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Abstract. Virotherapy comprises a novel therapeutic approach 
to selectively eliminate cancer cells. Preclinical, as well as 
clinical data have demonstrated the efficacy of tumor‑selective 
(oncolytic) viruses in hematological malignancies. In this 
study, we infected AML cell lines and primary AML cells 
from patients with measles vaccine virus either expressing 
GFP or armed with super cytosine deaminase, which converts 
the prodrug, 5‑fluorocytosine, into the chemotherapeutic 
compound, 5‑fluorouracil. Target cell density of the measles 
entry receptor, CD46, infection rates of targeted leukemic 
cells, tumor cell viability, and apoptotic rates were determined. 
We found that measles vaccine virus infected the leukemic 
blasts and profoundly diminished the number and viability of 
leukemic cells via the induction of apoptosis. The conversion 
of 5‑fluorocytosine to 5‑fluorouracil exerted a potent additive 
tumoricidal effect. This was also observed in cases when 
leukemic cells displayed only moderate susceptibility to the 
oncolytic virus and hence direct oncolysis. Taken together, 
in this study, we provide a first characterization of the 
combinatorial use of measles vaccine virus and 5‑fluorouracil 
for treatment of AML. Our approach to site‑specifically 

produce the active drug and combine this agent with the direct 
lytic effect of virotherapy may overcome present limitations 
and constitutes a feasible method with which to introduce 
5‑fluorouracil in the treatment of AML.

Introduction

The response to the induction of chemotherapy is of major 
prognostic relevance for the outcome of patients with acute 
myeloid leukemia (AML). In light of the tolerable toxicity, 
the achievable drug dosage constitutes a limiting factor for 
therapeutic success  (1). Clinical observations of leukemia 
regression coinciding with virus infections served as an 
impetus to evaluate the use of oncolytic viruses as a novel 
therapeutic strategy (2), particularly since viruses have been 
found to specifically mediate the lysis of tumor cells, whereas 
non‑malignant cells are spared  (3). Over the recent years, 
oncolytic virotherapy has been investigated for the treatment 
of various malignant diseases in numerous clinical trials (4); 
however, success thus far is limited since tumor cells may 
display resistance to virus‑induced lysis. To enhance the 
efficacy of oncolysis, several strategies have been employed. 
Among others, oncolytic viruses have been engineered to 
express suicide genes which facilitate the conversion of 
inactive prodrugs into toxic agents, resulting in targeted, i.e., 
tumor cell‑restricted, chemotherapy (5). Measles vaccine virus 
(MeV) has been shown to possess oncolytic potential in a 
variety of tumors and has been evaluated in several recruiting 
clinical trials, including multiple myeloma, mesothelioma 
and ovarian cancer  (6). Interim reports show substantial 
improvement for patients with several malignancies and 
attribute an excellent safety record, which is in line with 
the well‑known safety profile of MeV applied as vaccine for 
a number of decades. However, thus far, there are no trials 
studies on the oncolytic effects of MeV in the treatment of 
AML (https://www.clinicaltrials.gov/).

Upon viral infection within the host cell, pathogen‑asso-
ciated molecular patterns are generated, which in turn are 
sensed by cytoplasmic receptors, such as retinoid acid induc-
ible gene I (RIG‑I) or melanoma differentiation‑associated 
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gene 5  (MDA5)  (7,8). The activation of the latter induces 
the production and secretion of type I interferons (IFNs) (7), 
thereby facilitating the activation of the Janus kinase/signal 
transducer and activator of transcription (JAK/STAT) signaling 
cascade (9). IFN‑stimulated genes are inducers of an antiviral 
state of infected, as well as neighboring cells to prevent viral 
spread (10). Yet, viral mechanisms with which to evade immu-
nosurveillance have co‑evolved, e.g., wild‑type measles virus 
interferes with the aforementioned induction of IFN secre-
tion (11).

In this study, a virotherapeutic MeV armed with super 
cytosine deaminase (MeV‑SCD), a fusion protein consisting 
of yeast cytosine deaminase and yeast uracil phosphoribosyl 
transferase  (3,12), was preclinically characterized for the 
treatment of AML. SCD catalyzes conversion of the inactive 
prodrug 5‑fluorocytosine (5‑FC) into the therapeutically 
active and clinically approved compound 5‑fluorouracil 
(5‑FU) (13). 5‑FU mediates its effects by the inhibition of 
thymidylate synthase and incorporation of its metabolites 
into RNA and DNA (14). Due to the heterogeneity associated 
with hematological malignancies and particularly AML, the 
combined application of therapeutic agents is a strategy widely 
practiced in clinical hematology (1,15).

We here evaluated the combinatorial use of vaccine‑derived 
MeV‑SCD and locally generated 5‑FU for the treatment of 
AML cell lines, as well as primary AML cells from patients. 
While MeV displayed direct cytotoxicity in the absence of the 
prodrug, the conversion of 5‑FC to the active compound, 5‑FU, 
exerted a potent additive anti‑tumor effect. Notably, this was 
also observed when the leukemic cells displayed only moderate 
susceptibility to the oncolytic virus and the respective direct 
oncolysis. Our approach to tumor‑selectively produce active 
5‑FU and to combine this agent with the direct lytic effect of 
virotherapy may overcome the limitations of systemic chemo-
therapy dosage (1) and constitutes a feasible method with which 
to introduce 5‑FU into the treatment of AML.

Materials and methods

Cells and cell culture. Peripheral blood mononuclear 
cells (PBMCs) cells of patients at the time of diagnosis 
and PBMCs or bone marrow (BM) of healthy donors were 
isolated by Ficoll/Biocoll (Biochrom AG) density gradient 
centrifugation. The clinical characteristics of the individuals 
included in this study are presented in Tables I and II. This 
study was approved by the Ethics Committee at the Medical 
Faculty of the Eberhard Karls University and the University 
Hospital Tuebingen (reference  no.  13/2007V). Informed 
consent was obtained from all patients and healthy donors 
in accordance with the Helsinki protocol. Human AML cell 
lines MONO‑MAC‑6 (MM‑6), NOMO‑1 and SKM‑1 were 
obtained from the German Collection of Microorganisms 
and Cell Cultures. Authenticity was determined by validating 
the respective immunophenotype described by the provider 
using FACS every 6 months and specifically prior to use 
in the experiments. The MM‑6 cells were cultured in 
MEM  alpha  medium (Life Technologies) supplemented 
with 1%  penicillin/streptomycin (Lonza) and 10%  FCS 
(Biochrom). The NOMO‑1 and SKM‑1 cells were cultured 
in RPMI‑1640 medium (Life Technologies) supplemented 

with 1%  penicillin/streptomycin and 10%  (NOMO‑1) 
or 20%  (SKM‑1) FCS. Primary blood cells were viably 
frozen in RPMI‑1640 supplemented with 20%  FCS and 
10%  dimethyl sulfoxide (Sigma‑Aldrich), freshly thawed 
for each experiment and cultured in RPMI‑1640 medium 
supplemented with 10% human AB serum (c.c.pro GmbH). 
Vero cells were obtained from the German Collection of 
Microorganisms and Cell Cultures and cultured in DMEM 
medium (Sigma‑Aldrich) supplemented with 10% FCS. The 
cells were kept in a humidified incubator at 37˚C, containing 
5% CO2.

Propagation and titration of measles vaccine virus. The 
generation of measles vaccine viruses MeV‑GFP (encoding 
for GFP) and MeV‑SCD (encoding for suicide gene SCD) 
was conducted as previously described  (3). In brief, virus 
stocks were produced in Vero cells. A total of 1x107 Vero 
cells were seeded in 15‑cm plates, washed once after 
24 h with phosphate‑buffered saline (Sigma Aldrich), and 
infected for 3 h at an MOI of 0.03 in Opti‑MEM (Invitrogen; 
Thermo Fisher Scientific). Subsequently, the inoculum was 
removed and DMEM containing 10% FCS was added. After 
microscopy had assured maximum infection rates [circa 54 h 
post‑infection  (hpi)], the medium was removed and the 
Vero cells were scraped into 1 ml Opti‑MEM. The release 
of the virus was achieved by freeze‑thaw lysis. Following 
centrifugation (1,900 x g, for 15 min at 4˚C), the supernatants 
were stored at ‑80˚C. Viral titers were assessed by using the 
tissue culture infective dose 50 endpoint titration according to 
Spearman and Kärber on Vero cells (16,17).

Infection of cells with measles vaccine virus. For viral 
infection, the cells were centrifuged for 5 min at 210 x g at 
room temperature and resuspended in Opti‑MEM containing 
distinct amounts of viral particles. MOCK‑infected cells 
were resuspended in Opti‑MEM only. The cells were always 
infected at a multiplicity of infection (MOI) of 10. Following 
2 h of incubation, the cells were centrifuged again for 5 min at 
210 x g at room temperature and then resuspended in culture 
medium. Where indicated, 5‑FC or 5‑FU was added at a 
concentration of 1 mM 24 hpi.

Flow cytometry. Flow cytometry was performed using 
direct fluorescence‑conjugates and their respective controls. 
Phycoerythrin (PE)‑labeled anti‑human CD46 antibody and 
PE‑labeled IgG1 isotype control were from eBioscience. 
CD117‑PeCy7 and CD33‑BV421 conjugates were from 
BD  Biosciences. Dead cells were excluded using either 
7‑aminoactinomycin D (BioLegend) or using Fixable Aqua 
(Invitrogen; Thermo Fisher Scientific) following extracellular 
staining according to the manufacturer's instructions. Cells 
employed in the virus infection experiments were fixed using 
cytofix buffer (BD Biosciences). Acquisition was done using a 
Canto‑II (BD Biosciences) or an Attune NxT (Life Technologies) 
cytometer. Viable, single cells were used for further analysis as 
depicted in Fig. S1 apart from tetramethylrhodamine ethyl ester 
(TMRE) staining where only subcellular debris was excluded.

Cell viability assays. Cell viability was determined using the 
CellTiter‑Blue assay. The cells were infected with MeV‑GFP 



INTERNATIONAL JOURNAL OF ONCOLOGY  55:  347-358,  2019 349

Ta
bl

e 
I. 

C
ha

ra
ct

er
is

tic
s o

f p
at

ie
nt

s w
ith

 A
M

L.

U
PN

	
FA

B
	

A
ge

	
Se

x	
PB

B
 	

W
B

C
	

H
b	

Pl
t	

C
yt

og
en

et
ic

s	
M

ol
ec

ul
ar

 m
ar

ke
rs

	
EL

N
 c

yt
og

en
et

ic
	

N
C

C
N

 c
yt

og
en

et
ic

	
A

M
L 

bl
as

t
				





(%

)	
(g

/l)
	

(g
/d

l)	
(g

/l)
			




ris
c 

gr
ou

p	
ris

c 
gr

ou
p	

ch
ar

ac
te

ris
tic

s

1	
M

5	
81

	
M

	
60

	
61

.3
	

11
.7

	
72

	
46

, X
Y

	
M

LL
T3

/M
LL

 t(
9;

11
) n

.d
.	

Fa
vo

ra
bl

e	
B

et
te

r‑r
is

k	
C

D
33

+

									












C

EB
PA

 n
.d

. ,
									













PM
L/

R
A

R
A

 t(
15

;1
7)

 n
eg

at
iv

e,
									













R
U

N
X

1/
R

U
N

X
1T

1 
t(8

;2
1)

 n
eg

at
iv

e,
									













C
B

FB
/M

Y
H

11
 in

v(
16

) n
eg

at
iv

e,
									













FL
T3

‑I
TD

 n
eg

at
iv

e,
									













FL
T3

‑T
K

D
 w

ild
‑ty

pe
,

									












N

PM
1 

m
ut

at
io

n 
ty

pe
 A

2	
M

5	
71

	
F	

24
	

18
.0

	
7.

1	
12

7	
46

, X
X

	
M

LL
T3

/M
LL

 t(
9;

11
) n

eg
at

iv
e,

	
Fa

vo
ra

bl
e	

B
et

te
r‑r

is
k	

C
D

33
+

									












C

EB
PA

 w
ild

‑ty
pe

,			



C

D
11

7+

									












PM

L/
R

A
R

A
 t(

15
;1

7)
 n

eg
at

iv
e,

 
									













R
U

N
X

1/
R

U
N

X
1T

1 
t(8

;2
1)

 n
eg

at
iv

e,
									













C
B

FB
/M

Y
H

11
 in

v(
16

) n
eg

at
iv

e,
									













FL
T3

‑I
TD

 n
eg

at
iv

e,
 F

LT
3‑

TK
D

 w
ild

‑ty
pe

,
									













N
PM

1 
m

ut
at

io
n 

ty
pe

 D

A
M

L,
 a

cu
te

 m
ye

lo
id

 le
uk

em
ia

; U
PN

, u
ni

fo
rm

 p
at

ie
nt

 n
um

be
r; 

FA
B

, F
re

nc
h‑

A
m

er
ic

an
‑B

rit
is

h 
cl

as
si

fic
at

io
n;

 F
 fe

m
al

e;
 M

, m
al

e;
 P

B
B

, p
er

ip
he

ra
l b

lo
od

 b
la

st
s a

m
on

g 
nu

cl
ea

te
d 

ce
lls

; W
B

C
, w

hi
te

 b
lo

od
 

co
un

t; 
H

b,
 h

em
og

lo
bi

n;
 P

lt,
 p

la
te

le
ts

; E
LN

, E
ur

op
ea

n 
Le

uk
em

ia
N

et
; N

C
C

N
, N

at
io

na
l C

om
pr

eh
en

si
ve

 C
an

ce
r N

et
w

or
k;

 n
.d

., 
no

t d
et

er
m

in
ed

.



MAURER et al:  VIROTHERAPY OF AML350

and MeV‑SCD and then seeded in 96‑well plates. At 96 hpi, 
CellTiter‑Blue reagent was added and the cells were incubated 
at 37˚C for 2 h. Measurements were performed on a microtiter 
plate reader Tecan Genios Plus (Tecan) using an excitation 
filter of 584 nm and Xfluor4 software (Tecan). For combined 
analysis, results obtained with MOCK infection were set 
to 100% in each individual data set. In parallel, cells were 
stained with Trypan blue and the percentage of dead cells was 
determined using a Countess II FL Automated Cell Counter 
(Thermo Fisher Scientific).

Assessment of the mitochondrial transmembrane potential 
∆Ψm by TMRE staining. The cells were infected with 
MeV‑SCD and MeV‑GFP and then seeded in 6‑well plates. 
At 96 hpi, the cells were harvested, washed once with PBS, 
resuspended in 1 ml PBS containing 50 nM TMRE (Molecular 
Probes) and incubated for 20 min at 37˚C. Subsequently, 2 ml 
PBS were added and the cells were centrifuged at 210 x g for 
5 min at room temperature. The cell pellet was resuspended 
in PBS supplemented with 1%  FCS. Flow cytometric 
analysis was performed on a FACSCalibur flow cytometer 
(BD Biosciences) using CellQuest software (BD Biosciences).

Western blot analysis. The cells were infected with MeV‑GFP 
at an MOI of 10. At the indicated time points (24, 48, 72 
or 96 hpi), the cells were centrifuged at 210 x g for 5 min 
at room temperature, washed once with PBS and lysed in 
lysis buffer [50 mM Tris, 150 mM NaCl and 1% IGEPAL 
CA‑630 (Sigma‑Aldrich)]. Following 3 freeze‑thaw cycles, 
cell debris was removed by centrifugation at 16000 x g for 
10 min at 4˚C. The protein concentration in the supernatants 
was determined using the Bradford protein assay (Bio‑Rad 
Laboratories). A total of 50 µg of protein were separated 
by 8%  SDS‑PAGE and transferred to hydrophobic 
polyvinylidene difluoride (PVDF) membranes (Amersham 
Hybond‑P, GE Healthcare). The membranes were blocked 
in 5% powdered milk (Carl Roth) in TBS‑T (50 mM Tris, 
150 mM NaCl, 0.02% Tween‑20, pH 7.4) and then incubated 
with primary antibodies [anti‑phospho‑signal transducer and 
activator of transcription 1 (STAT1), 1:1,000 (Cell Signaling 
Technology, cat. no. 9167); anti‑interferon induced protein 
with tetratricopeptide repeats (1IFIT1), 1:1,000 (GeneTex, 
cat. no. GTX 103452); anti‑vinculin, 1:5,000 (Sigma‑Aldrich, 
cat. no. V9131)] with gentle shaking overnight at 4˚C. After 
washing the membranes 3  times with TBS‑T, secondary 
antibodies [horseradish peroxidase‑conjugated goat anti‑rabbit 

(Bio‑Rad Laboratories, cat. no. 170‑6515, 1:8,000) or goat 
anti‑mouse (Bio‑Rad Laboratories, cat. no. 1706516, 1:8,000)] 
were added for 1 h at room temperature. The membranes 
were then again washed 3 times with TBS‑T. Proteins were 
visualized using the ECL Western Blotting Detection Reagent 
kit (GE Healthcare). Molecular weights were determined using 
a pre‑stained protein ladder (PageRuler Plus, Thermo Fisher 
Scientific). The expression levels of phospho‑STAT1, as well 
as IFIT‑1 were semi‑quantitatively analyzed using ImageJ 
software, normalized to vinculin density.

Enzyme‑linked immunosorbent assay (ELISA). The cells were 
infected with MeV‑GFP at an MOI of 10. At 24, 48, 72 and 
96 hpi, the supernatants were collected and the concentration 
of IFN‑β was determined using the VeriKine Human 
IFN‑β ELISA kit (PBL Interferon Source) according to the 
manufacturer's instructions.

Statistical analysis. For statistical analysis, GraphPad Prism 7 
software (GraphPad Software, Inc.) was used. Mean values 
and where indicated SD are shown. The equal distribution of 
data was tested using the Shapiro‑Wilk normality test. The 
95% confidence level was used and P‑values were calculated 
with a two‑tailed paired t‑test (parametric).

Results

MeV specifically exerts oncolytic activity against AML 
cells. As a first step, we investigated whether AML cells are 
susceptible to MeV infection. To this end, 3 AML cell lines 
(MM‑6, NOMO‑1 and SKM‑1) were concurrently infected with 
the GFP‑expressing measles vaccine virus vector MeV‑GFP at 
an MOI of 10 or MOCK‑infected. The MM‑6, NOMO‑1 and 
SKM‑1 cells were found to be susceptible to MeV infection 
as determined by flow cytometry (Fig. 1A; gating strategy is 
displayed in Fig. S1). Time course analyses of MeV infection 
revealed highest rates of infection (indicated by percentages 
of GFP positive cells) at 2 days post‑infection (dpi) (Fig. S1). 
These observations suggest the following: i) Direct oncolytic 
cell death of infected AML cells; and/or ii) proliferation of 
primarily infection resistant and therefore, GFP‑negative AML 
cells. Consequently, we assessed rates of direct oncolysis upon 
viral infection by determining cell viability (Fig. 1B and C). 
Trypan blue staining, as well as the analysis of viability based 
on the metabolic activity at 4 dpi, revealed that MeV infection 
reduced both the percentage of viable cells, as well as the 
metabolic activity of AML cells as compared to the MOCK 
controls, albeit to a different extent in the AML cell lines and 
viability analyses employed. Although there was a clear trend of 
MeV‑mediated oncolysis in all cases, the results obtained with 
the metabolic activity of the tumor cells did not always reach 
statistical significance. The observed inter‑assay variability 
may be due to methodological differences with regard to 
sensitivity and parameters analyzed. This phenomenon was 
paralleled by the disruption of the mitochondrial membrane 
potential, as identified by TMRE negativity as a marker of 
apoptosis in flow cytometric analyses. The MM‑6 cells proved 
to be most susceptible to MeV‑mediated oncolysis as shown 
by a reduction in relative cell viability by 66% compared to 
the MOCK control (from 100 to 34%) and a 3‑fold increase in 

Table II. Characteristics of healthy donors.

	 Count	 %

Total no. of donors	 7	 100
Age (years)
  Mean	 49
  Range	 21‑77
Sex of donors
  Female	 2	   29
  Male	 5	   71



INTERNATIONAL JOURNAL OF ONCOLOGY  55:  347-358,  2019 351

the percentage of TMRE‑negative cells (from 24 to 73%). The 
SKM‑1 cells also proved to be susceptible to MeV‑mediated 
oncolysis, as shown by a reduction in relative cell viability by 
27% compared to the MOCK control (from 100 to 73%) and 
a 2.6‑fold increase in the percentage of TMRE‑negative cells 
(from 16 to 42%). The NOMO‑1 cells were most resistant, as 
relative viability was merely reduced by 15% (from 100 to 85%) 
and the proportion of TMRE‑negative cells was found to 
increase 2.4‑fold (from 12 to 29%) upon MeV infection as 
compared to the MOCK control (Fig. 1C and D). A substantial 
fraction of apoptotic cells (MM‑6, 39 of 94% total; NOMO‑1, 
17 out of 28% total; and SKM‑1, 12 of 31% total) were found 

to be infected with MeV‑GFP, as indicated by the expression of 
the virus‑encoded marker protein, GFP (Fig. 1E).

Subsequently, we set out to determine whether MeV can 
specifically target leukemic cells among the PBMCs of a 
given patient with AML. Alike AML cell lines, MeV infection 
of primary AML cells revealed highest rates of infection 
(GFP‑positive cells) between 2 and 3 days post‑infection, as 
observed by fluorescence microscopy (Fig. S2). Of note, the 
formation of multinucleated syncytia was not detectable in 
cells from patients with AML or in the NOMO‑1 and SKM‑1 
cell lines, but only in the MM‑6 cells. FACS analysis revealed 
that the AML blasts identified according to the individual 

Figure 1. AML cell lines can be infected by MeV. The indicated cells were infected with MeV‑GFP or MOCK infected and analyzed 4 dpi. (A) GFP 
expression of leukemia cells was determined by FACS analysis. The percentage of positive cells is indicated. (B) Cell number was determined using 
Countess Automated Cell Counter. The percentage of living cells is indicated. (C) Viability of cells was measured using the CellTiter‑Blue viability assay. 
(D and E) Apoptosis was determined by staining with TMRE and subsequent FACS analysis. (D) The percentage of TMRE‑negative cells is indicated. 
(E) Apoptosis rates were assessed with regard to GFP expression. (B‑D) Values depict means of data from n=4 independent experiments with standard 
deviation. Statistically significant differences (P<0.05) are indicated by asterisk (*); ns, not significant. AML, acute myeloid leukemia; MeV, measles vaccine 
virus; TMRE, tetramethylrhodamine ethyl ester.
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disease characteristics of the respective patients [unique 
patient number (UPN) 1, CD33+; UPN  2, CD33+/CD117+] 
displayed substantial infection rates at 96 hpi with MeV‑GFP 
at an MOI of 10, whereas non‑malignant cells of the respective 
patients were differentially affected: While CD33‑ cells from 
UPN 1 were only slightly affected, benign cells from UPN 2 
were also found to express GFP at a low extent (Fig. 2A). With 
UPN 1, the percentage of viable cells and even more the viability 
of PBMCs was lowered upon MeV infection as compared to 
the MOCK control (Fig. 2B and C). Again, MeV infection also 
induced the apoptosis of PBMCs of UPN 1 (32% compared 
to 21% in MOCK‑infected cells) (Fig. 2D), while no or only 
minor alterations were observed with the cells from AML 
patient UPN 2 regarding the percentage of viable cells and 
the induction of apoptosis thus displaying a relative resistance 
to MeV‑mediated oncolysis (Fig. 2B‑D). Notably, when the 
PBMCs of healthy donors (HD) were cultured in the presence 
of MeV‑GFP, the infection rates were comparable to those 
obtained with the PBMCs from patients with AML (Fig. 3A). 

However, MeV infection did not considerably hamper the 
percentage of viable cells and the metabolic activity of PBMCs 
obtained from HD (Fig. 3B and C). Moreover, BM cells from 
HD were not substantially infected by MeV and thus, no 
reduction in cell numbers were observed in this model.

Thus, AML cell lines, as well as patient‑derived AML 
blasts are infectable with MeV‑GFP, yet the direct oncolytic 
efficacy was generally low (apart from the MM‑6 cells) with a 
reduction of cell viability of <50%.

AML cells express CD46 and initiate IFN signaling 
upon infection. We then set out to unravel the mecha-
nisms underlying the relative resistance of AML cells to 
MeV‑mediated oncolysis. The MM‑6, NOMO‑1 and SKM‑1 
cell lines displayed a substantial surface expression of CD46 
(Fig. 4A), also known as membrane cofactor protein due to 
its involvement in complement activation, which is used by 
measles vaccine strains for cellular entry (18‑20). Notably, 
both malignant and non‑malignant cells among the PBMCs 

Figure 2. Primary AML cells can be infected with MeV. The PBMC fraction of patients with AML were infected with MeV‑GFP or MOCK infected and 
analyzed at 4 dpi. (A) GFP expression of PBMCs from UPN 1 or UPN 2 was investigated by FACS. The percentage of positive cells is indicated. One represen-
tative result out of 3 experiments with similar results is shown. (B) Cell number was determined using the Countess Automated Cell Counter. The percentage 
of living cells is indicated. UPN 1 (n=5); UPN 2 (n=2). (C) Viability of cells was measured using CellTiter‑Blue viability assay. UPN 1 (n=5); UPN 2 (n=1). 
(D) Apoptosis was determined by staining with TMRE and subsequent FACS analysis. The percentage of TMRE negative cells is indicated. UPN 1 (n=3); 
UPN 2 (n=1). (B‑D) Values depict means of data from the indicated number of independent experiments with standard deviation. Statistically significant dif-
ferences (P<0.05) are indicated by asterisk (*); ns, not significant. AML, acute myeloid leukemia; MeV, measles vaccine virus; TMRE, tetramethylrhodamine 
ethyl ester; UPN, unique patient number; PBMCs, peripheral blood mononuclear cells.
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of patients with AML displayed a profound expression of 
CD46 (Fig. 4B).

Viral infections are known to induce IFN‑stimulated genes 
via the activation of cytoplasmic receptors, such as RIG‑I or 
MDA5. In tumor cells, this pathway often displays mutations, 
thus rendering cells more susceptible to virotherapy  (3). 
Thus, in this study, we then examined the modulation of 
IFN signaling in AML cell lines upon parallel infection with 
MeV‑GFP. For this purpose, the cells were lysed at the indicated 
time points post‑infection and the phosphorylation of STAT1 
(phospho‑STAT1) and the expression of the downstream 
prototypic interferon‑stimulated gene, IFIT‑1, was examined 
by western blot analysis (Fig. 4C). STAT1 was found to be 
phosphorylated upon the infection of AML cell lines with 
MeV‑GFP during the time course studied (24, 48 and 72 hpi), 
while only minimal levels of phospho‑STAT1 were detectable 
in the MOCK‑infected cells. While phospho‑STAT1 was 
expressed most profoundly at 24  hpi in the MM‑6 cells, 
highest levels in NOMO‑1 and SKM‑1 cells were observed 
at 48 hpi. This is in line with our results obtained with the 
time course analysis of MeV infection rates, where the MM‑6 

cells exhibited rapidly highest infection levels as compared 
to the other cell lines (Fig. S1). A comparable kinetic was 
observed with regard to IFIT‑1 expression, which was again 
specifically induced upon MeV infection; detectable levels 
peaked between 24 hpi (MM‑6 cells) and 48‑72 hpi (NOMO‑1 
and SKM‑1 cells). In MM‑6 cells only trace amounts of IFIT‑1 
could be detected at 48 and 72 hpi. Notably, the activation 
of IFN signaling upon MeV infection was also observed in 
samples derived from patients with AML, as determined by the 
analysis of phospho‑STAT1 and IFIT‑1 expression (Fig. 4D). 
Again, only minor levels of phospho‑STAT1 were observed 
in the MOCK‑infected cells, whereas MeV infection led to 
a substantial increase in the levels of phospho‑STAT1. By 
contrast, IFIT‑1 expression was only induced upon infection 
with MeV‑GFP. Herein, protein expression appeared to vary 
moderately during the analyzed time course. Highest levels of 
phospho‑STAT1, as well as IFIT‑1 in PBMCs from patients 
with AML were detectable at approximately 72 hpi. In line 
with this, AML cells were found to release IFN‑β at 48 hpi, 
which preceded the maximum levels of the interferon‑induced 
proteins detected by western blot analysis (Fig. S3). Taken 

Figure 3. MeV does not exert tumoricidal effects against cells of HD. PBMCs or BM cells of HD were infected with MeV‑GFP or MOCK‑infected and 
analyzed at 4 dpi. (A) GFP expression of the indicated cells was investigated by FACS. The percentage of positive cells is depicted. (B) Cell number was 
determined using the Countess Automated Cell Counter. The percentage of living cells is indicated. HD PBMC (n=4), HD BM (n=3). (C) Viability of cells was 
measured using CellTiter‑Blue viability assay. HD PBMC (n=4). Statistically significant differences (P<0.05) are indicated by an asterisk (*); ns, not significant. 
MeV, measles vaccine virus; PBMCs, peripheral blood mononuclear cells; HD, healthy donor; BM, bone marrow.
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together, these findings unravel induction of IFN signaling in 
AML cells upon infection with oncolytic MeV.

Administration of the prodrug, 5‑FC, increases the 
MeV‑mediated lysis of AML cells. To investigate whether 

targeted, i.e., tumor cell‑restricted chemotherapy can further 
improve the lysis of MeV‑targeted AML cells, we employed 
MeV‑SCD, a variant MeV vector which is ‘armed’ with super 
cytosine deaminase that enables conversion of the prodrug 
5‑FC into the active compound, 5‑FU.

Figure 4. AML cells express MeV entry receptor CD46 and induce IFN signaling upon MeV infection. (A and B) CD46 surface expression on (A) AML cell 
lines and (B) PBMCs from patients with AML was investigated by FACS. Shaded peaks, anti‑CD46; open peaks, isotype control. (C) AML cell lines and 
(D) PBMCs from patients with AML were infected with MeV‑GFP or MOCK‑infected. Cells were lysed at the indicated time points. Subsequently, the phos-
phorylation of STAT1 and the expression of IFIT1 were examined by western blot analysis (top panels) and semi‑quantified (lower panels). Vinculin served as 
loading control. (A‑D) One representative result out of 2 experiments with similar results is shown. AML, acute myeloid leukemia; MeV, measles vaccine virus; 
IFN, interferon; PBMCs, peripheral blood mononuclear cells; STAT1, signal transducer and activator of transcription 1; IFIT1, interferon‑induced protein with 
tetratricopeptide repeats 1.
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Direct oncolysis by MeV‑SCD in the absence of the prodrug 
was comparable with MeV‑GFP (data not shown). While 
5‑FC did not alter the percentage of viable cells, the viability 
or the apoptosis of MM‑6 cells, the presence of equimolar 
amounts of 5‑FU substantially decreased the parameters of 
cell viability and induced apoptosis, as determined by TMRE 
negativity (Fig. 5A‑C). Notably, the direct effects of MeV‑SCD 
were comparable to those of 5‑FU with regard to cell viability 
and apoptosis in the experimental setting with MM‑6 cells. 
However, the combined use of MeV‑SCD and the prodrug, 
5‑FC, profoundly diminished the percentage of viable cells 
with MeV‑SCD or 5‑FU as compared to monotherapy. Since 
5‑FU almost completely blocked metabolic activity in this 
experiment, no further decrease could be observed upon the 
combined administration of MeV‑SCD and 5‑FC. In line 
with this, as the active compound 5‑FU already induced high 
rates of apoptosis of the MM‑6 cells, the combined use of the 
prodrug and MeV‑SCD only slightly increased the apoptotic 
rates as compared to monotherapy with 5‑FU alone.

Subsequently, we investigated whether the combined 
application of MeV‑SCD and the prodrug, 5‑FC, enhances 
the lysis of primary AML cells from patients. FACS analysis 

was employed to monitor the modulation of the percentage 
of leukemic blasts among the PBMCs. The presence of the 
prodrug alone did not alter the percentage of CD33+/CD117+ 
leukemic blasts of UPN 2, although the percentage of blasts 
was clearly reduced in the presence of 5‑FU (Fig. 5D). Again, 
MeV‑SCD‑mediated leukemia cell lysis was comparable to the 
effects obtained with 5‑FU in this setting. The effects observed 
with the combined use of MeV‑SCD and the prodrug, 5‑FC, 
however, were superior to those mediated by either MeV‑SCD 
or the active compound 5‑FU alone. These data were confirmed 
and were extended by the analyses of PBMCs from patients with 
AML with regard to the percentage of viable cells (Fig. 5E), 
cell viability (Fig. 5F) and apoptotic rates as determined by 
TMRE negativity (Fig. 5G). While these parameters were not 
altered in the presence of the prodrug, 5‑FU led to a substantial 
decrease in cell viability which was paralleled by apoptosis. 
The application of MeV‑SCD led to a less pronounced down-
modulation of cell viability and increase of TMRE negative 
cell count as compared to 5‑FU. Combination therapy using 
MeV‑SCD together with 5‑FC surpassed the effects obtained 
with either MeV monotherapy or administration of 5‑FU, both 
with regard to cell viability and apoptosis.

Figure 5. AML cells can be targeted by a combination of MeV‑SCD and 5‑FC. (A‑C) MM‑6 cells or (D‑G) the PBMC fraction from a patient with AML 
(UPN 2) were infected with MeV‑SCD or MOCK‑infected. Cells were analyzed at 4 dpi. (A and E) Cell number was determined using the Countess Automated 
Cell Counter. The percentage of living cells is indicated (MM‑6 and UPN 2, n=2 each). (B and F) Viability of cells was measured using CellTiter‑Blue 
viability assay. MM‑6 (n=2); UPN 2 (n=1). (C and G) Apoptosis was determined by staining with TMRE and subsequent FACS analysis. The percentage of 
TMRE‑negative cells is indicated. MM‑6 (n=2); UPN 2 (n=1). (D) The percentage of leukemic blasts is displayed. (A‑C and E‑G) Values depict means of data 
from the indicated number of independent experiments. AML, acute myeloid leukemia; MeV, measles vaccine virus; PBMC, peripheral blood mononuclear 
cell; UPN, unique patient number.
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In summary, the application of the prodrug, 5‑FC, together 
with the suicide gene‑enhanced oncolytic virus MeV‑SCD 
constitutes a novel therapeutic regimen which clearly enhances 
the MeV‑mediated oncolysis in the treatment of AML.

Discussion

The therapy of AML remains a major challenge in clinical 
hematology with a highly unmet medical need, underlining 
the necessity for improvements of presently available treatment 
modalities. Oncolytic viruses have shown therapeutic success in 
various tumor entities, including hematological malignancies (6). 
Highly promising responses have been obtained in preclinical 
and clinical studies where virotherapy was used in combination 
with chemotherapeutic or immunotherapeutic agents (21‑26).

In this study, we investigated the combined use of measles 
vaccine virus and the tumor site‑specific generation of 5‑FU 
for the treatment of AML. We took advantage of the measles 
vaccine virus MeV (MeV‑GFP) and its engineered variant 
MeV‑SCD (27), the latter facilitating the conversion of the 
prodrug, 5‑FC, into the therapeutically active compound, 
5‑FU, and employed both MeV derivatives for the infection 
of AML cell lines and primary cells from patients with AML.

We found that all employed AML cell lines displayed 
substantial MeV infection rates of at least 59%, which was 
paralleled by a reduction of the percentage of viable cells and 
metabolic activity, as well as the induction of apoptosis. The 
reduction of cell viability quantitatively excelled differences 
in the percentage of viable cells, which does not account for 
the loss of dead cells by the generation of cellular debris 
upon MeV mediated oncolysis, and was associated with the 
amount of TMRE‑negative cells. Infection rates per se did not 
reflect the tumoricidal effect obtained upon MeV infection, 
since not all infected cells were found to be susceptible to 
direct oncolysis. Notably, leukemic blasts among PBMCs 
from patients with AML appeared to be preferentially lysed 
by MeV suggesting its usage as therapeutic strategy. In stark 
contrast to conventional treatment regimens, this virotherapy 
is believed to affect non‑malignant cells to a much lesser 
degree, particularly those of the BM, and thus allows for 
hematopoiesis to be sustained post‑treatment. However, while 
the direct oncolysis of primary cells was less pronounced 
in the ex vivo setting as compared to AML cell lines, the 
metabolic activity of primary cells was profoundly reduced. 
Notably, the infection of non‑malignant patient cells was 
relatively precluded although the surface expression of CD46, 
the entry receptor for MeV vaccine strains (18), was found 
on both, non‑malignant, as well as leukemic cells among 
PBMCs from patients with AML. Yet, leukemic blasts which 
were preferentially susceptible to MeV infection in our study 
displayed comparable or even reduced surface levels of 
CD46, which suggests the presence of other factors for this 
oncotropism. Of note, no essential decrease with regard to cell 
count was observed with PBMCs and BM cells from healthy 
donors. One may speculate that this oncotropism is due to 
alterations in the cellular IFN machinery in transformed cells. 
In this respect, the type I IFN family acts as early response 
to viral infections creating an antiviral state within the host 
cell and hitherto uninfected neighboring cells (10). AML cells 
were found to release IFN‑β, resulting in the activation of the 

JAK/STAT pathway, as determined by the phosphorylation 
of STAT1 and the downstream induction of the interferon 
stimulated gene, IFIT1, upon MeV infection. In line with this, 
MM‑6 cells which were most susceptible to MeV infection and 
direct oncolysis, exhibited the weakest activation of the IFN 
signaling pathway, resulting in only a minimal expression of 
IFIT‑1 post MeV infection. These observations may suggest 
the consideration of additionally targeting the IFN pathway 
in order to enhance response towards MeV‑based virotherapy.

To improve efficacy, we set out to combine direct oncolysis 
with tumor site specific generation of chemotherapy. For this 
purpose, we employed a MeV variant armed with super cyto-
sine deaminase (MeV‑SCD) (3,12), which catalyzes conversion 
of the prodrug, 5‑FC, into the active and clinically approved 
compound, 5‑FU, which acts via the inhibition of thymidylate 
synthase and incorporation of its metabolites into nucleic 
acids (14). While 5‑FC did not alter cell viability or the apoptosis 
rates, 5‑FU exerted profound cytotoxic effects in most settings, 
and accordingly, the systemic administration thereof does not 
constitute a promising therapeutic strategy for treatment of 
AML. MeV‑SCD facilitated direct oncolysis in the absence of 
the prodrug, but was not able to eliminate AML cells in the 
in vitro conditions employed in this study. However, the addi-
tion of 5‑FC enhanced the tumoricidal effects of MeV‑SCD in 
all cases. Remarkably, this was also the case when leukemic 
cells displayed only moderate susceptibility to the oncolytic 
virus and hence were not affected by direct oncolysis.

With regard to the clinical development of suicide gene‑based 
approaches, two open and three completed clinical trials used 
vocimagene amiretrorepvec (Toca 511) for the treatment of 
glioblastoma. This gamma‑retroviral replicating vector encodes 
cytosine deaminase and exploits the strategy to tumor‑selectively 
produce active 5‑FU (28,29). Thus far, these trials have revealed 
both anticancer activity and a favorable safety profile. Albeit 
the strategy to target thymidylate synthase constitutes also a 
promising option for the treatment of AML, 5‑FU rarely has 
been used clinically due to i) overlapping gastrointestinal and 
hematological toxicities with standard anti‑leukemic drugs; and 
even more due to ii) its limited potency as compared to its toxic 
effects. The latter are especially detrimental as they also affect 
stem cells (30). This is of utmost importance, since we did not 
see infection or considerable alteration of the viability of BM 
cells upon MeV infection, which would precede the site‑specific 
generation of the chemotherapeutic agent, 5‑FU, in the stem 
cell niche. To elucidate the underlying mechanisms of this 
inherent resistance of BM cells is subject of an ongoing study. 
Our approach to locally generate the active compound in a 
leukemia‑targeted manner prevents systemically relevant levels 
of 5‑FU and thus may prohibit the fatal toxicities to be expected 
upon combinatorial systemic administration of 5‑FU in AML.

Of note, the data of this manuscript has in part been 
presented as a poster at the Annual Meeting of the German, 
Austrian and Swiss Societies for Hematology and Oncology, 
DGHO, September, 29 to October 03, 2017, Stuttgart, Germany 
and the abstract has been previously published (31).

In conclusion, in this study, for the first time, to the best 
of our knowledge, we preclinically evaluated the combinato-
rial use of measles vaccine virus and 5‑FU for the treatment 
of AML. Our approach to tumor‑selectively produce the active 
drug and to combine its effects with direct lytic effects of 
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virotherapy may overcome present limitations and constitutes a 
promising strategy to introduce 5‑FU in the treatment of AML.
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