheral leukemia in all of the four different
xenografts leading to long-term survival of mice in 3 of
the 4 xenografts.

Efficient intraleukemic replication, spread and impact
of MV-Edm in vivo
The kinetics of leukemic cell death induced by MV-Edm

was organ-dependent. As shown by FACS analysis, in
mice with xenograft #15 peripheral blood was cleared
from blasts 18 d after start of therapy while spleens were
cleared later at 25 d, a time when bone marrow and
meninges were still infiltrated by blasts (Online
Supplementary Figure S6). To investigate the kinetics of viral
replication and of the blasts’ response in cellular detail his-
tology was performed. Following systemic administration
of MV-Edm viral replication was evident within many
blasts at 15 d and within most blasts at 18 d (Figure 6A).
Cytological, proliferative and apoptotic responses of blasts
paralleled viral replication. While 15 d after therapy few
morphological changes of the blasts were discernible, at

18 d the boundaries of the blasts disappeared and their
nuclei were karyolytic, consistent with formation of syn-
cytia. Apoptosis significantly increased while proliferating
cells markedly decreased. Seven days later, at d 25, far
fewer blasts were visible and normal mononuclear cells as
well as megakaryocytes had reappeared. The apoptosis
rate had returned to baseline and far fewer proliferating
cells were discernible. Blast clearance from the liver fol-
lowed a similar kinetic (Figure 6B).
Thus, MV-Edm readily replicates and spreads in ALL in

vivo, eliminating blasts.

Systemic MV-Edm controls CNS leukemia 
In 2 mice with xenograft #21 we determined that central

nervous system (CNS) disease was already present when
therapy was started (Figure 7A). Meningeal leukemic load
was over 60% (data not shown) when peripheral blasts had
reached 5-20%. Assuming a similar correlation in the
other xenografts, efficacy of systemically injected MV-
Edm against CNS disease in xenografts #15, #6, #19 and
#13 was evaluated. When untreated mice had to be killed,
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Figure 7. Systemic MV-Edm curbs CNS disease In NOD/SCID mice
with ALL xenografts (A) CNS disease is established early. 2 mice
with xenograft #21 were killed once peripheral leukemic blasts
reached 5-20 % (90 d), as determined by FACS, and CNS disease
was assessed by FACS analysis of the meninges and histology of
the brain. Scale bars equal 100 μm. (B) Meningeal blasts are con-
trolled while not eradicated by MV-Edm. Mice with xenografts
without MV-Edm ("-" and "inactivated") that thus died from dis-
ease, and which could be assessed before onset of autolysis (8
out of 16 mice for xenograft #15, 7 out of 8 for xenograft #6, 10
out of 10 for xenograft #19 and 9 out of 10 for xenograft #13)
were compared to mice that were treated with MV-Edm ("+") and
thus died or were sacrificed because of advanced age (8 out of 8
mice for xenograft #15, 7 out of 9 for xenograft #6, 8 out of 9 for
xenograft #19 and 2 out of 10 for xenograft #13). Organs were
investigated by FACS for the presence of CD45+Ly5- leukemic
cells. ***P<0.001 using the unpaired t-test. (C) Marked decrease
of blasts infiltrating the brain. Brains of mice with xenograft #15
were serially cut as depicted in Online Supplementary Figure S7
and stained by HE. Blasts were detected by morphology (left
panel, scale bar equals 100 μm). The number of leukemic cells
per section and the percentage of sections containing leukemic
cells were determined (right panel; means +SD for each group
are depicted; **P<0.01, *P<0.05 using the unpaired t-test).
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CNS disease in all 4 xenografts had massively progressed
to an extent comparable with peripheral disease, i.e. 60-
80% (Figure 7B). In stark contrast, when surviving treated
mice (none of which exhibited neurological signs) were
analyzed 135-150 d after therapy, i.e. near the end of their
lifespan, meningeal blasts were markedly decreased in all
of the xenografts (Figure 7B). Quantitative histological
analysis performed on xenograft #15 proved that MV-Edm
had markedly decreased both the number and the extent
of infiltration of blasts in treated mice (Figure 7C and
Online Supplementary Figure S7).
We wanted to know whether CNS disease had caused

the few spontaneous deaths of treated mice. In the 2 treat-
ed mice with xenograft #6 that spontaneously died (Figure
5A), only 16% and 17% leukemic blasts were found in the
meninges (data not shown). In the 2 (of 10) treated mice
with xenograft #13 that spontaneously died and whose
brains could be examined prior to autolysis, leukemic infil-
tration of the meninges was 3% and 4%. Thus, residual
CNS disease is unlikely to have caused the death of the
treated mice that died.
Taken together, these data show that MV-Edm controls

CNS disease in mice with ALL xenografts. While incom-
plete, this control most likely contributed to survival.

Discussion

This paper shows that attenuated MV eradicates and
controls peripheral and central nervous ALL, respectively,
in mice with disseminated primary B-lineage ALL
xenografts. Using a large cohort of xenografted or native
primary ALL samples investigated ex vivo, we proved gen-
eral susceptibility of pediatric B-lineage ALL to attenuated
MV. Previous knowledge about MV or other viruses as
leukemolytic agents addressed adult disease. In mice bear-
ing the Met-1 cell line model of HTLV-1-induced adult T-
cell leukemia/lymphoma oncolytic MV decreased tumor
burden.47 In vitro, oncolytic MV killed several chronic lym-
phocytic leukemias (an indolent leukemia of old age) and
adult acute lymphocytic leukemias, with differential
cytopathology and kinetics.25 MV has been shown to erad-
icate subcutaneous solid tumors of NALM-6 cells upon
intratumoral injection, and to decrease grafting of intra-
venously injected NALM-6 cells by prompt preemptive
injection of naked virus or virus protected within
meschenchymal stromal cells.25,26 It was unknown
whether MV can eradicate established disseminated
patient ALL, in particular pediatric ALL, the most common
malignancy in childhood. 
A few intravenous injections of MV-Edm at a dose per

body weight comparable to the maximal dose adminis-
tered intravenously to patients in clinical trials for multiple
myeloma22 were administered to mice with four estab-
lished and disseminated patient-derived pediatric B-lin-
eage ALL xenografts that all afflicted the CNS. These
leukemias covered the spectrum of B-lineage ALL. The
leukemic burden was high at start of treatment, as indicat-
ed by a large number of leukemic blasts in bone marrow,
blood, spleen, liver and CNS. Our approach thus repre-
sented an attempt to cure mice with florid, widely dissem-
inated patient ALL rather than a preemptive approach.
Administration of MV-Edm rapidly decreased peripheral
leukemic blasts in all four xenografts and eradicated
peripheral blasts in three xenografts resulting in survival of

the large majority of mice. Of note, the few treated mice
with xenografts #15, #6 and #19 that died did so at the end
of their natural lifespan. Their death was most likely
caused by advanced age, as the number of CNS blasts had
markedly decreased to moderate or low levels compatible
with life, and since peripheral leukemia was eradicated.
The fourth, very rapidly progressing ALL (#13) also
responded quickly to MV-Edm, both in the peripheral
blood, the bone marrow and the CNS. Nevertheless, all
but one of the mice with this xenograft died early. In the
mice that could be examined, post mortem death was asso-
ciated with extensive necrosis in the bone marrow and
with hematopoietic depression. As murine cells are not
susceptible to MV-Edm, this might represent a leukemia-
induced depressive effect that persisted despite regression
of this aggressive leukemia, as has recently been described
for acute myeloid leukemia.48
MV-Edm was effective ex vivo in a large number of pri-

mary and xenografted B-lineage ALL. Analysis of most
ALL investigated was not precluded by their intrinsic
apoptosis rate evident ex vivo. Marked intrinsic apoptosis
is a known characteristic of ALL cells that can be exacer-
bated ex vivo by culture conditions.49 Extension of ex vivo
survival requires the use of bone marrow feeder cells and
cytokines. This, however, would introduce additional
confounding variables into the assay, including a selection
bias for cell death-resistant cells. While T-lineage ALL cells
from a xenograft and from cell lines were found to be sen-
sitive to MV-Edm ex vivo and in vitro, the general suscepti-
bility of T-lineage ALL has to be proven in larger studies.
An important factor in the potency of MV-Edm against
pediatric ALL was its ability to repress CNS disease.
Control of CNS disease was, albeit incomplete, sufficient
in all treated mice for survival until advanced age without
clinical signs of CNS leukemia and with only moderate to
low numbers of residual blasts in the CNS. This is remark-
able, given that no attempts were made to specifically tar-
get CNS leukemia. Of note, extensive CNS disease was
already established when MV-Edm was applied, arguing
against mere prevention of CNS disease by MV-Edm via
eradication of peripheral blasts. Control of leukemia
required more time in the CNS than in blood, spleen and
liver. This suggests that entry of MV into the CNS, while
possibly facilitated by disruption of the blood-brain barri-
er by meningeal blasts, was nevertheless limited. In addi-
tion, spread of MV within the CNS may be more restrict-
ed than in the periphery. Given these impediments, future
studies will attempt to eradicate CNS disease by modulat-
ing the schedule of treatment.
Several additional factors may account for the pro-

nounced efficacy of MV-Edm against ALL in vivo. In con-
trast to many solid tumor cells, most leukemic cells reside
in well-perfused organs like bone marrow, blood, lym-
phatic system and liver, facilitating viral delivery. No bar-
rier exists between MV and leukemic blasts in the blood,
and the sinusoidal capillaries typical for bone marrow,
spleen, lymph nodes and liver provide easy access of MV
to leukemic cells in these organs. As in mouse solid tumor
models, no infection of host cells occurs since they do not
express entry receptors for MV-Edm, thus preventing
sequestration of the virus and secretion of interferon by
these cells. On the other hand, the mouse model may
underestimate the efficacy of MV-Edm. Control of
leukemia in the patient may be enhanced by several mech-
anisms, provided that immunosuppression of the patient
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by the leukemia or prior therapy is not pronounced. Thus,
patients may be able to mount a cytotoxic T-cell response
to ALL cells infected with attenuated MV, as it has been
shown that attenuated MV-infected tumor cells induce
tumor antigen cross-presentation by human plasmacytoid
dendritic cells.50 In addition, destruction of ALL cells may
be enhanced by neutrophils attracted to oncolytic MV-
infected ALL cells, as has been described for experimental
solid tumors.12 Furthermore, ALL-infiltrating neutrophils
may become activated to secrete antitumor cytokines and
TRAIL, a notion supported by a recent proof of principle
study.51
A further factor-enhancing efficacy of MV-Edm against

ALL in the mouse model was efficient intraleukemic viral
spread. The absence of immunity against measles virus in
mice favored intraleukemic spread and thus leukemolytic
efficacy of MV-Edm in vivo. In this regard, it is important
to note that 29-60% of children with ALL during
chemotherapy do not have protective antibody levels
against measles.52 On the one hand, this would facilitate
delivery and spread of MV-Edm in this population, on the
other hand, it would pose the challenge of safely applying
this live, albeit attenuated virus to immunocompromised
hosts. As intraleukemic spread of MV-Edm was markedly
inhibited in the presence of neutralizing antibodies against
measles, clinical application of MV-Edm in measles-
immune children with ALL would require transient sup-
pression of antibody production by administering
cyclophosphamide, as is currently being done in patients
with solid tumors treated with MV-Edm.22,24,53 Another
possibility to protect measles virus particles from neutral-
ization is to introduce MV-Edm into cellular vehicles ex
vivo before treatment of measles immune hosts, as we and
others have shown.26,32,54,55 Yet another determinant of effi-
cacy for oncolytic MV is efficient replication in target cells.
Several lines of evidence indicate that MV-Edm strongly
replicates in ALL cells. First, the number of leukemic blasts
rapidly decreased in all the 4 xenografts treated in vivo.
Second, replication-associated MV-H protein was readily
detected in a xenograft in vivo. Third, most of the patient
xenografts and primary patient ALL assessed ex vivo were
susceptible to MV-Edm. Finally, infected Jurkat cells gener-
ated a substantial number of MV-Edm. In stark contrast,
there was little evidence for replication of MV-Edm in nor-
mal hematopoietic cells. Thus, PBMC were just marginal-
ly susceptible to MV-Edm and did not generate discernible
infectious particles, and HSC were resistant to MV-Edm. 

In B-cell precursor ALL xenograft cells replication
occurred despite an intact appearing, albeit heteroge-
neously active RIG-I/MDA-5 sensing and signaling path-
way that induced transcription of interferon-b leading to
induction of interferon-responsive genes. This suggests
that MV-Edm can evade the interferon defense in ALL by
mechanisms yet to be elucidated. It remains possible that
lack of expression or mutations of genes not assessed or
alterations on the protein or posttranslational levels
decrease the functional interferon response in ALL. In con-
trast to xenograft cells, ALL cell lines did not induce
response to MV-Edm by mounting an interferon response.
This may have been caused by epigenetic silencing of
genes within the RIG-1/MDA-5/INF pathway, as has been
described in lung cancer cell lines,44 possibly secondary to
the conditions of cell culture.
Differential sensitivity of leukemic blasts and normal

cells is crucial for safety of leukemolytic MV. While the

large majority of ALL was very sensitive to MV-Edm-
induced cell death, human hematopoietic progenitors and
PBMC were resistant or less sensitive, respectively. With
one exception, the entry receptor CD150 was not
expressed on ALL cells, thus ruling out that CD150 deter-
mined their susceptibility. As leukemic blasts expressed
equal or lower levels of the entry receptor CD46 com-
pared to HSC and PBMC, specific sensitivity of ALL can
also not be explained by their expression levels of CD46.
It remains possible that differential expression of yet
unknown entry receptors contribute to the differential
sensitivity of ALL. As the transcriptional induction of the
interferon response in B-cell precursor ALL xenograft cells
was similar to lymphocytes, it is unlikely that their differ-
ence in sensitivity can be attributed solely to differential
interferon induction. Thus, alternative mechanisms of dif-
ferential susceptibility remain to be determined. While our
results show no hematopoietic toxicity of MV-Edm ex
vivo, it is difficult to extrapolate these findings to patients.
Infected ALL cells in the bone marrow may generate high
local titers of MV causing death of bystander HSC and
progenitors. Non-hematopoietic toxicity of attenuated
MV-Edm was not investigated in this study. In this regard,
MV-Edm given to patients with solid tumors has an excel-
lent safety record, even when administered systemically
to immunocompromised hosts. While attenuated MV
may potentially cause pneumonitis or encephalitis in chil-
dren, to date, no molecularly proven case has been report-
ed. However, 2 children with ALL that developed pneu-
monitis and encephalopathy respectively after MU vacci-
nation have been described.56,57 On the other hand, 10 chil-
dren with ALL during therapy were vaccinated against
MV, without severe side-effects.58 
In summary, this work shows that attenuated MV effi-

ciently controls pediatric B-lineage ALL xenografts from
patients, supporting the notion of developing attenuated
MV as a complementary or alternative therapeutic modal-
ity against pediatric ALL of B-lineage. Necessary next
steps to this end include molecular dissection of differen-
tial sensitivity of leukemic cells versus hematopoietic cells
and determination of hematopoietic and neural toxicity of
attenuated MV in mouse models with human
hematopoiesis harboring ALL and in immunocompro-
mised measles-susceptible mice with human ALL.
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