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ABSTRACT Newcastle disease virus (NDV) is an oncolytic virus being developed for
the treatment of cancer. Following infection of a human ovarian cancer cell line
(OVCAR3) with a recombinant low-pathogenic NDV, persistent infection was estab-
lished in a subset of tumor cells. Persistently infected (PI) cells exhibited resistance
to superinfection with NDV and established an antiviral state, as demonstrated by
upregulation of interferon and interferon-induced genes such as myxoma resistance
gene 1 (Mx1) and retinoic acid-inducing gene-l (RIG-I). Viruses released from PI cells
induced higher cell-to-cell fusion than the parental virus following infection in two
tumor cell lines tested, HT1080 and Hela, and remained attenuated in chickens. Two
mutations, one in the fusion (F) protein cleavage site, F117S (F,,,5), and another in
hemagglutinin-neuraminidase (HN), GT69R (HN,4og), located in the second sialic acid
binding region, were responsible for the hyperfusogenic phenotype. F,,,s improves
F protein cleavage efficiency, facilitating cell-to-cell fusion, while HN,4or possesses a
multifaceted role in contributing to higher fusion, reduced receptor binding, and
lower neuraminidase activity, which together result in increased fusion and reduced
viral replication. Thus, establishment of persistent infection in vitro involves viral ge-
netic changes that facilitate efficient viral spread from cell to cell as a potential
mechanism to escape host antiviral responses. The results of our study also demon-
strate a critical role in the viral life cycle for the second receptor binding region of
the HN protein, which is conserved in several paramyxoviruses.

IMPORTANCE Oncolytic Newcastle disease virus (NDV) could establish persistent in-
fection in a tumor cell line, resulting in a steady antiviral state reflected by constitu-
tively expressed interferon. Viruses isolated from persistently infected cells are highly
fusogenic, and this phenotype has been mapped to two mutations, one each in the
fusion (F) and hemagglutinin-neuraminidase (HN) proteins. The F,,,s mutation in the
F protein cleavage site improved F protein cleavage efficiency while the HN, 4o mu-
tation located at the second receptor binding site of the HN protein contributed to
a complex phenotype consisting of a modest increase in fusion and cell killing,
lower neuraminidase activity, and reduced viral growth. This study highlights the in-
tricate nature of these two mutations in the glycoproteins of NDV in the establish-
ment of persistent infection. The data also shed light on the critical balance be-
tween the F and HN proteins required for efficient NDV infection and their role in
avian pathogenicity.
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ewcastle disease virus (NDV) is a negative-stranded RNA virus belonging to the

Paramyxoviridae family which infects avian species, with results ranging from
subtle to fatal disease. The severity of the infection is dependent on the virulence of the
virus in its host avian species: velogenic (highly virulent), mesogenic (moderately
virulent), or lentogenic (avirulent). Mesogenic and velogenic NDVs have potent onco-
lytic properties whereby they efficiently infect, replicate, and kill tumor cells while
sparing normal cells (1-3). The susceptibility of tumor cells to NDV or other oncolytic
viruses is likely attributed to changes that have arisen during oncogenesis, including
defects in host interferon pathways resulting in an ineffective antiviral response and a
concomitant increase in susceptibility to viral infection (4, 5). In a previous study, we
generated a candidate oncolytic NDV based on a mesogenic NDV 73T strain by reducing
avian pathogenicity without compromising the oncolytic potency of the virus (6).

NDV contains two membrane glycoproteins, hemagglutinin-neuraminidase (HN)
and the fusion (F) protein, which are required for viral attachment, entry, and release.
The F protein is synthesized as an inactive precursor (F,) which must be proteolytically
cleaved by host cell proteases during transport to the cell surface to yield F, and F,
proteins, which enable fusion of the viral envelope with the host cell plasma mem-
brane. The presence of multiple basic amino acid residues in the F protein cleavage site
(FPCS) of mesogenic and velogenic NDV strains results in very efficient F protein
cleavage that drives virulence in chickens. In contrast, viruses with a single basic amino
acid residue at the FPCS require exogenous proteases for their growth in tissue culture
and are also nonvirulent in their host species in vivo (7). During viral infection, the
binding of the HN protein to its cognate receptor, cellular sialic acid, causes a confor-
mational change that facilitates the specific homotypic interaction between F and HN,
triggering fusion of the viral envelope with the host cell membrane (7-9). After the
release of the viral ribonucleoprotein complex into the cytoplasm, the nucleocapsid
protein (NP), phosphoprotein (P), and large (L) protein polymerase complex initiate viral
RNA genome transcription and replication, viral protein synthesis, and finally virion
assembly/egress mediated through interaction between the matrix protein (M) and
F/HN glycoproteins (10). To circumvent antiviral responses mediated by interferon (IFN),
many paramyxoviruses, including NDV, encode an interferon antagonist protein. The
NDV V protein, synthesized from gene editing of P, targets host cellular RNA helicase
MDA-5 to inhibit IFN production (11).

NDV preferentially infects and kills tumor cells via apoptosis (10, 12, 13). Similar to
other RNA viruses such as measles virus (14), Sendai virus (SeV) (15), mumps virus (16),
vesicular stomatitis virus (17, 18), parainfluenza virus type 3 (PIV3) (19), and respiratory
syncytial virus (RSV) (20), NDV can establish persistent infection under some circum-
stances, as reported previously (15, 21, 22). For establishment of persistent infection in
vitro, there is normally a fine dynamic equilibrium between virus infection and viral
clearance by host innate immune responses. Viruses isolated from persistently infected
(P1) cells have genomic mutations leading to the generation of temperature-sensitive
mutants or defective interfering particles (DIPs) (also termed defective viral genomes
[DVGs]), as shown for Sendai virus (23), measles virus (14), and RSV (24). The PI cells
display some of the following phenotypes: reduced viral release (21), resistance to
superinfection (25), and resistance to exogenous IFN (26). Studies of persistent NDV
infection conducted in the 1960s and 1970s were limited in describing the character-
istics of PI cultures and could not explain the molecular mechanism(s) that caused
establishment of persistent infection due to a lack of viral genomic sequence informa-
tion and the lack of a reverse genetics system to dissect genetic determinants. A recent
study reported that a velogenic NDV strain can establish persistent infection in a
colorectal cancer cell line (27). The virus causing persistent infection was shown to
exhibit a smaller plague morphology and reduced ability to kill other cancer cells, but
the genetic determinants of these phenotypes were not studied.

In this study, we describe the generation of a persistently infected tumor cell line
following NDV infection. We demonstrate that the PI cells are in a constant antiviral
state due to constitutive expression of a low level of IFN. Additionally, the virus
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recovered from the Pl cells is highly fusogenic. The mutations responsible for this
phenotype were identified to be in both the F and HN proteins, and their contribution
to the hyperfusogenic phenotype and pathogenicity in chickens is described.

RESULTS

NDV establishes persistent infection in an ovarian cancer cell line. NDV selec-
tively replicates and kills a number of human cancer cell lines in vitro (13, 28, 29). The
ovarian cancer cell line OVCAR3 was susceptible to NDV infection, and the majority of
the cells died from viral infection. However, a small percentage of cells were found to
survive viral infection several days after infection with a recombinant NDV (rNDV)
containing a green fluorescent protein (GFP) transgene, rNDV-GFP, (6) at a low multi-
plicity of infection (MOI). The surviving cells expressed GFP without obvious cytopathic
effect (CPE) and were termed PI cells. The PI cells were maintained in cell culture, along
with uninfected OVCAR3 cells (control cells), and passaged when the cells reached
confluence. After continuous passage of the Pl cells for about 2 months (around
passage 10), up to 10° PFU/ml of infectious virus could be recovered from cell culture
supernatants. A small percentage of cells (1 to 5%) maintained expression of GFP in
early passages. Upon further passaging, there was a gradual loss of GFP expression, and
by about passage 25, the viral titer decreased to 103 to 10* PFU/ml of culture medium.
This level of viral productivity was maintained up to passage 40.

Characteristics of persistently infected OVCAR3 cells. Although the Pl cells were
able to produce low levels of recoverable virus up to 10* PFU/ml, the lack of GFP
expression in the majority of the cells implied that a large percentage of cells were
uninfected but resistant to infection or infected but lost GFP expression. To examine
whether the GFP-negative cells within the PI cell culture could be infected, the PI cells
and control cells were infected with rNDV-GFP. As shown in Fig. 1A, a majority of the
control cells were infected with rNDV-GFP (MOI of 3), as indicated by GFP-positive cells
(top right panel). In contrast, the Pl cells had a constitutively low level of GFP expression
that did not increase upon superinfection with rNDV-GFP, suggesting that Pl cells are
resistant to superinfection (Fig. 1A, bottom panels). Next, the ability of the PI cells to
support replication of rNDV-GFP was examined. Viral titers from Pl cells reinfected with
rNDV-GFP at an MOI of 0.001 remained low, from 50 PFU/ml on day 0 to 133 PFU/ml
on day 4, in this study (Fig. 1B). The control cells supported virus growth, with peak
titers on day 2 postinfection (p.i.) at ~10> PFU/ml. The viability of PI cells and control
cells upon infection with rNDV-GFP at MOIs of 0.01, 0.1, and 1 was measured (Fig. 1C).
At all MOls tested, the Pl cells were viable, in contrast to the control cells whose viability
decreased with increasing MOI (with only 8% cells alive at an MOI of 1 on day 3
postinfection). The Pl cells were also resistant to superinfection with a heterologous
virus, vesicular stomatitis virus (data not shown). Thus, the Pl cells constitutively release
a low level of virus and are resistant to superinfection by either homologous or
heterologous virus.

Pl cells exhibit an antiviral state. The Pl cells were next examined for their antiviral
status by examining IFN levels and IFN-induced protein expression. As depicted in Fig.
2, Pl cells constitutively produced a low level of type I IFN-B. As expected, depletion of
IFN by addition of anti-IFN-B antibody to Pl cells reduced their antiviral state, making
them more susceptible to NDV superinfection. The control cells had a very low level of
IFN-B without infection but produced a high level of IFN-B (300 pg/ml) upon infection
with rNDV-GFP. Addition of 1,000 U of anti-IFN-B antibody to the control cells 24 h prior
to NDV infection reduced IFN-B production to a level similar to that of uninfected
control cells. Pl cells and superinfected persistent cells had similarly low levels of IFN-8,
at approximately 70 pg/ml. Viral titers from untreated and anti-IFN-B antibody-treated
Pl cells were compared with those of the control cells infected with rNDV-GFP. On day
2 postinfection, the control cells produced viral titers of ~2 X 104 PFU/ml, and the viral
titer increased 2-fold in the presence of an anti-IFN-B antibody (blue versus red bars in
control cells). In contrast, Pl cells produced viral titers of ~1 X 103 PFU/ml, which
remained unchanged upon NDV reinfection. Addition of anti-IFN-B antibody to PI cells
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FIG 1 PI cells were resistant to superinfection with NDV. (A) Control cells or Pl cells were either mock
infected or infected with rNDV-GFP at an MOI of 3. At 24 h p.i., GFP expression was monitored by GFP
fluorescence. (B) Control cells or Pl cells were infected at an MOI of 0.001 in triplicates, their supernatants
were collected from day 0 to day 4, and titers were determined by plaque assay. (C) Control cells or Pl
cells were either mock infected or infected at an increasing MOI in triplicates for 3 days. The percentage
of dead cells relative to mock cells is plotted as means * standard errors of the means. Data shown are
from one study representative of two independent experiments.

increased viral production by 14-fold to a titer of 1.4 X 10% PFU/ml, indicating an
increased susceptibility to infection upon neutralization of IFN-S.

Next, the expression levels of IFN-induced genes and viral genes were examined by
Western blotting (Fig. 3A). Retinoic acid-inducing gene | (RIG-l), a cytosolic viral RNA
sensor that initiates the signals required for inducing an effective antiviral response
(30), was significantly increased in control cells that were infected with NDV but was
constitutively expressed in Pl cells with and without NDV superinfection. A similar
expression pattern was observed for other antiviral proteins examined: melanoma
differentiation associated factor 5 (MDAS5), another RIG-I-like receptor (RLR) which also
senses viral RNA (VRNA) but with some distinct as well as redundant signals as RIG-I (31),
and myxoma resistance gene 1 (Mx1), an interferon-stimulated gene (ISG) induced early
during an IFN response that acts to inhibit viral replication. Expression of a phosphor-
ylated form of interferon regulatory factor 3, pIRF3, a key inducer of IFN-B and the ISGs
(32-35), was induced upon viral infection of control cells. pIRF3 was not detected in the
Pl cells because the PI cells were already expressing IFN and ISGs at high levels, and
pIRF3 gets activated only transiently until IFN-B and ISGs are made (32, 33). As
expected, IRF3, the inactive latent form of pIRF3, was expressed to similar levels in
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FIG 2 Neutralization of IFN-B in PI cells. Control cells or PI cells were pretreated with antibody against
IFN-B at 24 h prior to infection with rINDV-GFP. Supernatants were harvested at 48 h p.i. and tested for
their levels of IFN-B by ELISA (top). Titers of these supernatants were determined by plaque assay
(bottom). The data shown are means of triplicates. Error bars represent standard errors of the means.

infected and uninfected control cells and in Pl cells with and without superinfection.
The PI cells expressed low levels of NDV proteins F, HN, NP, and M compared to control
cell levels, which did not increase upon superinfection with rNDV-GFP (Fig. 3B). The
ratio of HN/NP of superinfected persistent cells was 0.16 versus 0.24 for infected control
cells (Fig. 3B). The presence of low levels of IFN and the associated ISGs in the Pl cell
culture may contribute to an antiviral state resulting in resistance of Pl cells to
superinfection. In addition, the expression of low levels of viral glycoproteins on PI cells
might render them less visible to the host immune system and enable a persistent
infection.

Virus from PI cells was more fusogenic. Since the PI cells produced a low level of
virus in the presence of constitutively expressed IFN, the virus from PI cells may have
evolved to adapt to this type of selective immune pressure. Virus collected from PI cell
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FIG 3 PI cells were at an antiviral state. (A) Pl cells or control cells were either mock infected or infected
with rNDV-GFP at an MOI of 1. At 24 h p.i., cell lysates were harvested and tested for expression of I1SGs
as indicated. (B) Viral gene expression to detect F, HN, NP, and M proteins. The actin, NP, and M blots
contain 20% of the input amount of lysate used for the F and HN blots. The data and images shown are
representative of at least two independent experiments. The HN-to-NP ratio of each virus is indicated.
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FIG 4 NDVpi was fusogenic compared to rNDV-GFP. (A) NDVpi and the parental virus rNDV-GFP were
used to infect fresh HT1080 cells at an MOI of 0.001. The supernatants from HT1080 cells were harvested
daily for 3 days. Viral titers were measured by plaque assay. (B) GFP fluorescence images of HT1080 cells
infected with either NDVpi or rINDV-GFP at an MOI of 0.001 at 24 h p.i.

supernatants after 12 to 30 passages was termed NDVpi. Growth of NDVpi was
compared with that of rNDV-GFP in HT1080 cells, a human fibrosarcoma cancer cell line
highly sensitive to NDV-mediated cell killing (Fig. 4A). NDVpi grew to a titer of 0.75 X
103 PFU/mI in HT1080 cells while the titer of rNDV-GFP was approximately 250-fold
higher at 1.88 X 10° PFU/ml. However, microscopic examination of infected HT1080
cells revealed the presence of strikingly large syncytia in NDVpi-infected cultures (Fig.
4B). NDVpi also did not replicate well in OVCAR3 cells, with a peak titer of less than 103
PFU/mI (data not shown). To examine genetic changes that might have occurred in
these persistently infecting viruses, NDVpi from PI cell passages 12 and 18 (NDVpi-P12,
and NDVpi-P18, respectively) were purified by two rounds of plaque isolation, and the
viral genomic sequences of three representative plaque isolates were determined.
Among the mutations found in the three isolates, several were unique to each virus and
thus might have occurred randomly; thus, these were not investigated further. Inter-
estingly, there were seven mutations that were common among all three plaque
isolates (Table 1): three in NP (N47A, M130I, and A154S), one in F (F117S), one in HN
(G169R), and two in L (1425V and S1098F). Since the hyperfusogenic phenotype was
observed in the three plaque-purified viruses in HT1080, Hela, and Vero cells (data not
shown), the common mutations in the F and HN glycoproteins were considered to have
most likely contributed to the hyperfusogenic phenotype of NDVpi (36). The F117S
mutation in the F (F,,,s) protein is located at the F protein cleavage site, and the G169R
mutation in the HN (HN,4or) protein is located at the second sialic acid binding region
of the HN protein (37, 38).

The individual contributions of the F,,,s and HN, oz mutations and their combined
effect on the fusion phenotype were examined by transiently expressed F and HN
proteins harboring these mutations in a dual split-protein (DSP) reporter assay that
quantitatively measures cell-to-cell fusion. The F and HN sequences used here were
derived from rNDV-GFP as described previously (6). As shown in Fig. 5A, coexpression
of F and HN resulted in a 4-fold increase in the cell-to-cell fusion activity compared to

TABLE 1 Mutations commonly observed in three virus isolates that cause persistent
infections?

Gene Nucleotide change Amino acid position Amino acid change
NP A261C 47 Asp — Ala
G51T1A/T 130 Met — lle
G581T 154 Ala — Ser
F T5649C 117 Phe — Ser
HN G7672A 169 Gly — Arg
L A10607G 425 lle — Val
C12627T 1098 Ser — Phe

aFull-length genomes of three plaque-purified virus isolates were sequenced, and the mutations that were
conserved in all three isolates are listed. Mutations in F and HN characterized in this study are italicized.
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FIG 5 The HN, ¢, mutation caused higher fusion than HN. (A) A fusion assay was performed on 293T cells
transfected with the indicated plasmids that coexpress enhanced GFP. (B) GFP images were taken at 24
h posttransfection. (C) An NA assay was performed on 293T cells transfected using the indicated HN
version of the plasmids. Data are representative of two or three independent experiments.

that of the empty vector (EV) control, whereas HN, 4o improved fusion by 3-fold,
12-fold more than the EV control. F,,,s paired with HN or HN,..g increased fusion
activity by 27-fold or 39-fold, respectively. These data indicated that F,,,5 and HN,4or
each contributed to the hyperfusogenic phenotype and that the combined effects of
the two mutations were synergistic. The fusion phenotype was also evaluated visually
in 293T cells transfected with a bicistronic expression plasmid encoding GFP and F or
HN or their mutant versions (Fig. 5B). Similar to the data obtained from the quantitative
fusion assay, expression of F;,,¢ or HN,4og alone slightly increased cell-to-cell fusion
compared to the level with the parental F and HN sequences, while coexpression of
F117s and HN, 4o proteins had a maximal effect on syncytium formation. Additionally,
lysates from cells expressing different HN protein variants were examined for neur-
aminidase (NA) activity (Fig. 5C). The HN, 45z mutation caused a 3-fold reduction in NA
activity compared to HN, implicating a role for residue 169 in NA enzymatic activity.
Contribution of the F,,,s and HN, 4,z mutations to viral phenotype. To address
the impact of the F and HN mutations on virus phenotype, rNDVs incorporating either
the single F,;,5 (INDV-F,,,s) or HN, 4oz ('NDV-HN, ¢or) change or both changes (rNDV-
F117¢/HN,40r) Were generated by reverse genetics. The F and HN gene sequences of
these recombinant NDVs were confirmed by sequencing. The 73T backbone containing
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FIG 6 Characterization of recombinant viruses with F,,,s and HN,,4r mutations. Recombinant viruses
that contained either F,;,s or HN, 4, or both were used to infect HT1080 cells or Hela cells. (A)
Bright-field images were acquired with an EVOS microscope at 14 h p.i. in cells infected at an MOI of 1.
(B) Cell killing was measured using a CellTiter-Glo assay on day 2 postinfection at an MOI of 0.1. ns, not
significant.

the granulocyte-macrophage colony-stimulating factor (GM-CSF) transgene de-
scribed in Cheng et al. (6) was termed rNDV. The single and double mutant viruses
were next compared with rNDV for their phenotypes in HT1080 and Hela cells (Fig.
6). In HT1080 cells, rNDV-F,,,s and rNDV-F,,,s/HN,4or caused larger syncytia than
rNDV and rNDV-HN, ¢or. But in Hela cells, syncytia were obvious only in rNDV-F, </
HN,¢or-infected cells (Fig. 6A). Thus, the double mutant was the most effective in
inducing cell-to-cell fusion, while the F,,,s and HN, 4oz mutation-containing viruses
varied in their potential to cause syncytia depending on the cell type. Next, the
ability of these rNDVs to induce cell killing in HT1080 and Hela cells was deter-
mined (Fig. 6B). The HT1080 cell line is more sensitive to NDV-mediated cell death
than Hela cells. In HT1080 cells, the single mutants, rNDV-F,,,s and rNDV-HN, ¢or,
or the double mutant, rNDV-F,;,s/HN,¢or, showed higher cell killing than rNDV,
with rNDV-F,,,</HN;cor being the highest inducer of cell death. In Hela cells,
rNDV-F,,,s and rNDV-F, ;,</HN; ¢ but not INDV-HN, ¢or had higher cell killing than
rNDV. Thus, similar to the data shown in Fig. 6A, the single mutants varied in their
abilities to kill the two tumor cells, while the double mutant consistently induced
greater cell death than the single mutants or rNDV.

The kinetics of viral growth of the rNDV-F, s, INDV-HN, g0, and rNDV-F; ;,</HN;¢or
viruses in HT1080 and Hela cells were compared with those of rNDV. As shown in Fig.
7, INDV-F, .5 had growth kinetics and peak titers on day 2 similar to those of rNDV in
both cell types when cells were infected at a low MOI of 0.001 to allow for multistep
growth cycles. rNDV-F,,,< grew to 2.8 X 10> PFU/ml in HT1080 cells and to 1.7 X10°
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FIG 7 Growth characteristics of recombinant viruses with F,;,s and HN, 4 mutations. Recombinant
viruses that contained either F,,,s or HN, 4. or both were used to infect HT1080 or Hela cells. Viral

supernatants were harvested at day 0 to day 3, and titers were determined by plaque assay. Data shown
represent means * standard errors from three replicate samples.

PFU/ml in Hela cells, which was 2- to 3-fold higher than the titers obtained for rNDV.
In contrast, INDV-HN,4.r grew only to a low viral titer in both HT1080 (1.6 X 103
PFU/ml) and Hela cells (1.3 X 10% PFU/ml). INDV-F, ,,s/HN; ¢or had slow growth kinetics
and the lowest titers in both cell lines. Poor growth of the double mutant was more
pronounced in HT1080 cells than in Hela cells, reflecting the increased cell death
observed with the double mutant compared to that in the single mutants, as shown in
Fig. 6B. Analysis of viral proteins in infected HT1080 and Hela cells by Western blotting
(Fig. 8A) showed that F,,,s improved the F protein cleavage efficiency, with the
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FIG 8 Characterization of recombinant viruses with F,;,s and HN,4,; mutations. Recombinant viruses
that contained either F,,,5 or HN, 4 Or both were used to infect HT1080 cells or HeLa cells. (A) Cell
lysates were harvested from cells infected at an MOI of 1 at 9 h postinfection. Viral gene expression was
detected by Western blotting. The data shown are representative of at least three experiments. (B) An NA
assay was performed by harvesting lysates from infected cells at 24 h p.i.
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TABLE 2 Chicken pathogenicity of persistently infecting isolates and recombinants with a
substitution in F and/or HN

Virus FPCS“ HN residue 169 ICPI®
rNDV HNRTKR/F'17 G 0.13
NDVpi-P12 HNRTKR/S"'7 R 0.0

NDVpi-P18 HNRTKR/S'1” R 0.1

rNDV-F, ¢ HNRTKR/S"'7 G 1.05
rNDV-G, gor HNRTKR/F117 R 0.20
INDV-F,55,G160r HNRTKR/S"'7 R 0.25

aFPCS, F protein cleavage sequence. The substituted residue is in boldface.
bIntracerebral pathogenicity index (ICPI) of each virus was determined in 1-day-old pathogen-free chicks. A
strain with an ICPI value of <0.7 is attenuated and not considered as a select agent.

dominant cleaved F; subunit detected in the cells infected with rNDV-F,,,s and
rNDV-F,,s/HN; sor. Total F protein expression (F, plus F;) in cells infected with rNDV-
HN;gog and rNDV-F,;,</HN;gr Was reduced compared to that observed in rNDV-
infected HelLa and HT1080 cells. NDV-F,,,s had levels of total F protein expression
similar to those of rNDV in both cell lines. Relative to rNDV, rNDV-HN, 4gz-infected Hela
and HT1080 cells had overall lower levels of viral proteins in both cell lines. The double
mutant rNDV-F,,,s/HN,cor had a protein expression profile similar to that of rNDV with
the exception of more efficient F protein cleavage.

Impact of HN, 4.z on HN protein function. The effect of HN, .z mutation on the
hemagglutinin (HA) and neuraminidase (NA) activity of the HN protein was examined
in infected HT180 and Hela cells (Fig. 8B). rNDV-F,,,c-infected cells had NA activity
comparable to that of rNDV-infected cells. However, the NA activity of INDV-HN, 4oz in
infected cells was greatly reduced compared to that of rNDV (~23-fold reduction in
HT1080 and ~15-fold reduction in Hela cells). The NA activity of INDV-F,;,s/HN;or
in infected cells was much lower than that of rNDV but higher than that of rNDV-
HN;cor in both cell lines, which was partly reflected by the larger amount of HN
protein produced in rNDV-F,,,s/HN,sor-infected cells than in rNDV-HN,4g-infected
cells (Fig. 8A). It is also likely that HN, 4, impacts the interaction of F and HN on the cell
surface while the rNDV-F,,,s/HN,4,; double mutant provides a counterbalancing act
provided by the F, ;5.

The receptor binding ability of the four viruses amplified from Hela cells was
examined by hemagglutination of chicken red blood cells (cRBCs). At the same starting
titer of 4 X 107 PFU/ml, rNDV and rNDV-F,,,s had the same HA titer of 16, while the
HA titer of NDV-HN,4oz was 4-fold lower and the HA titer of the double mutant
rNDV-F,;,s/HN;¢or Was not measurable (data not shown). Thus, the 169R mutation in
the HN protein reduced neuraminidase and receptor binding activity.

The impact of F and HN mutations on viral pathogenicity. Recombinant NDV
(rNDV) used for in vitro passage contained a GFP transgene in the P-M intergenic region
in addition to the modified F cleavage site and a 198-nucleotide (nt) insertion in the
HN-L intergenic region as described previously (6). rNDV is attenuated in chickens with
an intracerebral pathogenicity index (ICPI) of 0.13 (Table 2). Mutations that occurred in
persistently infecting viruses did not change viral pathogenicity, as plaque-purified viral
isolates recovered from passage 12 (rNDV,-P12) and passage 18 (rNDV ,;-P18) remained
attenuated in chickens, with ICPI values of 0.0 and 0.1, respectively. The F and HN
mutations were further evaluated for their impact on viral pathogenicity using recom-
binant viruses bearing single or double mutations. rNDV-F,,,s alone significantly
increased viral pathogenicity, with an ICPI value of 1.05. However, viruses with a single
HN mutation or double F and HN mutations had low pathogenicity, with ICPI values of
0.20 or 0.25, respectively (Table 2). These data confirmed that the F protein cleavage
efficiency is an important virulence factor; the G169R mutation in the HN protein
counteracted the virulent nature of the F protein, explaining the nonvirulent nature of
the persistently infecting viruses isolated from viral passage.
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DISCUSSION

In this study, we have described the establishment of a persistent NDV infection in
an ovarian cancer cell line, OVCAR3. The PI cell line constitutively produced a low level
of virus in the presence of small amounts of IFN, reflecting a fine balance between viral
replication and innate immune surveillance. The PI cells exhibited a heightened anti-
viral state, as evidenced by constitutive expression of type | IFN and IFN-induced
antiviral proteins such as RIG-l, MDA5, and Mx1 (Fig. 2 and 3). Activation of IRF3 by RIG-I
has been shown to be essential for preventing establishment of viral persistence for
Sendai virus (SeV) (39), which is different from what we observed for NDV persistent
infection since the control cells are capable of IRF3 activation, as demonstrated by
pIRF3 expression (Fig. 3A). Our attempts to establish persistent infections in several
other human cancer cell lines such as OAW28, CAL27, FaDu, and PE/CA PJ15 were futile,
indicating that not all cancer cells are susceptible to persistent NDV infection (data not
shown). The persistently infecting virus from passage 18 had a very low titer in OVCAR3
cells, suggesting its replication deficiency in general. The establishment of persistent
infection requires changes of not only virus but also host cell adaptation to the
persistently infecting viruses. Persistent infections occur only under certain conditions
where the cells are unable to completely clear a virus infection. This might be the case
for some human cancer cells that have defects in IFN production and/or IFN response
pathways (40). Based on the data shown in Fig. 2 and 3, the parental OVCAR3 cells
(control cells) were capable of producing IFN and inducing several I1SGs examined.
Therefore, the contribution of IFN and individual ISGs in the establishment of persistent
infection appears complex and has yet to be determined. It is also likely that other
cellular pathway defects might contribute to the establishment of persistent infection.

Persistent infections by RNA viruses such as measles virus, human parainfluenza
virus, SeV, and dengue virus have been associated with the development of DIPs or
DVGs (14, 24, 41). DIPs are usually produced during viral replication at a high MOI in
vitro and lack essential genes to sustain viral replication in the absence of a helper virus
(42). By using a PCR methodology used to detect copy-back DIPs in measles and SeV
(14, 23), we could detect very few or no copy-back DIPs in persistently NDV-infected
cells (data not shown). Thus, DIPs do not appear to play a role in NDV persistent
infection, and the persistent infection was established most likely due to the virus
escaping an IFN-mediated antiviral response.

Virus from NDV PI cells had a hyperfusogenic phenotype due to the changes found
in both the F and HN glycoproteins, F,,,s and HN,.os. Highly fusogenic variants of
paramyxoviruses from persistently infected cells have been reported previously. In a
simian virus 5 (SV5) persistent infection of mouse fibroblast cells that are capable of
producing and responding to IFN, 5 to 20% of the cells were persistently infected at any
given point of time. Upon culture of these PI cells, fusogenic variants were identified
which were capable of responding to IFN but spread more efficiently than the parental
virus in the absence of IFN. Additionally, these fusogenic persistently infecting variants
did not have mutations in the F protein, and the HN sequence was not reported (43).
Bioselection by in vivo passage of the NDV MTH87 strain in human xenograft-bearing
mice resulted in several isolates with increased oncolytic activity and increased fuso-
genicity. The isolate with highest fusogenicity had changes in the HN protein (T118A,
N119K, E259A, and E495K) but not in the F protein (44), indicating a contribution of HN
mutations to the fusion phenotype as observed in our study. In a study of persistent
SeV infection, Nishio et al. identified several changes in the L (45), M (46), or P (47)
protein that contributed to persistent infection and to a temperature-sensitive pheno-
type. Knockout of the accessory C protein of measles virus led to the generation of
more copy-back DIPs than generated by the parental virus (14). In our study, the NDV
V protein, which is an IFN antagonist, contained a mutation (T164A) in one persistently
infecting isolate but was not observed in other isolates and thus may not play a role in
the establishment of persistent infection. There were about 25 additional unique sense
mutations observed in the entire viral genome and the GFP transgene (which explains
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the loss of GFP expression) among the three viral plaque isolates from PI cells. These
mutations were not unexpected because single-stranded RNA viruses like NDV lack
proofreading ability during viral replication. The mutations that were commonly found
in all three isolates were expected to most likely contribute to the establishment of
persistent infection. Due to the hyperfusogenic nature of all three of the virus isolates
from persistent infection, we focused on characterizing the mutations in F and HN
which are sufficient and necessary for inducing fusion. The importance of mutations
found in the other genes for establishing persistent NDV infection was not investigated
in this study.

The role of the individual mutations in the F and HN proteins on viral phenotype
provides insights into the intricate relationship between these two integral membrane
proteins. The F,,;,s change at the FPCS improved F protein cleavage efficiency and
fusion phenotype. The impact of the HN, ¢z mutation appears more complex since it
resulted in a modest increase in fusion, reduced F and HN protein expression, and
decreased neuraminidase and hemagglutination activity. The double mutant rNDV-
F117¢/HN; 40 cOntaining both mutations found in the persistently infecting virus iso-
lated from OVCAR3 cells exhibited hyperfusion and reduced replication but high
cell-killing capabilities despite having reduced HA and NA activities. The replication
defect with rNDV-HN, ;o Was more pronounced in HT1080 cells than in Hela cells (Fig.
7), in line with the higher sensitivity of HT1080 cells to NDV-mediated cell killing.
Although the persistently infecting virus with the identified F,,,s and HN, ;o mutations
persisted in Pl cells that constitutively make IFN, there was no statistically significant
difference in the amount of type | IFN produced by the different recombinant viruses
with a single F/HN mutation or double mutations (data not shown). These data indicate
that the F and HN mutations do not affect IFN production and that IFN levels are not
the cause of the defective replication of INDV-HN, ¢or. Hela cells are known to produce
a very low level of IFN upon NDV infection and fail to induce ISGs unless prestimulated
by treatment with either IFN-a or IFN-y (6, 48, 49). HT1080 can produce IFN but is
unable to form the IFN-stimulated gene factor 3 (ISGF-3) complex required for a
sustained antiviral effect (28). Thus, the differences in viral replication observed with
these two cell lines may not be attributed to the differences in their interferon
pathways.

NDV HN 169 residue has been previously identified to be important for the fusion
activity in a transient expression system through scanning alanine mutagenesis (47).
The HN G169A mutation increased fusion by 60% and decreased the NA activity by 25%
although the mutation was an alanine instead of arginine discovered in our study.
Based on structural and functional studies, NDV HN is known to contain two sialic acid
binding sites (Fig. 9A): the primary binding site encompasses both the NA active site
and receptor binding activity (50), while the second site (site Il) was shown to possess
receptor binding activity only (38) through a network of polar interactions mediated by
residues 156, 169, 170, and 515 to 519, as shown in Fig. 9B, and has been implicated
in fusion function (51). Residue G169 is located at the HN dimer interface, which is part
of a hydrophobic pocket containing L552 and F553 from one monomer and F156, V517,
and L561 of the other monomer that together make up site Il (38, 52). The G169 residue
also makes a main-chain polar contact to the sialic acid ligand. The G169R mutation
could drastically affect the site Il binding pocket by sterically blocking interaction with
the ligand and by altering the binding pocket electrostatics. F553 at site Il was also
shown to be important for NA activity and fusion promotion in a transfection-based
fusion assay, highlighting the importance of site Il in both fusion promotion and NA
activity (37). A previous study explored the impact of changes at HN residue R516 which
forms hydrogen bonds with sialic acid. Viruses containing R516S/A mutations exhibited
decreased receptor binding, decreased fusion, and decreased replication but had
wild-type NA activity (51). This is different from our finding with the HN, 40z mutation,
which impacted not only viral receptor binding but also NA and fusion activity,
altogether resulting in poor viral replication. The G169R mutation located at the HN
dimer interface could affect surface charge and impact the primary sialic acid binding
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FIG 9 The HN G169R mutation disrupts site Il ligand binding. (A) Surface representation of HN shows
residue 169 (yellow) located in site Il (pink) at the dimer interface and distal to site | (orange). Residues
of site | and site Il binding pockets within 6 A of the respective ligands are colored similarly. A comparison
of site Il binding pocket polar interactions (B, dashed black lines) to ligand and surface charge properties
(C) between the wild type and the model of the G169R mutation is shown. HN monomeric units are
colored individually, and residue 169 is shown in yellow in panel B. Site | and site Il ligands (gray) as well
as site Il sialic acid polar contact residues in panel B are shown as sticks with oxygen and nitrogen atoms
shown in red and blue, respectively. Waters directly involved in coordinating ligand residue contacts in
panel B are shown as red spheres. Negative and positive charges in panel C are shown in blue and red,
respectively. PDB accession number 1USR (38) was used for the HN structure and to model the structure
of the G169R mutation, which was generated in PyMol.

site (Fig. 9C). Blocking of the second sialic acid binding site by a C-terminal extension
of the HN protein in a low-virulence NDV Ulster strain has been shown to be associated
with its dependence on exogenous trypsin for in vitro replication and its low-virulence
phenotype (52). In addition to NDV, PIV1 and human PIV3 (hPIV3) have also been
demonstrated to contain a second sialic acid binding site, suggesting a potentially
conserved mechanism among certain paramyxoviruses (53, 54). Additional biochemical
investigation is needed to fully explain the effects of the G169R and second sialic acid
binding site on HN protein functions and the interaction of HN with the F protein in the
viral fusion phenotype of NDV. Interestingly, although the F117S mutation at the F
protein cleavage site increased F protein cleavage efficiency and viral pathogenicity,
INDV F,,,s/HN;gor With the double F and HN mutations remained attenuated in a
chicken host, which was consistent with the low-pathogenicity nature of the persis-
tently infecting viral isolates. These data further underscore the importance of the F and
HN functional balance in the NDV viral replication cycle. Any effect on viral pathoge-
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nicity of mutations identified in the F protein cleavage site and the HN protein should
be closely monitored during the oncolytic NDV virotherapy development process.

In summary, we have shown that NDV can establish persistent infection in an
ovarian tumor cell line, and we have characterized the residues that contribute to
persistent infection establishment and the fusion phenotype required for viral spread
between cells in persistently infected cultures. Further studies enabling a better un-
derstanding of the role of the HN, 40, mutation in contributing to virus biology would
greatly aid in unraveling the intricate interaction between the F and HN proteins of
NDV. It has yet to be determined whether NDV can establish persistent infection in its
natural avian host. NDV may not be able to establish persistent infection in humans
where there is a strong antiviral response elicited by the normal cells enabling efficient
viral clearance. Studies like ours would be beneficial in understanding the natural
mutational course of NDV under selection pressure.

MATERIALS AND METHODS

Cell lines. NIH-OVCARS3 cells were obtained from the ATCC and maintained in complete RPMI 1640
medium supplemented with 10% gamma-irradiated fetal bovine serum (FBS), 100 U/ml penicillin, 100
mg/ml penicillin-streptomycin (P-S), and 0.01 mg/ml bovine insulin (Sigma). Vero cells, HT1080 cells, and
Hela cells were also obtained from the ATCC and maintained as follows: Vero cells were grown in
Dulbecco’s modified essential medium (DMEM) supplemented with 5% FBS, 2 mM L-glutamine, P-S, and
10 mM nonessential amino acids (NEAA); HT1080 cells were grown in minimum essential medium (MEM)
with Earle’s balanced salt solution (EBSS), supplemented with 2 mM L-glutamine, 10% heat-inactivated
FBS, P-S, and 10 mM NEAA; Hela cells were grown in MEM supplemented with 2 mM L-glutamine, 10%
heat-inactivated FBS, and P-S.

Establishment of persistently infected OVCARS3 cells. Pl cells were made by infecting NIH-OVCAR3
cells with rNDV-GFP at an MOI of 0.01 in a T25 flask. When the majority of cells were detached on day
5, the culture flask was washed, the medium was replaced with fresh complete medium (same as
NIH-OVCAR3 medium), and the culture was maintained until a subconfluent monolayer was formed. The
control cells were maintained in a similar way, except that they were split when they became confluent.
Viruses from Pl OVCARS3 cells were cloned by plaque assay on Vero cells. Single plaques were picked from
infected Vero cells and amplified for genomic sequencing analysis.

Viruses. rNDV that contains the GM-CSF transgene (termed 73T-R-198 in [6]) and rNDV-GFP viruses
have been previously published (6). INDV-F,,,¢, INDV-HN, 4o, and rNDV-F,,,o/HN; s Were made by
introducing the corresponding mutations in rNDV using a QuikChange site-directed mutagenesis kit
(Agilent Technologies, Santa Clara, CA). The NDV antigenomic cDNA clones with introduced mutations
were used for generating rNDV mutants using a reverse genetics system established previously (6). The
F and HN genes of recombinant viruses were completely sequenced to confirm the introduced muta-
tions, and sequencing of RT-PCR-amplified cDNA was used to confirm that there were no unintended
mutations.

Cell viability assay. Cells were plated at 1 X 10 cells per well in 96-well, clear-bottomed, white-walled
plates overnight prior to infection with the viruses at a given MOI. At 2 days postinfection, cell viability
was assessed by measuring ATP as an indirect readout of living cells using a CellTiter-Glo luminescent cell
viability assay (Promega, Madison, WI) per the manufacturer’s instructions. Mock-infected cells were set
at 100% viable, and data are represented as the percentages of cells killed by deducting the percent
viable from 100.

Virus growth and plaque assay to measure viral titers. Viral growth kinetics were determined by
infecting HT1080 or Hela cells with the corresponding viruses at an MOI of 0.001 in Opti-MEM (Thermo
Fisher Scientific, Waltham, MA), and virus supernatants were harvested daily. Viral titers were determined
by plaque assay and enumerated by immune staining or crystal violet dye staining (6).

Western blotting and ELISA. Whole-cell lysates from infected cells were harvested at 24 h (Fig. 3)
or 9 h (Fig. 8) by washing cells in ice-cold phosphate-buffered saline (PBS), followed by direct lysis in 2X
Laemmli sample buffer (Bio-Rad Laboratories, Inc., Hercules, CA) containing B-mercaptoethanol. Lysates
were heated to 100°C and separated on 4 to 20% or 8 to 16% Novex Tris-glycine SDS-PAGE gels (Thermo
Fisher Scientific). Western blotting to transfer resolved proteins to polyvinylidene difluoride (PVDF)
membranes was done by using a Trans-Blot Turbo transfer system (Bio-Rad Laboratories, Inc.) or wet
transfer (Thermo Fisher Scientific). Antibodies to viral proteins F and HN were raised in rabbits; NP and
M antibodies were raised in guinea pigs as described previously (6). Antibodies used to detect cellular
proteins were rabbit anti-RIG-I, rabbit anti-MDA-5, rabbit anti-pIRF3, rabbit-IRF3 (Cell Signaling Technol-
ogy), rabbit anti-Mx1 (Abcam), and mouse anti-actin (Sigma). An enzyme-linked immunosorbent assay
(ELISA) for IFN-B was done using an ELISA kit (PBL Biosciences Itd) and performed as per the manufac-
turer’s instruction.

Transient expression of F and HN proteins. NDV F and HN genes were cloned in a dual expression
plasmid containing GFP and F or HN (55), termed pVITRO2-GFP-F or pVITRO2-GFP-HN. The F used in this
study contained a modification in the FPCS corresponding to 73T-R as described in Cheng et al. (6). The
F117S mutation in F and G169R mutation in HN were made by site-directed mutagenesis using a
QuikChange site-directed mutagenesis kit and confirmed by sequencing. F and/or HN expression
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plasmids were transfected into 293T cells in 12-well plates using TransIT-293 reagent (Mirus Bio LLC) as
per the manufacturer’s instruction.

Fusion assay. The start codon of GFP in the dual expression plasmid was mutated to a stop codon

in order to conduct the fusion assay using a dual split-protein reporter system as described in Hotard et
al. (56). Plasmids DSP,_, and DSP,_,, (57, 58) were kind gifts of Zene Matsuda (Chinese Academy of
Sciences, Beijing, China). One day prior to transfection, 293T cells were plated in white-walled 96-well
plates so that they would reach 50% confluence at the time of transfection. One set of cells was
transfected with DSP,_,, F, and HN plasmids at a ratio of DSP/F/HN of 1:0.5:0.5 for a total of 0.1 ug of
DNA/well. A second set was transfected with DSP,_,, and pVITRO2 EV in a 1:1 ratio. At 24 h posttrans-
fection, the medium in the DSP,_,/F/HN-containing cells was replaced with 100 ul of fresh Opti-MEM
containing EnduRen live cell substrate (Promega, Madison, WI). DSP,_,,/empty vector (EV)-containing
cells were treated similarly, harvested by pipetting, and mixed with the DSP,_,/F/HN-containing cells. A
base reading of luminescence was taken at time (t) of mixing as t,, and the plates were returned to a 37°C
incubator. Luminescence was measured every hour starting at 2 h postmixing using a GloMax Discover
System (Promega). Each condition was done at least in triplicates, and the data are represented as fold
luminescence of the value at 5 h over the value at t, and normalized to EV-containing samples.

NA assay. The neuraminidase(NA) activity of HN was assessed by a fluorometric assay as described

previously (59), with minor modifications. Briefly, 293T cells in 12-well plates were transfected with
pVITRO2-HN (wild type or the mutants). At 48 h posttransfection, the cell lysates were harvested in PBS
containing 1% Triton-X. For virus infections, HeLa or HT1080 cells were infected with respective viruses
at an MOI of 1 for 24 h, and cell lysates were harvested as above. Twofold serial dilutions of the lysates
were made in an assay buffer containing 0.1 M sodium phosphate, pH 5.9, and 4 mM CaCl, in triplicates.
Fifty microliters of 0.2 mM 2'-(4-methylumbelliferyl)-a-p-N-acetylneuraminic acid (4-MU-NANA) substrate
(Sigma, St. Louis, MO) was then added to the samples, and they were incubated at 37°C for 1 h, followed
by the addition of 100 ul of 0.5 M glycine (pH 10.7) to stop the reaction. The fluorescence was measured
by reading the plate using an excitation wavelength of 355 nm and an emission wavelength of 460 nm
on a SpectraMax M Series Multi-Mode microplate reader (Molecular Devices, Sunnyvale, CA). Data are
represented as relative fluorescence units (RFU) of samples after subtraction of the RFU value of
no-virus/EV-transfected lysates.

HA assay. A hemagglutination (HA) assay was performed on V-bottomed 96-well microtiter plates

using chicken red blood cells (cRBCs). Fifty microliters of 2-fold serially diluted viruses was added to 50
wl of 1X PBS and incubated with 50 ul of 0.5% cRBCs for 60 min at room temperature. The HA titer was
obtained by calculating the reciprocal of the highest dilution that agglutinated the cRBCs.

Chicken pathogenicity test. The pathogenicity of the persistently infecting viruses and recombinant

viruses with F and HN mutations at a titer of 2 X 107 PFU/ml was determined by the intracerebral
pathogenicity index (ICPI) test in conducted in 1-day-old specific-pathogen-free (SPF) chicks at the USDA's
National Veterinary Service Laboratory (NVSL; Ames, IA) (6). NDV strains with an ICPI of <0.7 are defined as
not causing Newcastle disease and thus are not classified as a select agent by the USDA.

Structure representations. All structural renderings of proteins were generated using the PyMOL

molecular graphics system, version 1.5.0.4 (Schrédinger, LLC [http://www.pymol.org/]).
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