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Therapy resistance and tumor recurrence are often linked to a small refractory and highly 
tumorigenic subpopulation of neoplastic cells, known as cancer stem cells (CSCs). 
A putative marker of CSCs is CD133 (prominin-1). We have previously described a 
CD133-targeted oncolytic measles virus (MV-CD133) as a promising approach to 
specifically eliminate CD133-positive tumor cells. Selectivity was introduced at the 
level of cell entry by an engineered MV hemagglutinin (H). The H protein was blinded 
for its native receptors and displayed a CD133-specific single-chain antibody frag-
ment (scFv) as targeting domain. Interestingly, MV-CD133 was more active in killing 
CD133-positive tumors than the unmodified MV-NSe despite being highly selective 
for its target cells. To further enhance the antitumoral activity of MV-CD133, we here 
pursued arming technologies, receptor extension, and chimeras between MV-CD133 
and vesicular stomatitis virus (VSV). All newly generated viruses including VSV-CD133 
were highly selective in eliminating CD133-positive cells. MV-CD46/CD133 killed in 
addition CD133-negative cells being positive for the MV receptors. In an orthotopic 
glioma model, MV-CD46/CD133 and MVSCD-CD133, which encodes the super cyto-
sine deaminase, were most effective. Notably, VSV-CD133 caused fatal neurotoxicity 
in this tumor model. Use of CD133 as receptor could be excluded as being causative. 
In a subcutaneous tumor model of hepatocellular cancer, VSV-CD133 revealed the 
most potent oncolytic activity and also significantly prolonged survival of the mice 
when injected intravenously. Compared to MV-CD133, VSV-CD133 infected a more 
than 104-fold larger area of the tumor within the same time period. Our data not only 
suggest new concepts and approaches toward enhancing the oncolytic activity of 
CD133-targeted oncolytic viruses but also raise awareness about careful toxicity test-
ing of novel virus types.
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inTrODUcTiOn

Despite considerable progress in cancer therapy, relapse and 
dis semination of tumor cells remain a frequent therapeutic 
outcome, which is more and more ascribed to an insufficient 
targeting and killing of a small population of tumor cells with 
stem-cell like properties (1). Such cancer stem cells (CSCs) 
were initially detected in tumors of hematopoietic origin dem-
onstrating that only a small fraction of cells in the tumor mass 
is capable of forming metastasis and new tumors (2). Among 
many putative markers for CSCs, CD133 was among the first 
to be discovered in carcinomas and since then became one of 
the most frequently studied and targeted marker (3, 4). Besides 
on tumor cells, CD133 is expressed on neuronal and endothelial 
progenitors as well as on hematopoietic stem cells (HSCs). While 
there is evidence for a role of CD133 in cell differentiation and 
epidermal–mesenchymal transition, its precise physiological 
function remains unknown (4).

The relevance of CD133 as universal marker for CSCs has 
frequently been challenged so that there is ample evidence for  
the presence of stemness properties also in CD133-negative 
tumor cells (5). Nevertheless, evidence for a strong correlation 
between high levels of CD133 expression and poor prognosis 
for patients suffering from various cancer types has increased, 
as well. In glioma, a systematic meta-analysis covering 1,500 
patients revealed reduced overall survival for grade IV patients 
with high CD133 expression (6). Since further recent articles 
came to the same conclusion for glioma (7–9) as for hepatocellular 
cancer (HCC) (10, 11), targeting of CD133 remains an attractive 
therapeutic concept for these cancer entities and possibly also for 
others.

Oncolytic viruses have become a novel treatment option in 
cancer therapy with a first product based on herpes virus hav-
ing recently obtained marketing approval (12). The antitumor 
concept relies on the selective infection and lysis of tumor cells 
resulting in the release of tumor antigens against which an effec-
tive immune response can be triggered (13). Oncolytic measles 
viruses (MVs) derived from attenuated strains are currently 
studied in various clinical trials assessing their antitumoral activ-
ity for different cancer entities (14, 15). Recently, clinical benefit 
was achieved for patients suffering from multiple myeloma upon 
systemic injection of a high MV dose (16). Supposedly, selectivity 
for tumor cells is on one hand due to overexpression of CD46, 
one of the receptors used by attenuated MV strains. On the other 
hand, attenuated MV strains are sensitive to much lower levels 
of interferon than wild-type MV strains, a phenomenon thought 
to be a consequence of mutations in the P/V/C gene that accu-
mulated during attenuation (17, 18). Interestingly, the oncolytic 
activity of MV can be enhanced by exchanging the P gene from 
attenuated strains against that of wild-type MV without compro-
mising safety (19).

Restriction of virus replication to tumor cells can moreover 
be achieved through rational engineering at the level of receptor 
recognition and cell entry. In particular, the glycoproteins of 
herpes simplex virus and MV have been shown to be amenable 
for engineering receptor usage (20, 21). In the case of MV, 
recognition of the natural receptors CD46, SLAM, and nectin-4 

(22) can be destroyed by four point mutations and new receptor 
usage gained by fusing a single-chain antibody fragment (scFv) 
or other targeting domains to the hemagglutinin on the genetic 
level (23, 24). Such MVs only infect cells that express the cognate 
antigen of the displayed targeting domain on their surface (25). 
Interestingly, the MV glycoproteins can replace the glycoprotein 
G in the vesicular stomatitis virus (VSV) genome, resulting in 
chimeric VSV-MVs that replicate faster and to higher titers than 
the corresponding MVs (26).

By displaying CD133-recognizing scFvs, we have previously 
shown that oncolytic MV can be engineered to recognize CD133 
as receptor for cell entry and can selectively destroy CD133-
positive tumor cells (27). Remarkably, these viruses exhibited a 
stronger oncolytic activity in vivo than untargeted MV using the 
ubiquitously expressed CD46 receptor for cell entry. In a clinical 
setting, CSCs are rare in tumor tissue making it challenging for 
CD133-targeted viruses to hit and infect these cells. Here, we 
therefore aimed at further improving the oncolytic activity of 
CD133-targeted oncolytic viruses by assessing various strategies. 
We show that in glioma, MVs using CD133 and CD46 as receptors 
are particularly promising, while for HCC or other carcinomas 
not involving the central nervous system, VSV targeted to CD133 
appears to be the best choice.

MaTerials anD MeThODs

generation of the Viruses
Cloning of MV-CD133, previously termed MV-141.7, was 
described before (27). To generate MVPwt-CD133 the reading 
frame for H in the plasmid encoding MV-eGFP-Pwt (19) was 
exchanged against that of the engineered H protein encoded 
in the genome of MV-CD133 via PacI/SpeI restriction sites. 
MVSCD-CD133 was generated by exchanging the GFP coding 
sequence in the genome of MV-CD133 against that of SCD 
using the MluII/AatII restriction sites. To reconstitute the N 
and P genes after SCD insertion, these were inserted via AatII 
restriction in a second step. The genome of MV-CD46/CD133 
was cloned by first generating the expression plasmid pCG-H-
scFvCD133-141.7-6His encoding the H protein C-terminally 
fused to the CD133-specific scFv 141.7 (27), but carrying no 
point mutations in the MV-receptor recognition sites. The H 
gene cassette in MV-CD133 was then exchanged against that 
of pCG-H-scFvCD133-141.7-6His via PacI/SpeI restriction 
sites. Interested researchers may request Miltenyi Biotec GmbH 
(Germany) to grant access to the plasmids under a Material 
Transfer Agreement.

Rescue of MV-CD133, MVPwt-CD133, MVSCD-CD133, and 
MV-CD46/CD133 was performed using the T7 rescue system 
with 293-3-46 producer cells (28) overlaid onto Vero-αHis cells 
(25). Starting from a single virus syncytium, virus was propagated 
on Vero-αHis cells and stocks were generated from cell lysates.

For cloning of the genome plasmid of VSV-CD133, the 
sequence encoding the CD133-specific scFv was inserted into 
pMC11-VSV-FHaa-mUPA-eGFP (encodes the non-attenuated 
Indiana serotype) via SfiI/NotI restriction sites (29). To rescue 
VSV-CD133, in addition to the helper plasmids encoding 
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VSV-N, -P and -L, a plasmid encoding VSV-G was co-trans-
fected into BHK-21 cells. The T7 RNA polymerase was provided 
by infection of the transfected BHK-21 cells with a modified 
vaccinia virus Ankara coding for the polymerase (MVA-T7-
Pol) (30). Cell lysate was harvested, MVA was removed by 
filtration (0.2  µm pores), and single syncytia were isolated 
after overlay on Vero-αHis cells as described. VSV-MV was 
rescued from pMC11-VSVFH-eGFP as described previously 
(26). VSV-CD133 and VSV-MV were propagated on Vero-αHis 
cells. The 50% tissue culture infective dose (TCID50/ml) was 
determined on Vero-αHis cells.

All viruses were handled under biosafety level 2 conditions as 
authorized by the Regierungspräsidium Giessen, Germany.

cells
BHK-21 (ATCC CCL-10), Chinese hamster ovary (CHO)-K1 
(ATCC CCL-61) cells, HuH7 cells (Japanese Collection of Rese-
arch Bioresources Cell Bank, Japan), 293-3-46 cells (28), Vero-
αHis cells (25), CHO-CD46 cells (31), and CHO-hSLAM cells 
(32) were all cultivated in DMEM (Sigma-Aldrich, Germany) 
supplemented with 10% FCS (Biochrom, Germany) and 2 mM 
l-glutamine (Sigma-Aldrich, Germany). CHO-CD133 cells were 
generated by stable integration of the human CD133 coding 
sequence into CHO-K1 cells (ATCC CCL-61). The cells were 
cultivated in DMEM supplemented with 10% FCS and 10 µg/ml 
puromycin.

Primary glioblastoma cells NCH644 and human HSCs were 
cultivated as described previously (27).

immunoblotting
Virus stocks (5.0  ×  105 TCID50: MV-NSe, MV-CD133, 
MVPwt-CD133, MVSCD-CD133, MV-CD46/CD133; 2.5  ×  105 
TCID50: VSV-MV and VSV-CD133) were mixed with urea 
sample buffer (5% SDS, 8 mM urea, 200 mM Tris–HCl, 0.1 mM 
EDTA, 0.03% bromphenol blue, 2.5% di-thiothreitol, pH 8.0) in 
equivalent amounts and incubated 10 min at 95°C before separat-
ing them via SDS-PAGE. Proteins were blotted onto a nitrocel-
lulose membrane (GE Healthcare, Germany) and blocked with 
TBS-T containing 5% milk powder. Subsequently, membranes 
were incubated with rabbit sera recognizing MV-F (Abcam, 
Great Britain), the cytoplasmic tail of MV-H (27), MV-N (Novus 
Biologicals, USA), or rabbit-α-VSV serum (α-VSV) as described 
in Ref. (33). After three wash steps, membranes were incubated 
with polyclonal horseradish peroxidase-conjugated goat-α-rabbit 
secondary antibody (DakoCytomation, Germany). Protein sig-
nals were detected using the Pierce ECL Plus Western Blotting 
Substrate (Thermo Fisher Scientific, USA).

colony-Forming assays
Primary human CD34-positive cells derived from G-CSF 
mobilized peripheral blood of anonymous donors were obtained 
from the blood donation center in Frankfurt in accordance with 
the ethical standards of the responsible committee on human 
experimentation. An ethics approval was not needed for this type 
of research. The cells were purified and cultivated as described 
(34). After overnight stimulation with medium supplemented 
with StemSpan CC100 cytokine cocktail (Stemcell Technologies, 

Germany) and 2 mg/mL TPO (Peprotech, Rocky Hill, NJ), 5 × 104 
cells were infected with virus at an MOI of 1. Lysate of uninfected 
Vero-αHis cells was added as control and to equilibrate all sam-
ples to identical amounts of cell lysate. 24 h postinfection, 0.1 mM 
5-fluorocytosine was added to the cells. 48 h postinfection, cells 
were washed twice with medium without cytokines. Next, 1% of 
the cells were transferred into 3 ml MethoCult GF H4434 medium 
(Stemcell Technologies, Germany) and plated in triplicates. 
After 10 days in an incubator at 37°C and 95% humidity, clonal 
clusters (colonies) of maturing cells of the myeloid and erythroid 
lineage were enumerated and morphologically classified by light 
microscopy.

Monitoring cell Viability
For analyzing the viability of virus-infected HuH7 cells, 1.0 × 104 
cells were seeded per 96-well and infected at different MOIs 
(0.0001–10) to determine dose dependency. Cell viability of 
infected cells was determined using the premixed WST-1 Cell 
Proliferation Reagent (Clontech, USA) according the manufac-
turer protocol. To determine the EC50, the MOI required to kill 
half of the cells was determined for each virus.

To analyze cell viability in glioma sphere cultures, 7.0 × 103 
NCH644 cells were seeded per well in a 96-well plate and infected 
with different MOIs (0.001–10) to determine dose dependency. 
When using MVSCD-CD133, different concentrations of 5-FC 
were added to the culture medium to determine the optimal dose 
response. Cell viability of infected cells was determined using 
the RealTime-Glo MT Cell Viability assay (Promega, Germany) 
according to the manufacturer’s protocol.

To determine IFNα in the supernatant of infected cells, cell 
culture supernatants were collected at time points 0, 12, 24, 48, 
and 72  h postinfection. Cell free supernatants were obtained 
by centrifugation at 250 g and stored at −80°C until analysis by 
Human IFN-α pan ELISA (Mabtech, Sweden) according to the 
manufacturer’s instructions.

Orthotopic glioma Model
1 × 105 NCH644 tumor sphere cells either uninfected or infected 
at an MOI of 0.5 were dissociated and stereotactically implanted 
in 5 µl of PBS into the corpus striatum of the right hemisphere 
(1.7  mm lateral, 0.5  mm rostral to bregma at 3  mm depth) of 
6- to 8-week-old NOD/SCID mice. After pausing for 5 min to 
allow the diffusion of the carrier fluid into the brain parenchyma, 
the injection needle was slowly extracted. Intracranial injection 
of virus was performed stereotactically in 5 µl PBS into the same 
coordinates. Survival and general condition of mice were moni-
tored daily. The experimental end point was reached at the onset 
of neurological symptoms and/or weight loss of more than 20%.

For ex vivo culturing of glioma spheres, the whole tumor was 
excised and enzymatically dissociated using the Miltenyi Brain 
tumor dissociation Kit according to the manufacturers’ instruc-
tions. 2  ×  105 single cells were cultured in T25 flask (Sarstedt, 
Germany) in DMEM/F-12 medium containing 20% BIT serum-
free supplement, basic fibroblast growth factor, and epidermal 
growth factor at 20  ng/mL (all Provitro, Germany). Cells were 
cultivated until spheres had formed, and a cell density of about 
1 × 106 cells per T25 flask was reached.
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huh7 Tumor Model
To analyze the antitumoral effect of oncolytic viruses in the s.c. 
HuH7 xenograft model, 5 × 106 HuH7 cells were implanted into 
the flank of NOD/SCID mice (Charles River, Germany). The 
tumor development was monitored twice a week using a digital 
caliper. Once tumors had reached an average size of 100  mm3 
mice were assigned into the different treatment groups. A total 
dose of 4 × 106 TCID50 of each virus in 50 µl Vero-αHis lysate was 
injected intratumorally split in four injections every other day. 
Control mice received virus-free Vero-αHis lysate. For intrave-
nous administration 3 × 50 µl virus were injected via the tail vein 
every second day. Treatment and monitoring were performed in a 
blinded manner over the whole course of the study until sacrifice. 
The area under the curve (AUC) was determined for each animal 
and was normalized against the value obtained from the last sur-
vivor of the mock group (day 40 posttransplantation). To account 
for missing scores of the tumor size of sacrificed animals before 
the end point for the analysis, the values were carried forward 
until termination of the study (last observation carried forward). 
NOD/SCID mice were sacrificed once the tumor had reached a 
size of 1,000 mm3 or mice had lost more than 20% of their body 
weight.

Quantification of infected areas  
in Tumor sections
HuH7-derived tumors were explanted, cut into two halves and 
fixed in 4% formaldehyde in PBS for 24 h. Next, the tissue was 
dehydrated in 40% sucrose in PBS and then embedded in optical 
cutting temperature medium (Sakura Finetek, Germany) for snap 
freezing. Specimens were stored at −80°C. Slices of 8 µm thick-
ness were obtained with a cryostat (Leica CM1900) and dried 
at room temperature overnight. Slices were permeabilized with 
0.2% Triton X100/PBS for 10 min and blocked with 5% donkey 
serum for 30 min at room temperature. For staining against GFP 
slices were incubated with the rabbit anti-GFP antibody (1:200, 
Life Technologies, Germany) overnight at 4°C, followed by 
incubation with the donkey anti-rabbit Cy2-coupled secondary 
antibody (1:200, Dianova, Germany). Sections were mounted 
with Fluoroshield with DAPI containing mounting media 
(Sigma-Aldrich, Germany).

Up to 600 tiles per slice were acquired by a motorized Axio-
Observer Z1 microscope equipped with an ApoTome optical 
sectioning unit (Carl Zeiss, Jena, Germany). For quantification of 
the GFP-fluorescent areas, computational analysis was conducted 
using the Cell Profiler software (35). Threshold levels were deter-
mined on mock-treated tumors. Autofluorescent tumor areas 
were excluded by applying a smoothing filter. For each tumor 
the total identified GFP-positive area was calculated by the Cell 
Profiler software.

resUlTs

generation and Basic characterization  
of cD133-Targeted OVs
To improve the antitumoral potency of the CD133-targeted 
oncolytic virus MV-CD133, we followed several strategies. First, 

we exchanged the P gene against that of a wild-type MV strain 
resulting in MVPwt-CD133 (19). Alternatively, the GFP reporter 
gene was exchanged against the suicide gene super cytosine 
deaminase (SCD), which converts the prodrug 5-fluorocytosine 
(5-FC) into 5-fluorouracil (5-FU) resulting in MVSCD-CD133 
(36). To extend the tropism of MV-CD133 from CD133-positive 
cells also to CD133-negative tumor cells, MV-CD46/CD133 
was generated, in which the CD133-specific scFv was fused 
to unmodified H protein. Finally, we transferred the CD133-
targeting strategy to VSV by exchanging the VSV glycoprotein 
gene against the CD133-targeted MV-H and the MV-F genes 
resulting in VSV-CD133 (Figure 1A).

After rescuing the panel of oncolytic viruses, we first assessed 
the protein composition of each virus type by Western blot 
analyses. All MV-derived viruses contained comparable amounts 
of F1 and N proteins and showed the expected shift in the elec-
trophoretic mobility of the H-scFv fusion proteins compared to 
unmodified H present in MV-Nse (Figure 1B). The protein com-
position of VSV-CD133 was compared to those of VSV-MV and 
VSV. Whereas the glycoprotein G was detected in the lane loaded 
with VSV, this signal was absent in lanes loaded with VSV-MV 
or VSV-CD133. Instead, the latter viruses showed the measles 
H and F1 proteins. There was no difference in the amounts of 
the VSV-N, P and M proteins detectable between the VSV-MV 
chimeras and VSV (Figure 1B).

To address usage of CD133 as entry receptors, CHO cells 
transgenic for the natural entry MV receptors CD46 or SLAM, 
or the target receptor CD133 were infected with MV-NSe, 
MV-CD133, MVPwt-CD133, MV-CD46/CD133, or VSV-CD133 
at low multiplicity of infection. The parental CHO-K1 cell line 
served as negative control. As shown in Figure  1C, MV-NSe 
infected only those cell lines expressing CD46 or SLAM. While 
the CD133-targeted MV and VSV viruses exclusively infected 
CHO-CD133 cells, MV-CD46/CD133 was able to infect CD46- 
and CD133-positive CHO cells as well as SLAM-positive cells. 
Syncytia formation was comparably strong between all MVs. 
Lysis was most pronounced in cells infected with VSV-CD133. 
The parental cell line CHO-K1 showed no green fluorescence.

These results revealed that the cell tropism of the oncolytic 
viruses was selective and restricted to cell lines expressing the 
targeted surface receptors.

cD133-Targeted OVs Do not impair the 
Differentiation Potential of human hscs
Oncolytic viruses not only must be effective but also have to be 
safe. In particular, this means that healthy cells endowed with the 
target receptor should be spared by the targeted oncolytic virus. 
Besides tumor-initiating cells, CD133 is also a marker for early 
progenitors of the hematopoietic system. Infection of these cells 
by the CD133-targeted viruses could result in tremendous side 
effects such as myelosuppression. To determine the proliferative 
and differentiation capacity of hematopoietic progenitors incu-
bated with the OVs generated here, we performed colony-forming 
assays (CFAs). Flow cytometric analyses of CD34-positive human 
hematopoietic cells confirmed high cell surface expression levels 
of both, CD46 and CD133 (Figure S1 in Supplementary Material). 
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FigUre 1 | Generation of CD133-targeted oncolytic viruses. (a) Schematic overview on the genomic organization of the OVs used in this study. Point mutations in 
H protein introduced to ablate natural receptor usage are indicated by asterisks. (B) Immunoblot showing the incorporation of measles virus glycoproteins into 
recombinant measles virus (MV) and vesicular stomatitis virus (VSV) particles. Supernatants of Vero-αHis cells infected with the indicated viruses were denatured 
followed by fractionation by SDS-PAGE. Viral glycoproteins were detected with polyclonal antibodies directed against the indicated proteins. The parental MV-NSe, 
respectively, VSV and VSV-MV served as unmodified controls. N blots were used as loading control in both cases. (c) A panel of receptor-transgenic Chinese 
hamster ovary (CHO) cells (as indicated) was infected with MV-NSe, MV-CD133, MVPwt-CD133, MV-CD46/CD133, or VSV-CD133 at an MOI of 0.03. CHO-K1 
served as receptor-negative cell line. GFP-fluorescent images were taken 72 h postinfection; Scale bar, 200 µm.
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The cells were plated into semisolid methylcellulose medium 
supplemented with cytokines and growth factors enabling the 
cells to proliferate and differentiate to produce clonal clusters of 
maturing cells of the hematopoietic lineage. Myeloid progenitors 
and committed progenitors of the erythroid, monocyte, and 
granulocyte lineages could then be enumerated and identified 
according to their morphology.

CD34-positive cells were subjected to the CFA 3 days postin-
fection with an MOI  =  1 of each virus type. After 11  days, 
colonies derived from maturing hematopoietic progenitor cells 
were identified and quantified by light microscopy. In each 
sample, hematopoietic progeny of all lineages covered by this 
assay were detected. Colony numbers in total and subparts of 
all treatment groups were not decreased compared to mock-
treated cells (Figure 2). However, a slight decrease of the total 
colony number of HSCs, which were infected with MV-NSe, was 
found. The difference in the proliferation and differentiation of 
cells derived from mock, cell lysate and virus-infected cells was 
not significant (Figure  2). Furthermore, none of the colonies 
contained any GFP-positive cells. The results demonstrate that 
the CD133-targeted viruses investigated here do not impair the 
hematopoietic capabilities of CD34-positive cells.

infection and Killing of Tumor cells
Next, the oncolytic activity of the newly established viruses was 
analyzed in cell killing assays, at first using the CD133-positive 
hepatocellular carcinoma cell line HuH7. In killing kinetics using 
an MOI = 1, MVPwt-CD133, MV-CD46/CD133, or VSV-CD133 
killed nearly 100% of the cells within 72 hpi, while MV-CD133 
lagged slightly behind (Figure  3A). Cell viability was reduced 
to less than 50% before 48  hpi in VSV-CD133 infected cells. 
VSV-CD133 was thus at least 15  h faster than the MVs. To 
further quantify the dose dependency of the killing capabilities, 
tumor cells were infected with different MOIs to determine 
the effective concentrations (EC50) required to reduce the cell 
viability to 50% relative to untreated controls. Infection with all 
viruses resulted in substantial dose-dependent killing of HuH7 
cells, with VSV-CD133 and MVSCD-CD133 (in combination with 
5-FC) being substantially more active than the other viruses at 
low MOIs (Figure S1 in Supplementary Material). Accordingly, 
the EC50 of VSV-CD133 and MVSCD-CD133 (+5-FC) was reached 
at 31-fold and 26-fold, respectively, less infectious virus particles 
than for the other viruses (Figure 3B).

To determine the oncolytic activity of the viruses against 
primary tumor cells, we assessed the infection of the primary 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive


FigUre 2 | Hematopoietic stem cell properties are not impaired by infection. A colony-forming assay was performed with human CD34-positive cells purified from 
G-CSF mobilized peripheral blood that were incubated with the indicated viruses (MOI of 1), lysate from uninfected Vero-αHis cells, or PBS (mock). After 11 days, 
the number of colonies derived from erythroid and myeloid progenitors was determined by light microscopy. The proportion of the respective progenitors is shown in 
relation to the total colonies. Mean distribution ± SD of all colonies derived from three technical replicates is shown as a bar. The statistical analysis was carried out 
by a descriptive-explorative data analysis. Differences between treatment groups and the mock control group were not significant according to one-way ANOVA 
followed by Sidak’s multiple comparison test: P = 0.9993 (cell lysate), P = 0.4103 (MV-Nse), P > 0.9969 (MV-CD133), P > 0.9999 (MVPwt-CD133), P > 0.9999 
(MV-CD46/CD133), P = 0.9036 (MVSCD-CD133), and P = 0.6528 (VSV-CD133). BFU-E, burst-forming unit erythroid; CFU-G, colony-forming unit-granulocyte; 
CFU-M, colony-forming unit-macrophage; CFU-GM, colony-forming unit-granulocyte, macrophage; CFU-GEMM, colony-forming unit-granulocyte, erythroid, 
macrophage, megakaryocyte; n.s., not significant; VSV, vesicular stomatitis virus; MV, measles virus.
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glioma cells NCH644, which are about 90% positive for CD133 
and form spheres under serum-free conditions (27). Tumor 
cells were infected as single cell suspension at an MOI of 1. 
Green fluorescent cells became detectable 24  h postinfection 
with strongest signals for MVPwt-CD133 and MV-CD46/
CD133. Cytopathic effects were most prominent in cells 
infected with MV-CD46/CD133. However, all viruses were 
able to infect glioma tumor spheres and to induce syncytia 
formation (Figure  4A). To quantify cell killing we monitored 
the cells over time. All viruses killed more cells with increas-
ing dose (Figure S2 in Supplementary Material). Over time, 
however, a steady reduction in cell numbers was observed for 
the MV-derived viruses but not for VSV-CD133 and VSV-MV 
(Figure S2 in Supplementary Material). In fact, cell killing 
reached its maximum by 24 h with these viruses. From then on 
cells started to propagate again (Figure S2 in Supplementary 
Material; Figure 4B). Supernatant from MV-CD133 and VSV- 
CD133 infected cells collected at time points 12, 24, 48, and 72 
postinfection did not contain any evidence for the presence of 
IFNα in any of the samples as tested by ELISA with a sensitivity 
of 6.25 pg/ml (N = 3 biological replicates). Among the MVs, cell 

killing was most efficient with MV-CD46/CD133 and also with 
MVSCD-CD133, after having identified the optimal prodrug con-
centration (Figure S3 in Supplementary Material; Figure  4B). 
These viruses were significantly more efficient in killing glioma 
tumor spheres than MV-CD133 or MVPwt-CD133 at 72 hpi.

MV-cD46/cD133-Treated Mice show a 
survival Benefit in an Orthotopic glioma 
Model
In a next step, we intracranially implanted NCH644 glioma 
spheres infected shortly before injection and followed survival of 
the mice. With the exception of VSV-CD133, all mice treated with 
oncolytic viruses survived substantially longer than untreated 
mice (Figure  5A). MV-CD46/CD133 showed a tendency 
toward being most effective, since mice treated with this onco-
lytic agent survived on average longer than all others (median 
survival  =  89  days). Interestingly, some individuals from the 
MVSCD-CD133-treated group survived especially long (more than 
100 days). However, the median survival of this group was below 
that of the MV-CD46/CD133-treated group. Unexpectedly, all 
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FigUre 3 | Comparison of the in vitro killing performance of oncolytic viruses on Huh7 cells. Cells were infected with the indicated viruses, and cell viability was 
measured every 24 h postinfection by WST assays. (a) Cell viability after infection at an MOI of 1 at the indicated time points. Depicted is the percentage of living 
cells in relation to mock-infected control culture, which was set to 100%. The results are an average of two biological and four technical replicates. (B) EC50 values 
of the indicated viruses determined at 72 h postinfection relative to untreated controls. The results are an average of three biological and four technical replicates.
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mice treated with VSV-CD133 had to be sacrificed much earlier 
than the control group (at day 8 post transplantation) due to 
severe peracute neurologic symptoms such as ataxia, tremor, or 
apathy.

To analyze the remaining stemness properties of the tumor 
cells present in the brains of sacrificed mice, we explanted some 
of the tumors and assayed the cells for sphere formation and 
proliferation. All samples derived from mock (n = 4), MV-CD133 
(n  =  2), and MVPwt-CD133 (n  =  4) treated animals were able 
to produce spheres ex vivo, whereas this was the case for only 
three out of four tumor specimens of MV-CD46/CD133-treated 
animals (n = 4) and only half, i.e., two, of the tumors treated with 
MVSCD-CD133 (n = 4). Moreover, there was a tendency for tumor 
cells that were removed from animals with longer survival times 
to require longer cultivation times to reach a defined cell number 
(Figure 5B). There were no signs for GFP expression in these cells 
that could point to a persistent infection with virus.

Direct intracranial application of the 
Oncolytic Viruses
We next evaluated the antitumoral activities of MV-CD46/
CD133 and VSV-CD133, respectively, in the orthotopic glioma 
model in a clinically more relevant setup by direct intracranial 
injection of the viruses into pre-established tumors. 1  ×  105 
NCH644 cells were implanted intracranially into NOD-SCID 
mice. Five days later, 2 × 105 TCID50 of the oncolytic viruses or 
PBS as control were stereotactically injected through the same 
hole, respectively. Mice treated with MV-CD46/CD133 revealed 
a tendency for longer survival (median survival = 28.5 days) over 
mock-treated animals (Figure 6A). All VSV-CD133-treated mice 

developed neurological symptoms within 15 days and thus had 
to be sacrificed earlier than PBS treated mice (Figure  6A). To 
assess a potential influence of the tumor cells on the observed 
neurotoxicity we intracerebrally injected VSV-CD133 or UV- 
irradiated VSV-CD133 into tumor-free mice. As control we 
included VSV-MV which does not use CD133 as entry receptor. 
Mice injected with UV-inactivated VSV-CD133 survived up to 
the end point of the study without developing any symptoms. 
In sharp contrast, animals from both other groups came down 
with neurological symptoms within two weeks (Figure 6B). This 
adverse event must thus have been caused by combining the  
MV glycoproteins with VSV but not by display of the CD133-
specific scFv.

VsV-cD133 is superior to MV-cD133 in  
a subcutaneous Xenograft Model
To test the oncolytic performance of the CD133-targeted viruses 
toward HCC, we established subcutaneous xenograft tumors in 
NOD/SCID mice using HuH7 cells. Initially, we intratumorally 
injected 1  ×  106 TCID50 of each virus in four administrations, 
respectively, once the tumor volume had reached 100  mm3. 
Compared to mock-treated mice, all viruses reduced tumor 
growth, with VSV-CD133 being most effective (Figure  7A). 
Considering the area under the tumor growth curve (AUC) 
on day 40, by which all mice of the mock group had been sac-
rificed, the reduction in tumor growth was significant just for 
the VSV-CD133 treatment cohort (Figure  7B). This was also 
reflected by the Kaplan–Meier survival curves, which showed 
that treatment with VSV-CD133 resulted in the most pronounced 
survival benefit (Figure 7C).
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FigUre 4 | Infection and killing of primary glioma spheres. Single cell suspensions of NCH644 cells were infected with the indicated viruses at an MOI of 1, 
respectively. (a) Cells were monitored microscopically for GFP expression up to 96 h postinfection. Scale bar, 500 µm. (B) Cell viability was determined using the 
RealTime-Glo MT Cell Viability assay twice a day for 72 h after virus addition. 1 mM 5-FC was added to MVSCD-CD133-infected cells only, at time point 21 hpi. 
Average values of three independent killing assays are shown. One-way ANOVA with Dunnett’s multiple comparison test, *P < 0.05; ****P < 0.0001.
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To quantify the intratumoral spread of VSV-CD133 or 
MV-CD133 we performed GFP immunostaining of a series 
of cryo-slices. Slices were prepared throughout two tumors 
of each virus-treatment group and of the mock-treated group 
as control by covering six different sites within each tumor, 
respectively (Figure  8A). There were no fluorescence signals 
detectable in slices from the mock group. For quantification of 
GFP-fluorescent areas, tile-by-tile acquisition of tumor cross-
sections was performed using the AxioVision MosaiX software. 
In all viewed sections we observed a tremendous difference 
between tumors from VSV-CD133 and MV-CD133-treated mice 
(Figure 8B). Each slice from VSV-CD133-treated mice contained 
many GFP-positive spots, whereas more than half of the slices 
from MV-CD133-treated animals were GFP-negative. Taken all 
slices together, VSV-CD133 infected a 2 × 104 times larger area 
than MV-CD133 (Figure 8C).

After the intratumoral treatment setup, we performed a 
clinically more relevant approach by injecting VSV-CD133 
or MV-CD133 intravenously into mice bearing subcutaneous 
HuH7 tumors. In this setting, both viruses prolonged survival, 
but significance was reached for the VSV-CD133 treatment only 
(Figure 9).

DiscUssiOn

CD133-positive tumor cells represent a prime target for the 
development of novel cancer therapeutics. Conventional drugs 
as well as immunotherapies are under development including 
CD133-specific antibodies coupled to toxins, CD133-specific 
BITEs, or CD133-targeted chimeric antigen receptors (37–40). 
We have previously added oncolytic MV engineered to use 
CD133 as receptor for cell entry to this list (27). In the current 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive


FigUre 5 | Intracranial implantation of preinfected glioma spheres. Primary glioma spheres were infected with the indicated viruses at an MOI of 0.5 followed by 
stereotactically assisted implantation into the corpus striatum of NOD-SCID mice 16 h later. Mice having received MVSCD-CD133-infected cells received 5-FC 
(200 mg/kg body weight) twice per day intraperitoneally initiated 3 day postimplantation for four consecutive days. (a) Health status and body weight were 
monitored daily. Mice were sacrificed with onset of neurological symptoms and/or weight loss of more than 20%. Based on the defined end points, a Kaplan–Meier 
survival curve was generated. Comparison of the mean survival periods between the mock control and the treatment groups was conducted by a log-rank test 
followed by a Bonferroni correction for multiple comparisons. Log-rank test, **P < 0.01; ***P < 0.001; ****P < 0.0001; PBS, n = 18; measles virus (MV)-CD133, 
n = 6; MVPwt-CD133, n = 8; MV-CD46/CD133, n = 16; MVSCD-CD133, n = 11; vesicular stomatitis virus (VSV)-CD133, n = 9. (B) At the experimental endpoint, 
tumors were explanted and identical numbers of cells cultivated. The time required to expand to a cell count of 1 × 106 was plotted against the median survival time 
of the respective animal.
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study we aimed at enhancing the oncolytic activity of MV-CD133 
through arming either with the suicide gene SCD or the P gene 
from wild-type MV, through extending receptor usage from 
CD133-only to the natural MV receptors, and by transferring 
the CD133-targeted MV envelope to VSV. The later approach 
resulted in VSV-CD133, the by now second example of a fully 
replication-competent, receptor-targeted VSV. VSV-CD133 and 
all the other newly generated viruses entered cells via CD133 and 

were highly selective for CD133-positive cells with the exception 
of MV-CD46/CD133, which, as expected, also infected CD133-
negative but MV-receptor positive cells.

We performed a careful side-by-side comparison of the whole 
panel of viruses toward their capability to lyse the hepatocellular 
carcinoma derived tumor cell line HuH7 or glioma derived tumor 
sphere cells, both ex vivo and in vivo. Since all viruses use the same 
surface protein for entry, the comparison was unbiased through 
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FigUre 6 | Intracranial injection of oncolytic viruses. (a) 1 × 105 primary 
glioma sphere cells were stereotactically implanted into the corpus striatum 
of NOD-SCID mice. After 5 days, 2 × 105 TCID50 of the indicated viruses in 
5 µl PBS or PBS were stereotactically injected into the same coordinates. 
Health status and body weight were monitored daily. Mice were sacrificed 
with onset of neurological symptoms and/or loss of weight by more than 
20%. Based on the defined end points Kaplan–Meier survival plots were 
generated. PBS, n = 4; measles virus (MV)-CD46/CD133, n = 4; vesicular 
stomatitis virus (VSV)-CD133, n = 5. (B) 2 × 105 TCID50 of VSV-CD133, 
UV-inactivated (UV) VSV-CD133, or VSV-MV in 5 µl PBS, respectively, were 
stereotactically injected into the corpus striatum of NOD-SCID mice. Health 
status and body weight were monitored daily. Mice were sacrificed with onset 
of neurological symptoms and/or weight loss of more than 20%, n = 5.
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usage of different receptors as it is usually the case when oncolytic 
viruses are being compared. Injection of the viruses resulted in 
reduced tumor growth, but not a complete elimination of tumor 
cells. Complete eliminations of tumors are in general rarely 
seen in preclinical models after single round treatments with 
oncolytic viruses, especially in immunodeficient mice, where an 
antitumoral immune response triggered by the virus infection 
cannot add to the oncolytic effect. Reasons for this can, e.g., be 
inaccessibility of the tumor cells, low virus dose or resistance 
against the virus in a subset of tumor cells. While in our system 
the latter could have occurred through loss of CD133 expression, 
also MV-CD46/CD133 with its expanded tropism was unable to 
completely clear tumors in the given setting, arguing against a 
major contribution of CD133 downregulation. Future experi-
ments assessing multiple dosing cycles, the oncolytic activity in 
immunocompetent animal models and infection experiments 
with tumor cells re-isolated from treated animals will clarify this.

Interestingly, we identified different virus types as best option 
for each tumor type. On HuH7, VSV-CD133 was by far most 
efficient in infection and tumor cell lysis. This was also the 
case in vivo in subcutaneous HuH7 tumors. After intratumoral 
injection VSV-CD133 reached basically all parts of the tumor 

tissue thus covering an area more than 104 times larger than 
that reached by MV-CD133 during the same time period. This 
impressive capacity in spreading through tumor tissue, which 
was reflected by our observation that VSV-CD133 was also effica-
cious when injected intravenously, can be regarded as important 
property to reach and destroy CSCs in a clinical situation of HCC, 
where CD133-positive CSCs make up a low percentage of all cells 
present in tumor tissue (4, 41). In such a situation, it may be worth 
considering to also extend the receptor usage of VSV-CD133 to 
CD46, since our data show that MV-CD46/CD133 was superior 
over MV-CD133 in both tumor models. Being capable of using 
both these surface proteins as entry receptors should increase the 
likelihood to reach and infect rare CSCs.

The situation was different on glioma tumor spheres. Here, 
MV-CD46/CD133 and MVSCD-CD133 turned out to be the most 
promising viruses. VSV-CD133 was more effective and more 
rapid in infection and cell killing in  vitro only within the first 
24 h, and even when used at an MOI of 10 was unable to kill more 
than about 60% of the cells. In fact, 2–3 days after infection tumor 
spheres started expanding again. The MV-derived viruses in  
contrast caused a continuous decrease in cell number, most 
efficiently with MVSCD-CD133 and MV-CD46/CD133. It is 
rather unlikely that this was due to loss of CD133 expression. 
CD133-negative cells can indeed be killed by MV-CD46/CD133 
or MVSCD-CD133 because of CD46 receptor usage or the SCD-
mediated bystander activity. However, NCH644 tumor spheres 
contain more than 90% CD133-positive cells and infection 
with VSV-MV, relying on CD46 for cell entry, showed the same 
recovery of the cells observed for VSV-CD133. It is therefore 
more likely that the cells became resistant through a postentry 
mechanism. Since VSV is known to be highly sensitive toward 
the IFN-mediated innate immune response, an intact type-I IFN 
response in some of the cells could be an explanation. However, 
absence of IFN-α in the supernatant of the infected cells rather 
argues for an alternative mechanism. This is further supported 
by the absence of any oncolytic advantage of the Pwt-armed 
MVPwt-CD133, which was expected to be especially pronounced 
in presence of a type-I IFN response. The resistance of NCH644 
cells must therefore be the subject of further studies. Despite the 
negative results obtained for MVPwt-CD133 in our study, preclini-
cal testing of this virus may still be worthwhile on other tumor 
types, especially those with an active type-I IFN system.

A postentry block triggered by the IFN system is most likely 
also the reason for the unimpaired differentiation of HSCs 
infected with the panel of viruses generated in our study into 
the hematopoietic lineages. Independently from the molecular 
mechanism, this is an important result with respect to the safety 
of CD133-targeted viruses. We had previously shown that HSCs 
appear to be protected from infection with MV-CD133 but did 
not exclude any influence on their differentiation capability (27).

An unexpected outcome of our study was the severe neuro-
toxicity exerted by VSV-CD133. All mice intracerebrally trans-
planted with glioma tumor spheres infected with VSV-CD133 
came down with neurological symptoms within 10 days. VSV is 
indeed known for its distinct neurotoxicity. However, strategies 
have been developed to attenuate the virus to become applicable 
as oncolytic agent, and first clinical trials have been initiated (42). 
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FigUre 7 | Oncolytic activities of intratumorally applied oncolytic viruses in a subcutaneous xenograft model of hepatocellular carcinoma. HuH7 cells were 
implanted subcutaneously into the flank of NOD/SCID mice. Tumor size was monitored using a caliper. Intratumoral treatment was initiated at an approximate tumor 
volume of 100 mm3 with four applications of 1 × 106 TCID50 of each of the viruses on four consecutive days. Virus samples were blinded prior application, and the 
monitoring was carried out in a blinded fashion over the whole course of the study until sacrifice. (a) Tumor dimensions of each individual animal were measured 
twice a week. The mean tumor volume (mm3) of each treatment group was calculated and plotted against the course of the observation point. (B) Group 
comparisons were performed by determining the area under the curve (AUC) for each individual animal normalized against the value obtained from the last survivor 
of the mock group (40 days after treatment). The values were plotted as box and whiskers. One-way ANOVA with Dunnett’s multiple comparison test, *P < 0.05.  
(c) Survival data were depicted as Kaplan–Meier survival curves. Comparison between the group with the lowest median survival (MVPwt-CD133) and the mock 
group was conducted by a log-rank test with Bonferroni adjustment for multiple comparisons. Mock, n = 4; measles virus (MV)-CD133, n = 4; MVPwt-CD133, n = 4; 
MV-CD46/CD133, n = 3; vesicular stomatitis virus (VSV)-CD133, n = 3. ***P < 0.001.
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Our observation is especially astonishing, since the glycoprotein 
G had been identified as main neurotoxic component and mutat-
ing or exchanging it against envelope proteins of other viruses 
usually abolishes neurotoxicity (42–44). Neurotoxicity of vaccine 
strain-derived oncolytic MV has by now only been observed in 
CD46 transgenic and IFN receptor deficient mice after intracer-
ebral injection (24, 45), while intracerebral injections into non-
human primates did not reveal any signs of neurotoxicity (46).

The NOD/SCID mice we applied here do neither express pri-
mate CD46 that can be utilized by MV for cell entry, nor do they 
have a defect in innate defense although being B and T cell defi-
cient. Moreover, VSV-CD133 is deficient in natural MV-receptor 
recognition and the displayed CD133-specific scFv only recog-
nizes human CD133. Indeed, when we assessed VSV-MV, a non-
targeted virus, in which VSV-G had been replaced by MV-F/H, the 
same extent of neurotoxicity was observed. Notably, there were no 
tumor cells present in this setting, thus excluding virus burst from 
preinfected spheres as potential trigger for the fatal neurological 
signs. First hints for neurotoxicity of VSV-MV were published 

by Ayala-Breton et  al. (47). Here, however, virus was injected 
intravenously and resulted in neurotoxicity only when mice 
expressed human CD46 (47). Since we observed neurotoxicity in 
mice neither expressing human CD46 nor any of the other known 
MV receptors in their brains, neurotoxic infection must have been 
mediated either by an as of yet unidentified neuronal “receptor X” 
contacted by H (48), or a membrane fusion process that occurred 
independently from H protein receptor contact. Such a process 
has recently been suggested for F proteins found in AIDS patients 
suffering from MV-induced encephalitis (49). These F proteins, 
like those found in SSPE patients, however, carried mutations that 
enhanced their fusogenic activity (50). Since VSV-MV encodes 
the original F protein sequence, fusogenicity in this setting would 
have to be enhanced through being placed in the context of VSV. 
Indeed, absence of the MV matrix protein is known to result in 
enhanced cell-to-cell fusion activity of MV glycoprotein com-
plexes (51) In addition, the much faster replication machinery and 
the apoptosis-inducing VSV matrix protein (M) likely contributed 
to the neurotoxicity observed with the VSV-MV chimeras.
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FigUre 9 | Oncolytic activity of intravenously administered viruses in a 
subcutaneous xenograft model of hepatocellular carcinoma. HuH7 cells were 
implanted subcutaneously into the right flank of NOD/SCID mice. Intravenous 
injection of 1 × 106 TCID50 of vesicular stomatitis virus (VSV)-CD133 (n = 4) or 
measles virus (MV)-CD133 (n = 5), respectively, or PBS as control (mock; 
n = 6) was initiated at an approximate tumor volume of 100 mm3 and 
performed three times every second day. Survival data were depicted as 
Kaplan–Meier survival curves. Comparisons of both treatment groups with 
the mock group were conducted by a log-rank test with Bonferroni 
adjustment for multiple comparisons. ***P < 0.001.

FigUre 8 | Quantification of infected areas in explanted tumors. Cryosections of explanted tumors from vesicular stomatitis virus (VSV)-CD133 or measles virus 
(MV)-CD133-treated mice shown in Figure 7 were immunostained against GFP to visualize virus infection centers. (a) Schematic illustration of the distribution of 
sections chosen to cover the complete tumor. (B) Representative overview image of a cross-section of a tumor from mice injected with VSV-CD133 (top) or 
MV-CD133 (bottom). Shown is a composite image that was generated by tile-by-tile acquisition using the AxioVision MosaiX software. The zoom-in represents the 
output image of one tile reconstructed by the CellProfiler software. The red line indicates the tumor border. (c) Bar graph showing the quantification of infected 
tumor area per slice of one tumor. The percentage of infected tumor area within the whole tumor area is plotted for each tumor site indicated in panel (a).
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With respect to translation into clinical applications, our 
data further underline that careful toxicity testing of chimeric 
VSV-MV viruses is an essential requirement for any new type of 
chimeric virus. For VSV-CD133, it will have to be assessed if the 
neurotoxicity we observed in NOD/SCID mice will be similarly 
severe in immunocompetent mice. That mice with a deficient 
innate immune system are especially prone to neurotoxicity 
caused by VSVs carrying heterologous envelope glycoproteins 
was recently observed for chimeras containing the glycopro-
teins of chikungunya or influenza virus (52). IFN-deficient 
mice are most sensitive toward VSV, even more than NOD/
SCID mice, which were safe against a VSV-Lassa virus chimera 
in contrast to IFN-deficient mice (53). However, certain types 
of VSV chimeras can also be neurotoxic in immunocompetent 
mice as recently observed for VSVs carrying the Nipah virus 
glycoproteins (52). It is currently impossible to predict which 
combination may be crucial. Experimental testing is therefore 
unavoidable.
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In this context, it is also important to stress that we did not 
see any signs of toxicity after systemic injection of VSV-CD133. 
The impressive spreading of VSV-CD133 in tumor tissue and the 
significant prolongation of survival after systemic administration 
therefore warrant further testing of VSV-CD133 toward applica-
tions in cancers of the gastrointestinal tract with CD133-positive 
CSCs being involved. Enhancing the safety of VSV-CD133 can 
for example be achieved by replacing its M gene by the MΔ51 
variant (42). A negative outcome of a careful neurotoxicity test-
ing provided, hepatocellular or pancreatic cancer could then be 
prime candidates (4).

With respect to glioblastoma, it will be worth further explor-
ing the therapeutic activities of MVSCD-CD133 and MV-CD46/
CD133. As next step it will be important to assess the viruses 
on primary tumor material from patients suffering from these 
cancer types to find out if CSCs will be infected and potentially 
eliminated. Lysis of CSCs may, however, not be necessary. Only 
entering into CD133-positive CSCs and triggering a type-I 
interferon response may be sufficient to sensitize these cells for 
treatment by chemotherapy or radiation, or to induce their dif-
ferentiation (54–56). Since vaccine strain-derived oncolytic MVs 
have lost at least part of their capacity to suppress IFN-responses 
and induce higher amounts of IFNs than wild-type strains (57), 
CSC-targeted MVs may be especially suited for such parallel 
modes of action.
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