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Abstract

Newcastle Disease Virus (NDV) is an avian RNA virus, which was shown to be effective and

safe for use in oncolytic viral therapy for several tumour malignancies. The presence of a

multi basic cleavage site (MBCS) in the fusion protein improved its oncolytic efficacy in vitro

and in vivo. However, NDV with a MBCS can be virulent in poultry. We aimed to develop an

NDV with a MBCS but with reduced virulence for poultry while remaining effective in killing

human tumour cells. To this end, the open reading frame of the V protein, an avian specific

type I interferon antagonist, was disrupted by introducing multiple mutations. NDV with a

mutated V gene was attenuated in avian cells and chicken and duck eggs. Although this

virus still killed tumour cells, the efficacy was reduced compared to the virulent NDV. Intro-

duction of various mutations in the fusion (F) and hemagglutinin-neuraminidase (HN) genes

slightly improved this efficacy. Taken together, these data demonstrated that NDV with a

MBCS but with abrogation of the V protein ORF and mutations in the F and HN genes can

be safe for evaluation in oncolytic viral therapy.

Introduction

In the last few decades, the use of oncolytic viruses (OVs) as therapy in cancer patients has

shown to be a promising treatment strategy with encouraging results for a variety of tumours.

OVs selectively infect and damage tumours either by directly killing the cells or by promoting

an anti-tumour immune response towards them. Several oncolytic viruses have been tested in

clinical trials with promising results, including Newcastle Disease Virus (NDV) [1–4]. NDV is

a replication competent oncolytic virus belonging to the family Paramyxoviridae with an avian

host range under normal conditions. Several studies have shown that OV therapy using NDV

resulted in promising responses in several cancer types both in vitro and in vivo and was even

capable of inhibiting metastases and inducing prolonged protection to tumour reoccurrence

[5–7]. The direct oncolytic effect was a result of cell lysis due to viral replication, of which the
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efficacy is dependent on the NDV strain used [7, 8]. Similar to other OVs, a part of the thera-

peutic effect of oncolytic NDV is based on the induction of immune responses against the

virus and the cancer cells. The secretion of pro-inflammatory cytokines, such as type I inter-

feron (IFN), leads to counter-acting immune suppressive cells and hence enhances the anti-

tumour response resulting in an indirect oncolysis [9].

NDV strains are categorized in three groups based on disease severity in chickens: non-viru-

lent (lentogenic), intermediately virulent (mesogenic) and highly virulent (velogenic). An intra-

cerebral pathogenicity index (ICPI) in chickens is determined as a marker for virulence [10,

11]. The cleavage site in the fusion (F) protein of NDV was shown to be a major determinant of

these differences in virulence [12, 13]. Previously, we have shown that a lentogenic LaSota strain

in which a multi-basic amino acid sequence at the cleavage site of the F protein was engineered

(NDV F3aa), making this a mesogenic virus, had significant higher efficiency in killing tumour

cells in vitro and in murine tumour models compared to the lentogenic strain NDV F0 [8]. Our

study in non-human primates showed that NDV F3aa did not result in high pathogenicity, sug-

gesting it is safe to use as oncolytic therapeutic in humans [14]. However, mesogenic and velo-

genic strains can cause outbreaks of severe disease in poultry and are defined as select agents in

the USA [15]. Therefore, NDV F3aa has not been applied in clinical trials yet [3].

Several studies aimed to lower the virulence of mesogenic NDV-73T strain, while keeping

the oncolytic efficacy of the virus, either by changing the cleavage site to that of a non-virulent

virus, or by insertion of 198 nt at the HN-L junction [16]. Alternatively, NDV-73T was armed

with immune modulatory protein genes such as granulocyte–macrophage colony-stimulating

factor (GM-CSF), to increase the oncolytic effect of the virus [17].

We aimed to generate a mutant NDV F3aa with reduced replication capacity in avian cells

and eggs, while maintaining killing potential in human tumour cells. Park and colleagues

showed that the V protein of NDV is a determinant of host range restriction, as the V protein

efficiently prevents innate host defences, such the type I IFN response as well as apoptosis, in

avian cells and not human cells [18]. Multiple studies have confirmed that mutations in the

open reading frame (ORF) of the V protein led to increased susceptibility to IFN responses and

reduced virulence in embryonated chicken eggs [19, 20]. Nevertheless, the effect of abrogating

the V protein ORF in the viral genome on virus induced tumour cell killing and environmental

safety is not known yet. In this study, we generated NDV F3aa mutants in which expression of

the V protein was abolished by introducing mutations in the stutter site and throughout the V

protein ORF (NDV F3aa-STOPV). The mutations introduced in the V protein ORF affected all

of the third positions of the codons of the essential Phosphoprotein (P) gene which did not

result in any amino acid substitutions in the P protein but resulted in 15 stop codons in the V

protein ORF. We investigated the effect of these modifications on avian-specific virulence. To

improve the replication efficiency and oncolytic efficacy of these NDV F3aa mutants, addi-

tional mutations were introduced in the MBCS (F-117-S) and the intracellular domain (ICD)

of the F protein (Y-524-A), which were suggested to improve F protein expression [21, 22]. In

addition, the translation initiation site (TIS) of the F and HN genes was mutated to an opti-

mized mammalian Kozak consensus sequence, aimed to obtain improvement of protein

expression and hence viral replication [23]. These mutant viruses were evaluated for replication

efficiency and cell-killing potential in human pancreatic adenocarcinoma cells (HPACs).

Results

Generation of NDV F3aa lacking V protein expression

The ORFs of the V and W proteins overlap with the ORF of the essential phospho (P) protein.

The V protein ORF is only transcribed after a frameshift occurs as the result of stuttering by
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the viral polymerase protein [24]. To produce viruses that lack V protein expression, the stutter

site was mutated at one or two nucleotide positions. In addition, every third nucleotide of the

P protein codons was mutated, but only if this mutation did not result in a change of amino

acid sequence of the P protein. In total 95 mutations were introduced, which resulted in the

introduction of 15 stop codons in the V protein ORF, yielding the viruses NDV F3aa-STOPV1

and NDV F3aa-STOPV2, respectively (Fig 1A and 1B). The amino acid sequence of the P pro-

tein remained unchanged, because the mutations introduced into the ORF of the V protein

only affected the third positions of the codons of the P protein gene. However, the modifica-

tions of the V protein ORF resulted in 40 amino acid substitutions in the W protein ORF

including the deletion of the stop codon. Recombinant viruses were rescued in BSRT-7 cells

and propagated further in Vero cells. The V protein gene of recombinant virus stocks from

passage 2 were sequenced, which revealed that the viruses maintained the intended V protein

sequence as indicated in Fig 1B.

Replication kinetics of NDV F3aa lacking V protein expression in vitro
To assess possible attenuation of the mutant viruses, replication kinetics of the STOPV viruses

were evaluated in two different avian cell lines and in human adenocarcinoma cells known as

a IFN responsive type II pulmonary epithelial cell (A549 cells). In chicken fibroblasts (DF-1

cells), the NDV F3aa-STOPV viruses were slightly attenuated (Fig 1C), while no replication was

observed in quail fibroblasts (QT6 cells) (Fig 1D). Compared to the F3aa virus, the F3aa-STOPV

viruses were severely attenuated in A549 cells (Fig 1E). Thus, the abolishment of V protein

expression from NDV F3aa resulted in substantially attenuated virus replication in avian and

human cells.

Increased interferon sensitivity of NDV F3aa lacking V protein expression

To evaluate the IFN sensitivity of the F3aa-STOPV viruses in vitro, chicken fibroblasts were pre-

treated with chicken IFN-β before virus inoculation. In these IFN-β pretreated cells, NDV

F3aa replication was not affected (Fig 2A). In contrast, replication of both NDV F3aa-STOPV

viruses was reduced in IFN treated cells compared to untreated cells, of which the replication

of NDV F3aa-STOPV2 was significantly attenuated. These data indicate that abrogation of V

protein expression increased the sensitivity of the viruses to IFN.

To examine whether the loss of V protein expression also led to increased IFN responses,

IFN-β mRNA expression levels upon inoculation of chicken DF-1 cells and human A549 cells

were determined. Inoculation of DF-1 cells with NDV-F3aa did not result in elevated IFN-β
mRNA levels, whereas inoculation with both NDV F3aa-STOPV viruses resulted in increased

IFN-β mRNA expression levels compared to mock inoculation (Fig 2B). Inoculation of DF-1

cells with NDV F3aa-STOPV2 resulted in lower IFN IFN-β mRNA expression levels than inocu-

lation with NDV F3aa-STOPV1, which is probably due to the higher levels of attenuation of

NDV F3aa-STOPV2 in cells pretreated or producing INF, as shown in Fig 2A. These results

confirm that the V protein acts as species specific IFN antagonist in avian cells [18]. In human

A549 cells, all viruses induced increased IFN-β mRNA levels but differences were not observed

between the viruses with and without an intact V ORF (Fig 2C).

To confirm that the NDV F3aa-STOPV viruses were also attenuated in eggs due to increased

IFN sensitivity, virus replication was assessed in embryonated chicken and duck eggs of differ-

ent ages. Embryonated chicken eggs older than 10 days and duck eggs older than 13 days were

described to produce IFN, in contrast to younger eggs [25]. Inoculation of chicken and duck

eggs of all ages with NDV F3aa resulted in higher virus titers than inoculation with NDV F0 or

F3aa-STOPV viruses (Fig 2D and 2E). In 6-day old chicken eggs, which have been reported to
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lack IFN production, higher virus titers of NDV F3aa-STOPV mutants were obtained than in

older eggs. Upon inoculation of 14-day old chicken eggs which have been reported to produce

IFN with NDV F3aa-STOPV2, no virus titers were obtained at all, underpinning the higher

degree of attenuation of NDV F3aa-STOPV2 compared to that of NDV F3aa-STOPV1. Surpris-

ingly, inoculation with NDV F0 led to higher titers in older eggs than in younger eggs.

Fig 1. Characterization of NDV F3aa-STOPV viruses in vitro. (A) Schematic representation of the sequence of the stutter site of NDV F3aa and the

NDV F3aa-STOPV mutants. (B) Amino acid sequence of V protein ORFs of NDV F3aa and F3aa-STOPV. (C-E) Cells were inoculated in triplo in (C) DF-1

at an MOI of 0.005 and at an MOI of 0.05 in (D) QT6 and (E) A549 cells. Supernatant samples were collected at the indicated time points and titrated in

Vero cells (N = 2). Means and standard deviations of triplicates of representative experiments are plotted. The area under the curve (AUC) was used for

statistical analysis. � = p<0.05, �� = p<0.01, ��� = p<0.001 (one-way ANOVA + paired t-test).

https://doi.org/10.1371/journal.pone.0263707.g001
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Fig 2. Characterization of NDV F3aa-STOPV viruses in ovo. (A) DF-1 cells were mock-treated (solid line) or pretreated with 0.4 μg/ml chicken

IFN-β for 24 hrs (dotted line) and inoculated in triplo at an MOI of 0.005. Samples were taken at the indicated time points and titrated. The

experiment was conducted two times. Means and standard deviations of triplicates of a representative experiment are plotted. The AUC was used for

statistical analysis. � = p<0.05, �� = p<0.01, ��� = p<0.001 (one-way ANOVA + paired t-test). (B) DF-1 or (C) A549 cells were inoculated with

mock or at an MOI of 0.05 and harvested after 24h. The percentage of infected cells was determined by flow cytometry. Results are represented as

fold change of IFN mRNA transcription in virus-infected cells versus mock. (D) Chicken and (E) duck eggs of different ages were inoculated and the
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Inoculation of duck eggs with NDV F3aa-STOPV mutants resulted in similar virus titers in both

young and older eggs, although inoculation of younger eggs with NDV F3aa-STOPV2, resulted

in slightly higher titers than inoculation of older eggs. These data indicate that abolishment of

V protein expression in NDV F3aa-STOPV resulted in an attenuated replication in both chicken

and duck eggs, which in chicken eggs seems to be in part related to the age of the eggs, proba-

bly as a consequence of increased IFN sensitivity of the viruses.

Effect of NDV F3aa lacking V protein expression on tumour cell killing

The virus induced killing of tumour cells was assessed by determining the cell viability upon

inoculation of ten HPAC cell lines. In general, inoculation of HPACs with NDV F3aa resulted

in more cell death than inoculation with the other viruses (Fig 3A) and inoculation with NDV

F3aa-STOPV viruses induced a similar level of cell killing as inoculation with NDV F0 in most

HPACS, but not in Su.86.86 and CFPAC. The virus induced cell killing did not always corre-

spond with the peak virus titers obtained at 48 hours after inoculation (Fig 3B). For instance,

upon inoculation of CFPAC cells, NDV F3aa-STOPV induced less cell killing than NDV F0,

while peak virus titers were similar for these viruses. Similarly, although similar virus titers

were obtained upon inoculation of CPFAC and HPAFII cells with F3aa-STOPV, more cell kill-

ing was observed in CFPAC than in HPAFII cells. In two HPACS that were selected because

they were most sensitive and least sensitive to NDV (Fig 3A), Su.86.86 and AsPC-1 respec-

tively, replication of F3aa-STOPV viruses was clearly attenuated compared to NDV F3aa (Fig

3C and 3D). Although the replication of NDV F3aa-STOPV viruses was attenuated compared to

NDV F3aa, the observed killing of tumour cells, being similar to that induced by NDV F0 in

most cell lines, indicate that the viruses still have oncolytic potential.

Genomic stability of NDV F3aa-STOPV viruses

During passaging of the recombinant viruses in mammalian and chicken cells seven times, all

mutations introduced in both the stutter site and the open reading of the V protein were

found to be genetically stable. However, in all virus stocks passaged in Vero cells, a phenylala-

nine to serine substitution occurred at position 117 in the F protein (F-117-S), located at the

cleavage site of the protein. This substitution was not observed in any of the viruses passaged

in chicken DF-1 cells.

To evaluate the effect of the F-117-S substitution on virus production and cell death in

HPACs, the substitution was introduced in the backbone of the NDV F3aa and NDV

F3aa-STOPV2 viruses, resulting in the viruses NDV F3aa-S and NDV F3aa-S-STOPV2 (Fig 4A).

Given that NDV F3aa-STOPV1 and NDV F3aa-STOPV2 induced similar responses in HPACs

and embryonated eggs (Figs 1–3), we continued only with the virus with 2 mutations in the

stutter-site as this virus has a smaller hypothetical chance of reversion. The F-117-S substitu-

tion did not result in substantial differences in virus induced cell killing for the NDV F3aa-S

and NDV F3aa-S-STOPV2 viruses upon inoculation of four different HPACs (Fig 4B). How-

ever, increased cytotoxicity was observed upon inoculation of Vero cells with viruses with F-

117-S for both NDV F3aa-S as NDV F3aa-S-STOPV2 (Fig 4C). In addition, slightly higher repli-

cation kinetics in Vero cells were observed for the NDV F3aa-S virus than for NDV F3aa virus

and a larger increase in replication was seen for NDV F3aa-S-STOPV2 as compared to NDV

F3aa-STOPV2 (Fig 4D). The improved replication of NDV F3aa-S-STOPV in Vero cells could be

allantoic fluid was harvested after 48 hours. The amount of infectious virus particles was determined by titration, with a maximal cut off of 8.3E8

TCID50/ml. � = p<0.05, �� = p<0.01, ��� = p<0.001 (one-way ANOVA + Dunn’s multiple comparison test). ND: not detected.

https://doi.org/10.1371/journal.pone.0263707.g002
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Fig 3. Cell death of human cancer cell lines upon inoculation with NDV F3aa-STOPV viruses. (A) Indicated HPACs

were inoculated at an MOI of 10 in triplo with the indicated viruses. Cell viability was determined by an LDH

cytotoxicity assay 120 hours after inoculation. Results are represented as percentage viable cells compared to mock,

which were considered as 100% viable. Experiments were conducted two times. Means and standard deviations of

triplicates of representative experiments are plotted. (B) Indicated HPACs were inoculated in duplo at an MOI of 0.1.

After 48 hours, supernatant samples were collected and titrated in Vero cells. The experiment was conducted two
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beneficial for obtaining high virus titers during the production of oncolytic viruses for cancer

therapy.

To investigate whether the improved replication in Vero cells was due to improved fusion

activity as a consequence of the substitution in the F protein cleavage site, fusion assays were

performed. In these assays, cells were inoculated with virus and fixed 16 hours later followed

by Giemsa staining. Subsequently, the number of nuclei per foci were counted to determine

the fusion activity of each virus. NDV F3aa-S and NDV F3aa-S-STOPV2 viruses showed signifi-

cantly increased fusion activity in Vero cells compared to viruses without F-117-S and com-

pared to NDV F0 (Fig 4E). The beneficial effect of F-117-S on the fusion activity of NDV F3aa-

S and NDV F3aa-S-STOPV2 viruses was not observed in DF-1 cells (Fig 4F). These data indicate

that the F-117-S mutation probably provides a specific adaptation towards Vero cells.

Reduced virulence of NDV F3aa-(S)-STOPV2 viruses

To further assess the virulence of NDV F3aa-STOPV2 and NDV F3aa-S-STOPV2, the mean

death time (MDT) of embryonated chicken and duck eggs upon inoculation with these viruses

was determined as compared to viruses with an intact V protein ORF (Table 1). A MDT of

chicken embryos upon NDV inoculation greater than 90 hours has been shown to be typical

for nonvirulent strains that have an ICPI value smaller than 0.7 [26]. Upon inoculation with

NDV F3aa and NDV F3aa-S, chicken eggs reached an MDT below 60 hours and duck eggs

below 100 hours. Inoculation with NDV F0 resulted in an MDT just above 100 hours for eggs

of both origins. No MDT could be determined for both chicken and duck eggs inoculated with

NDV F3aa-STOPV2 and NDV F3aa-S-STOPV2, because all embryos survived. These data indi-

cate that NDV F3aa-STOPV2 and NDV F3aa-S-STOPV2 were nonvirulent for poultry embryos,

in contrast to NDV F3aa and NDV F3aa-S.

Mutations in the F and/or HN gene improved replication of NDV F3aa-

S-STOPV2

The attenuation of NDV F3aa-(S)-STOPV2 mutants in avian cells and eggs was accompanied by

reduced virus replication and virus-induced cell death in most HPACs. To improve virus repli-

cation and virus-induced cell killing, we introduced a number of mutations in the F and HN

genes of the NDV F3aa-S-STOPV2 virus (Fig 5A). First of all, a substitution (Y-524-A) was

introduced in the intracellular domain (ICD) of the F protein. This substitution was previously

shown to cause increased virus replication, possibly due to improved stability of the F protein

[21]. Introduction of this substitution in the genome of NDV F3aa-S-STOPV2, yielded the virus

NDV F3aa-S-STOPV2-ICD. In addition, the translation initiation sites (TIS) of the F and HN

proteins were changed to a mammalian optimal TIS sequence, the Kozak consensus sequence,

with the aim to increase the translation and expression of both proteins [23]. This yielded

NDV F3aa-S-STOPV2-TIS (Fig 5A). The NDV F3aa-S-STOPV2-ICD and NDV F3aa-S-STOPV2-

TIS viruses were genetically stable until at least passage 4 in Vero cells.

In Vero cells, the replication of NDV F3aa-S-STOPV2-TIS and NDV F3aa-S-STOPV2-ICD

was attenuated compared to NDV F3aa-S-STOPV2 but the viruses reached similar end titers

(Fig 5B). In contrast, in the HPAC cell line Su.86.86, replication of NDV F3aa-S-STOPV2-ICD

times. Means and standard deviations of triplicates of a representative experiment are plotted. (C) Su.86.86 and (D)

AsPC-1 cells were inoculated at an MOI of 0.05 in triplo. Supernatant samples were collected at the indicated time

points and titrated in Vero cells. The experiment was conducted two times. Means and standard deviations of

triplicates of a representative experiment are plotted. The AUC was used for statistical analysis. � = p<0.05, �� =

p<0.01, ��� = p<0.001 (one-way ANOVA + paired t-test). ND: not detected.

https://doi.org/10.1371/journal.pone.0263707.g003
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Fig 4. Characterization of F3aa-S mutant viruses. (A) Schematic representation of the amino acid sequence of the cleavage site in the F protein of

recombinant viruses. (B) Indicated HPACs were inoculated at an MOI of 10 or (C) Vero cells at indicated MOIs (Vero cells) in triplo. The

percentage viable cells was determined by an LDH cytotoxicity assay 120 hours after inoculation. Results are represented as percentage viable cells

compared to mock, which were considered 100% viable. (D) Vero cells were inoculated at an MOI of 0.05 in triplo. Supernatant samples were

collected at the indicated time points and titrated. The AUC was used for statistical analysis. � = p<0.05, �� = p<0.01, ��� = p<0.001 (one-way

ANOVA + paired t-test). (E) Vero and (F) DF-1 cells were inoculated and fixed 16 hours later and stained. The focus index was determined by
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was slightly higher than that of NDV F3aa-S-STOPV2 and F3aa-S-STOPV2-TIS (Fig 5C). In

ASPC-1 cells, replication of both NDV F3aa-S-STOPV2-TIS and NDV F3aa-S-STOPV2-ICD

was higher than that of NDV F3aa-S-STOPV2 (Fig 5D). The higher replication of NDV F3aa-

S-STOPV2-TIS and NDV F3aa-S-STOPV2-ICD in ASPC-1 cells as compared to NDV F3aa-

S-STOPV2 did not result in increased cell death of these HPACs. Only in 2 of the HPACs

(Su.86.86 and HPAFII), inoculation with NDV F3aa-S-STOPV2-TIS and NDV F3aa-S-STOPV2-

ICD resulted in more cell death than inoculation with NDV F3aa-S-STOPV2. Inoculation of

CFPAC and Capan-2 cells resulted in more cell death after inoculation with NDV F3aa-

S-STOPV2-TIS than upon inoculation with NDV F3aa-S-STOPV2 or NDV F3aa-S-STOPV2-ICD

(Fig 5E). In the other HPACS virus induced cell killing was similar for the three viruses. Thus,

the introduced mutations in the F and HN genes of the NDV F3aa-S-STOPV2 virus improved

virus replication and cell killing of NDV F3aa-S-STOPV2 somewhat, but not consistently across

all cell lines tested.

Examination of the virulence in embryonated chicken eggs demonstrated that NDV F3aa-

S-STOPV2-TIS and NDV F3aa-S-STOPV2-ICD did not kill chicken embryos (MDT >160 hours,

Table 1). These observations were similar to those seen for the parental NDV F3aa-S-STOPV2

virus, indicative of the nonvirulent phenotype of NDV F3aa-S-STOPV2-ICD and NDV

F3aa-S-STOPV2-TIS viruses. The virulence in duck eggs was not investigated for NDV F3aa-

S-STOPV2-TIS and NDV F3aa-S-STOPV2-ICD.

Discussion

Oncolytic viro immunotherapy, based on OVs, is rapidly gaining interest in the field of immu-

notherapy against cancer. Due to significant virulence associated with the use of some of the

human pathogens, animal viruses have been explored as an alternative, with NDV being one

of them. NDV does not cause disease in humans, the virus does not interact with the host cell

DNA, cellular genome integration is impossible, and the virus can efficiently and selectively

replicate in tumor cells. In addition, NDV has been shown to be very safe upon high dose

administration in humans, with no serious adverse events noted in early clinical trials. The

results of early trials with NDV have been relatively disappointing, but with the advent of

recombinant DNA techniques it has become possible to genetically engineer NDV and interest

in the use of recombinant NDV (rNDV) as an oncolytic virus has revived over the last decade.

counting the number of nuclei per foci for N = 30 foci. Experiments were conducted twice. Means and standard deviations of triplicates of a

representative experiment are plotted. ��� = p<0.001, ���� = p<0.0001 (one-way ANOVA + unpaired t test). NDV F0, taken along as control.

https://doi.org/10.1371/journal.pone.0263707.g004

Table 1. Mean death time of chicken and duck eggs upon inoculation with NDV and engineered mutants thereof.

Virus Chicken egg MDT (h)� Duck egg MDT (h)

NDV F0 107 32

NDV F3aa 52 87

NDV F3aa-S 58 96

NDV F3aa—STOPV2 >160 >184

NDV F3aa-S—STOPV2 >160 >184

NDV F3aa-S—STOPV2-ICD >160 N.D.

NDV F3aa-S—STOPV2-TIS >160 N.D.

� A MDT of chicken eggs >90h was shown previously to be typical for nonvirulent NDV strains [19].

N.D.—Not done.

https://doi.org/10.1371/journal.pone.0263707.t001
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Fig 5. Characterization of NDV F3aa-(S)-STOPV mutants. (A) Schematic representation of the nucleotide sequence of the TIS and amino acid

substitution of the ICD of the F and HN protein. (B) Vero cells, (C) Su.86.86 and (D) AsPC-1 were inoculated at an MOI of 0.05 in triplo.

Supernatant samples were collected at the indicated time points and titrated. Means and standard deviations of triplicates of a representative

experiment are plotted. The AUC was used for statistical analysis. � = p<0.05, �� = p<0.01, ��� = p<0.001 (one-way ANOVA + paired t-test as

compared to NDV F3aa-S- STOPV2). (E) The indicated HPACs were inoculated at an MOI of 10 in triplo. The percentage viable cells was

determined by an LDH cytotoxicity assay. Results are represented as percentage viable cells compared to mock, which were considered 100%

viable. The experiment was conducted two times. Means and standard deviations of triplicates of a representative experiment are plotted.

https://doi.org/10.1371/journal.pone.0263707.g005
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One of the advantages of NDV is that genetic engineering of the genome is relatively easily,

and the genome is forgiving for the acceptance of foreign genes. However, the limitation of

using NDV is their potential to become virulent avian species.

Although, several studies have demonstrated the safety and efficacy of lentogenic NDV F0

in clinical trials [1, 2], the use of mesogenic NDV F3aa resulted in higher oncolytic efficacy in
vitro and in vivo. [8] the use of such a strain in oncolytic viral therapy could theoretically pose

a risk for poultry due to the possible shedding of virus by treated patients [3, 4]. To avert any

risks of outbreaks with NDV F3aa, we aimed to develop a virus that has oncolytic potential but

does not cause disease in avian species. To this end, we abrogated the expression of the V pro-

tein, a specific avian IFN antagonist, by mutation of the stutter site and introduction of several

stop codons in the ORF of the V protein, yielding viruses NDV F3aa-STOPV1 and NDV

F3aa-STOPV2, and evaluated the genetic stability and their virulence in vitro and in ovo.

Analyses of the genetic stability upon passaging the mutant viruses in chicken and mamma-

lian cells revealed that the mutations introduced in the V protein ORF were genetically stable.

However, during passaging in Vero cells, a F-117-S substitution in the MBCS of the F protein

was observed. Introduction of this substitution in NDV F3aa and NDV F3aa-STOPV2 resulted

in increased virus replication, fusion activity and cell death in Vero cells, but not in increased

cell death in most HPAC cell lines. Our fusion experiment results are in agreement with previ-

ously reported data on the characterization of NDV with the F-117-S substitution in in vitro
experiments showing that F-117-S resulted in higher fusion activity in HT1080 and Hela cells.

However, in that study, the NDV 73 T strain with the F-117-S substitution had an intracerebral

pathogenicity index (ICPI) of 1.05 in chickens, substantially higher than the ICPI of 0.13 for

the wild type virus [22]. In contrast, in our study the LaSota variant of NDV F3aa-S had a

slightly delayed MDT of chicken and duck embryos as compared to NDV F3aa, indicative for

a slightly lower virulence. These observed differences in virulence might be due to the use of

different methods for determining the virulence of NDV, e.g. MDT vs ICPI or due to differ-

ences between the NDV LaSota and NDV 73 T strains.

The NDV F3aa-STOPV viruses displayed attenuated replication in avian and human cells.

This attenuation was more pronounced in IFN-pretreated chicken cells. In addition, inocula-

tion of chicken cells with the NDV F3aa-STOPV viruses induced higher IFN mRNA levels than

the virus with an intact V protein, but this difference was not observed in human cells. Multi-

ple studies have reported comparable results on viruses with a single mutation in the stutter

site or introduction of a single stop codon in the V protein ORF, which led to increased sus-

ceptibility to IFN [18, 24, 27]. Our results are in agreement with these studies and confirm that

the disruption of the V protein ORF attenuates NDV, likely due to increased IFN sensitivity in
vitro. Similar results were obtained upon inoculation of chicken eggs, in which reduced virus

titers were observed for NDV without a V protein [24].

Our study demonstrated that NDV F3aa-STOPV viruses were attenuated in both chicken

and duck eggs. Virus titers for NDV F3aa-STOPV were slightly higher in young eggs as com-

pared to older eggs, which is in agreement with the fact that older eggs produce IFN, suggest-

ing that the attenuation in ovo is also based on increased IFN sensitivity. Based on the analyses

of the MDT of eggs, both the NDV F3aa-STOPV and F3aa-S-STOPV should be considered as

nonvirulent (lentogenic) viruses, compared to the mesogenic NDV F3aa and NDV F3aa-S

viruses. Several studies have reported that eggs inoculated with viruses containing only a single

stop codon in the V protein ORF had a similar or slightly higher MDT than eggs inoculated

with the wild type virus [19, 28]. This difference in MDT in our study might be the result of

additional amino acid substitutions in the W protein of our NDV F3aa-(S)-STOPV viruses. The

function of the W protein has not been studied extensively, but it has been shown that the pro-

tein is expressed and does not function as an IFN antagonist [19, 29]. The attenuation of the
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NDV F3aa-STOPV viruses for poultry cells and eggs indicate that these viruses can be safely

evaluated in oncolytic viral therapies.

However, it is not known yet whether NDV F3aa-STOPV is able to cause disease in adult

chickens. This is important information for the unlikely event that treated patients spread

virus to birds. In addition, at present, all NDV strains which possess an MBCS in their fusion

protein, or have an ICPI above 0.7, are considered to be select agents. Like the virulence in

adult chickens, the ICPI has not been determined yet for the NDV F3aa-STOPV viruses. Based

on the MDT, it is expected that these viruses have an ICPI lower than 0.7, classifying the

viruses as lentogenic. However, the presence of an MBCS in the fusion protein, would still cat-

egorize the virus as virulent. Perhaps, an attenuated strain of a virus with an MBCS could be

approved for viro-immune-therapy studies by the regulatory instances when virulence studies

indicate the attenuated nature of these viruses.

Although the NDV F3aa-(S)-STOPV viruses were slightly attenuated in mammalian cells,

these viruses were still able to replicate in the HPACs and induced cell death.

Mutating the ICD of the F protein or the TIS of the F and HN proteins slightly improved

virus replication of the NDV F3aa-S-STOPV2 virus in HPACs, but not to similar levels as those

of NDV F3aa. The improved replication of the ICD mutant in AsPC-1 is in line with previ-

ously reported studies [21]. In addition, the introduction of the TIS mutation in NDV F3aa-

S-STOPV2 did increase virus induced cell death in some HPACs. Additional adaptations of

these viruses, such as the incorporation of immune modulatory genes to increase anti-tumour

responses, may further improve the therapeutic efficacy of our NDV mutants [30].

Taken together, our data indicate that NDV F3aa(-S)-STOPV viruses are attenuated for

avian species but are perhaps over-attenuated to kill tumour cells as efficiently as NDV F3aa.

This attenuation was not completely overcome with the introduced mutations (TIS, ICD)

investigated in this study. Further adaptations and in vivo studies are necessary to confirm the

safety and effectivity of NDV F3aa-STOPV viruses in oncolytic viral therapies in the future.

Methods

Cell lines

The avian cell lines DF-1 and QT6 were both obtained from the American Type Culture Col-

lection. DF-1 cells were cultured at 39˚C in Dulbecco’s Modified Eagle’s Medium (DMEM,

Lonza, The Netherlands) supplemented with 100 U ml-1 penicillin, 100 U ml-1 streptomycin,

2mM L-glutamine (PSG) and 10% Hyclone Characterized Fetal Bovine serum (FBS HC,

Thermo Fischer Scientific, The Netherlands). QT6 cells were cultured at 37˚C in Medium 119

(Lonza) supplemented with PSG, 5% FBS HC, 1% chicken serum (Sigma-Aldrich, Germany)

and 5% tryptose phosphate broth (MP Biomedicals, Belgium). BSR-T7 (kind gift of K. Conzel-

mann) were cultured in DMEM supplemented with PSG and 10% FBS FC at 37˚C. A549 were

cultured in HAM’s F-12 (GIBCO, Life Technologies, The Netherlands). Vero cells and human

pancreatic adenocarcinoma cell lines were cultured as previously described [31]. In case of

virus infection experiments, 2% FBS was used in all media (infection media).

Cloning of recombinant viruses

The reversed genetics system for the NDV LaSota strain has been described before and was

kindly provided by Ben Peeters from the Central Veterinary Institute of Wageningen, The

Netherlands [32]. To introduce mutations in the V ORF a subclone was generated, using the

unique digestion sites Sac-II and Not-I. The V protein with introduced mutations coding for

stop codons (NDV F3aa-STOPV1 or STOPV2, Fig 1B) was ordered at Integrated DNA Technolo-

gies (IDT, Iowa) and inserted via PCR-cloning using the V protein specific insertion primers
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(Table 2) as described in Liu, 2008 [33]. Additional mutations were introduced by side-

directed mutagenesis as described before using specific primers (Table 2) [8]. Subsequently,

the different subclones were cloned back to the full-length construct and sequenced for their

correctness using a 3130xL Genetic Analyzer (Life Technologies).

Sequencing

RNA was extracted from the virus stocks using the High Pure RNA isolation kit (Roche Diag-

nostics, The Netherlands) according to manufacturer’s instructions. cDNA was produced as

described before using the Superscript III Reverse Transcriptase kit (Invitrogen, Thermo

Fischer) [34]. Primers (Table 3) were used to amplify seven overlapping parts of the genome

using Pfu Ultra II Fusion HS NA Polyemarase (600674, Agilent technologies, USA) followed

by purification using the MinElute Purification Kit (Qiagen, Germany). Sequence primers

were used to sequence the V gene and the MBCS of the F gene using a 3130xL Genetic Ana-

lyzer (Life Technologies) (Table 2).

Rescue and passaging of recombinant viruses

Recombinant NDVs were rescued by transfecting BSR-T7 cells with 5 μg full length NDV plas-

mid, 2.5 μg pClneo-NP, 1.25 μg pCleo-P and 1.25 μg pClneo-L using 8 nM calcium phosphate.

Three days later, BSRT-7 cells were scraped and co-cultured with Vero cells. After 5 days, co-

cultures were harvested and used to generate passage 1 in Vero cells. Titrations were done in

Vero cells as described before [8]. Passage 2 was produced in Vero cells using an MOI 0.01,

titrated and stored at -80˚C. In case of NDV F0, BSRT-7 cells were scraped, and the cell sus-

pension was then inoculated in to 10-day old eggs. Following passages were produced in Vero

cells in the presence of 2 μg/ml TPCK-treated Trypsin (T1426, Sigma-Aldrich). For all experi-

ments virus stocks from passage 2 were used unless indicated otherwise. The titer of the virus

Table 2. Primers used for cloning.

Construct Primer Sequence 5’- 3’

Delete V F GCAATAAATCGTCCAATGCTGGTTGACTATCAGCTAGATC

R GATCTAGCTGATAGTCAACCAGCATTGGACGATTTATTGC

Insert ΔV1 F GCAATAAATCGTCCAATGCTAAGAAGGGCCCCTGGTCTAG

Insert ΔV2 F GCAATAAATCGTCCAATGCTAAGAAAGGCCCCTGGTCTAG

Insert ΔV1/ ΔV2 R GATCTAGCTGATAGTCAACCTTACTAACCCTTTGCGAAATAG
�SDM F117S F AATAATGGCGCCTATAGAGCGCCTCTGTCTCCG

R GGAGACAGAGGCGCTCTATAGGCGCCATTATT

SDM ICD F CTAGCATGCGCCCTAATGTAC

R GTACATTAGGGCGCATGCTAG

SDM TIS F F CGCCCTCCAGGGCCACCATGGGCTCCAGACC

R GGTCTGGAGCCCATGGTGGCCCTGGAGGGCG

SDM TIS HN F CACCGACAACAGTCCGCCACCATGGACCGCGC

R GCGCGGTCCATGGTGGCGGACTGTTGTCGGTG

Sequence analysis V F GGGTAAACCAGCAGAG

R CTTGCTTAGGAGCTTGGC

Sequence analysis MBCS F GGCCAAGATACTCTGGAG

R GTAAAGTGCCTGAATAG

�SDM: site directed mutagenesis

https://doi.org/10.1371/journal.pone.0263707.t002
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stocks was determined by end-point titration in Vero cells, calculated using the method of

Reed & Muench and expressed as TCID50 ml−1 [35].

Replication kinetics

For all cell types, one million cells were seeded in 6-well plates (Corning). The next day, cells

were inoculated at the indicated multiplicity of infections (MOIs) and after 1h incubation cells

were washed three times with phosphate buffered saline (PBS) and cell-specific media was

added. In case of IFN pre-treatment, cells were pretreated for 24h with 30 μg/ml chicken IFN-

β (abx067344, Abbexa, UK). At the indicated time points, 100 μl supernatant was collected and

stored with 25% sucrose (w/w) at -80˚C. Subsequently, collected samples were titrated in Vero

cells. To this end, 24- well plates (Corning, The Netherlands) were seeded with 200.000 cells

per well and inoculated with virus and supernatant was collected 48 hours after washing. All

samples for the NDV F0 virus were titrated in media supplemented with 2 μg/ml TPCK-

treated Trypsin (T1426, Sigma-Aldrich).

Replication kinetics in ovo
Embryonated chicken and duck eggs of various ages were inoculated in the allantoic cavity

with 100 μl 1E6 TCID50/ml virus. After 48 hours incubation at 37˚C, the allantoic fluid was

harvested and stored at -80˚C until titration in Vero cells as described before, using infection

media without trypsin supplementation.

Determination of virus induced IFN-β mRNA expression levels

DF-1 or A549 cells were seeded in 24-well plates (Corning) and inoculated at an MOI of 0.01

(DF-1) or 1 (A549). In case of A549 cells, spin-inoculation (800xg, 10 min) was applied [36].

After 1 hour, cells were washed once with PBS and fresh infection media was added. Subse-

quently, cells were incubated for 24 hours and RNA was isolated according to the manufactur-

er’s instructions. In addition, cells were treated with trypsin-EDTA (Lonza) and fixed in

Cytofix/Cytoperm (BD, The Netherlands) for flow cytometry analysis according the manufac-

turer’s instructions. After fixation, cells were incubated in 1% normal goat serum (MP Biome-

dicals) and stained with 1:1000 anti-NDV (ab34402, Abcam, UK) and 1:1000 secondary FITC-

Table 3. Amplification primers.

Function Amplicon size Primer Sequence 5’- 3’

Amplicon 1 2232 F ACCAAACAGAGAATCCGTGAGTTACG

R GTTGCTTGCTCCGGTCCTGAG

Amplicon 2 2340 F CAGCATGGGAGAAGCATGGGAG

R GGATTGTATTTGGCAAGGGTGTGCC

Amplicon 3 2172 F GCCAAGATACTCTGGAGTCAAACCG

R GCTTCACCGACAACAGTCCTC

Amplicon 4 2404 F GTGTGAAAGTTCTGGTAGTCTGTCAG

R GGAAGCGGTAGCCCAGTTAATTTCC

Amplicon 5 2375 F GTGGCAATGAGATACAAGGCAAAACAGC

R GGCTTGATGCAACTGTGTCAACACC

Amplicon 6 2421 F GCCAGAAGCTATGGACAATGATCTC

R CTGCAAGTTGGTGTGATCCGTCATG

Amplicon 7 3298 F GAAGTGCTCCTCGACTGTTCTTACC

R ACCAAACAAAGATTTGGTGAATGACGAGAC

https://doi.org/10.1371/journal.pone.0263707.t003
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labelled antibody (ab6749, Abcam) and analyzed by FACS Canto (BD) to determine the per-

centage of infected cells. qRT-PCR (45 cycles) was performed using 5 μl RNA in an ABI

PRISM 7500 sequence Detection System (Life Technologies) using TaqMan gene expression

assay for human IFN-β, chicken IFN-β and chicken β-actin (Hs00277188, Gg03344129,

Gg03815934, Thermo Fischer Scientific). Human β-actin primers have been described before

[31]. Results are shown as fold change of inoculated samples versus mock-inoculated samples

both corrected for the household gene actin-β, calculated using the 2-ΔΔ
T method [37].

Cytotoxicity assay

HPAC cell lines were seeded in 96-well plates (Greiner) and inoculated at the indicated MOIs.

After 1 hour, cells were washed once with PBS and fresh infection media was added. A lactate

dehydrogenase assay (Promega, The Netherlands) was used to determine cell viability as

described before [31].

Fusion assay

One million cells were seeded in 6-well plates (Corning) and inoculated at an MOI of 1. After

1 hour, cells were washed once with PBS and fresh infection media was added. Subsequently,

cells were incubated for 16 hours and fixed with 4% PFA. The cells were then stained with

Giemsa (HX71780604, Millipore) and the fusion index was determined by averaging the num-

ber of nuclei of 30 fusion foci.

Mean death time assay

Ten-day-old embryonated specific pathogen free (SPF) chicken eggs were inoculated with

100 μl 1E6 TCID50/ml virus and incubated at 37˚C for up to 160 hours. All eggs were candled

every 8 hours to determine whether the embryo was still alive.

Supporting information

S1 Data. Raw data used for Figs 1, 2, 3, 4 and 5 provided in separated tabs.

(XLSX)
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zation of a recombinant Newcastle disease virus expressing the green fluorescent protein. J Virol Meth-

ods. 2003; 108: 19–28. https://doi.org/10.1016/s0166-0934(02)00247-1 PMID: 12565150

28. Qiu X, Fu Q, Meng C, Yu S, Zhan Y, Dong L, et al. Newcastle disease virus v protein targets phosphory-

lated STAT1 to Block IFN-I Signaling. PLoS One. 2016; 11: 1–23. https://doi.org/10.1371/journal.pone.

0148560 PMID: 26859759

29. Karsunke J, Heiden S, Murr M, Karger A, Franzke K, Mettenleiter TC, et al. W protein expression by

Newcastle disease virus. Virus Res. 2019; 263: 207–216. https://doi.org/10.1016/j.virusres.2019.02.

003 PMID: 30769123

30. de Graaf JF, de Vor L, Fouchier RAM, van den Hoogen BG. Armed oncolytic viruses: A kick-start for

anti-tumor immunity. Cytokine Growth Factor Rev. 2018; 41: 28–39. https://doi.org/10.1016/j.cytogfr.

2018.03.006 PMID: 29576283

31. Buijs PRA, van Eijck CHJ, Hofland LJ, Fouchier RAM, van den Hoogen BG. Different responses of

human pancreatic adenocarcinoma cell lines to oncolytic Newcastle disease virus infection. Cancer

Gene Ther. 2014; 21: 24–30. https://doi.org/10.1038/cgt.2013.78 PMID: 24384773

32. Peeters BP, de Leeuw OS, Koch G, Gielkens AL. Rescue of Newcastle disease virus from cloned

cDNA: evidence that cleavability of the fusion protein is a major determinant for virulence. J Virol. 1999;

73: 5001–5009. Available: https://pubmed.ncbi.nlm.nih.gov/10233962

33. Liu H, Naismith JH. An efficient one-step site-directed deletion, insertion, single and multiple-site plas-

mid mutagenesis protocol. BMC Biotechnol. 2008; 8: 91. https://doi.org/10.1186/1472-6750-8-91

PMID: 19055817

34. Linster M, van Boheemen S, de Graaf M, Schrauwen EJA, Lexmond P, Mänz B, et al. Identification,

characterization, and natural selection of mutations driving airborne transmission of A/H5N1 virus. Cell.

2014; 157: 329–339. https://doi.org/10.1016/j.cell.2014.02.040 PMID: 24725402

35. Reed LJ, Muench H. A simple method of estimating fifty per cent endpoints. Am J Epidemiol. 1938; 27:

493–497. https://doi.org/10.1093/oxfordjournals.aje.a118408

PLOS ONE Optimizing NDV for use in cancer therapy

PLOS ONE | https://doi.org/10.1371/journal.pone.0263707 February 9, 2022 18 / 19

https://doi.org/10.1128/jvi.77.17.9522-9532.2003
http://www.ncbi.nlm.nih.gov/pubmed/12915566
https://doi.org/10.1128/jvi.77.16.8676-8685.2003
http://www.ncbi.nlm.nih.gov/pubmed/12885886
https://doi.org/10.1128/jvi.77.17.9259-9265.2003
https://doi.org/10.1128/jvi.77.17.9259-9265.2003
http://www.ncbi.nlm.nih.gov/pubmed/12915541
https://doi.org/10.1128/JVI.01446-13
https://doi.org/10.1128/JVI.01446-13
http://www.ncbi.nlm.nih.gov/pubmed/23843643
https://doi.org/10.1128/JVI.00770-17
https://doi.org/10.1128/JVI.00770-17
http://www.ncbi.nlm.nih.gov/pubmed/28592535
https://doi.org/10.1093/nar/15.20.8125
http://www.ncbi.nlm.nih.gov/pubmed/3313277
https://doi.org/10.1128/JVI.75.1.420-428.2001
http://www.ncbi.nlm.nih.gov/pubmed/11119610
https://doi.org/10.2307/1589585
https://doi.org/10.2307/1589585
https://doi.org/10.2307/1592677
https://doi.org/10.2307/1592677
http://www.ncbi.nlm.nih.gov/pubmed/9777151
https://doi.org/10.1016/s0166-0934%2802%2900247-1
http://www.ncbi.nlm.nih.gov/pubmed/12565150
https://doi.org/10.1371/journal.pone.0148560
https://doi.org/10.1371/journal.pone.0148560
http://www.ncbi.nlm.nih.gov/pubmed/26859759
https://doi.org/10.1016/j.virusres.2019.02.003
https://doi.org/10.1016/j.virusres.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/30769123
https://doi.org/10.1016/j.cytogfr.2018.03.006
https://doi.org/10.1016/j.cytogfr.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29576283
https://doi.org/10.1038/cgt.2013.78
http://www.ncbi.nlm.nih.gov/pubmed/24384773
https://pubmed.ncbi.nlm.nih.gov/10233962
https://doi.org/10.1186/1472-6750-8-91
http://www.ncbi.nlm.nih.gov/pubmed/19055817
https://doi.org/10.1016/j.cell.2014.02.040
http://www.ncbi.nlm.nih.gov/pubmed/24725402
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1371/journal.pone.0263707


36. O’Doherty U, Swiggard WJ, Malim MH. Human immunodeficiency virus type 1 spinoculation enhances

infection through virus binding. J Virol. 2000; 74: 10074–10080. https://doi.org/10.1128/jvi.74.21.

10074-10080.2000 PMID: 11024136

37. Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative

PCR and the 2−ΔΔCT Method. Methods. 2001; 25: 402–408. https://doi.org/10.1006/meth.2001.1262

PMID: 11846609

PLOS ONE Optimizing NDV for use in cancer therapy

PLOS ONE | https://doi.org/10.1371/journal.pone.0263707 February 9, 2022 19 / 19

https://doi.org/10.1128/jvi.74.21.10074-10080.2000
https://doi.org/10.1128/jvi.74.21.10074-10080.2000
http://www.ncbi.nlm.nih.gov/pubmed/11024136
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1371/journal.pone.0263707

