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Abstract. Newcastle disease virus (NDV) is an avian paramyxo-
virus with oncolytic properties which shows promising effects in
the treatment of cancer. Anti-cancer effects are due to the virus
ability: i) to replicate in and kill tumor cells, leading finally to
their selective elimination; and ii) to induce the stimulation of
antitumor activities in immune cells. NDV does not harm normal
cells and has a high safety profile. In this study, we first report a
direct correlation between the degree of cell resistance to NDV
infection and the cellular expression of the retinoic acid-inducible
gene I (RIG-I) which is a cytosolic viral RNA receptor. RIG-I
plays an important role in the recognition of and response to
infection by RNA viruses. We also demonstrate that impairment
of the interferon (IFN) pathway through deletion of the receptor
for type I IFN (IFNR1) in primary macrophages leads to NDV
replication. In tumor cells, addition of exogenous IFN-04 is
shown to lead to tumor growth reduction and inhibition of viral
replication. Finally, increase of the RIG-I concentration of tumor
cells via plasmid transfection is shown to be associated with a
stronger resistance to NDV infection. These findings shed new
light on the crucial role played by the cytosolic receptor RIG-I
and the plasma membrane receptor IFNR1 as key molecules to
protect cells against infection by NDV.

Introduction
The use of oncolytic viruses (OVs) to treat cancer is not a new

concept. Over the past decade, hundreds of patients have been
treated in phase I and II trials with a diverse assortment of
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OVs (reviewed in ref. 1). The basis of the use of such biological
agents is their capacity to destroy neoplastic cells while sparing
untransformed cells. One advantage of OVs compared to other
anticancer drugs is their self-replicating capacity in cancer
tissue allowing local self-amplification of the biological agent.
Newcastle disease virus (NDV) strains have a long history as
oncolytic agents (2). NDV is a member of the Avulavirus genus in
the Paramyxoviridae family. It infects a number of avian species
(3). It is an enveloped virus of 150-300 nm size containing a
non-segmented, single stranded RNA genome of negative orien-
tation and of 15 kb size. Six viral genes code for the nucleocapsid
protein (NP), the phosphoprotein (P), the matrix protein (M),
the fusion protein (F), the hemagglutinin-neuraminidase (HN)
and the large protein (L) (4). After HN-mediated binding, the
F protein induces the fusion of the viral envelope with the host
cell membrane and the nucleocapsid enters the cytosol, where
the whole viral replication takes place until virus is released
from the cells by budding. Over the last years, reverse genetics
has allowed to modify the RNA genome of this virus. Following
such procedures, we produced the following NDV recombinant
viruses with transgenes coding for enhanced green fluorescent
protein (EGFP) (5,6), interleukin-2 (IL-2) (7,8) or granulocyte
macrophage colony stimulating factor (GM-CSF) (9).

Studies over the last decade have shown that initiation of
innate immune responses is achieved through recognition of
invading viruses by pattern recognition receptors (PRR) that
specifically recognize pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs)
resulting from the viral infection. Virus-derived nucleic acids
are considered major PAMPs that activate various PRRs,
including members of the membrane-bound Toll-like receptor
(TLR) family, TLR-3, -7 and -9, and the recently identified
cytoplasmic RIG-I-like receptors (RLRs), including the reti-
noic acid inducible gene I RIG-I (10). RIG-I has the structural
combination of an N-terminal caspase recruitment domain
(CARD) and a C-terminal DExD/H RNA helicase domain
(11). In contrast to TLR3, which is expressed restrictedly to
a specific cell type and binds to extracellular and endosomal
dsRNA, RIG-I is expressed ubiquitously in different tissues.
It is localized in the cytosol and recognizes 5'-triphosphate
RNA (pppRNA) generated by viral RNA polymerases. Of note,
pppRNA is also generated physiologically in the nucleus, but
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due to processing (such as splicing and addition of a 5' cap), it
loses its RIG-I ligand activity before it is released to the cytosol
(12,13). This allows to recognize RNA motifs associated with
danger signals such as the intracellular double-stranded RNA
(dsRNA). RIG-I is a PRR recognizing foreign RNA and signs
of replication of RNA viruses such as NDV. RIG-I appears
important since mouse fibroblasts and dendritic cells from
RIG-I"" mice fail to generate IFN-f3 upon RNA virus infection
when compared to their wt counterparts (14). It is also essential
for NDV-induced IFN production in most cells, but it is dispens-
able for virus-induced interferon (IFN) production by pDCs
(15). Following recognition of viral RNAs, RIG-I/MDAS (mela-
noma-differentiation-associated gene 5, also known as Ifih1 or
Helicard) elicits signaling cascades via a caspase recruitment
domain (CARD)-mediated interaction with the mitochondria-
associated adaptor MAVS, also known as CARDIF/IPS-1/VISA
(10). This molecule in turn interacts with the TNFR-associated
death domain (TRADD) protein which is linked with death
receptor (16). At this level, the signaling cascades diverge due to
specific interactions either with the Fas-associated protein with
the 2 adaptors [death domain (FADD) and receptor-interacting
protein 1 (RIP1)] or with the E3 ubiquitin ligase TNF receptor-
associated factor 3 (TRAF3) and the adaptor protein TANK, to
elicit activation of the NF-kB and IRF-3 transcription factors,
respectively (16). Activation of the ubiquitously expressed
IRF-3 transcription factor is central to the development of
an antiviral state since it has the capacity to directly regulate
a subset of these antiviral genes, including IFIT1 (interferon-
induced protein with tetratricopeptide repeats 1), which encodes
for the ISG56 translation regulator, thereby establishing an early
IFN-independent antiviral response (17). Type I IFNs, which are
central for the first line of defense against many viral infec-
tions and mediate antitumor activities of NDV, are a family of
cytokines comprising more than 12 IFN-a and 1 IFN-f3 species.
All of these are important for the defense against viral infec-
tions (18). The rapid and robust expression of type I IFN genes
is a prerequisite for the induction of numerous antiviral proteins
(IFN-stimulated genes or ISG) that modulate protein synthesis,
growth arrest and apoptosis (19). In addition to their anti-viral
functions, IFNs also have pleiotropic antitumor activity (20).

In this study, we analyzed the viral transcription of NDV in
tumor cells and normal cells. We report the existence of a direct
correlation between the degree of cell resistance to NDV infec-
tion and the cellular expression in RIG-I which is measured
before and after NDV infection. Furthermore, knocking out
the type I interferon receptor in primary MEF cells allowed
NDV replication, showing that the interferon feedback loop
machinery is important. Addition of exogenous type I IFN
reduced NDV replication within tumor cells but it did not show
any increase in RIG-I expression, suggesting deficiencies in the
interferon signaling in tumor cells. Last but not least, transfer
of RIG-I expression plasmids into tumor cells led to decreased
viral transcription upon NDV infection, highlighting an impor-
tant role of RIG-I in restricting cellular replication of NDV.

Materials and methods
Mice and cells. C57BL/6 and Balb/c wt mice were purchased

from Charles River Laboratories (Sulzfeld, Germany). The
IFNARI1" mice on a C57Bl1/6 background were kindly

given by Dr R. Zawatsky (Division of Viral Transformation
Mechanisms, DKFZ, Heidelberg, Germany). Murine spleen
cells were prepared extemporaneously from mice. Murine
macrophages were generated by growing bone marrow cells
flushed from femora obtained from mice. The freshly harvested
cells were then seeded (4x10° cells per petri dish having a 10-cm
diameter) and were grown for 8-12 days in RPMI-1640 medium
supplemented with 10% FCS and 20%v/v M-CSF containing
supernatant from a dense culture of L929 cells monolayer. After
10 days, the adherent cells were recovered from the cell culture
plates and the macrophage phenotype determined by flow
cytometry after staining with a monoclonal anti-F4/80 antibody
(Cedarlane Laboratories, Burlington, Canada). Expression of
the F4/80 macrophage marker was found in >80-90% of the
cells. The tumor cell lines: CT26p, CT26wt, the reticulum
cell sarcoma (strain BALB/c) J774A.1 (here called J774), the
macrophage-derived Abelson murine leukemia virus-induced
tumor (strain BALB/c) RAW 264.7 (here called RAW), the
breast adenocarcinoma (strain DBA/2) DA3, ESb, B16 and the
human fibroblast cell line 1.929 (all obtained from the DKFZ
tumor bank) were kept in culture in RPMI with 5% FCS and
glutamine, penicillin and streptomycin as additives.

Viruses and infections. The non-lytic, avirulent lentogenic NDV
Ulster 2C (named NDV Ulster in this study), was provided
originally by Dr P.H. Russel (Department of Microbiology and
Parasitology, Royal Veterinary College, University of London,
UK). Recombinant NDV expressing expressing the jellyfish
enhanced green fluorescent protein (EGFP), named NDFL-
EGFP, was generated from a cDNA clone of the lentogenic
NDV strain LaSota and was kindly provided by Dr B. Peeters
(Division of Infectious Diseases, Animal Sciences Group,
Wageningen UR, AB Lelystad, The Netherlands). Both NDV
viruses were propagated in embryonated chicken eggs, harvested
from the allantoic fluid, purified by ultracentrifugation and
characterized as described (21). Quantification was performed
by hemagglutination assay. The smallest virus concentration
leading to visible agglutination of sheep erythrocytes is defined
as 1 hemagglutination unit (HU) (21). For infection, cell suspen-
sions were washed twice with FCS-free medium and 1x10° cells
were incubated with 10 HU of NDV in a final volume of 100 p1
for 1 h at 37°C in a cell culture incubator. During the incubation,
cells were shaken every 15 min. The cells were then washed
twice and cultured further in 2 ml medium with 10% FCS in
12-well plates.

Antibodies and flow cytometry. The following antibodies were
used during this study: anti-HN (HN.B, mouse IgG2a, obtained
from Dr R.M. Iorio (USA), goat F(ab')2 anti-mouse IgM, IgG,
IgA (H+L) labeled with PE (Southern Biotech, Birmingham,
USA). Monoclonal anti-F4/80-PE antibodies were obtained
from Cedarlane Labs, Burlington, Ontario, Canada. Mouse
rIFN-04 was obtained from the culture medium of Chinese
hamster ovary (CHO) cells transfected with an expression
vector encoding mouse IFN-a4 cDNA which was provided
by Dr Rainer Zawatzky (DKFZ, Heidelberg, Germany). For
flow cytometry analysis, between 1x10° and 1x10° cells were
given in a FACS tube and centrifuged (250 g, 3 min, 4°C) and
incubated for 30 min on ice with the primary antibody in 50 ul.
The primary antibodies were diluted 1:100 in FACS buffer.
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The samples were then washed twice with 300 p1 FACS buffer
(250 g, 3 min, 4°C) before they were resuspended in 50 u1 with
the secondary fluorescently labeled antibody diluted 1:100
in FACS buffer. FACS buffer is 1X PBS with 5% (v/v) FCS
solution and 0.1% (w/v) sodium azide. The propidium iodide
solution (1 pg/ul) was made in PBS at a final concentration of
1 ng/ul. All FACS data were analyzed with the WinMDI 2.8
software (Joe Trotter, The Scripps Research Institute, CA,
USA).

RNA isolation, cDNA preparation and quantitative real-time
PCR (gPCR). Cells were washed in PBS and cell pellets were
either shock-frozen in liquid nitrogen for storage at -80°C or
immediately used for RNA isolation. Cell pellets were either
frozen at -80°C after removal of the medium or used imme-
diately for RNA preparation. Cells were disrupted using a
rotor-stator homogeniser. Total RNA was extracted using the
RNeasy mini kit (Qiagen, Hilden, Germany) according to the
manufacturer's instructions. Total RNA (500 ng) was then
reversely transcribed into cDNA using Oligo(dT)12-18 primers
and the SuperScript™ II Reverse Transcriptase (both
Invitrogen, Karlsruhe, Germany) according to the manufac-
turer's instructions. For each assay, 500 ng total RNA per
sample was reversely transcribed using oligo(dT)12-18 primers
and the generated cDNA was used in subsequent PCR reac-
tions. For the real-time PCR, primers which bound just once in
the genome when tested in a database search (BLAST, NCBI)
were designed. The primers were optimized to show a melting
curve with one peak only and to have approximately the same
amplification efficiency as the gene used for normalisation. The
master mix was prepared as recommended by the manufacturer
(Eurogentec, Seraing, Belgium) and the concentrations for the
primers and for MgCl, were adjusted. Quantitative PCR was
carried out using a GeneAmp® 5700 Sequence Detection
System (Applied Biosystems, Weiterstadt, Germany). After an
initial incubation of 25 ul reaction mix (Eurogentec, Seraing,
Belgium) for 10 min at 95°C, amplification was performed for
45 cycles consisting of a 15 sec at 95°C and a 1 min at 60°C.
The expression of the target genes was normalised with the
respective housekeeping gene after it had been ensured that the
amplification efficiency was the same. For the viral M gene,
the IFN-f3 and B-actin detection, a fluorescent oligonucleotide
probe system was used, while the other genes were detected
with SYBR green. The sequences of the primers and the probes
are listed (22).

Plasmids and transfection. Human RIG-I wild-type and human
RIG-I IKA-mutated (11) were kindly provided by Dr Takashi
Fujita, Tokyo Metropolitan Organization for Medical Research,
Tokyo, Japan. To transfect mammalian cells with plasmid DNA,
the cationic polymer transfection reagent jetPEI™ was used
according to the manufacturer's instructions (PolyPlus, www.
polyplustransfection.com, In vitro Transfection Protocol, Ref:
CPT 101, Version H). The transfections were carried out on a
12-well plates.

Statistical analyses. All analyses were done with the GraphPad
Prism 4.0 software (GraphPad Software, San Diego, CA, USA).
P-values were calculated with a two-sided Student's t-test.
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Results

Normal cells in contrast to tumor cells show a strong resistance
to replication of NDV. To analyze virus replication in normal and
tumor cells, primary murine spleen cells and murine mammary
adenocarcinoma DA3 cells were infected with the NDV strain
Ulster. RNA was extracted at different time points after infec-
tion and the amount of viral M gene transcripts was determined
by quantitative real-time PCR (qPCR). Spleen cells showed a
low level of expression of viral M RNA (Fig. 1). In contrast, DA3
cells showed a strong increase in M gene expression between 4
and 8 h after infection and reached the maximum at 24 h post-
infection (Fig. 1A). The maximum M gene expression in DA3
cells was ~5000 times higher than the one observed in spleen
cells. Spleen cells appeared highly resistant to NDV infection,
even when infected with high doses of NDV (data not shown). In
order to rule out an effect of cell type in the resistance to NDV
infection, we compared murine primary macrophages to two
murine macrophage derived tumor cell lines, J774 and RAW.
We used for this purpose a recombinant lentogenic NDV strain
NDFL-EGFP, into which a marker transgene coding for EGFP
has been inserted. Twenty-four hours after infection, the RAW
cells showed a high EGFP signal, the J774 cells a lower signal
while the normal macrophages expressed only a marginal signal
(Fig. 1B). Since the differences observed in the expression of the
M gene or of the EGFP protein, which were observed after NDV
infection, could be due to differences in the ability of the cells to
bind NDV, the cell binding capacity of NDV to normal cells and
tumor cells was analyzed. The virus bound to cell surfaces was
detected one hour after infection and washing by staining with a
HN-specific mAb and analysis by flow cytometry. The different
cells used in infection assays showed similar binding of viral
particles (data not shown). In order to further substantiate our
observations, a certain number of normal and tumor cell types
were infected with NDV Ulster and the M gene expression was
measured with gPCR one day after infection. Fig. 1C shows that
the M gene expression was higher in all tumor cells tested in
comparison to normal cells. The difference was, however, not
statistically significant because of the high variability of M gene
expression in the tumor cells. A group with relatively low M gene
expression comprised the CT26p [23 relative expression units
(REU)],J774A.1 (64 REU) and RAW 264.7 cells (3749 REU). A
medium expression of the M gene was observed by DA3 (20821
REU), CT26wt (21063 REU) and B16 cells (19973 REU), and
a high expression by the ESb cells (44529 REU). The M gene
level in normal cells was always lower than 31 REU. The results
demonstrate that normal cells are much more resistant to NDV
infection than tumor cells.

The resistance to NDV replication in normal cells appears to be
inversely related to RIG-1I gene expression. In order to elucidate
a possible reason for the stronger resistance of normal cells to
NDV infection in comparison to tumor cells, we tested several
normal and tumor cells for expression of RIG-I by quantitative
PCR (qPCR). Higher expression of RIG-I was observed in
normal versus tumor cells before (Fig. 2Aa, p=0.0109) and after
(Fig. 2Ab, p=0.0009) NDV infection. We then correlated the
RIG-I expression to the M gene expression. Fig. 2B shows a
correlation between the basal (a) and the inducible (b) RIG-I
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Figure 1. NDV replicates in tumor cells but not in normal cells. (A) NDV replication in murine spleen cells and DA3 tumor cells in vitro. Murine DA3 mammary
adenocarcinoma cells and primary spleen cells, which were freshly isolated from DBA/2 mice, were infected with 10 HU NDV Ulster per 10° cells as described
in Materials and methods. At 0, 4, 8, 24 and 48 h post-infection, total RNA was prepared and, after reverse transcription, the amount of viral M gene cDNA
was quantified by qPCR using the comparative CT method and B-actin for normalisation. At 0 h, no M gene could be detected (data not shown). The results
are represented as the mean of three measurements and bars indicate standard deviation. (B) EGFP expression after infection of macrophages, J774 and RAW
tumor cells with the virus NDFL-EGFP. Bone marrow-derived primary macrophages from BALB/c mice (a), J774 (b) and RAW (c) tumor cells were infected
with 10 HU per 10° cells of NDFL-EGFP. Twenty-four hours after infection, EGFP expression within the cells was determined by flow cytometry as described
in Materias and methods. (C) Viral M gene expression in tumor cells and primary cell types after NDV infection. Several primary cell types (spleen cells and
macrophages from BALB/c, C57BL/6 and DBA/2 mice) and tumor cell lines (CT26p, CT26wt, J774A.1, RAW 264.7, DA3, Esb and B16) were infected with
10 HU of NDV (either NDV Ulster or NDFL-EGFP) per 10° cells. Total RNA was extracted 24 h after infection. The expression level of the NDV M gene was
determined by qPCR with the comparative CT method using f3-actin for normalisation. P-value was calculated using an unpaired Student's t-test.

expression levels with the M gene expression when both para-
meters were plotted at a double logarithmic plot.

Impairment of the interferon signaling pathway allows NDV
replication in mouse embryonic fibroblasts. In order to study
the role of the interferon feedback-loop pathway in the resis-
tance to NDV infection, mouse embryonic fibroblast (MEF)
cells, either derived from wild-type (wt) or from a chain of the
type 1 interferon receptor (IFNAR) knock-out (KO) mice, were
used in infection experiments using different conditions. In
some assays, the cells were treated with anti-IFNo/f for 7 days

before NDV infection (group anti-IFNo/p) and a part of these
cells were also incubated with IFNa4 for 4 h just before NDV
infection. The first parameter that was tested was the EGFP or
M gene expression after infection with NDFL-EGFP or NDV
Ulster, respectively. Fig. 3A shows that the MEF wt cells had
a much lower EGFP expression (a) and M gene expression (b)
after NDV infection than the IFNAR1 KO counterpart cells.
The EGFP and M gene signals in the wt cells were not influ-
enced by anti-IFN-o/p antibody pretreatment. However, MEF
cells pretreated with IFN-a4 showed a marked reduction of
M gene expression. In the [IFNAR KO MEEF cells, no pretreat-
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Figure 2. Relationship between RIG-I expression and viral replication. (A) Comparison of the RIG-I expression in primary and tumor cells before (a) and after
(b) NDV infection. The RIG-I expression level was defined by qPCR in several primary and tumor cell types before and 24 h after infection with 10 HU NDV
Ulster or NDFL-EGFP. The gene expression was determined with the comparative CT method using the acidic ribosomal phosphoprotein PO for normalisation.
The basal (a) and induced (b) RIG-I expression of several primary cells (W, macrophages from BALB/c, C57BL/6 and DBA/2 mice, lung tissue, liver tissue) and
tumor cell types (a, CT26p, CT26wt, J774A.1, RAW 264.7, DA3, Esb and B16) is shown. P-value was calculated using an unpaired Student's t-test. (B) Inverse
correlation between levels of RIG-I and viral M transcripts. The basal (a) and NDV induced (b) RIG-I levels in primary and tumor cells are plotted against the
number of viral M transcripts which was determined 24 h after NDV infection. Bars indicate standard deviation. The correlation coefficient (R?) was calculated

with the mean of the expression values.

ment changed the EGFP or M gene signal (Fig. 3Ab). Upon
infection with NDFL-EGFP, the IFNAR KO cells (Fig. 3Aa
revealed two populations, one with a low and one with an ~100
times stronger signal (10 versus 1000 relative fluorescence
units). The low expressing cells appear similar to the wt cells.
The IFNR1 appears to be a crucial factor for NDV resistance of
the high expressing cells.

One explanation for the clear difference in resistance to
NDV infection between wt and IFNAR KO MEF cells could
be a difference in the expression of genes related to the antiviral
interferon response. Therefore, the expression of three genes
(RIG-I, IRF3 and IFN-), which are important for the estab-
lishment of an interferon response, was determined by qPCR
after NDV infection. Fig. 3B shows that the basal expression of
RIG-I, IRF-7 and IFN-f was moderately higher in the IFNAR
KO than in the wt MEF cells. IFN-04 pretreatment increased
the basal gene expression only in the wt cells and it reduced
the gene expression after NDV infection solely in these cells.
The increase in basal gene expression by IFN-04 pretreatment
was highest for IRF-7 (7-fold) and lower for RIG-I (3-fold) and
IFN-f (2-fold). After infection with NDV Ulster, the IFN-3
expression in the IFNAR KO cells was 10-15 times higher
and the RIG-I expression 3 times higher than in the wt cells.
The IRF-7 expression after infection was comparable in both
MEEF cell types. IFN-a4 pretreatment increased basal gene
expression and led to a reduced expression level after NDV
infection only in wt and not in IFNAR KO cells, in accord
with the assumption that IFN-04 signals exclusively through
the IFNAR. The stronger expression of IFN-f5 and RIG-I after
NDV infection of IFNAR KO cells could be explained by more

viral danger signals produced due to the better NDV replication
in these cells.

The interferon signaling pathway appears impaired in tumor
cells. Important factors for cellular resistance to virus infection
are their production and secretion of interferon and their respon-
siveness to external interferon. In order to study the effects
of type I interferon on virus replication, J774 and RAW cells
were infected with NDV and then incubated with or without
IFN-04. Their growth was then analyzed by counting the cell
numbers in both conditions. Fig. 4A shows a reduction of cell
growth in the presence of IFN. The samples were also taken at
different time-points after NDV infection for RNA extraction
and analyzed for M gene expression by qPCR. Fig. 4B shows
distinct differences in M gene expression for the three cell types.
For the macrophages, the M gene level remained low while
for the other two cell types the M gene level increased with
similar kinetics to reach a plateau at 12 h after infection. When
the peak of M gene expression of the macrophages (11 REU)
was compared to the highest expression of the two tumor cell
lines, we could estimate the increase in susceptibility to NDV
infection by the tumor cells. The J774 cells were 20-50 times
more susceptible than the macrophages and the RAW cells
300-400 times more. It was also of interest to compare infec-
tion kinetics of a lentogenic strain such as Ulster with a more
virulent strain such as NDV Italian which is velogenic. Overall,
the M gene expression was 2-5 times higher when the three cell
types were infected with NDV Italien compared to NDV Ulster
(data not shown). But the ranking order of the cell types with
regard to sensitivity to infection by NDV remained the same
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Figure 3. Importance of type I interferon receptor for cellular resistance to NDV infection. (A) Replication of NDV in IFNAR1” MEF cells in comparison to
their wt counterparts. Wt and IFNAR”" mouse embryonic fibroblasts were grown for 7 days either in normal growth medium (m, control group) or in medium
supplemented with 1900 U/ml anti-IFN-3 antibody (m, anti-IFN-f group and m, IFN-a4 group). The IFN-a4 group) (m) was additionally grown in medium
supplemented with 120 TU/ml IFN-a4 during the last 4 h before infection. Afterwards the cells were infected with 10 HU NDFL-EGFP per 10° cells. (a)
The EGFP expression was determined by flow cytometry 20 h later. (b) Twenty hours after infection total RNA was extracted and the expression level of the
viral M transcripts was determined by qPCR with the comparative CT method using B-actin for normalisation. The results are presented as the mean of three
measurements. The percentage of M gene expression blocking in comparison to the control is indicated. Bars indicate standard deviation within triplicates.
(B) Interferon-related gene expression in wt or IFNAR” MEF cells after infection with NDV. From the extracted RNA in (A), the expression level of the RIG-I
(a), the IRF-7 (b) and the IFN-f (c) gene was determined by qPCR with the comparative CT method using the acidic ribosomal phosphoprotein PO for normalisa-
tion. The results of the different conditions, which were tested, are presented as the mean of three measurements. Bars indicate standard deviation.

(data not shown), the primary macrophages being resistant to
NDV infection (Fig. 1B). Fig. 4B shows that in J774 tumor cells,
IFN-04 pre-treatment totally abolished M gene expression at
any time-point. The M gene expression in the RAW cells was
only partially suppressed by pre-treatment with IFN-04. Eight
to twenty hours after infection, the rate of M gene increase was
similar for the pre-treated and for the control RAW cells. Thus,
the interferon signaling pathway appeared to be impaired in the
highly susceptible tumor line RAW in comparison to the low
susceptible line J744.

Addition of exogenous IFNa4 can not restore RIG-I deficiency
in tumor cells. We next analyzed the influence of IFN-a4 on

the interferon-related gene expression. The expression of RIG-I,
IRF-3, IRF-7 and IFN-f3 was analysed with and without IFN-04
pretreatment before and after NDV infection with real-time
RT-PCR. Fig. 4Ca shows that the IFN-a4 pretreatment induced
RIG-I expression in all three cell types. The induction was
~5-fold in macrophages, 2-fold in J774 cells and 3-fold in RAW
cells. In all three cell types, NDV Ulster infection induced a
stronger RIG-I expression than the pretreatment with IFN-a4.
When pretreated with IFN-a4, macrophages displayed a higher
RIG-I expression level after NDV infection than the two tumor
cell lines. In addition the pretreated macrophages had a basal
RIG-I expression level that was higher than that in the tumor
cells after NDV infection. The induction of RIG-I was strongest
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Figure 4. Influence of exogenous IFN-04 on tumor growth, virus replication and RIG-I expression. (A) Effect of NDV and exogenously added IFN-a4 on tumor
cell growth. Primary macrophages (7.5x10°) (a), J774 (b) and RAW (c) cells were infected with 10 HU NDV Ulster per 10° cells, seeded in 6-well plates and treated
(O) or not (m) with exogenously added IFN-a4 (at a final concentration of 120 IU/ml). Subsequently at each time-point up to 4 days the number of living cells
in one well was counted with a hemocytometer and an optical microscope. In order to stain dead cells trypan blue was used. (B) Effect of IFN-04 pretreatment
on NDV replication. Primary macrophages (a), J774 (b) and RAW tumor cells (c) (3x10° cells per well in 6-well plates) were grown in normal growth medium
(m, control group) or in medium supplemented with IFN-04 in a final concentration of 120 IU/ml (O, IFN-a4 group) 1 day before infection with NDV Ulster. For
the infection 10 HU per 10° cells, NDV Ulster was used and total RNA was extracted at 0,4, 8 and 20 h after infection. After a reverse transcription the expression
level of the NDV M gene was determined by qPCR with the comparative CT method using f-actin for normalisation. (C) Influence of IFN-04 pretreatment on
RIG-I (a), IRF-3 (b) and IRF-7 (c) expression in macrophages, J774 and RAW tumor cells after NDV infection. The level of RIG-I (a), IRF-3 (b) and IRF-7 (c)
expression in macrophages, J774 and RAW tumor cells after NDV infection was determined by qPCR at 20 h post infection with the comparative CT method
using the acidic ribosomal phosphoprotein PO for normalisation. The results are presented as the mean of three measurements. Bars indicate standard deviation.

in macrophages, lower in J774 cells and lowest in RAW cells.
A difference between the macrophages and the two tumor cell
lines with regard to IFN-04 responsiveness was that, after NDV
infection, the RIG-I expression level was higher in pretreated

reduced by IFN-a4 in all three cell types. The strongest effect
was seen in macrophages (~30-fold). In J774 cells, the effect was
~8-fold and lowest in RAW cells (~4-fold).

macrophages than in pretreated tumor cells. Fig. 4Cb shows that
the IRF-3 response to NDV was not affected by IFN-a4. The
IRF-3 expression level was almost the same in the pretreated
and in the control cells. NDV Ulster infection only stimulated
IRF-3 expression in macrophages and not in the two tumor
cell lines. Fig. 4Cc shows that the IRF-7 response to NDV was

Transfection of RIG-I in tumor cells leads to reduced NDV
replication. In order to investigate the functional significance
of RIG-I during NDV infection, an expression plasmid coding
for the human RIG-I was transfected into L929 fibroblasts.
For control, the cells were transfected with the plasmid RIG-I
IKA coding for the RIG-I protein with a mutation making it
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Figure 5. Increasing RIG-I expression via plasmid transfection leads to reduction
of NDV replication. L929 murine fibroblast cells were transfected with expression
plasmids coding for the wild-type human RIG-I (pRIG-I wt) or for a mutated,
non-functional RIG-I IKA (pRIG-I IKA). jetPEI™ was used as transfection
reagent as described in Materials and methods. Twenty-four hours later, the
cells were infected with NDFL-EGFP. (a) Total RNA was extracted 24 h after
infection and the expression level of the NDV M gene was determined by gPCR
with the comparative CT method using $-actin for normalisation. The results are
presented as the mean of three measurements. Bars indicate standard deviation.
(b) Twenty-four hours after NDFL-EGFP infection, the EGFP expression was
determined by flow cytometry and the % of EGFP positive cells was calculated
for each condition.

non-functional. Twenty-four hours after transfection, the cells
were infected with NDFL-EGFP. One day later, the quantity of
viral M transcripts was determined by qPCR. In parallel, the
cells were analyzed by flow cytometry for EGFP fluorescence.
A clear difference in the expression of NDV genes between
the L929 cells transfected with the 2 different RIG-I plasmids
was observed (Fig. 5). M gene expression was clearly lower
in RIG-I than in RIG-I IKA transfected cells [222 and 16679
REU, respectively (Fig. 5a)]. The cells transfected with RIG-I
showed a lower EGFP expression (28%) than the RIG-I IKA
transfected cells (62%) (Fig. 5b). We conclude that functional
RIG-I molecules can increase resistance of tumor cells to
NDV infection.

Discussion

The aim of this study was to examine a possible relation between
the resistance of cells to infection by NDV and the cellular
expression of receptor molecules for recognition of: i) viral
RNA (e.g., RIG-I); and ii) external type I IFN (e.g., IFNR1). We
observed with a panel of cells that normal cells, in contrast to
tumor cells, show resistance to NDV infection, thus corrobo-
rating previous findings (23-25). This resistance of normal cells
was associated with a higher basal expression level of RIG-I. It
was also observed that, upon NDV infection, normal cells reacted
with the induction of a higher number of RIG-I transcripts than
tumor cells. Furthermore, deletion of the receptor IFNRI1 in
MEF cells was demonstrated to brake resistance to NDV infec-

tion, highlighting the importance of the interferon loop pathway
for the control of viral replication. Addition of IFN-a4 to tumor
cells, which were not resistant to NDV infection, induced a
partial protection against viral replication. Similarly, increasing
RIG-I expression in tumor cells via transfection was shown to
lead to reduction of viral replication. These observations offer
a scientific explanation for the high safety profile and low side
effects of NDV in its use in human clinical trials.

RIG-I appears as a crucial molecule to start an antiviral
response after virus infection. In this study, it was observed
that the basal and inducible expression level of this gene can
be correlated with cellular resistance to infection by NDV.
Such correlation was corroborated by the fact that J774 tumor
cells with an intermediate NDV resistance also showed inter-
mediate levels of basal and inducible RIG-I helicase expression.
All findings of this study show that RIG-I can affect cell
resistance to NDV infection. They offer an explanation for the
difference between normal and tumor cells with regard to NDV
replication and also for the lack of toxicity of NDV in vivo.
High RIG-I expression of normal cells might explain the high
safety level of this virus in humans. The cytosolic receptor
RIG-I enables recognition of foreign viral RNA and initiates a
cellular anti-viral response that prevents virus replication. This
is true at least for the response to infection by avian paramyxo-
viruses such as NDV. Part of the anti-viral response involves
type I interferons which are induced and which establish an
antiviral state in virally-infected and also in uninfected cells
which express receptors for type I IFN (e.g., IFNR1). Contact
of humans with NDV leads only to asymptomatic or very mild
pathology such as conjunctivitis. It has to be noted that NDV is
an avian virus which had no chance to develop in humans any
immune evasion strategy. This aspect is very important for the
safety issues associated with the clinical use of a virus. Other
reasons why NDV shows a high safety profile are for example
the fact that the RNA genome of NDV does not undergo
recombination with DNA of host cells or of other viruses.

Many tumor cells have been reported to have acquired
defects in the interferon response that might give them a growth
and survival advantage (26-31). The tumor selectivity of NDV
has been related to a limited interferon response in human fibro-
sarcoma cells (32) or in human MCF-7, BT-20 and Jurkat tumor
cells (33). NDV shows a preference for replicating in and killing
a variety of tumor cells but not normal cells (34). In contrast to
genetically modified OVs such as adenovirus or herpes simplex
virus, the tumor selectivity of NDV is inherent which makes it
an attractive candidate for virotherapy (23-25). NDV has been
reported to replicate up to 10,000 times better in cancer cells
than in most normal cells (21,29,34-36). The analysis of about a
dozen normal and tumor cells revealed an apparent correlation
between the expression of RIG-I and cellular resistance to NDV
infection (Fig. 2). A correlation between two variables is not
necessarily a proof of a causal relation, but, because the anti-
viral effects of RIG-I are known, a function correlation appears
to exist. It can thus be concluded that defects in the basal or
inducible expression of RIG-I make cells less resistant to NDV
infection. This should be the case not only for tumor cells but
also for embryonic stem cells which were shown to have only a
weak response to cytoplasmic viral dsSRNA (37).

Recently, negative regulators of RIG-I signaling have been
identified, including the zinc finger protein A20 (38) and NLR
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Figure 6. Scheme of the role of RIG-I for: i) resistance of normal cells to NDV replication; ii) susceptibility of tumor cells to NDV replication; and iii) immuno-

genicity of tumor cells (see Discussion for more details).

family member X1 [NLRX1 (39)]. However, the relevance of
these negative regulators for physiological functions is not
clear. They may play a role in the blocking of RIG-I signaling
during oncogenesis and in tumor cells. Negative regulation of
RIG-I signaling was reported by caspase 8-mediated cleavage
of the RIP-1 protein (40) and also by proteasomal degradation
which is facilitated by the overexpression of caspase-8. Very
interestingly, Su et al (41) demonstrated that RIG-I expression
is downregulated in cancer cells when compared to normal
cells. Its expression was primarily regulated by IRF-1. They
observed also a positive correlation between expression of
IRF-1 and RIG-I. In addition to its antiviral effects, IRF-1 has
been shown previously to have tumor suppressor properties (42).
In this context, we hypothesize that RIG-I may also function
as a tumor suppressor. Its overexpression, which is induced in
the host by NDV inoculation, may be a very powerful strategy
for tumor cell treatment. Oncogenes could also interfere with
RIG-I signaling. A recent study showed that oncogenic Ras
promotes reovirus spread by suppressing IFN-f§ production
through negative regulation of RIG-I signals (43).

When different strains of NDV were used for the infection of
normal and tumor cells, different levels of viral gene expression
could be observed. Infection of macrophages with the velogenic

NDV strain Italien and to a lesser degree also with the meso-
genic strain NDFLtag-EGFP generated a higher level of viral
gene expression than the infection with the lentogenic strains
Ulster and NDFL-EGFP (data not shown). As might have been
expected, it seems that the more virulent an NDV strain is in
birds, the better it can also replicate in mammalian cells. One
explanation could be an increased ability of velogenic strains
to limit the induction of antiviral responses. Interestingly, NDV
Ulster induced stronger RIG-I gene expression than NDV
Italien (data not shown). The proposed hypothesis is substanti-
ated by the fact that, in macrophages, the induction of antiviral
gene expression was generally lower for NDV Italien than for
NDV Ulster (data not shown). The importance of RIG-I for
virus recognition was shown to depend on the type of virus.
For NDV, RIG-I has been reported to be more important than
MDAS (14). This might be due to the fact that most paramyxo-
viruses target MDAS, but not RIG-I with their V proteins (44).
The functional significance of RIG-I in NDV infection was
confirmed in transfection experiments with plasmids encoding
functional or mutated non-functional RIG-I (Fig. 5).

The cell cycle status might also be important for giving
more or less optimal conditions for viral replication. Low prolif-
eration rates of normal cells contribute to their resistance to
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infection by NDV. In highly replicating tumor cells, the cellular
machinery that is necessary for the replication of the cell may
also serve virus replication. The murin embryonic fibroblasts
MEF were susceptible to NDV infection although they are
non-malignant cells. MEF cells are similar to an immortalised
cell line that grows permanently in culture in contrast to, for
instance, macrophages. MEF cells provide a better environment
for NDV replication since much of the cellular machinery that
is required for cell proliferation also allows for optimal virus
replication. Another factor for susceptibility of MEF cells was
apparently the downregulation of important interferon-related
genes such as RIG-I, IRF-7 or IFN-f. The expression of these
molecules might have decreased because cells with a low
expression of interferon-related proteins are less sensitive to
anti-growth effects of IFN and have therefore a higher prolif-
eration rate in in vitro cell culture. Nevertheless, when IFNAR
KO MEEF cells were compared with the wt cells, there was a
strong increase in NDV replication and a complete abrogation
of the responsiveness to IFN-a4. Interestingly, the knock-out of
the receptor IFNAR had almost no influence on the expression
of the three interferon-related genes RIG-I, IRF-7 and IFN-f3
(Fig. 3Bc), possibly because these genes were already expressed
at a relatively low level in the wt MEF cells. In mice lacking a
functional IFNR1, tumor development and ensuing mortality
were enhanced, indicating that endogenous IFN-o/p production
is a mediator of natural immunity against tumor development
(45). The IFNRI1 was found to be expressed on epithelial tumors
but was missing in lymphomas, sarcomas and endocrine tumors
(46), suggesting an involvement of this receptor in tumorigenesis
of the latter cancer types. In addition, the transfection of tumor
cells with a type I IFN receptor chain increased the rate of apop-
tosis and sensitivity to the antiproliferative effects of IFNs (31).
In melanoma cells, defects in the IFNR1 JAK-STAT pathway
led to cancer progression through loss of growth-restraining
functions of IFN (26). The EGFP signal in the IFNAR1 KO
MEEF cells pointed to two populations with markedly different
susceptibility to NDV infection, possibly representing two
different stages in the cell cycle. According to this hypothesis, the
highly NDV susceptible cells were proliferating and provided
the virus with a high amount of the necessary cellular compo-
nents for replication. The cells, which were more resistant to
NDV infection, could be non-proliferating and would therefore
be less suitable for NDV replication. The M gene expression
kinetics revealed that the main increase in expression took place
between 8-20 h after infection (Fig. 1A).

In this context, the role of mitochondria as a potential central
platform of innate immune response is becoming appreciated.
Recent data from the literature (47) indicate that mitochondria
play a key role at the crossroad of bioenergetic metabolism, cell
death signaling and induction of an innate immune response.
The MAVS protein has been described as an adapter polypeptide
which is present at the mitochondrial surface. After binding to
the activated intracellular RIG-I receptor, MAVS activates IRFs
and NF-kB, thereby driving the production of type I interferon
and proinflammatory cytokines, respectively (48). Danger signals
(PAMPs, DAMPs) appear to be integrated by the mitochondria
for the orchestration of the innate immune response and could
be controlled by regulatory mechanisms such as mitophagy
(49). The hypothesis suggesting that mitochondrial damages
(such as inhibition of mitophagy, accumulation of damaged
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mitochondria) accumulate during oncogenesis is appealing in
this regard. Increasing evidence suggests that RIG-I is more
than a virus sensor and has a role in a series of biological events
such as inflammation, proliferation and apoptosis (50). Aberrant
immune signaling by RLR has been implied in the development
of autoimmune diseases (51). A recent study (52) shows that
mimicking viral infection in ovarian cancer cells by targeting
RIG-I in these cells (12,53) can be used to enhance anti-tumor
activities. Monocytes and monocyte-derived dendritic cells that
engulfed such modified and apoptotic cancer cells matured and
secreted proinflammatory chemokines as well as type I IFN.
Whereas most forms of apoptosis are considered ‘immuno-
logically silent” and tolerogenic (54), cell death initiated by
RIG-I agonists was highly immune stimulatory with apoptotic
tumor cells not only secreting proinflammatory cytokines and
chemokines but also inducing functional maturation and type I
IFN secretion of APCs and upregulation of HLA class I at the
surface of the targeted cells. This could shift the balance away
from tumor-induced immune suppression toward enhance-
ment of cytotoxic antitumor immune responses. Especially,
the destruction of the bulk tumor mass by an oncolytic NDV
virus might open a window for optimal post-oncolytic antitumor
effects. In particular, type I IFN which is produced upon NDV
replication can activate NK cells, enhance dendritic cell medi-
ated cross-priming and antigen-specific CD8" T cell responses
leading to increased anti-tumor immunity.

From the data of this study, we conclude that NDV is a very
suitable oncolytic agent for cancer treatment. It possesses a
good balance of potencies that renders it harmless to normal
cells (with the induction of a strong innate antiviral response)
whereas harboring strong lytic activities in tumor cells (asso-
ciated with induction of strong adaptive anti-tumor immune
response activities). Recent data show that RIG-I activation
through NDV leads to suppression of the inhibitory activities
of Tregs (55). These two properties appear linked to the same
key molecule which is RIG-1. Tumor cell killing and immuno-
stimulation through the oncolytic properties of NDV may then
synergize for optimal anticancer therapy. This can be used in
a multimodal approach together with standard therapies to
achieve additional or even synergistic effects.
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