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1. Introduction 

 

1.1. Acute lymphoblastic leukemia 

 

1.1.1. Epidemiology 

 

Accounting for 30% of pediatric malignancies, leukemia is the most common 

malignant disease in children. Acute lymphoblastic leukemia (ALL) encompasses 

approximately three quarters of all leukemias, with about 500 new cases, diagnosed 

in Germany every year in patients younger than 15 years of age. ALL has an 

incidence of 3.3/100000 people <15 years /year, with a peak age at diagnosis from 

2 – 5 years. Boys have a 30% higher risk to develop ALL [30, 70]. Relapsed ALL is 

the most common cause of treatment failure in pediatric ALL, occurring in 15% -

20% of cases. This makes relapsed/ refractory ALL the fifth most common pediatric 

malignancy and the most common cause of death in children and adolescents with 

malignant diseases [10, 44]. 

 

1.1.2. Aetiology 

 

The question how agents, exposures and genetic predispositions contribute to 

leukemogenesis has not been fully elucidated yet. Several factors, however, can be 

put into direct context of disease development. 

 Known causal factors for acute leukemias are exogenous exposures to ionizing 

radiation [25, 128] and to organic solvents, i.e. benzene [54], iatrogenic 

transformation of hematopetic stem cells (HSC) into cancer cells, mediated by bone 

marrow damaging drugs like topoisomerase II inhibitors or alkylating agents [141], 

and infection with HTLV-1/2 (human t-cell lymphotropic virus) [125]. These major 

risk factors matter especially in individuals, which have been exposed for an 

unusually long time and/or an extensive intensity. Since the majority of ALL cases 

have neither been exposed to, nor been infected by these named factors, other 

criteria are likely to be responsible. 

 The old and important hypothesis, that common viral or bacterial infection could 

play a role in leukemogenesis, is worthy of mention [170]. Kinlen and Greaves state, 

that ALL is the result of an unusual and dysregulated immune response in 
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susceptible individuals to normally banal pathogens during early childhood [47, 74]. 

This has been discussed particularly in the context of common (c)-ALL subtype.  

 Inherited genetic alterations play a minor role in development of ALL. Only some 

genetic syndromes, such as Down’s syndrome or ataxia teleangiectasia show an 

increased risk for acute leukemia (both ALL and acute myeloid leukemia (AML)). In 

recent years, 4 allelic variants in western populations have been convincingly 

associated with ALL (IKZF1, ARID5B, CREBPE and CDKN2A) [113, 149, 162]. 

 Additionally, parental age at conception [24], usage of alcohol [151], and tobacco 

[92], as well as high birth weight [60] may also play a role in leukemogenesis, 

whereas maternal folate supplementation seems to have a protective effect [91]. 

 Taken together, leukemogenesis in ALL, is a multistep process (Figure 1), 

involving endogenous and exogenous exposures, inborn genetic variations and 

chance that lead to genetic alterations of hematopoetic cells yielding ALL.  

 

Figure 1. Contributions to disease development  

Several steps contribute to leukemogenesis. Exposures to exogenous stressors -most importantly 

infection- and/or endogenous stressors -like inflammation or oxidative stress-; as well as inherited 

gene variations; and chance, these factors all have share in the development of childhood ALL which 

leads finally to symptoms and clinical diagnosis of the disease. Adapted from The Lancet 381. Inaba 

H, Greaves M, Mullighan CG. Acute Lymphoblastic Leukemia. 1943-1955, copyright (2013). With 

permission from Elsevier [65]. 

 

1.1.3. Pathogenesis 

 

ALL originates from hematopoetic cells in the bone marrow. Cytogenetic and 

molecular genetic alterations drive normal cells to leukemia cells. This process is 
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not yet entirely understood, thus intensive research is performed in this field.  

 DNA damage caused by factors described above, causing a stop in hematopoetic 

maturation combined with unrestricted growth, can lead to the malignant 

transformation of lymphoid progenitor cells. ALL cells are known to harbor several 

chromosomal aberrations, including translocations, gene rearrangements, and 

hyper- or hypodiploidy. 

 Translocations often generate fusion genes such as the t(9;22) or Philadelphia 

chromosome encoding BCR-ABL; t(12;21)(p13;q22) encoding TEL-AML1; or t(1;19) 

encoding TCF3-PBX1, just to mention three of the most common translocations in 

B-lineage ALL. BCR-ABL codes for a fusion protein with an increased tyrosin kinase 

activity, which promotes unhindered cellular proliferation independent of growth 

factors [6]. 

 Another chromosomal aberration is the mixed lineage leukemia (MLL) gene 

rearrangement involving the chromosome band 11q23, which usually occurs in ALL 

of infants (<12 months of age) [45]. Interestingly, in case of infant leukemia, this 

aberration is usually already present at birth, acquired in utero [39]. 

 Additional submicroscopic changes were identified to play a role in 

leukemogenesis. For instance, activating mutations in the NOTCH1 signaling 

pathway contribute to the development of T-cell ALL (T-ALL) [82]. 

 Alone, many of these alterations cannot induce leukemia but in combination they 

are all crucial pathogenic steps to drive a hematopoetic cell into malignancy. 

 

1.1.4. Symptoms 

 

Clinical signs of ALL usually begin within few weeks and derive from bone marrow 

suppression and dissemination of cancer cells. Common symptoms are paleness 

and fatigue caused by anemia, skin and mucosal bleeding and petechia or epistaxis 

caused by low platelets, as well as frequent infections and fever due to neutropenia. 

Bone pain, caused by massive expansion of ALL cells in the bone marrow site is 

also common. 

 Features of dissemination are hepatosplenomegaly, generalized 

lymphadenopathy and infiltration of the thymus (especially in cases with T-ALL). 

This can lead to visceral pain, dyspnea or inspiratory stridor, respectively. Another 

possible clinical manifestation, requiring more intensive treatment, is infiltration of 
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the central nervous system (CNS) (meningeosis leukaemica) evoking headache, 

nausea, impaired vision, cerebral seizures or even signs of elevated intracranial 

pressure. In rare cases testicular swelling, skin infiltrations, or joint complaints can 

occur [6, 46]. 

 

1.1.5. Diagnosis and classification 

 

To make the diagnosis of ALL, a complete blood count as well as a bone marrow 

aspiration and biopsy is necessary. To examine for CNS involvement, an initial 

lumbar puncture is required. Cytological, cytochemical, cytogenetic and molecular 

genetic examinations, as well as immunophenotyping should be performed by 

qualified centers. The white blood cell count can be normal or elevated, reaching 

quantities greater than 100000 cells/µl. Leukemic cells, the so called blasts, are not 

obligate in the peripheral blood. The bone marrow shows a diffuse infiltration with 

monomorphic leukemic blasts that make up over 25% of all nucleated cells. 

 Cytochemistry and Immunophenotyping are relevant for differentiation of the ALL 

into subgroups. Using different expression patterns of surface and cytoplasmic 

markers, the lineage subtype can be determined (Table 1). 
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Table 1. Immunologic classification of ALL after [30]   

Abbreviations of Table 1: ALL: acute lymphoblastic leukemia, CD: cluster of differentiation, i: 

intracellular, IgM: Immunoglobulin M, MPO: myeloperoxidase, s: surface, “+”: positive, “-“: negative. 

ALL-subtype Antigen expression pattern 

B-lineage ALL 
 
 

 pro-B ALL 

 common (c)-ALL 

 pre-B ALL 

 mature B ALL 

• ≥2 positive: CD10, CD19, (i)CD22, iCD79a 

• Negative for T-cell antigens 

 

CD10- 

CD10+ 

iIgM+, CD10± 

κ-, λ-chain+ 

T-lineage ALL 
 
 

 pro T ALL 

 pre T ALL 

 cortical T ALL 

 mature 

• (i)CD3, CD7 

• iMPO 
 

only iCD3+ and CD7+ 

CD2+ and/or CD5+ and/or CD8+ 

CD1a+ 

sCD3+, CD1a- 

 

 Cytogenetic and molecular genetic examinations, such as RT-PCR or 

fluorescence in situ hybridization (FISH)/multiplex ligation-dependent amplification, 

determine the genetic aberrations in ALL; the most common of which are named in 

the section 1.1.3. 

 Cytopathological and clinical paramters are used to separate patients into risk 

groups (Table 2), which guide the choice of treatment regime [30, 100, 131, 148]. 
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Table 2. Risk group definitions after [148] 

Abbreviations of Table 2: ALL: acute lymphoblastic leukemia, HR: high risk, FCM: flow cytometry, 

MR: medium risk, MRD: minimal residual disease, pB: pre B-cell, PCR: polymerase chain reaction, 

PPR: prednisone poor response, SR: standard risk 

ALL subtype and  

risk group 

 Criteria 

T/non HR  

• T-ALL 

No HR criteria 

pB/non HR 

  

  

 SR 

 

  

 MR 

 

• pB-ALL 

• no HR criteria 

 

• PCR-MRD-SR (PCR-MRD neg. at d 33 and at w 12) 

• If no PCR-MRD result FCM-MRD d 15 <0,1% 

 

• no SR criteria 

HR   

one or more of the following 

• PPR (>1000 blasts/µl in the PB after prednisone phase) 

• FCM-MRD at d 15 

• No remission at d 33 

• MLL/AF4 or t(4;11) positive 

• Hypodiploidy 

• PCR-MRD-HR (PCR-MRD > 10-3 at w 12, PCR-MRD-MR 
slow early response at pB-ALL (PCR-MRD >10-3 at d 33 
und 10-4/10-5 at w 12)) 
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1.1.6. Therapy and Prognosis 

 

All German pediatric ALL patients are registered in the German Childhood Cancer 

Registry [70], and, momentarily, treated according to the study protocol AIEOP-BFM 

ALL 2009 [148]. Patients with a relapsed ALL receive treatment after IntReALL 

[167]. ALL treatment lasts for approximately two years and consists of 4 phases: 

remission induction, intensification, reinduction and continuation therapy. 

 Remission induction intends to decrease the initial tumor burden and 

consequently to restore normal hematopoiesis. It lasts 9 weeks and standard risk 

patients receive glucocorticoids (prednisone), vincristine, asparaginase, 

daunorubicin, cyclophosphamide and cytarabine. 

 Consolidation therapy aims to clear all remaining leukemia cells, and lasts for 8 

weeks. High doses of methotrexate combined with mercaptopurine are 

administered. 

 Reinduction therapy is administered for approximately 7 weeks. Most recent 

treatment protocols include drugs like dexamethasone, asparaginase, doxorubicin 

and others. 

 Finally, continuation therapy comprises regular administration of methotrexate 

and mercaptopurine for 2 years after diagnosis. 

 Directed therapy in the CNS compartment is an important element to prevent 

CNS relapse and to secure long term survival. Cranial irradiation, which can cause 

severe side effects, can be replaced by intensified intrathecal chemotherapy 

involving methotrexate, glucocorticoids and cytarabine in patients with initial CNS 

involvement [87, 130]. 

 Patients with relapsed ALL also receive multidrug chemotherapy with additional 

drugs (eg. Mitoxantron [114] or Epratuzumab [134]) and, depending on risk 

stratification, proceed to allogenic stem cell transplantation (SCT) [84]. SCT, a very 

intensive therapy, is only appropriate for patients with relapse, refractory disease or 

a very high risk profile upon initial diagnosis [8]. 

 Chemotherapeutic drugs often produce severe short and long term side effects. 

Some acute symptoms can be explained by the cytotoxic effects of 

chemotherapeutics on normal cells: mucositis, gastroenteritis, leuko-, thrombopenia 

and anemia, hair loss, fatigue or nausea and vomiting. These can only be treated 

symptomatically and may be dose limiting for some patients. Besides acute side 
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effects, there are long-term side effects, too. The most important of these are 

learning disabilities, occurring in 50% of patients, besides short stature, obesity, and 

delayed pubertal development [164]. Chronic health disorders and secondary 

malignancies are known to occur in ALL [32], as are late neuropsychological effects 

[71] and their potential impact on low quality of life [78]. To reduce acute and long-

term side effects of ALL therapy, new treatment strategies have to be found. 

 Prognosis depends on several clinical and biological properties. Some of them 

can be assessed already at diagnosis, such as age or genetic aberrations, like 

hypodiploidy or translocation t(9;22), others can only be estimated during therapy, 

such as response to remission induction therapy or relapse. The most important 

single prognostic factor is the quantification of minimal residual disease (MRD) 

during, or at the end of induction therapy in newly diagnosed ALL [14, 16], as well 

as in relapsed ALL [19, 27]. A polymerase chain reaction (PCR) is used to detect 

rearranged immunoglobulin or T-cell receptor genes in residual leukemia cells in the 

bone marrow [16, 27]. Children with a “high risk” constellation undergo more forceful 

treatment than patients attributed “standard risk”. Whereas in the 1960s, the 

diagnosis of pediatric ALL was almost always fatal, the cure rates of modern centers 

are approaching 90% [18, 95, 100, 133, 144, 147]. In spite of this progress, 15- 23% 

of patients suffer a relapse, which is associated with a bad prognosis [18, 64, 100]. 

Patients in high risk treatment groups have 15 year survival rates of about 50% [18, 

100]. The Berlin-Frankfurt-Münster (BFM) study group classifies ALL relapses 

based on time to and site of relapse, as well as immunophenotype into four risk 

groups: S1, S2, S3 and S4, with 5-year overall survival of 60-70%, 60%, 30% and 

only 25%, respectively [166]. Therefore, efforts have to be taken to further improve 

life expectancy and healing rates of children, suffering from ALL or relapsed ALL. 

 

1.1.7. Novel therapies 

 

In recent years, new agents specifically targeted to ALL cells, have been developed 

and are rapidly being introduced into standard treatment.  

 Blinatumomab, a bispecific T-cell engager (BiTE) monoclonal antibody, is 

directed at both cluster of differentiation 19 (CD19), expressed on almost all 

precursor B-cell ALL cells [136] and CD3 on cytotoxic T-cells [126]. This leads to 
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activation and proliferation of the engaged T-cells and lysis of the tumor cells [75]. 

It is already approved by the Food and Drug Administration (FDA) for ALL therapy 

[129]. Blinatumomab was able to induce hematologic and molecular remissions in 

69% of enrolled adult patients with relapsed or refractory B-cell precursor ALL [160], 

leading to long term survival and MRD negativity in 28% of patients [182]. Even in 

pediatric patients Blinatumomab induced complete remissions in 6 out of 9 (67%) 

patients with a posttransplant B-precursor ALL relapse, a situation with no further 

standard of care therapy [143]. Another trial in relapsed or refractory pediatric ALL 

showed 32% complete remission with 24% of patients reaching MRD negativity 

[168]. Adverse reactions were severe cytokine release syndrome and neurological 

toxicities [33]. For pediatric patients Blinatumomab is currently being tested in the 

setting of high risk first relapse B-precursor ALL in the IntReALL study group [2]. 

 Another intriguing option are chimeric antigen receptor T-cells (CAR-T cells) 

directed at CD19, expressed on precursor B-cell ALL cells [136]. In this approach a 

patients’ own T-cells are genetically modified in vitro to express an artificial T-cell 

receptor, named chimeric antigen receptor (CAR). These receptors couple an anti-

CD19 domain to intracellular signaling domains CD137 (a costimulatory receptor) 

and CD3-zeta (a signal-transduction component) of the T-cell receptor, in that way 

redirecting cytotoxic T-cells against ALL blasts [55, 127]. Initial studies treating adult 

and pediatric patients with relapsed or refractory precursor B-cell ALL report 100% 

(5 out of 5 patients) [13] and 90% (27 out of 30 patients) [88] complete remissions. 

Side effects included cytokine release syndrome and transient neurologic toxic 

effects, ranging from seizure to encephalopathy. 

 New promising therapies are evolving rapidly, still not all ALL patients are eligible 

for these treatments. To date only precursor B-cell ALL patients benefit from 

Blinatumomab and or CAR-T cells, leaving out relapsed or refractory T-cell ALL 

patients. Thus the search for new ALL therapies is still important. 

 

1.2. Measles virus 

 
Wild type measles virus (wt-MV) causes the exanthematous illness measles. After 

infection by aerosols through coughing, or direct contact with respiratory secretions, 

an incubation time of 10 – 14 days precedes the onset of symptoms. Measles has 

a two-phase course, starting with a prodromal stage with symptoms resembling the 
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common cold, followed by a second exanthematous stage, a generalized fine 

maculopapular skin rash which typically starts retroauricularly. Usually, the rash 

diminishes after around 5 days and a lifelong immunity for the host persists. Measles 

is accompanied by a moderate immunosuppression, which may lead to 

opportunistic infections. These are often responsible for complications, such as 

pneumonia or otitis media, and are major determining factors for measles morbidity 

and mortality. 

 Two different complications are especially dangerous for immunocompromised 

individuals and may present without the characteristic features of measles. The first 

of which, giant cell pneumonitis causes progressive respiratory insufficiency, 

whereas measles inclusion body encephalitis (MIBE) presents as a rapid onset of 

neurological disease until coma and, eventually, death. 

 About 6 – 10 years after the initial measles infection subacute sclerosing 

panencephalitis (SSPE) can occur. This very rare and most severe late complication 

has an insidious onset and leads to death within months to years. Its pathological 

mechanisms probably derive from persistent infection, but are, as yet, poorly 

understood [51]. 

 In countries of the western world, vaccination against measles has been 

performed for over 40 years. Enders and Peebles isolated a live attenuated strain 

of MV from a patient named Edmonston by several passages on human kidney cells 

[28]. MV-Edmonston (MV-Edm) and its derivatives have been administered as 

vaccination agents ever since and have an excellent safety record. Notably in this 

context neither reversion to pathogenicity nor spread of vaccine strains between 

people have ever been observed [50]. However, for the therapeutic use, especially 

for potentially immunocompromised cancer patients, the range of possible side 

effects has to be discussed in greater detail (see 4. Discussion). 

 

1.2.1. Viral structure and cell tropism 

 
Measles virus is a negative single-stranded non-segmented RNA virus of the family 

paramyxoviridae, genus morbilivirus. The structure of the virus is depicted in Figure 

2A. Its genome consists of 15,984 nucleotides [154], which compose 6 genes 

encoding 8 different proteins: the nucleocapsid (N), phospho (P), matrix (M), fusion 

(F), hemagglutinin (H) and large (L) proteins, furthermore C and V proteins, encoded 
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on the P-gene and expressed via overlapping reading frames (Figure 2B) [177]. 

 The RNA is surrounded by N-protein, which forms, together with P- and L- 

protein, the viral polymerase complex. The envelope consists of M-protein and the 

two oligomeric glycoproteins H and F. The last two glycoproteins (H and F) mediate 

infection and viral cell tropism. The H protein binds to a specific receptor on the 

cellular surface, which elicits a conformational change in both the H and F-proteins, 

leading to the fusion of the viral and cellular membrane and, consequently, to 

infection of the targeted cell [177]. After infection, H- and F- proteins are expressed 

on the cellular membrane, leading to cell-to-cell fusion and formation of giant 

multinucleated cells, or “syncytia” [36, 174]. 

 
Figure 2. Schematic diagrams fo 
the measles virion and genome. 
(A) The enveloped virion has six 

proteins: two surface 

glycoproteins, hemagglutinin (H), 

and fusion (F); a matrix (M) protein; 

a nucleocapsid (N) protein that 

surrounds the negative-sense 

RNA and two replicase proteins, 

the phosphoprotein (P) and large 

(L) polymerase protein. (B) The P 

gene also encodes two host cell 

response regulatory proteins, V 

and C. Adapted by permission 

from Macmillan Publishers Ltd: 

Nature Reviews Microbiology, 4. 

Moss, WJ and Griffin, DE. Global 

measles elimination. 900–908; 

copyright (2006) [101]. 

 
 

 

1.2.2. Attenuated measles virus 

 

Wild type measles virus uses CD150 (SLAM), expressed on immune cells [158] as 

well as Nectin-4 (PVRL4), expressed on epithelial cells [104, 111], as entry 

receptors. Through the process of in vitro adaptation of measles virus strains like 

B 

A 
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MV-Edm, an additional surface marker has come into play: CD46 [26, 108], which 

is present on the surface of all human nucleated cells.  

 After several passages in CD150- (negative) and CD46+ (positive) cells (i.e. 

human kidney cells or Vero cells) amino acid substitutions occur in the MV-H protein, 

leading to increased CD46 receptor affinity. Comparing wt-MV and MV-Edm, at 

amino acid positions 481 or 546 of the H gene, asparagine is replaced by tyrosine 

and glycine by serine, respectively [112, 115]. For efficient replication, some more 

modulations are required, involving the P, V and M proteins [96], facilitating RNA 

transcription and replication or virus assembly. Thus measles vaccination strains 

show a different cell tropism compared to wt-MV. 

 

1.2.3. Attenuated measles virus in cancer therapy 

 
Viruses specifically able to infect and kill cancer cells via their replication process, 

are known as “oncolytic” viruses [110]. After the first reports, published more than 

50 years ago [99], oncolytic viruses are an emerging therapeutic approach for 

treating solid tumors. Recently, there has been a breakthrough in treatment of 

melanoma with a genetically modified herpes virus, named Talimogene 

Laherparepvec (T-VEC) [49] , leading to the approval of this drug by the U.S. Food 

and Drug administration (FDA) [34]. Attenuated measles virus, such as the 

Edmonston-B strain (MV-Edm) and its derivatives, seem to be strongly oncolytic in 

solid tumor models [35, 52, 57, 121, 122]. Its action is enhanced by chemotherapy 

[106], irradiation [83], radioactive nuclides [22] and influx of neutrophils [53]. To 

increase specificity of target cells, the tropism of MV-Edm can be narrowed by 

genetic manipulation [67, 107, 155, 156, 163]. MV-Edm and its derivatives have 

shown very few side effects as vaccines, not only in humans, but also in susceptible 

and immunocompromised mouse models or non-human primates [105, 106, 122]. 

Attenuated MV shows promising effects in clinical trials against solid tumors [42]. 

Cutaneous T-cell lymphoma regressed after intratumoral injection of attenuated MV 

[58]. MV-Edm, administered intraperitoneally prolonged survival of patients with 

ovarian carcinoma, without dose-limiting toxicity [40, 42]. MV-Edm is also 

administered locally in patients with recurrent glioblastoma multiforme and 

intravenously into patients with multiple myeloma [23, 41, 103]. Preliminary data of 

this promising trial [23] shows remission of relapsing drug refractory multiple 
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myeloma after a one-shot infusion of 1011 TCID50 (50% tissue culture infectious 

dose) of a genetically engineered, attenuated MV strain, carrying the sodium-iodide-

symporter gene (MV-NIS) [140]. This shows, that oncolytic MV is a promising 

approach for cancer therapy. 

 

1.2.4. Leukemolytic activity of attenuated measles virus 

 

The cytopathic and oncolytic mechanisms active in MV-infected malignant cells 

have not been entirely clarified. 

 After infection and replication inside infected cells, newly formed viruses infect 

neighboring tumor cells by mechanisms not yet completely understood. Most of 

preclinical data and clinical trials have been performed in solid tumors, because in 

some cell types close cell contact is important for viral spread [37, 79, 173], whereas 

the release of MV-Edm by infected cells into the extracellular space appears to be 

non-essential in order to spread virus particles [79, 173]. Few, respectively no 

studies have been performed in hematological malignancies, presumably because 

of their disseminated nature and lack of cell-to-cell contacts of cancer cells. How 

viral particles are spread between ALL cells remains to be revealed. 

 Syncytia formation is known to be important to induce cell death in solid tumors 

like glioblastoma multiforme [120] and multiple myeloma [122]. The most frequent 

mode of cell death is thereby apoptosis [31]. However, it is not known whether liquid 

malignancies like leukemia are also capable of forming multinucleated cells and to 

which mode of cell death MV infection may lead. 

 CD150 (SLAM) expressed on immune cells is 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 [157]. All human nucleated cells 

express CD46, and many solid tumor cells even overexpress CD46 [69]. This is 

thought to facilitate preferential killing of cancer cells versus non-transformed cells 

following infection by MV-Edm [3]. It is unknown, whether this mechanism is 

operational in ALL.  

 Cells infected with paramyxoviruses, such as MV, sense the cytoplasmic 

presence of virus-specific RNA intracellularly via the cytoplasmic pattern recognition 

receptors retinoic acid-inducible gene I (RIG-I) and melanoma differentiation 

associated gene-5 (MDA-5) [61, 72, 123]. Paramyxoviruses attempt to inhibit MDA-
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5 using their V protein [4]. 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 α/β (IFN- α/β) genes 

(Figure 3) (reviewed in [135]). IFN- α/β thus produced binds to the receptors IFNAR1 

and IFNAR2, inducing IFN-stimulated genes, whose 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 [9, 150]. Many solid 

cancer cells are known to have a decreased IFN response (reviewed in [124]), which 

can be exploited for oncolytic virotherapy [77, 80]. 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. 
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Figure 3. Retinoic acid-inducible gene I (RIG-I) and melanoma differentiation associated gene-

5 (MDA-5) mediated viral sensing and signalling pathway 

Viral ribonucleic acid (RNA), generated in the cytoplasm by uncoating, transcription or replication, 

activates the RNA helicases MDA-5 and RIG-I. MDA-5 and RIG-I are both activated by double 

stranded RNA, whilst RIG-I can also be activated by RNA molecules with 5′ triphosphates. Both 

helicases have N-terminal caspase activation and recruitment (CARD) domains that recruit the 

adaptor mitochondrial antiviral signaling (MAVS). This adaptor, in turn, acts as a scaffold to recruit 

signaling components that feed into either the interferon response factor-3 (IRF-3) or the nuclear 

factor 'kappa-light-chain-enhancer' of activated B-cells (NF-κB) pathways. This leads ultimately to 

the transcription of genes of interferon-α/β (IFN-α/β) or of inflammatory cytokines. Adapted with 

permission of Microbiology society, from Interferons and viruses: an interplay between induction, 

signalling, antiviral responses and virus countermeasures. Randall RE, Goodbourn S, J. Gen. Virol., 

January 2008 89: 1-47; permission conveyed through Copyright Clearance Center, Inc.[135]. 
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1.3. Aims of the study 

 
Although the outcomes for pediatric ALL have greatly improved over the last 

decades, 15% of cases will relapse or be refractory to standard treatment [138]. This 

group still has low cure rates below 50%, especially relapsed T-ALL lacks 

efficacious treatment options [10]. Additionally, pediatric ALL therapy protocols are 

of long duration and can cause severe side effects and may eventually lead to 

secondary malignancies or to undesirable neuropsychologic alterations in the long 

term. Thus, novel therapies are needed for childhood ALL, in particular for relapsed 

and refractory disease. 

 While the evidence for the efficacy of attenuated MV in solid tumors is mounting, 

little is known about its effects in leukemias. After the first publications suggesting a 

beneficial effect of wt MV infection on leukemias over 30 years ago [117, 171], 

recent data have proposed adult leukemias as possible targets [15, 118]. However, 

no investigations have yet been performed in pediatric ALL. 

 In this study, we set out to investigate the hitherto unknown susceptibility of 

pediatric ALL towards attenuated MV in vitro and in vivo, using our large collection 

of primary pediatric ALL propagated in immunodeficient mice [90]. Along this line, 

we set out to explain differential sensitivity of leukemic versus non-transformed 

hematopoetic cells.
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2. Materials and methods 

 

2.1. Materials 

2.1.1. Laboratory equipment 

 

Item Company 

-80°C deep freezer Heraeus, Hanau, Germany 

-20°C freezer Liebherr, Biberach, Germany 

37°C incubator Heraeus, Hanau, Germany 

32°C incubator Heraeus, Hanau, Germany 

4°C refrigerator Liebherr, Biberach, Germany 

Superspeed centrifuge / RC-5  Thermo Scientific / Sorvall, 

Braunschweig, Germany 

Thermomixer  Eppendorf, Hamburg, Germany 

Cell sorting machine / FACSAria 3 BD, Heidelberg, Germany 

Centrifuge / Varifuge 3.0R Heraeus, Hanau, Germany 

Desk centrifuge Eppendorf, Hamburg, Germany 

LightCycler PCR machine Roche, Mannheim, Germany 

Light microscope (40x- 400x) Carl Zeiss, Jena, Germany 

Liquid nitrogen  

Microwave  

Mirax Desk Carl Zeiss MicroImaging, Jena, 

Germany 

Neubauer chamber Carl Roth GmbH & Co, Karlsruhe, 

Germany 

Pipet-Boy / AccuJet Brand, Wertheim, Germany 

Pipets 

2, 10, 20, 100, 200, 1000 µl 

Eppendorf, Hamburg, Germany 

Superfrost microscope slides Thermo Fisher Scientific, 

Braunschweig, Germany 

Syringe 1ml BD, Heidelberg, Germany 

Disposable hypodermic needle 0,4 x 

20 mm 

B. Braun, Melsungen, Germany 
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2.1.2. Cell culture 

 

Item Company 

DMEM Life Technologies, Darmstadt, 

Germany 

FCS Life Technologies, Darmstadt, 

Germany 

Fms-related tyrosine kinase 3 ligand Immunotools, Friesoythe, France 

GCSF Immunotools, Friesoythe, France 

IMDM Life technologies 

Interleukin-3 Immunotools, Friesoythe, France 

Interleukin-6 Immunotools, Friesoythe, France 

L-glutamine Biochrom, Berlin, Germany 

Methocult H4100 Stemcell Technologies, Grenoble, 

France 

Methocult H4434 Stemcell Technologies, Grenoble, 

France 

MTT (3-(4,5-dimethylthiazol-2-yl)- 2,5-

diphenyltetrazolium bromide) 

Sigma Aldrich, Munich, Germany 

OptiMEM Life Technologies, Darmstadt, 

Germany 

Penicillin/ streptomycin Biochrom, Berlin, Germany 

Phophate buffered saline Dulbecco’s 

w/o Ca2+/Mg2+ 

Biochrom KG, Berlin, Germany 

RPMI 1640 Life Technologies, Darmstadt, 

Germany 

Sodium pyruvate Biochrom, Berlin, Germany 

Stem cell factor Immunotools, Friesoythe, France 
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2.1.4. Drugs and chemicals 

 

Item Company 

AnnexinV Roche Diagnostics, Mannheim, 

Germany 

Biocoll separating solution Biochrom, Berlin, Germany 

Bovine serum albumine (BSA) Serva, Heidelberg, Germany 

Crystal violet Serva, Heidelberg, Germany 

Envision kit G/2 DAKO, Hamburg, Germany  

Erythrocyte lysis buffer / Pharm Lyse BD, Heidelberg, Germany 

HBSS Gibco Invitrogen, Karlsruhe, Germany 

Hematoxylin solution according to 

Mayer 

Merck, Darmstadt, Germany 

Naive B Cell Isolation Kit II Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

Neo Mount Merck, Darmstadt, Germany 

Pan T Cell Isolation Kit Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

Paraffin / Histosec Pastillen Merck, Darmstadt, Germany 

Propidium iodide Sigma-Aldrich, Munich, Germany 

Sodium azide Sigma-Aldrich, Munich, Germany 

Trypan Blue solution Sigma Aldrich, Munich, Germany 

 

2.1.5. Plastic ware 

 

Item Company 

6 multiwell tissue culture plate Sarstedt, Nümbrecht, Germany 

10 cm dishes Sarstedt, Nümbrecht, Germany 

12 multiwell tissue culture plate Sarstedt, Nümbrecht, Germany 

70 µm nylon cell sieves BD, Heidelberg, Germany 

96 multiwell tissue culture plate / flat 

bottom 

Sarstedt, Nümbrecht, Germany 
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96 multiwell tissue culture plate / round 

bottom 

Sarstedt, Nümbrecht, Germany 

Cell-scraper Sarstedt, Nümbrecht, Germany 

Conical tube polypropylene 15 ml Sarstedt, Nümbrecht, Germany 

Conical tube polypropylene 50 ml Sarstedt, Nümbrecht, Germany 

Disposable tubes (0,5, 1.5 or 2 ml) Eppendorf, Hamburg, Germany 

Microtainer for capillary blood samples 

/ Lithium heparin 

BD, Heidelberg, Germany 

MidiMACS starting KIT (LS) Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

Pipette tips Sarstedt, Nümbrecht, Germany 

Tissue culture flasks Sarstedt, Nümbrecht, Germany 

 

2.1.6. Cell staining, fluorescence activated cell sorting 

 

Item Concentration Company 

AmCyan-conjugated 

mouse anti-human CD19 

0.5 µl/ 2 x 105 cells BD, Heidelberg, Germany 

FACS LSR II - BD, Heidelberg, Germany 

FACSCAN - BD, Heidelberg, Germany 

FITC-conjugated anti-IgM 

as isotype control 

- BD, Heidelberg, Germany 

FITC-conjugated mouse 

anti-human CD38 

2 µl/ 2 x 105 cells BD, Heidelberg, Germany 

Pacific Blue-conjugated 

mouse anti-human CD46 

2 µl/ 2 x 105 cells Biozol, Eching, Germany 

Pacific Blue-conjugated 

anti-isotype antibody 

- BD, Heidelberg, Germany 

PE-conjugated anti-IgM as 

isotype control 

- BD, Heidelberg, Germany 

PE-conjugated mouse 

anti-human CD150 

2 µl/ 2 x 105 cells BD, Heidelberg, Germany 

PE-conjugated monoclonal 1 µl/ 2 x 105 cells BD, Heidelberg, Germany 
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rat anti-mouse CD45 (Ly5) 

 

PE-conjugated mouse 

anti-human CD34 

2 µl/ 2 x105 cells BD, Heidelberg, Germany 

PE-Cy7-conjugated mouse 

anti-human CD10 

2 µl/ 2 x 105 cells BD, Heidelberg, Germany 

PerCP-conjugated mouse 

anti-human CD45 

5 µl/ 2 x 105 cells BD, Heidelberg, Germany 

 

2.1.7. Quantitative RT-PCR 

 

Item Company 

DNase I Life Technologies, Darmstadt, 

Germany 

LightCycler Fast Start DNA Master 

SYBR Green I  

Roche, Mannheim, Germany 

LightCycler 2.0 PCR machine Roche, Mannheim, Germany 

RNeasy mini kit Qiagen, Hilden, Germany 

SuperScript III First-Strand Synthesis 

System  

Life Technologies, Darmstadt, 

Germany 

Random hexamers  Life Technologies, Darmstadt, 

Germany 

2.1.8. Histology 

 

Item Company 

Cleaved caspase 3 antibody Cell Signaling, Danvers, United States 

MV-H protein antibody (clones CV1, 

CV4) 

Merck Millipore former Chemicon, 

Darmstadt, Germany 

Ki-67 antibody (clone MIB-1) DAKO, Hamburg, Germany 
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2.1.9. Software 

 

Item Company 

Adobe CS5 Adobe Systems GmbH, München, 

Germany 

CellQuest, version 3.3 BD, Heidelberg, Germany 

FACSDiva, version 6.1.1 BD, Heidelberg, Germany 

FlowJo, version 9.3.1 Tree Star, now FlowJo LLC, Ahland, 

Oregon, United States 

Lightcycler software, version 4.1 Roche, Mannheim, Germany 

Office 2013 Microsoft Corporation, Redmond, USA 

GraphPad Prism 6, version 6.01 GraphPad Software Inc., La Jolla, 

California, United States 

Mirax viewer, version 1.12.22.1 Zeiss, Jena, Germany 

 

2.2. Methods 

 

2.2.1. Cell culture of cell lines and primary samples 

 
Cell lines. The ALL cells lines Jurkat [145], CCRF-CEM [38], MOLT-4 [93], REH 

[139], RS4;11 [132] and NALM-6 [146] were obtained from DSMZ (Braunschweig, 

Germany).  

 

Xenograft cells. Xenograft ALL cells propagated in mice were procured from spleen 

tissue, and were processed and analyzed as described below (see 2.2.10. and 

2.2.12) for the human ALL NOD/SCID mouse model. The purity of samples was 

greater than 90%, as determined by FACS analysis after staining for CD45+Ly5- 

leukemic cells. 

 

Patient ALL cells. Patient ALL samples were obtained at diagnosis from the bone 

marrow or peripheral blood of pediatric patients with de novo ALL by density 

gradient centrifugation for 20 min at rcf 300 without deceleration. The majority of 

patients was enrolled into the ALL-BFM study protocols. Patient characteristics for 
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the xenografts treated with MV-Edm are listed in appendix Table S1. This study was 

approved by the ethical review board of the University Medical Center Ulm in 

accordance with the declaration of Helsinki. 

 

Cell culture. For in vitro studies, cells lines, xenografts and patient cells were 

cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum 

(FCS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin, this 

medium will further be called “completed RPMI”. All cells were cultured at 37°C in 

5% CO2 in a humidified incubator if not described otherwise. 

 

2.2.2. Isolation of human peripheral blood mononuclear cells, B- and 
T-lymphocytes  

 
PBMC. Human PBMC were isolated from buffy coats (Institute for transfusion 

medicine, University medical center Ulm), isolated from healthy donors, younger 

than 25 years, by density gradient centrifugation (Biocoll separating solution) for 20 

min at rcf 300 without deceleration. 

 

B- and T-lymphocytes. Untouched B and T lymphocytes were isolated from human 

PBMC using a magnetic microbeads separation kit (MACS) according to the 

manufacturer’s instructions. Lymphocytes were cultured in RPMI 1640 

supplemented with 10% heat-inactivated FCS, 1 mM sodium pyruvate, 2 mM L-

glutamine, 100 U/ml, penicillin and 100 µg/ml streptomycin. 

 

2.2.3. MV production, titration and infection procedures 

 
Host cells. Vero cells (african green monkey kidney epithelial cells) were obtained 

from ATCC (Wesel, Germany). Cells were cultured in DMEM supplemented with 

10% heat-inactivated FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml 

streptomycin at 37°C. This medium will further be called “completed DMEM”. 

 

Virus production. MV-Edm B was obtained from the laboratory of Stephen J. 

Russell (Mayo Clinic, Rochester, United States). MV-Edm was propagated in Vero 

cells. The cells were seeded in 10cm dishes at a density of 1.5 x 106 cells/dish. After 

3h of adhesion Vero cells were infected at a MOI of 0.05 in 2 ml OptiMEM/dish at 
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37°C. After 3h the medium was changed to completed DMEM and cells were 

incubated at 37 °C for 1 d before being transferred to 32 °C for another 2 d. When 

viral spread was sufficient, defined by more than 90% of Vero cells having formed 

syncytia, cells were scraped and viral particles released by two cycles of snap 

freezing in liquid nitrogen and subsequent thawing. Two cycles of centrifugation 

followed (5 min at rcf 800 and 20 min at rcf 1500) after which the supernatant was 

aliquoted and stored at -80°C.  

 

Titration of the virus. Viral titers were determined by 50% end-point dilution assays 

(TCID50) on Vero cells. The cells were seeded in flat-bottom 96 well plates at a 

density of 7500 cells/well in 50µl completed DMEM. After 3h of adhesion cells were 

infected with 50µl of the serially diluted MV-Edm stock starting from 10-2 to 10-7. 

After 72h of incubation at 37°C, viral titers were calculated using the Spearman & 

Kärber algorithm (recommended in [59]). 

For heat inactivation of MV-Edm aliquots were heated for 30 min at 56°C. Efficacy 

of inactivation was proved by titration afterwards. 

 

Infection of leukemia cells. ALL cell lines, xenografts, patient samples, PBMC, 

HSC, and isolated B- and T-cells were infected with MV-Edm at a MOI of 1, with 

equal volume of heat inactivated MV or with OptiMEM, in serum-free RPMI 1640, 

HSC in serum-free IMDM at 37 °C for 3 h. Medium was then changed, depending 

on the experiment. 

 

2.2.4. Measles immune serum 

 
Serum with anti-measles IgG at a protective concentration (index 7.01, as 

determined by the Institute for Virology, University Medical Center Ulm using 

standard procedures) was procured from a healthy donor. Serum was isolated by 

centrifugation at rcf 3400 for 20 min and complement system was inactivated at 56 

°C for 30 min. 

 

2.2.5. Cell death assays  

 
FACS forward scatter (FSC)/side scatter (SSC). To assess MV-Edm-induced 
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cytotoxicity, 4 x 105 cells/ml from cell lines and 8 x 105 PBMC, patient cells or 

xenograft cells/ml were seeded in round bottom 96-well plates and incubated with 

MV-Edm, with heat-inactivated MV-Edm or with a differing medium as described 

above. Cell viability was determined by measuring the fraction of small and granular 

cells, i.e. cells showing decreased FSC and increased SSC by FACS analysis.  

To determine dose-dependency of MV-Edm-induced cell death, Jurkat cells were 

seeded in round bottom 96-well plates (4 x 105 cells/ml) and infected with MV-Edm 

at increasing multiplicities of infection (MOIs). Cell viability was determined 3 and 

72 h after infection by FACS forward scatter/side scatter (FSC/SSC). 

 

Syncytia formation. To assess for syncytia formation, Jurkat cells were seeded in 

96-well plates (4 x 105 cells/ml), infected with MV-Edm at a MOI of 1 and analyzed 

48 h and 72 h later by light microscopy. 

 

Annexin V/PI staining. Early apoptosis and non-apoptotic cell death were 

simultaneously assessed in 4 x 105 cells/ml from ALL cell lines and 8 x 105 xenograft 

cells/ml in round bottom 96-well plates after treatment with MV-Edm at a MOI of 1. 

Cells were stained with 5µl FITC-labeled Annexin V, according to the 

manufacturer’s instructions. 10µl Propidium iodide (PI) at a concentration of 1 ng/ml 

was added directly before analysis by FACS. T-lineage ALL cell lines and 

xenografts were assessed after 72 h while B–lineage ALL cell lines were assessed 

at 96 h because of their protracted cell kill kinetics.  

 

2.2.6. Colony-forming assay of ALL cell lines 

 
REH and Jurkat (4 x 105 cells/ml) cells were infected with MV-Edm as described 

above. After 3h cells were seeded in 6-well plates (1 x 103 cells per well) in 

methylcellulose-containing medium MethoCult H4100 supplemented with 10% heat-

inactivated FCS, 2 mM L-glutamine, 200 U/ml penicillin and 200 µg/ml streptomycin. 

After 14 d of incubation, colonies were stained with filtrated 1 mg/ml 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and counted 

microscopically. 
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2.2.7. Colony-forming cell assay of hematopoetic cells 

 

CD34+CD38- cells were sorted from 2 x 106 frozen human cord blood cells. Cells 

were infected for 3 h (MOI of 1) or were left uninfected at 37 °C in IMDM 

supplemented with Fms-related tyrosine kinase 3 ligand 1 ng/ml, stem cell factor 1 

ng/ml, interleukin-3 0.2 ng/ml, interleukin-6 0.2 ng/ml and granulocyte colony-

stimulating factor 0.2 ng/ml. 1 x 103 infected cells were seeded in 3 cm dishes 

containing methylcellulose-based medium MethoCult H4434. Colonies (CFU-

GEMM = Colony forming unit-granulocyte, erythrocyte, macrophage, 

megakaryocyte; CFU-GM = Colony forming unit-granulocyte, macrophage; BFU-E 

= Burst forming unit-erythroid) were counted microscopically after 14 d of untouched 

incubation. 

 
2.2.8. Replication of MV-Edm in Jurkat cells and PBMC 

 
2.5 x 106 Jurkat cells were seeded in 6.25 ml serum free RPMI in 25 cm2 flasks and 

either infected with MV-Edm at a MOI of 1 or were left uninfected. Cells were 

harvested after 3, 24, 48 and 72 h. Viral particles were released by two cycles of 

snap freezing in liquid nitrogen and subsequent thawing. Viral titers of the 

supernatant were determined by 50% end-point dilution assays (TCID50) on Vero 

cells after 72 h of incubation. 

 To compare replication in Jurkat cells and PBMC, 4 x 105 cells/ml were seeded 

in round bottom 96-well plates and either infected with MV-Edm at a MOI of 1 or 

were left uninfected. After 72 h viral particles were released by two cycles of snap 

freezing and thawing. 15 µl of the supernatant of the cleared lysate was added to 

2.25 x 105 Vero cells in a 6-well plate and syncytia formation was documented after 

staining with crystal violet (0.1% in 20% ethanol). 

 

2.2.9. Spread and bystander effect of MV-Edm  

 
To determine spread of MV-Edm Jurkat and REH cells were seeded in 25 cm2 flasks 

(2 x 106 cells per flask) and infected with MV-Edm at a MOI of 1. 3 h after infection, 

cells were washed. 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. The mixtures were 
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seeded in 96-well plates at 4 x 105 cells/ml. Cell viability was determined after 72 h 

by FACS FSC/SSC. 

 To assess spread of MV-Edm in the presence of antibodies against MV Jurkat 

and REH cells were seeded as described above. Mixtures of infected and non-

infected Jurkat and REH cells were cultured in the presence or absence of 10% 

measles immune serum (see 2.2.4.) in the culture medium (completed RPMI). Cell 

viability was determined after 72h by FACS FSC/SSC.  

 

2.2.10. Flow cytometry of cell surface antigenes 

 
Xenograft blood, bone marrow, spleen and meningeal samples were stained after 

10 min incubation at rt (protected from light) in 2 ml per sample erythrocyte lysis 

buffer. Cells were washed twice and stained for 20 min, with antibodies diluted in 

PBS, containing 5% BSA and 0.5% sodium azide. Data was acquired on a FACScan 

Flow Cytometer or a LSRII Flow Cytometer and analyzed with FlowJo software or 

CellQuest software. 

 

2.2.11. mRNA expression analysis 

 
Cell lines, xenograft cells and T- and B-cells were seeded in 25cm² flasks at a 

density of 4 x 105 cells/ml in serum free RPMI and infected with MV-Edm at a MOI 

of 1 or were left uninfected. After 3h of incubation, the medium was changed to 

completed RPMI for cell lines and xenografts, and to completed RPMI 

supplemented with 1 mM sodium pyruvate for PBMC. Cells were harvested 12h 

after infection and RNA was procured using RNeasy kit following the manufacturer’s 

instructions. cDNA was synthesized from 1µg of total RNA using SuperScript® III 

First-Strand Synthesis System and random hexamers (Life Technologies) according 

to the manufacturer’s instructions. qRT-PCR reaction was performed using the light 

cycler fast start DNA Master SYBR green I reaction mix according to manufacturer’s 

instructions. Data was analyzed using the ΔCt method and was normalized to the 

β-ACTIN control for each sample using Roche light cycler software 4.1.  

 Primer sequences were as follows (“s” indicates sense and “a” denotes antisense 

primer): 

RIG-I s  5’- ACCAGAGCACTTGTGGACGCT-3’ 
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RIG-I a  5’- TGCCGGGAGGGTCATTCCTGT-3’ 

MDA-5 s   5’- GGCACCATGGGAAGTGATT-3’ 

MDA-5 a 5’- ATTTGGTAAGGCCTGAGCTG-3’ 

MAVS s  5’- GAGACCAGGATCGACTGCGGGC-3’ 

MAVS a  5’- AGAGGCCACTTCGTCCGCGA-3’ 

IRF-3 s  5’- GGACGCTCACCACGCTATGCC-3’ 

IRF-3 a  5’- GGCACGTGGGCACAACCTTGAC-3’ 

IFNAR1 s  5’- AGTTCAGTGGCTCCACGCCT-3’ 

IFNAR1 a  5’- TCCATCAGATGCTTGTACGCGG-3’ 

IFNAR2 s  5’- TGCTCACACAATTTCTGGCTGGC-3’ 

IFNAR2 a  5’- ACTGCTTGCTCATCACTGTGCTCT-3’ 

IFN- s  5’- TCGAAGCCTTTGCTCTGGCACA-3’ 

IFN- a  5’- TGCGGCGTCCTCCTTCTGGA-3’  

β-ACTIN s  5’- TCACCCTGAAGTACCCCATC-3’ 

β-ACTIN a  5’-TAGCACAGCCTGGATAGCAA-3’ 

IRF-1 s 5’-ACACAGGCCGATACAAAGCA-3’ 

IRF-1 a 5’-TGGAATCCCCACATGACTTCC-3’ 

ISG-15 s 5’-GCGAACTCATCTTTGCCAGT-3’ 

ISG-15 a 5’-AGCATCTTCACCGTCAGGTC-3’ 

IFIT1 s 5’-AGCTTACACCATTGGCTGCT-3’ 

IFIT1 a 5’-TGCTGTAAATTAGGCAGCCGT-3’ 

 

Table 3: Light cycler temperature profile 

 Temperature 

(°C) 

Time Cycles 

Initial denaturation 95 10 min  

Denaturation 95 10 sec 40 

Annealing I (genes: IFNAR1, 

IFNAR2, MDA-5,RIG-I, β -ACTIN) 

58 10 sec 40 

Annealing II (genes: IFN- β, 

MAVS, IRF-1, ISG-15, IFIT1) 

60 10 sec 40 

Extension 72 10 sec 40 
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2.2.12. Human ALL NOD/SCID mouse model 

 
Xenotransplantation model. Unconditioned female NOD/SCID mice (Charles 

River, Kißlegg, Germany) with a median age of 8-10 weeks (w) were used. The 

housing and treatment of the animals were in accordance with state guidelines. Mice 

were kept in a specific pathogen-free environment and provided with unrestricted 

access to autoclaved water and food. 

 1 x 107 human derived ALL cells propagated in NOD/SCID mice were injected 

into a lateral tail vein. After grafting, blood samples from either the facial vein (before 

treatment with MV-Edm) or from a lateral tail vein (after treatment with MV-Edm) 

were evaluated regularly at 1- or 2-w intervals for the presence of human leukemia 

cells by determining CD45+Ly5- cells using flow cytometry as described under 

2.2.10. The proportion of leukemic cells, reflecting the leukemic burden, was 

calculated as percent of nucleated cells. 

 At necropsy, cell suspensions from spleen, bone marrow and meningeal tissue 

were prepared and brains were preserved. Spleen and meningeal tissue was 

minced and strained through 70 µm nylon cell sieves in Hank’s balanced salt 

solution (HBSS), and mononuclear cells from the spleen were isolated by density 

gradient centrifugation. Bone marrow cells were isolated by flushing the femoral 

cavity with HBSS. Meningeal cells were procured from the meninges of the skull. 

After erythrocyte lysis (10 min incubation at rt protected from light in erythrocyte lysis 

buffer), cell suspensions were analyzed for the presence of CD45+Ly5- leukemic 

cells by FACS analysis as described under 2.2.10. 

 

In vivo treatment. Female, 6-8 weeks old, NOD/SCID mice were transplanted with 

B-cell precursor ALL xenograft cells from patient #6, #13, #15 and #19 (for more 

information about patient material see appendix table S1). These mice were 

monitored as described above for the human ALL NOD/SCID mouse model. Once 

peripheral blast counts reached 5-20%, mice received one injection into the tail vein 

of 2 x 105 pfu MV-Edm (“+”), 2 x 105 pfu heat-inactivated MV-Edm (“inactivated”) or 

PBS (“-“), all at a volume of 200 µl, given each day (d) for 5 d. Mice of control groups 

(“-“ or “inactivated”) were euthanized for analysis when they clearly showed clinical 

signs of disease (i.e. impaired general condition, lethargy, ruffled fur or abnormal 

posture, high peripheral blast counts) or they died spontaneously of their disease, 
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precluding histological analysis because of autolysis. Mice of the treatment group 

were killed and analyzed when their survival time after therapy was three times the 

survival time after therapy of the animals in the “- / inactivated” control groups or 

when they reached the end of their natural lifespan of approximately 250 d.  

 

2.2.13. Histology 

 
Tissue samples were fixed in 4% formaldehyde/ H2O for 2h except for brain 

samples, which were fixed for 4h and subsequently paraffin embedded. 

Hematoxylin/Eosin (HE) staining of the formalin-fixed and paraffin-embedded tissue 

sections was performed according to standard protocols with the Institute of 

Pathology of the University Medical Center Ulm. Briefly, paraffin sections were 

dewaxed with xylene and passed through decreasing concentrations of ethanol 

(100%, 70%, 40%; 10 min each). For immunohistochemistry analysis, the following 

antibodies were used according to standard protocols: Ki-67 (dilution1:200), cleaved 

caspase-3 (1:100) and MV-H protein (1:200). For antigen retrieval, sections were 

treated by microwave irradiation in citrate buffer (pH 6) for 20 min and then 

incubated with the primary antibody. For detection of bound antibodies the Envision 

kit was used. HE and immunohistochemical sections were scanned using MIRAX 

DESK Scanner. 

 

2.2.14. Analysis of CNS leukemia 

 

The extent of CNS leukemia was analyzed using the scheme displayed in Figure 4. 

Formalin-fixed, paraffin-embedded brains were serially sectioned in coronal 

orientation. 4-6 sections were made every 200 μm (upper left panel). Sections were 

stained with HE (lower left panel). Stained slides were scanned using MIRAX Desk 

and subsequently analyzed using MIRAX Viewer. The presence of leukemic blasts 

was recorded for each section. A representative section of an untreated leukemic 

mouse is shown (right panel). 
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2.2.15. Statistical analysis 

 
Statistics were performed with GraphPad Prism 6. P-values smaller than 0.05 were 

considered to be significant.

Figure 4. Scheme of assessing extent of central nervous system (CNS) disease 
Formalin-fixed, paraffin-embedded brains from leukemia bearing mice were serially sectioned in 
coronal orientation (upper left panel). Hematoxylin/Eosin stained sections (lower left panel) were 
scanned for the presence of leukemic blasts (lower right panel). Scale bar equals 100 micrometers. 
This figure has previously been published [85]. With permission of the Ferrata Storti Foundation. 
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3. Results 

 

3.1. MV-Edm effectively kills cells of ALL cell lines 

 

Since there is no comprehensive study about the effect of MV-Edm to ALL cells, we 

initially investigated the susceptibility of a representative selection of ALL cell lines 

to MV-Edm. To determine the effective dose of MV-Edm, cells of the T-lineage ALL 

cell line Jurkat were infected with MV-Edm at different multiplicities of infection 

(MOIs). Cells were killed within 72 hours, depending on dose (Figure 5A). Based on 

these results, a MOI of 1 was chosen for further experiments in vitro. To detect 

differences in sensitivity between B- and T-ALL cell lines, we performed a kinetic of 

cell death of different, MV-Edm infected T and B-lineage ALL cell lines. We could 

show, 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 5B). B-lineage ALL cells were killed more protractedly 

compared to T-lineage ALL cells. Within the same experiments we showed good 

congruency between results of FSC/SSC and Annexin V/PI analyses for all 

xenografts and all cell lines except for REH and NALM-6 cells, where FSC/SSC 

analysis underestimated cell kill (Figure 5B). In addition, we verified that the results 

for inactivated MV-Edm and the medium control were comparable, excluding 

unspecific toxicity by inactivated MV-Edm (Figure 5B). 
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Figure 5. Measles virus Edmonston (MV-Edm) effectively kills acute lymphoblastic leukemia 

(ALL) cell lines  

(A) Dose-dependent killing of Jurkat cells. Jurkat cells (4 x 104 cells per well in a 96-well plate) 

were infected with MV-Edm at increasing multiplicities of infection (MOI). Cell viability was 

determined at 3 hours (h) and 72 h by flow cytometry, using forward scatter/ side scatter (FSC/SSC) 

analysis. Results are means + standard deviation (SD) of triplicates and are expressed as 

percentage of total cells. Similar results were obtained in two independent experiments. (B) Time-

dependent killing of ALL 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 

determined by FSC/SSC analysis (left panels) and Annexin V/ propidium iodide (PI) staining (middle 

panels). Results are means +SD of triplicates and are expressed as percentage of total cells. *** p < 

0.001 using the unpaired t-test. Agreement between FSC/SSC and Annexin V/PI analyses was 

determined using Bland-Altman plots (right panels). Mean difference (bias) is indicated by a solid 

line, ± 1.96 SDs of the differences (95% limit of agreement) by dashed lines. Average denotes 

average of results of both methods. Similar results were obtained in three independent experiments. 

*** p < 0.001, ** p < 0.01, * p < 0.05 and ns = not significant using the unpaired t-test. This figure has 

previously been published [85]. With permission of the Ferrata Storti Foundation. 

 

 Syncytia formation is a known feature of MV-Edm infected solid tumor cells. In 

contrast, ALL cells are suspension cells, thus they do not have close cell-to-cell 

contacts. This could make them less prone to the MV induced cytopathic effect. 

Therefore we wanted to know, whether syncytia formation is happening in MV-

infected ALL cells, which grow at high density. Surprisingly, we could show, that MV-

Edm induced syncytia in Jurkat cells (Figure 6A). To see the effect of MV-Edm on 

the clonal growth of ALL cell lines, a criterion for malignancy, we performed a colony 

formation assay. We seeded REH and Jurkat cells at a low density in semi-solid 

medium. Importantly, MV-Edm also markedly decreased the clonogenicity of Jurkat 

and REH cells (Figure 6B). So far, we have proven, that MV-Edm kills ALL cell lines. 

Next, we wanted to quantify the ability of MV-Edm to replicate in these cells. Hence 

we determined the TCID50 in the supernatant of MV-infected Jurkat cells at different 

timepoints. We saw, that replication of MV-Edm in Jurkat cells started 24 h post 

infection and reached levels of 6 x 105 TCID50/ml at 72 h (Figure 6C). This shows, 

that MV-Edm not only infects ALL cells, but also replicated within them. 



Results 

 35 

 

 

Figure 6. Measles virus Edmonston (MV-Edm) replicates, reduces clonogenicity and induces 

syncytia formation in acute lymphoblastic leukemia (ALL) cells 

(A) 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 multiplicity of infection (MOI) of 1 or were 

left uninfected. 48 hours (h) and 72 h post infection cells were assessed by light microscopy. Bars 

equal 200 micrometers (μm). (B) 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 

methylcellulose-containing medium. 14 days (d) later viable colonies were stained by 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (left panels) and counted (right panel). 

Similar results were obtained in two independent experiments. (C) 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 50% 

tissue culture infective dose (TCID50) was determined using Vero cells (lower panel). This figure has 

previously been published [85]. With permission of the Ferrata Storti Foundation. 

 

3.2. MV-Edm effectively kills pediatric primary ALL and xenografts cells 

 
Next, we investigated the 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 
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in 2 leukemias extensive spontaneous apoptosis precluded analysis. Of the 

evaluable ALL samples, 3 (#1-3, B-cell precursor ALLs) were sensitive to MV-Edm 

in a heterogeneous fashion, while one (#4, T-cell precursor ALL) was resistant 

(Figure 7A). We extended the analysis to the 18 evaluable (out of the 21 

investigated) primary pediatric ALLs propagated in NOD/SCID mice. The cells were 

isolated from mouse spleens, bearing >90% ALL cells, as determined by FACS 

analysis. The patient characteristics of primary ALL and xenografts are listed in 

appendix Table S1. Spontaneous ex vivo apoptosis varied between the ALL 

xenografts and was marked in some (Figure 7B). Except for xenograft #19, all 

xenografts, most of which originated from B-cell precursor ALLs, were very sensitive 

to MV-Edm ex vivo.  

 As with the cell lines, results of FSC/SSC analysis and Annexin V/PI staining in 

explanted ALL xenografts were comparable, and the results for inactivated MV-Edm 

were similar to those of the medium control, indicating inactivated MV-Edm does not 

induce unspecific toxicity (Figure 7C). Thus, the simpler methods of FSC/SSC 

analysis and using medium as a control were chosen for further experiments. 

 In summary, MV-Edm was strikingly effective in killing primary ALL cells ex vivo. 
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Figure 7. Measles virus Edmonston (MV-Edm) effectively kills cells of pediatric primary acute 

lymphoblastic leukemia (ALL) and xenografts ex vivo  

ALL cells (8 x 104 cells per well in a 96-well plate) were treated at a multiplicity of infection (MOI) of 

1 or were left untreated. Cell viability was determined 72 hours (h) after infection by flow cytometry 

using forward scatter/side scatter (FSC/SSC) analysis. Results are means + standard deviation (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 four 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 non-obese diabetic/ 

severe combined immunodeficient (NOD/SCID) mice (#15 refers to the relapse of #9). (C) MV-Edm 

induces cell death in xenografts. Human ALL xenografts isolated from spleens of NOD/SCID mice 

were incubated with MV-Edm at a MOI of 1 ("+"), with heat-inactivated MV-Edm ("inactivated") or 

with medium ("-"). Cell viability was determined by flow cytometry, using FSC/SSC analysis, left 

panels, and Annexin V staining and uptake of propidium iodide (PI), middle panels. Xenograft #23 

refers to primary ALL #2. Results are means +SD of triplicates and are expressed as percentage of 

total cells. *** p < 0.001 using the unpaired t-test. Agreement between FSC/SSC and Annexin V/PI 

analyses was determined using Bland-Altman plots (right panels). Mean difference between the 

methods (bias) is indicated by a solid line, ± 1.96 SDs of the differences (95% limit of agreement) by 

dashed lines. Average denotes average of results of both methods. For more information about 

patient samples and xenografts see appendix table S1. This figure has previously been published in 

[85]. With permission of the Ferrata Storti Foundation. 
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3.3.  MV-Edm kills ALL cell lines and xenografts by apoptosis 

 
Apoptosis is a known cell death mechanism, operative in MV-infected cancer cells 

[31]. To date it is not known, if this holds true for ALL cells. To clear this question 

we performed an Annexin V/PI staining of MV-Edm infected ALL cells and ALL 

xenografts. In line with other malignancies, we could show, that cell death of ALL 

cell lines and ALL xenograft cells by MV-Edm occurred by apoptosis, while no non-

apoptotic death was evident (Figure 8). 

 

 

 

Figure 8. Measles virus Edmonston (MV-Edm) induces apoptosis in acute lymphoblastic 

leukemia (ALL) cell lines and xenografts. 4 x 104 cells from ALL cell lines and 8 x 104 xenograft 

cells were seeded per well of 96-well plates. Cells were infected with MV-Edm ("+") and inactivated 

MV ("i") at a multiplicity of infection (MOI) of 1 or were treated with medium ("-"). T-lineage ALL cell 

lines and xenografts were assessed after 72 hours (h) while B-lineage ALL cell lines were assessed 

after 96 h because of their protracted cell kill kinetics. Cells were analyzed by Annexin V staining and 

propidium iodide (PI) uptake using flow cytometry. Results are means + standard deviation (SD) of 

triplicates. Similar results were obtained in three independent experiments. *** p < 0.001 using the 

unpaired t-test. This figure has previously been published [85]. With permission of the Ferrata Storti 

Foundation. 

 

3.4. MV-Edm spreads effectively in ALL cell lines in the absence of measles 
antibodies  

 

Effective killing of leukemic cells of systemically administered MV-Edm against ALL 

hinges on the effective spread of MV-Edm between leukemic cells, as initial infection 

efficiency in vivo is likely to be too low to target every leukemic cell. Viral spread and 

killing of leukemic bystander cells was modelled in vitro by mixing MV-Edm-treated 
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with untreated leukemic cells and determining cell death in the mixture. A small 

number of initially infected cells was sufficient to kill a large number of initially 

uninfected cells, e.g. 5% initially infected REH cells killed 55% of the cells in the 

mixture after 96 h (Figure 9). 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 the 

release of MV-Edm from infected cells into the extracellular space. In either case, 

MV-Edm could be neutralized if measles antibodies were present. In fact, in a 

mixture of infected ALL cells with uninfected bystander leukemic cells, measles-

immune serum inhibited MV-Edm-induced death in the bystander cells (Figure 9). 

Taken together, these results support the notion that, in the absence of measles 

antibodies, MV-Edm may control ALL even if only a minority of blasts are infected 

initially. 

 

 

 Figure 9. Measles virus Edmonston (MV-Edm) shows a strong bystander effect in acute 

lymphoblastic leukemia (ALL) cells 

Jurkat (Jur) and REH cells infected with MV-Edm at a multiplicity of infection (MOI) of 1 were mixed 

with uninfected Jurkat and REH cells at increasing ratios. 4 x 104 cells of the mixtures were seeded 

per well of a 96-well plate in the presence or absence of 10% measles immune serum (MV-Ig) in the 

culture medium. Cell viability was determined after 72 hours (h) by flow cytometry using forward 

scatter/side scatter. Results are means + standard deviation (SD) of triplicates and are expressed 

as percentage of total cells. Similar results were obtained in three independent experiments. *** p < 

0.001, ** p < 0.01, * p < 0.05, ns = not significant using the unpaired t-test. This figure has previously 

been published [85]. With permission of the Ferrata Storti Foundation. 
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3.5.  Infection with MV-Edm does not harm PBMC or HSC 

 

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 

hematopoetic cells are differentially sensitive to MV-Edm. Indeed, the susceptibility 

of human PBMC from healthy donors was marginal (Figure 10A) compared with 

primary ALL and ALL xenografts (Figure 7) and ALL cell lines (Figure 5). The limited 

sensitivity of PBMC could be in part explained by the limited replication of MV-Edm 

in PBMC. In fact, we could not detect infectious viral particles from PBMC lysates 

72 h after infection with MV-Edm (Figure 10B). Taken together, these data suggest 

that the preferential replication of MV-Edm in ALL contributes to the enhanced 

sensitivity of ALL cells.  

 During treatment of ALL with MV-Edm, hematopoetic stem cells (HSC) will 

become exposed to MV-Edm, either in the wake of systemic injection or after the 

release of the virus from infected leukemic cells. To determine the impact on the 

HSC function, 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 10C).  
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Figure 10. Hematopoetic cells are not sensitive to measles virus Edmonstaon (MV-Edm) 

(A) Limited susceptibility of peripheral blood mononuclear cells (PBMC). 8 x 104 PBMC per 

well from pooled buffy coats of 16 donors or 4 x 104 Jurkat cells were infected in 96-well plates with 

MV-Edm at a multiplicity of infection (MOI) of 1 or were left uninfected. Cell viability was determined 

72 hours (h) after infection by flow cytometry using forward scatter/side scatter. *** 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 microliters (µl) were added to 2.25 x 105 Vero cells. Syncytia 

formation was determined 72 h later after staining with crystal violet by light microscopy. (C) 

Hematopoetic stem cell (HSC) function is not affected. 2 x 103 cluster of differentiation (CD) 34+ 

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 medium. 14 days (d) later, 

Colony forming unit-granulocyte, erythrocyte, monocyte, megakaryocyte (CFU-GEMM), Colony 

forming unit-granulocyte, monocyte (CFU-GM) and burst forming unit-erythroid (BFU-E) colonies 

were determined. Ns = not significant using the unpaired t-test. Similar results were obtained in two 

independent experiments. This figure has previously been published [85]. With permission of the 

Ferrata Storti Foundation. 

 

3.6. Specific sensitivity of ALL cells to MV-Edm compared to hematopoetic 
cells does not depend on enhanced expression levels of CD46 or 
CD150  

 

Next, we explored potential mechanisms of the differential sensitivity of ALL cells 

and hematopoetic 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 compared to normal cells that express less CD46 [3], 

we reasoned 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 (Figure 11A). In fact, less CD46 was found on xenografts and 

ALL cell lines than on PBMC, while HSC from cord blood expressed amounts of 

CD46 comparable to leukemic cells (Figure 11A). Along this line, leukemic blasts in 

the bone marrow of patients always expressed less CD46 than HSC and mature 
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hematopoetic cells (Figure 11B). 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 specimens but on all PBMC samples (Figure 11C). Considered 

together, the different sensitivity of ALL cells and normal hematopoetic cells to MV-

Edm cannot be explained by different expression of the entry receptors CD150 or 

CD46. Rather, the data suggests that either other entry receptors or post-entry 

mechanisms modulate the efficacy of MV-Edm in ALL. 

 

 

Figure 11. Differential expression of cluster of differentiation (CD) 46 and CD150 in peripheral 

blood mononuclear cells (PBMC), hematopoetic stem cells (HSC), acute lymphoblastic 

leukemia (ALL) cell lines and xenograft cells 

(A) 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 flow cytometry. Horizontal bars depict medians. * p < 0.05, ns = not 

significant using 1-way ANOVA with Tukey’s post hoc test. (B) 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 flow cytometry. 5-10 x 

104 cells per sample were analyzed. Horizontal bars show the medians. ** p < 0.01 comparing 

medians using the Kruskall-Wallis test. (C) ALL cells do not express CD150 more frequently than 

PBMC and HSC. CD150 expression levels were determined in the cells described in (A) by mean 

fluorescence intensity normalized to isotype control using flow cytometry. ** p < 0.01, ns = not 

significant using 1-way ANOVA with Tukey’s post hoc test. This figure has previously been published 

[85]. With permission of the Ferrata Storti Foundation. 

  



Results 

 43 

 

3.7. 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 mechanisms 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 is unknown whether ALL cells harbor such a defect, we investigated 

the pivotal RIG-I/MDA-5 sensing and signaling pathway and the subsequent 

interferon response upon infection with MV-Edm. Upon infection by MV-Edm, ALL 

xenograft cells increased transcription of IFN-βtheinterferon target genes RIG-I 

and MDA-5, and the interferon-responsive genes IRF-1, ISG-15 and IFIT1 (Figure 

12). In contrast, infected ALL cell lines did not respond with increased transcription 

of these genes (Figure 12).  

 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 12. The retinoic acid inducible gene I (RIG-I)/ 

melanoma differentiation associated gene-5(MDA-

5)/ mitochondrial antiviral signaling (MAVS)/ 

interferon-β (IFN-β) axis is defective in ALL cell 

lines but intact in B-cell precursor acute 

lymphoblastic leukemia (ALL) xenograft cells  

T and B-cells isolated from peripheral blood 

mononuclear cells (PBMC) of 5 and 6 donors, 

respectively, ALL cell lines and B-cell precursor ALL 

xenografts #6, #13, #15 and #19 were infected with 

measles virus Edmonston (MV-Edm) at a multiplicity of 

infection (MOI) of 1 or were not infected. Messenger 

ribonucleic acid (mRNA) was isolated 12 hours (h) 

later. mRNA expression of RIG-I, MDA-5, MAVS, 

interferon response factor-3 (IRF-3), IRF-1, IFN-β, 

interferon-α/β receptor (IFNAR) 1, IFNAR2, interferon-

stimulated gene-15 (ISG-15) and interferon-induced 

protein with tetratricopeptide repeats 1 (IFIT1) was 

measured by quantitative reverse transcriptase (qRT)- 

polymerase chain reaction (PCR) and is shown 

relative to expression of β-ACTIN. Statistical analysis 

by 1-way ANOVA for IFN-β: T-cells vs T-ALL cell lines 

p < 0.05, B-cells vs B-ALL cell lines and vs xenografts 

p < 0.001, B-ALL cell lines vs xenografts p < 0.001; for 

RIG-I: T-cells vs T-ALL cell lines p < 0.05, B-cells vs 

B-ALL cell lines and vs xenografts, and B-ALL cell lines 

vs xenografts all p < 0.001; for MDA-5: T-cells vs T-

ALL cell lines, B-cells vs B-ALL cell lines and vs 

xenografts, and B-ALL cell lines vs xenografts all p < 

0.001. This figure has previously been published in [85]. With permission of the Ferrata Storti 

Foundation. 

 

3.8. 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 control disseminated patient ALL in the human leukemia 

NOD/SCID mouse model. We, among others, have shown that this model faithfully 

simulates the situation in the pediatric patient, the original characteristics of the 

patients’ ALL are faithfully preserved, even after repeated retransplantations [89, 
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90]. We assessed a pro B, a pre B and two common ALL xenografts to cover the 

spectrum of B-lineage ALL. Upon reaching a solid leukemic burden, as determined 

by the percentage of blasts in the peripheral blood, the mice were systemically 

treated with MV-Edm, inactivated MV-Edm or with PBS. In the mock-treated mice, 

percentages of peripheral leukemic blasts quickly rose and general appearance of 

the mice deteriorated, necessitating their euthanasia (Figure 13A). 33 of the 44 

untreated mice across all xenografts could be necropsied, and all of these revealed 

extensive leukemic infiltration of bone marrow and spleen (data not shown). In stark 

contrast, 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 

13A). 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 typical life span of 250 d typical for NOD/SCID mice. 

Necropsy showed no blasts in peripheral blood (Figure 13A), bone marrow, spleen 

and liver (Figure 14), indicating complete eradication of leukemic blasts in the 

hematopoetic system and its restitutio ad integrum. All treated mice with the pro B 

xenograft #6 survived until they were 238 d old, when two mice died. Necropsy 

revealed no leukemic blasts in blood, spleen or bone marrow and no obvious cause 

of death in these two, 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 of the treated mice 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 progressing leukemia (Figure 13A), despite having 

relatively few leukemic blasts in the blood and the spleen (Figure 13B). The two 

bone marrow samples, that could be examined in the treatment group prior to 

autolysis, showed only moderate infiltration by leukemic blasts, extensive areas of 

necrosis and severe depression of hematopoesis (Figure 15A and B). 

 Altogether, MV-Edm eradicated or decreased peripheral leukemia in all of the 

four different xenografts and lead to long-term survival of mice in 3 of the 4 

xenografts. 
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Figure 13. In non-obese diabetic/ severe immunodeficient (NOD/SCID) mice with B-lineage 

acute lymphoblastic leukemia (ALL) xenografts measles virus Edmonston (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 day (d) for 5 d once peripheral cluster of differentiation (CD) 

45+ Ly5- leukemic blasts reached 5-20 %, as determined by flow cytometry. (A) Peripheral 

leukemic blasts and survival. Peripheral CD45+Ly5- leukemic blasts were monitored by flow 

cytometry (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 + 

standard deviation (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 centimeters). This 

modified figure has previously been published [85]. With permission of the Ferrata Storti Foundation. 
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Figure 14. Restitutio ad integrum of hematopoetic organs initially infiltrated by acute 

lymphoblastic leukemia (ALL) after treatment with measles virus Edmonston (MV-Edm) 

Bone marrow, spleen and liver from a leukemic mouse of xenograft #15 treated with MV-Edm and 

sacrificed at advanced age are compared to the organs of an untreated non-leukemic mouse. 

Organs were formalin-fixed, paraffin-embedded and stained with Hematoxylin/Eosin (HE). Inserts 

show higher magnification. Scale bars equal 100 micrometers (μm). This figure has previously been 

published in [85]. With permission of the Ferrata Storti Foundation. 
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Figure 15. Moderate leukemic infiltration, extensive necrosis and severe depression of 

hematopoesis in the bone marrow of a mouse with xenograft #13 treated with measles virus 

Edmonston (MV-Edm) 

The mouse died 20 days (d) after start of therapy and analysis was performed immediately post 

mortem. (A) Leukemic load in the hematopoetic system and the meninges is limited while 

hematopoesis is nearly absent. Flow cytometric analysis of bone marrow, spleen, peripheral blood 

and meninges was performed for human cluster of differentiation (CD) 45+ leukemic cells and Ly5+ 

murine hematopoetic cells. (B) Moderate leukemic infiltration, marked necrosis and 

pronounced depression of hematopoesis in the bone marrow. Hematoxylin/Eosin (HE)-stained 

bone marrow of the mouse (left panel) is compared to bone marrow of a healthy mouse (right panel). 

Scale bars equal 100 micrometers (μm) for lower magnification and 50 μm for higher magnification 

(inserts). This figure has previously been published in [85]. With permission of the Ferrata Storti 

Foundation. 



Results 

 49 

 

3.9. Efficient intraleukemic replication, spread and control of MV-Edm in 
vivo 

 

The kinetics of leukemic cell death induced by MV-Edm were organ-dependent, as 

shown by FACS analysis. In mice with xenograft #15 peripheral blood was cleared 

from blasts 18 d after start of therapy. Spleens were cleared later at 25 d, at which 

time bone marrow and meninges were still infiltrated by blasts (Figure 16).  

 

Figure 16. Kinetics of blast clearance by measles virus Edmonston (MV-Edm) in vivo: Rapid 

clearance of peripheral blood and spleen, and delayed impact in bone marrow and meninges  

1 x 107 acute lymphoblastic leukemia (ALL) cells from xenograft #15 were intravenously transplanted 

into non-obese diabetic/ severe immunodeficient (NOD/SCID) mice. Once peripheral blasts reached 

5-20 % mice were injected with 200 microliters (μl) phosphate-buffered saline (PBS) containing 2 x 

105 plaque forming units (pfu) MV-Edm or an equal volume of PBS with inactivated MV-Edm each 

day (d) for 5 d. 11, 15, 18 and 25 d after the last application of MV-Edm one pair of mice (treated and 

untreated) was killed and blood, spleen, bone marrow and meninges were procured and stained for 

cluster of differentiation (CD) 45+ Ly5- leukemic blasts. This figure has previously been published in 

[85]. With permission of the Ferrata Storti Foundation. 

 

 To investigate the kinetics of viral replication and of the blasts’ response in cellular 

detail, histology was performed. Following the systemic administration of MV-Edm, 

viral replication was evident within many blasts at 15 d and within most blasts at     

18 d, indicated by MV-H positive staining (Figure 17A). Cytological, proliferative and 

apoptotic responses of blasts paralleled viral replication. While 15 d after therapy 

few morphological changes of the blasts were appreciable yet, at 18 d the blasts’ 

boundaries disappeared and their nuclei were karyolytic, consistent with formation 

of syncytia. Apoptosis significantly increased, while numbers of proliferating cells 

markedly decreased. 7 d later, at 25 d, far fewer blasts were visible and normal 

mononuclear cells as well as megakaryocytes had reappeared. Apoptosis rate had 
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returned to baseline and far fewer proliferating cells were discernible. Blast 

clearance from the liver followed a similar kinetic (Figure 17B). 

 Thus, MV-Edm readily replicates and spreads in ALL in vivo, eliminating blasts. 
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Figure 17 Systemic measles virus Edmonston (MV-Edm) efficiently replicates, spreads and 

kills within an acute lymphoblastic leukemia (ALL) xenograft in vivo 

Non-obese diabetic/ severe immunodeficient (NOD/SCID) mice with xenograft #15 received MV-

Edm (n = 5) or phosphate-buffered saline (PBS) without MV-Edm (n = 5) for 5 days (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 Hematoxylin/Eosin HE 

staining and immunohistochemistry for measles virus-hemagglutinin (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 micrometers (μm). 

Cells positive for active caspase-3, Ki67 and MV-H were counted in representative sections of treated 

("+") and untreated ("-") mice. Results shown in the graphs are means + standard deviation (SD) of 

three visual fields (magnification 200x) per animal and timepoint. *** 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. This figure has previously been 

published in [85]. With permission of the Ferrata Storti Foundation. 

 

3.10. Systemic MV-Edm controls CNS leukemia  

 
In 2 mice with xenograft #21 (pre-B ALL), we determined that CNS disease was 

already present when therapy was started. The meningeal leukemic load was above 

60% (data not shown) when peripheral blasts had reached 5-20% (Figure 18A). 

Assuming a similar correlation in the other xenografts, the efficacy of systemically 

injected MV-Edm against CNS disease in xenografts #15, #6, #19 and #13 was 

evaluated. When the untreated mice had to be killed, CNS disease in all 4 xenografts 

had massively progressed, i.e. 60-80% (Figure 18B). In stark contrast, when the 

treated surviving mice - all without 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 18B). Quantitative histological analysis 

performed on xenograft #15 proved that MV-Edm had markedly decreased both 

number and extent of infiltration of blasts in treated mice (Figure 4 and Figure 18C). 

 We therefore wanted to know whether CNS disease had caused the few 

spontaneous deaths of treated mice. In the two treated mice with xenograft #6 that 

spontaneously died (Figure 13A), 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, the 

leukemic infiltration of the meninges was 3% and 4%. Thus, residual CNS disease 

is unlikely to have caused the death of the treated mice that died. 
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 Taken together, these data show that MV-Edm controls CNS disease in mice with 

ALL xenografts. While incomplete, this contributed most likely to survival. 
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Figure 18 Systemic measles virus Edmonston (MV-Edm) curbs central nervous system (CNS) 

disease in non-obese diabetic/ severe immunodeficient (NOD/SCID) mice with acute 

lymphoblastic leukemia (ALL) xenografts 

(A) CNS disease is established early. 2 mice with xenograft #21 were killed once peripheral 

leukemic blasts reached 5-20 % (90 days), as determined by flow cytometry, and CNS disease was 

assessed by flow cytometry analysis of the meninges and histology of the brain. Scale bars equal 

100 micrometers (µm). (B) Meningeal blasts are controlled while not eradicated by MV-Edm. 

Mice with xenografts without MV-Edm ("-" and "inactivated") that thus died from disease, 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 treated with MV-Edm ("+") and thus died or were killed 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 flow cytometry for the presence of cluster of 

differentiation (CD) 45+ 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 Figure 4 and stained by Hematoxylin/Eosin (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 with leukemic cells were determined (right panel; means + standard deviation (SD) for 

each group are shown; ** p < 0.01, * p < 0.05 using the unpaired t-test). This figure has previously 

been published in [85]. With permission of the Ferrata Storti Foundation.
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4. Discussion 

 

4.1. Proof of principle that attenuated oncolytic measles virus can control 
pediatric ALL 

 
This work shows that attenuated MV eradicates disseminated ALL and controls 

central nervous ALL 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 general susceptibility of pediatric B-lineage ALL to attenuated MV.  

 Previous investigations using MV or other viruses as leukemolytic agents 

addressed adult disease. Thus, in mice bearing the Met-1 cell line model of HTLV-

1-induced adult T-cell leukemia/lymphoma, oncolytic MV decreased tumor burden 

[116]. In vitro, oncolytic MV killed several chronic lymphocytic leukemias - an 

indolent leukemia of old age - and adult acute lymphocytic leukemias, with different 

cytopathology and kinetics [118]. MV has been shown to eradicate subcutaneous 

solid tumors of NALM-6 cells upon intratumoral injection, and to decrease grafting 

of intravenously injected NALM-6 cells by prompt, preemptive injection of naked 

virus or virus protected within mesenchymal stem cells [15, 118]. However, it was 

unknown, whether MV can eradicate established, disseminated patient ALL, in 

particular pediatric ALL the most common malignancy in childhood. This work 

delivers the proof of principle that attenuated oncolytic measles virus can control 

pediatric ALL. 

 

4.2. In vivo and in vitro efficacy 

 
MV-Edm was administered to mice with four established and disseminated patient-

derived pediatric B-lineage ALL xenografts, which all afflicted the CNS, at a dose 

per body weight comparable to the dose delivered intravenously to patients in 

clinical trials for solid tumors [42]. These leukemias covered the spectrum of B-

lineage ALL. The leukemic burden was high at start of treatment, as indicated by a 

large number of leukemic blasts in bone marrow, blood, spleen, liver and CNS. Our 

approach, therefore, represented an attempt to cure mice with florid, widely 

disseminated 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 
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majority of mice. Of note, the few MV-treated mice with xenografts #15, #6 and #19 

that died, did so at the end of their natural lifespan [152]. 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 survival, and since peripheral leukemia was 

eradicated. The fourth, very rapidly progressing ALL (#13) also responded quickly 

to MV-Edm, not only in the peripheral blood, but also in the bone marrow and the 

CNS. Nevertheless, all but one of the mice with this xenograft died early. In the mice, 

transplanted with xenograft #13, which could be examined post mortem, death was 

associated with extensive necrosis in the bone marrow and with hematopoetic 

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 

[94]. 

 MV-Edm was effective ex vivo in a large number of primary and xenografted B-

lineage ALL. Ex vivo analysis of most ALL investigated was not precluded by their 

intrinsic apoptosis rate. Marked intrinsic apoptosis is a known characteristic of ALL 

cells, that can be exacerbated ex vivo by culture conditions [86]. 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 

patient, a xenograft and from cell lines were found to be sensitive to MV-Edm ex 

vivo and in vitro, the general susceptibility of T-lineage ALL has to be proven in 

larger studies. 

 

4.3. Control of CNS disease 

 
An important factor in the potency of MV-Edm against pediatric ALL was its ability 

to repress CNS disease. Control of CNS disease was, although 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 remarkable, given that no attempts were made to specifically target 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 
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than in the blood, the spleen and the liver. This suggests that entry of MV into the 

CNS, while possibly facilitated by the disruption of the blood-brain barrier by 

meningeal blasts, was nevertheless limited. In addition, spread of MV within the 

CNS may be more restricted than in the periphery. Given these impediments, future 

studies will attempt to eradicate CNS disease by modulating the schedule of 

treatment. 

 

4.4. Oncolytic potency against ALL 

 

Several additional factors may account for the pronounced efficacy of MV-Edm 

against ALL in vivo. In contrast to many solid tumor cells most leukemic cells reside 

in well-perfused organs like bone marrow, blood, lymphatic system and liver, 

facilitating viral delivery. No barrier 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 can occur 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 mechanisms, given that immunosuppression of the patient by 

the leukemia or prior therapy is not pronounced. Thus, patients may be able to 

generate 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 [56]. 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 [53]. 

Furthermore, ALL-infiltrating neutrophils may become activated to secrete antitumor 

cytokines and TRAIL, a notion supported by recent proof of principle studies [21, 

179]. 

 A 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 [165]. On the 
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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 the transient suppression of antibody production. Another possibility 

to protect measles virus particles from neutralization is to introduce MV-Edm into 

cellular vehicles ex vivo before treatment of measles immune hosts, as we, among 

others, have shown [15, 66, 172, 173]. This approach has already found its way into 

a clinical study of the Mayo Clinic, Rochester, USA [43].  

 Yet, another determinant of efficacy 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 generated a substantial number of MV-Edm. In stark contrast, there was little 

evidence for replication of MV-Edm in normal hematopoetic cells. Thus, PBMC were 

just marginally susceptible to MV-Edm and did not generate discernible infectious 

particles. HSC were resistant to MV-Edm.  

 Taken together, the hu-ALL-NOD/SCID mouse model is a good model to give a 

proof of principle. Nevertheless, further experiments are needed, to understand the 

modes of action of MV-Edm and how they can be improved for the treatment of ALL. 

 

4.5. Differential sensitivity 

 

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 hematopoetic 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 determined their susceptibility. 

As leukemic blasts expressed equal or lower levels of the entry receptor CD46 

compared 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 
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of yet unknown entry receptors contribute to the differential sensitivity of ALL. 

 In B-cell precursor ALL xenograft cells replication occurred despite an intact 

appearing, albeit heterogeneously active RIG-I/MDA-5 sensing and signaling 

pathway that induced transcription of interferon-β (IFN-β) leading to the 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 investigated, or alterations of proteins, or 

posttranslational changes decrease the functional interferon response in ALL. In 

contrast 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/IFN pathway, as has been described in 

lung cancer cell lines [80], possibly secondary to the conditions of cell culture. As 

the transcriptional induction of the interferon response in B-cell precursor ALL 

xenograft cells was similar to lymphocytes, it is unlikely that their difference in 

sensitivity can be attributed solely to differential interferon induction. 

 Thus, alternative mechanisms of differential susceptibility remain to be 

determined. This task could be approached by quantitative gene expression profiling 

of infected vs. non-infected ALL cells and by subsequent comparison of these 

results with those of related non-transformed infected and non-infected 

hematopoetic cells like B- or T-cells, respectively. So far, very little is known about 

the molecular mechanisms of MV oncolysis, thus, finding promising candidate 

genes or pathways remains a challenge. 

 Along this line, the gene expression profile of dendritic cells (DC) upon wt MV 

infection has been reported. 622 upregulated and 931 downregulated genes were 

found. Gene expression of the interferon pathway, including IRFs, interleukins (IL) 

and other cytokines were upregulated, and many genes related to mitochondria 

were downregulated [180]. In addition the gene expression changes in PBMCs of 

wt MV-infected children was determined [181]. The 13 upregulated genes were 

mainly regulated by NF-κB signaling, like IL-1β and TNF-α, which is a typical antiviral 

response of PBMCs. It is unknown, whether ALL cells are also fully capable of such 

protective actions. Sato et al tried to elucidate the effects of wt MV on Cobl-a cells, 

a T-lineage cell line. These cells, however, showed very few alterations upon MV-

infection [142]. No IFN genes were upregulated, in line with Naniche et al, showing 

the capacity of wt MV to suppress the IFN induction in phytohemagglutinin-
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stimulated peripheral blood lymphocytes [109]. Taking into account, that these 

publications tested wild-type MV in DCs and PBMCs, it is very difficult to extrapolate 

these findings to the setting of MV-Edm in ALL cells, limiting their significance.  

 Finally, and most relevant to our study, measles-induced gene expression in 

PBMCs has been performed using both wt and Edmonston MV-strains [12]. In 

general the production of viral proteins causes protein aggregation due to 

deregulated translation eventually leading to cell death [1]. To prevent this, several 

genes are upregulated upon MV infection in PBMCs [12]. As a response to stress 

of the endoplasmatic reticulum (ER), MV-infected PBMCs induce ERp57, as well as 

chaperones. ERp57 forms complexes with chaperone proteins, which supports the 

ER and protects the cell against protein overload [12]. It is conceivable, that ALL 

cells do not activate these counter measures, warranting further investigation. 

Further, the induction of 2’5’-oligoadenylate synthetase has been implicated by MV-

infected DCs, PBMCs and COBL-a cells using microarray analysis [12, 142, 180]. 

This has already been described previously in measles vaccine treated PBMCs 

[159]. 2’5’-oligoadenylate synthetase 1 activates RNAses in order to degrade 

endogenous and viral RNA thus inhibiting replication. It remains to be investigated, 

whether ALL cells are defective in this defense mechanism. 

 It has been shown that, in addition to apoptosis, autophagy is also a possible 

cause of death of measles-infected cancer cells [175, 176]. Measles virus effectively 

exploits autophagy via various mechanisms to ensure efficient replication from early 

until late infection [137]. Immunity-associated GTPase family M (IRGM) seems to 

play an important role in this context [48]. Reduction of IRGM in HeLa cells led to 

decreased autophagic flux, as well as decreased replication of MV-Edm. IRGM 

induces autophagy via various molecular partners, among them ATG5, a protein 

encoded by autophagy-related gene 5 and a crucial player in the initiation process 

of autophagy [48]. Interestingly, ATG5 has been shown to directly interact with 

MAVS, hence inhibiting the type-I interferon response [68]. Autophagy is important 

for ALL cell survival [169], but whether these mechanisms, described above, are 

active in ALL remains to be elucidated. 

 

4.6. Future perspectives - clinical trial 

 

This work shows that, attenuated MV efficiently controls pediatric B-lineage ALL 
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xenografts from patients, supporting the notion of developing attenuated MV as a 

complementary or alternative therapeutic modality against pediatric ALL of B-

lineage. Even without the knowledge of the exact molecular mechanisms of 

leukemolytic efficacy, translation into an early phase clinical trial could be possible, 

because of the excellent safety record of attenuated measles virus, not only as a 

vaccine, but also as an oncolytic means in ongoing clinical studies. 

 

4.6.1. Trial design and choice of MV strain 

 
No information exists yet, regarding attenuated measles virus in pediatric ALL. The 

objectives of a traditional early clinical trial would be, first, to find out the maximum 

tolerated dose (MTD) of MV in patients bearing relapsed or refractory high risk ALL 

(phase I), and, second, to assess clinical responses to MV treatment (phase II). 

Given the small number of eligible children, novel study designs, such as the ‘rolling 

six design’ [153] (phase I) or adaptive trials (phase II), might be indicated.  

 With Blinatumomab and CAR-T cells, new fascinating therapies for adult and 

pediatric ALL have been developed. Being highly specific for CD19 positive 

precursor B-cell ALL, these therapies, though highly efficacious in preclinical and 

clinical trials, are only available for this subgroup of ALL [55, 88, 126, 127, 129, 168]. 

In that way, patients with relapsed/ refractory T-cell ALL and CD19 negative B-cell 

ALL are completely ruled out. Especially relapsed/ refractory T-cell ALL lack new 

convincing treatment options. New approaches include inhibition of NOTCH1 with 

γ-secretase inhibitors (GSI) [183] or treatment of the NUP214-ABL1 translocation 

with tyrosin kinase inhibitors [17], among others. Both are only eligible for very few 

patients and show only restrained success. In great contrast to that, oncolytic MV is 

neither cell type specific nor, as far as we know at the moment, depending on any 

specific genetic alteration, making it accessible to ALL patients of any subtype. This 

makes oncolytic MV in particular interesting for relapsed/ refractory T-ALL, although 

the efficacy against this subset of ALL still has to be proven in more xenografts. 

 Genetically engineered measles virus like MV-NIS, carrying the sodium iodide 

symporter gene (NIS), or MV-CEA, harboring the N-terminal domain of human 

carcinoembryonic antigen (CEA), should be used. MV-NIS is already administered 

intravenously in clinical trials [23] and has proven its safety in severely 

immunocompromised multiple myeloma patients [140]. The NIS-gene introduces 
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the sodium iodide symporter into infected tumor cells. This could be harnessed for 

noninvasive imaging via I123 administration, as well as for potential therapy 

enhancement via radiovirotherapy e.g. I131 administration [22], where MV-infected 

cells would get irradiated, additionally to the oncolytic activity of MV. Both advances 

could be feasible for instance for T-ALL patients with mediastinal lymphoma. 

However, since leukemia is generally not a solid tumor, radiovirotherapy is has to 

be considered with great care. Disseminated leukemic cells could distribute 

irradiation spots throughout the whole body and could thus produce unspecific 

effects. The risk of secondary malignancies especially in rapidly proliferating tissues 

like the bone marrow could be a concern. Thus further toxicity studies have to be 

performed to address this matter. On the other hand, one could benefit from the 

experiences of intravenous administration of MV-NIS in immunocompromised 

patients and the fact, that MV-NIS is FDA-approved for clinical trials [140]. MV-CEA 

is also in clinical testing, being applied into the surgical cavity [41] and 

intraperitoneally [40]. Once introduced into cancer cells, carcinoembryonic antigen 

serves as a blood bio-marker for replication activity of measles virus, as it is 

biologically inert and can be easily determined from blood samples [119]. This could 

be exploited in leukemia patients, as blood withdrawals are often performed in this 

patient group, to monitor viral antitumor activity. However, MV-CEA has not been 

given intravenously, especially not to patients bearing a hematological malignancy 

with an impaired immune response. Nevertheless, the efficacy against human ALL 

of both genetically engineered MV-strains remains to be proven. 

 Retargeting and arming of MV is another possibility to enhance tumor selectivity 

and safety. Thus, MV can be retargeted to high molecular weight melanoma-

associated antigen (HMWMAA) [73], directing it specifically towards malignant 

melanoma, or to the epithelial growth factor receptor (EGFR) in squamous cell 

carcinoma [178]. These measles virus strains have additionally been armed with 

cytosine deaminase/ uracil phophoribosyltransferase, which converts the prodrug 5-

fluorocytosine into the cytotoxic 5-fluorouracil. This strongly enhances MV’s 

oncolytic effect. In case of ALL MV particles could be targeted against a lymphoid 

surface marker such as CD19 or CD22 depending on the patients’ specific 

diagnosis, leading to higher tumor specificity, and a more individualized therapy. 

 In a possible randomized-controlled clinical trial oncolytic MV should be 

combined with a standard chemotherapy backbone and randomized versus the 
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chemotherapy backbone alone to prove its efficacy [20]. Because ALL cells are 

needed for viral spread (Figure 9), treatment with MV should be introduced into the 

remission induction phase of the therapy. Taken together, experiences with 

treatment of immunocompromised patients with genetically engineered MV strains, 

like MV-NIS or MV-CEA, already exist and with relapsed/ refractory T-cell ALL there 

are patients urgently in need for new treatment options. 

 

4.6.2. Possible toxicity of attenuated MV 

 

While our results show no hematopoetic 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-hematopoetic toxicity of attenuated MV-Edm was not investigated in this study. 

In this regard, MV-Edm given to patients with solid tumors has a good safety record, 

even when administered systemically to immunocompromised hosts [103]. 

Attenuated MV has been used for vaccination for many years. A data analysis of 

Merck & Co., Inc., the distributor of measles mumps and rubella virus vaccine (M-

M-RTM), presents excellent safety for a 32 year period (1978-2010)[81]. Merck 

distributed about 575 million doses and documents a relative risk for a severe 

adverse experience connected to the vaccine of 8.4 cases per million. Measles virus 

vaccine could be identified in 4 of 6 measles related fatalities. Patients were all 

severely immunocompromised mostly with a T-cell deficiency and died of measles 

inclusion body encephalitis (MIBE) [11] or measles pneumonitis [5, 97]. No reports 

of subacute sclerosing panencephalitis (SSPE) caused by measles vaccine 

(confirmed by PCR) have been documented [81]. On the other hand, 8 children with 

ALL during therapy were vaccinated against MV, without severe side effects [161]. 

Vaccination is possible 3 – 6 months after chemotherapy without any adverse 

effects and with satisfactory seroconversion, even for high risk ALL patients [29]. 

 Specific toxicity studies of attenuated MV have been performed in various species 

- both immunocompetent and –compromised. To date, there is one completed 

phase I clinical trial [42]. MV-CEA has been administered intraperitoneally into 

patients with recurrent ovarian carcinoma at doses up to 109 TCID50 for 6 times every 

4 weeks, without any dose limiting toxicity. Patients of the treatment group showed 

a median survival of 12.5 months compared to expected median survival of 6 
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months. In two other ongoing trials 8 multiple myeloma patients tolerate 108 TCID50 

intravenously applied MV-NIS and 6 patients with recurrent glioblastoma multiforme 

allow 106 TCID50 MV-CEA applied into the resection cavity. In both trials no severe 

adverse effects occurred [103]. Most promising, a recent publication of Stephen 

Russell et al described two patients of the multiple myeloma trial treated with doses 

as high as 1011 TCID50 [140], again without severe adverse effects. This value, 

estimated as dose per body weight, represents 30 - 50 fold the dose given to the 

mice in our study.  

 Since rodents are not susceptible to wt or attenuated measles virus, as they do 

not express CD46 nor CD150, xenograft models have to be regarded with caution, 

particularly with respect to safety and toxicity issues. To address this fact, a CD46 

expressing transgenic mouse strain has been developed [62] – though this still has 

limitations, as the mice did not show a human expression pattern of CD46. To better 

study viral toxicity, the IFNARko-CD46 Ge mouse was generated by combining 

CD46-expression in a human like tissue distribution, using yeast artificial 

chromosomes [98], with deactivation of the α/β interferon receptor (IFNAR) [102]. 

This mouse strain is widely accepted for measles virus toxicity studies, including 

FDA [103]. Importantly, intravenous administration of MV-NIS into IFNARko-CD46 

Ge mice was well tolerated and no adverse effects could be noticed. High viral RNA 

levels were found in the peripheral blood and the spleen, where leukemic cells can 

often be isolated. This underlines the therapeutic potential of attenuated measles 

against ALL [106]. 

 Of even greater importance, non-human primates have served as animal models 

for toxicity and biodistribution studies of both wt and vaccine virus strains of measles 

for many years [7, 76]. In squirrel monkeys (Saimiri sciureus) CD46 on erythrocytes, 

although expressed, is structurally different and does not cause hemagglutination 

as in macaques, making squirrel monkeys optimal research subjects for measles 

vaccine studies [63]. In preparation of the multiple myeloma trial, pharmacology and 

toxicology of MV-NIS in squirrel monkeys was assessed [106]. Measles naïve 

monkeys were intravenously injected with up to 2 x 108 TCID50/kg MV-NIS. 

Additionally, 2 days prior to measles virus delivery, 31 mg/kg cyclophosphamide 

was administered to induce transient immunosuppression. Viral replication could be 

verified in buccal swabs 2 – 8 days after MV treatment. No toxic effects could be 

observed in these animals, in spite of possible immunosuppression by the 
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administration of cyclophosphamide. This dose was approximately 4 times higher 

than what mice received in our ALL setting. However, the immune status of these 

monkeys is markedly less compromised than the immune status of myeloma or ALL 

patients, who exhibit moderate to severe immunodeficiency. 

 The CNS compartment can also be infiltrated by ALL cells. Therefore, it is 

necessary to gain information how attenuated MV affects ALL in this ‘sanctuary site’. 

Not only intravenous MV administration, but also direct inoculation of the CNS [105] 

have been investigated in preparation for a clinical trial [41]. Rhesus macaques are 

used in the standard method for evaluating the neurotoxicity of measles vaccines. 

Animals were stereotactically injected with 2 x 106 TCID50 MV-CEA into the frontal 

lobe of the brains. Throughout the observation period, animals did not show any 

signs of toxicity. qRT-PCR of peripheral blood, buccal swabs and cerebrospinal fluid 

tested negative for viral RNA. This publication strongly highlights that intracerebral 

administration of attenuated measles virus constitutes a safe method and could 

eventually become a method for treating CNS leukemia (menigeosis leukaemica). 

On the other hand, even though lack of acute adverse reactions, long-term effects 

like SSPE cannot be estimated by this method. But given the negative history of 

measles vaccination in this regard, this remains very unlikely [81]. 

 Taken together, literature and our work suggest, that virotherapy, using 

attenuated measles virus, could provide a safe and promising approach for pediatric 

acute lymphoblastic leukemia. In this sense, I would like to conclude with a quote 

from Sidney Farber, one of the pioneers of pediatric leukemia research, who said in 

1971: “The 325,000 patients with cancer who are going to die this year cannot wait; 

nor is it necessary, in order to make great progress in the cure of cancer, for us to 

have the full solution of all the problems of basic research . . . the history of Medicine 

is replete with examples of cures obtained years, decades, and even centuries 

before the mechanism of action was understood for these cures.”
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5. Summary 

 

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 evaluated the efficacy of attenuated measles virus against a large 

panel of pediatric xenografted and native primary acute lymphoblastic leukemia ex 

vivo, and against four different acute lymphoblastic leukemia xenografts of B-lineage 

in nonobese 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 

attenuated measles virus sufficed to eradicate leukemic blasts in the hematopoetic 

system and to control central nervous 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 preclinical setting warranting further investigations 

towards clinical translation. 
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7. Appendix 

 
Table S1. Clinical characteristics of primary ALL and xenografts treated with 
MV-Edm 

A As these patients were not enrolled in the ALL-BFM study protocol.

 

 
 

N % 

Total  21 100 

Age (years) <1 1 4.8 

 1-17 (mean 7.33) 20 95 

Gender female 7 33 

 male 13 62 

 not available A 1 4.8 

Immunophenotype pro-B-ALL 3 14 

 c-ALL 12 57 

 pre-B-ALL 4 19 

 pre-T-ALL 1 4.8 

 cortical T-All 1 4.8 

Genetic abnormalities TEL/AML1-fusion 5 24 

 BCR/ABL-fusion 1 4.8 

 MLL-rearrangement 2 9.5 

 t(1;19) 1 4.8 

 none 12 57 

WBC at diagnosis (per l) < 50000 12 57 

 < 100000 5 23.8 

 < 150000 1 4.8 

 not available A 3 14 

Prednisone response poor  1 4.8 

 good 17 81 

 not available A 3 14 

Remission d 33 yes 17 81 

 no 1 4.8 

 not available A 3 14 

Risk group high risk 3 14 

 non high risk 14 67 

 not available A 4 19 

CNS disease yes 0 0 

 no 17 81 

 not available A 4 19 

Relapse yes 9 43 

 no 10 48 

 
 

not available A 2 9.5 
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