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Abstract

Nipah virus Malaysia genotype (NiV-M) is an emerging zoonotic paramyxovirus. The non-
structural P gene products of NiV-M (the V and W proteins) have been implicated in the block of
type I interferon signaling, but live virus investigations of their roles in the porcine host are
lacking. In this investigation, recombinant NiVV-M that do not express either the V or W proteins
were used to examine the relevance of these proteins to the induction of type I IFN in porcine
immune cells. The V protein was found to be important to the production of infectious virus in
porcine immune cells by limiting the production of type | IFNs both immediately after entry and
later in the infectious cycle. Immunogold electron microscopy (IEM) imaging indicated that the
NiV-M V and W proteins are incorporated into the NiV-M virion by attachments to the
nucleocapsid. These findings show that the V protein of NiV-M suppresses type | IFN
production throughout infection of porcine immune cells and demonstrate a mechanism by which

NiV-M modulates the immune response in swine.
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Introduction

1.1 Nipah Virus (NiV) Overview

Nipah virus (NiV) is an emerging zoonotic paramyxovirus of the genus Henipavirus,
discovered in an outbreak in Malaysia in 1998-1999 [Chua et al 1999]. There are two distinct
genotypes of NiV: the Malaysia genotype (NiV-M), which caused the initial outbreak in
Malaysia; and the Bangladesh genotype (NiV-B), which has caused and continues to cause
multiple smaller outbreaks in India and Bangladesh. The reservoir hosts for both strains of NiV

are fruit bats of the genus Pteropus [Lo and Rota 2008].

1.1.1 NiV-M Transmission and Epidemiology

The first outbreak of NiV in humans and the only outbreak of NiV-M to date occurred in
Malaysia and Singapore in 1998 to 1999. This outbreak resulted from the transmission of the
virus from pteropid bats to pigs and then from infected pigs to humans [Chua 2003]. NiV-M
does not cause clinical disease in pteropid bats but is shed occasionally in their urine.
Transmission of NiV among pteropid bats likely occurs by direct contact, aided by their use of
urine for grooming [Middleton et al 2007]. The virus may have been transmitted to pigs by
consumption of fruit that had been partially eaten or contaminated by bats [Luby et al 2009]. The
outbreak was spread throughout Malaysia and to Singapore by movement of pigs between pig
farms and was eventually controlled by the culling of almost a million pigs [Mohd Nor et al
2000]. NiV-M infection of pigs can have considerable economic and public health consequences
for the affected regions.

During the Malaysia/Singapore outbreak, swine served as the amplifying host for NiV-M due

to the rapid spread of NiV-M among pigs. In addition, NiV-M infection of pigs is difficult to



detect because pigs often show no or mild clinical signs and mortality rates among pigs are
relatively low (about 5% for adult pigs). The presentation of the infection was similar to that of
other respiratory diseases of pigs: the most specific clinical sign was a harsh, non-productive,
barking cough. Despite the limited clinical signs, NiV-M is highly infectious in pigs and the
infection rate among pigs in a NiV-M-infected herd is essentially 100%. The high infection rate
is likely due to substantial NiV-M shedding by infected pigs, which can occur even in the
absence of clinical signs, and by the swine industry practice of keeping pigs in close quarters
[Mohd Nor et al 2000, Epstein et al 2006].

Almost all human cases in the 1998/1999 outbreak were due to exposure to infected pigs. In
humans, NiV-M caused severe and rapidly progressive encephalitis with an approximately 40%
mortality rate. The predominating clinical features were neurological, although respiratory signs
and symptoms were also present. Cases of relapse encephalitis occurred in some patients who
had recovered from the infection; late-onset encephalitis was also observed [Chua 2003, Tan et
al 2002].

Since the initial 1998/1999 outbreak of NiV-M, all subsequent outbreaks of NiV have been
caused by NiV-B and have occurred in Bangladesh or India; there is evidence that a closely
related, NiV-like henipavirus caused an outbreak in the Philippines, but the genotype of this
virus is unknown [Clayton 2017]. Although NiV-B shares substantial similarity with NiV-M
[Harcourt et al 2005], the two genotypes are epidemiologically and clinically distinct.
Transmission of NiV-B from bats to humans has been frequently associated with human
consumption of raw date palm sap contaminated by bat secretions rather than via infected
domestic animals. Outbreaks of NiV-B have also involved human-to-human spread, which was

not common in the NiV-M outbreak [Luby et al 2009]. Clinically, human disease caused by



NiV-B has a greater respiratory component than disease caused by NiV-M, while NiV-M
appears to cause a more severe encephalitic disease than NiV-B. NiV-B also has a higher case-
fatality ratio (~70%) than NiV-M (~40%) [Chong et al 2008, Lo and Rota 2008].

NiV-M infection has been seen in many species other than bats, humans, and pigs. The range
of susceptible hosts is broad: henipaviruses are the only zoonotic paramyxoviruses and can
establish infection in the greatest number of different mammalian orders of all known
paramyxoviruses to date [Middleton and Weingartl 2012, Geisbert et al 2012, Eaton et al 2006].
Table 1 summarizes the different mammalian orders and species found to be naturally and
experimentally susceptible to NiV infection. The broad host range of NiV is thought to be
attributable to the evolutionary conservation of the cellular receptors it uses for attachment and
entry, ephrin B2 and ephrin B3 [Pernet et al 2012]. NiV-M infection in swine is the focus of this
investigation because of its epidemiological relationship with spillover into human populations

from bats via pigs as an amplifying host.

1.2 NiV-M Pathogenesis in Swine

Tissue tropism of NiV-M appears to follow ephrin B2/B3 expression. Ephrin B2 is expressed
on arterial endothelial cells, smooth muscles cells, neurons, bronchial epithelial cells, and cells
involved in immune activation and bone formation; while ephrin B3 is expressed predominantly
in the central nervous system [Pernet et al 2012, Maisner et al 2009].

In pigs infected intranasally, NiV-M replicates in the upper respiratory tract initially before
spreading to the lungs, the lymphoid system, and the central nervous system (CNS) [Weingartl et
al 2005, Middleton and Weingartl 2012]. NiV-M likely establishes infection in the olfactory and

respiratory epithelial cells, cranial nerves (olfactory and trigeminal), and immune cells sampling



Table 1: Host range of Nipah virus.

Order Animal Infected

Chiroptera Pteropid bats [Yob et al 2001, Chua et al 2002]

Artiodactyla | Pigs [Mohd Nor et al 2000, Chua et al 2000]
Goats [Mohd Nor et al 2000, Luby et al 2009N8]

CowsNB [Hsu et al 2004]

Primate Humans [Chua et al 1999]
African Green Monkeys* [Geisbert et al 2010]

Squirrel monkeys* [Marianneau et al 2010]

Carnivora Dogs [Mills et al 2009]
Cats [Hooper et al 2001]

Ferrets* [Bossart et al 2009]

Perissodactyla | Horses [Mohd Nor et al 2000, Hooper et al 2001]

Rodentia Golden hamsters* [Wong et al 2003]

Guinea pig* [Wong et al 2003]

*=experimentally; NB=natural infection observed with NiV-B but not NiV-M



the airway [Weingartl et al 2005, Lamp et al 2013]. Invasion of the CNS by NiV-M in pigs can
occur by infection of cranial nerves, allowing retrograde transport of the virus into the brain
[Weingartl et al 2005]. CNS invasion may also occur through viremia, possibly involving
passage through the choroid plexus, infection of blood-brain barrier endothelial cells, or cell-
associated transmigration in NiV-M-infected immune cells [Weingartl et al 2005, Middleton et
al 2002].

NiV-M likely does not cross the epithelial cell barrier by direct infection of epithelial cells at
early time points post-inoculation because progeny NiV-M is only released from the apical side
of such cells, even though it can infect polarized epithelial cells at either the apical or basolateral
pole. This is thought to be a result of the localization of the M protein specifically to the apical
side of polarized epithelial cells. As a result, at early time points, NiV-M only accumulates in the
luminal compartment after infection of polarized epithelial cells [Lamp et al 2013]. NiV-M may
instead cross the epithelial cell barrier by infecting immune cells in the mucosa such as dendritic
cells (DCs) that extend processes across the epithelial cell barrier to sample the airway for
antigen. These DCs could then bring NiV-M to the lymph nodes in the normal process of
presenting encountered antigen and thus spread the virus to susceptible cells of the
lymphoreticular system [Weingartl et al 2005, Lamp et al 2013, Steinman and Banchereau
2007]. Detection of NiV-M in the lymph nodes draining the mouth and nasal cavity at early time
points post-inoculation as well as the apparent targeting of lymphoid organs in NiV-M infection
[Middleton and Weingartl 2012] would be consistent with infection of antigen-presenting cells in
the oronasal mucosa early post-infection.

NiV-M-infected immune cells or, at later time points, infected respiratory epithelial cell

syncytia facilitate spread of NiV-M into the endothelial cells of small blood and lymph vessels



[Weingartl et al 2005, Lamp et al 2013, Middleton and Weingartl 2012]. Endothelial cell
infection together with the infection of circulating infected immune cells contributes to viremia
[Middleton and Weingartl 2012, Stachowiak and Weingartl 2012]. Viremia allows dissemination
of NiV-M to organs throughout the body influenced by its specific tropism: NiV-M will infect
the small blood vessels of the body, particularly in the blood-air and blood-brain barriers, as well

as lymphoid organs [Maisner et al 2009, Middleton and Weingartl 2012].

1.2.1 Effects on Immunity and Immune Cells

In NiV-M infections of pigs, lymphoid organs stain positively for NiV-M antigen and later in
infection suffer depletion, reduction of germinal centres, and occasionally lymphoid necrosis.
Infiltrating immune cells (e.g. DCs or lymphocytes) in the brain and lungs also stain positive for
NiV-M antigen [Middleton and Weingartl 2012].

Destruction of lymphoid tissues and infection of immune cells by NiV-M has consequences
for the immune response of swine. NiV-M-infected pigs show signs of transient
immunosuppression, especially after the acute phase of infection [Berhane et al 2008]. The
development of neutralizing antibodies towards NiV-M in pigs is delayed compared to the
neutralizing antibody response against HeV or influenza virus [Berhane et al 2008, Li et al 2010,
Pomorska-Mdl et al 2012]. The anti-NiV-M neutralizing antibody response peaks by 16 dpi but
does not adequately control infection: NiV-M could still be isolated from serum at 24 dpi, and
viral RNA was still detectable at 29 dpi. NiV-M-infected pigs also developed secondary bacterial
infections after 7 dpi, indicative of immunosuppression [Berhane et al 2008].

Despite the delayed neutralizing antibody response, NiV-M does not productively infect the

immune cells that direct the humoral immune response, porcine B lymphocytes or CD4+CD8-



helper T cells [Stachowiak and Weingartl 2012]. Among porcine peripheral blood mononuclear
cells (PBMCs), NiV-M productively infects monocytes, CD6+CD8+ T lymphocytes, and natural
killer (NK) cells. However, CD8+ and CD4+CD8- T cell populations in porcine PBMCs both
were observed to decline in in vitro and in vivo NiV-M-infection. The decline of CD4+CD8-
populations in vitro was thought to be a bystander effect mediated by soluble factors released by
other dying PBMCs [Stachowiak and Weingartl 2012]. In contrast to the variety of porcine
PBMCs productively infected with NiV-M, only DCs are permissive among human PBMCs

[Mathieu et al 2011].

1.2.2 Cytokine Dysregulation

The dysregulation of the immune response likely involves NiV-M mediated effects on the
innate immune system. NiV-M infection was observed to downregulate [IFNo mRNA expression
in infected porcine CD6+ T cells, indicating that the inhibition of antiviral mediator secretion by
NiV-M in infected porcine immune cells may contribute to the dysregulation of the porcine
immune response to NiV-M [Stachowiak and Weingartl 2012].

NiV-M infection of human monocyte-derived DCs (moDCs) stimulated the release of a
variety of pro-inflammatory cytokines but not IFNa or IFNB [Gupta et al 2013]. However,
because NiV-M infection of human PBMCs differs substantially from its infection of porcine
PBMCs, the effects of NiV-M on immune cells in pigs and humans should not be expected to

parallel each other.

1.3 NiV-M Molecular Biology

As all other Paramyxoviridae, NiV is an enveloped virus with a negative sense (-), non-



segmented, single-stranded (ss)RNA genome. Members of the genus Henipavirus have larger
genomes than most other Paramyxoviridae, and NiV-M has a genome of 18,246 nucleotides (nt)
[Eaton et al 2006]. The NiV-M genome also adheres to the rule of six, which prescribes that
paramyxovirus genomes must be evenly divisible by six as a consequence of the requirement for
each nucleoprotein subunit to associate with six nucleotides of RNA [Halpin et al 2004].

The NiV-M genome contains 6 genes and encodes 9 different proteins as depicted in Figure
1A. The N gene produces the nucleoprotein (N protein) which associates with genomic and
antigenomic RNA to form the nucleocapsid. The P gene encodes four proteins: the
phosphoprotein (P protein), a structural protein required for proper nucleocapsid assembly and
polymerase activity [Longhi et al 2017, Jamin and Yabukarski 2017]; and the V, W, and C
proteins, three proteins with auxiliary functions relevant to pathogenesis but not essential for the
virus life cycle. These co-amino-terminal P, V, and W proteins are visualized in Figure 1B and
their origin is described in depth in section 1.4.5 of this thesis. The M gene encodes the matrix
(M) protein, which is important for virion assembly and is the primary viral protein responsible
for budding and release; there is also some evidence that the M protein can block the induction
of the antiviral response [Bharaj et al 2016]. The F and G genes encode the two surface
glycoproteins of NiV: the fusion (F) glycoprotein and the attachment (G) glycoprotein,
respectively. The G protein is responsible for attachment to ephrin B2 and ephrin B3 on cells,
which function as receptors for the virus. The F protein mediates fusion between the viral and
host cell membranes during entry. Finally, the L gene produces the large (L) protein, which
contains all the enzymatic activities of an RNA-dependent RNA polymerase (RdRp) for

transcription and replication of viral RNA [Eaton et al 2006, Lamb and Parks 2013].






Figure 1. (A) NiV-M gene order and protein products of the P gene. (B) Location of known,
important domains of co-amino-terminal P gene products. Domain locations found in [Habchi
and Longhi 2015, Chan et a/ 2004, Yabukarski et al 2014, Shaw et a/ 2004, 2005, Rodriguez
et al 2004, Ciancanelli et al 2009, Rodriguez et al/ 2002, Bruhn et a/ 2014, Chan et al 2004].
The unique regions of the P protein are shown in blue; of the V protein in yellow; and of the
W protein in green. STAT1 = signal transducer and activator of transcription protein 1; PMD
= P protein multimerization domain; N° = non-nucleocapsid bound nucleoprotein monomer;
NNUC = nucleoprotein in nucleocapsid; Pxp = NNU¢ binding domain on P protein; NES =
nuclear export sequence; NLS = nuclear localization sequence.
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Infectious wild-type NiV-M virions are pleomorphic in shape and have the F and G proteins
on the surface. Within the virion, the NiV-M RNA genome is encapsidated by the N protein, and
the P and L proteins are present in association with the N protein. The N protein-encapsidated
RNA within the virion takes on a herringbone structure typical of paramyxoviruses. The M
protein forms a shell inside the envelope of the virion that is thought to have multiple contacts
with the nucleocapsid [Lamb and Parks 2013]; in some paramyxoviruses, notably Measles virus
(MeV), the nucleocapsid may sometimes be coated with a layer of M protein [Cox and Plemper
2017].

The protein content of the nucleocapsid is predominantly N protein, with fewer copies of P
protein and even fewer copies of L protein: the ratio of these proteins for paramyxoviruses in the
subfamily Paramyxovirinae has been estimated to be approximately 2600 N : 300 P : 40 L based
on analysis of Sendai virus (SeV) virions, with the amount of N proteins proportional to the
length of the genome as dictated by the rule of six [Lamb et al 1976]. Based on these numbers, a
NiV-M virion would be expected to contain approximately 3041 N proteins, 351 P proteins, and
47 L proteins. This approximation was made under the assumption that one genome is packaged
per virion, which is not true for all paramyxoviruses [Lamb et al 1976, Loney et al 2009]. Based
on the range of possible NiV-M virion sizes, NiV-M itself may package multiple genomes per
virion [Goldsmith et al 2003].

Incorporation of the non-structural VV, W, and C proteins has been detected in purified NiV-M
virions although at fewer copies (as a ratio to the P protein content) than they are found in
infected cell lysates [Lo et al 2009]. Incorporation of non-structural proteins into virions occurs
in some but not all paramyxoviruses: the V protein is found in virions of simian virus 5 (SV5),

mumps virus (MuV), and Hendra virus (HeV); but not in MeV or SeV [Lo et al 2009, Gombart
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et al 1992]. No rigorous quantitation of the amount of non-structural proteins in NiV virions has
been performed to date, and the location of these non-structural proteins in the NiV virion is also
unknown. In SV5, the V protein was found to be closely associated to the nucleocapsid, although
it is uncertain whether this interaction is direct between the V and the nucleocapsid proper or

through the M protein of SV5 [Paterson et al 1995].

1.3.1 The Nucleoprotein (N Protein)

The primary function of the N protein is to homopolymerize on NiV genomic and
antigenomic RNA to form the herringbone nucleocapsid structure and protect the RNA,; for this,
the NiV-M N protein requires multiple specific sequences between aa 30 to 404 which are highly
conserved among paramyxoviruses [Ong et al 2009]. Intracellularly, the N protein exists in one
of two principal conformations: the monomeric, soluble form called N° and the
homopolymerized, nucleocapsid form called NNYC, Expressed alone, the N protein will
spontaneously encapsidate cellular RNA and also form small, abortive nucleocapsid fragments.
Proper encapsidation of the RNA genome requires co-expression of the P protein [Habchi and
Longhi 2015]. Only one region of the N protein, aa 473-493, participates in interactions with the
polymerase complex, which it does by interacting with certain domains of the P protein
[Blocquel et al 2012]. This region is found on the long, disordered, C-terminal tail of the NiV-M

N protein [Habchi and Longhi 2015].

1.3.2 The Phosphoprotein (P Protein)
The NiV-M phosphoprotein (P protein) is a 709 aa protein required as a cofactor for virus

replication. It forms a crucial component of the NiV-M polymerase machinery by linking the N
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protein, the viral RARp (the L protein), and the nucleoprotein-associated viral RNA. Structurally,
the P protein can be divided into two regions by the editing site where the P, V, and W proteins
diverge in their amino acid sequences: the P protein N-terminal region (PNT), consisting of aa 1-
406; and the P protein C-terminal region (PCT), consisting of aa 407-709 [Habchi and Longhi
2015]. The domains of the P protein and their functions, where known, are represented in Figure
1B and summarized Table 2.

The well-ordered aa 1-50 of the PNT correspond to an N binding site for interacting with
monomeric N° [Chan et al 2004, Yabukarski et al 2014]. By the P-N° interaction, the
paramyxovirus P protein chaperones monomeric N protein to ensure proper assembly of the
ribonucleocapsids [Yabukarski et al 2014, Errington and Emmerson 1997]. The previously-
mentioned free N protein that controls the switch for viral transcription to replication refers to
the NO that is kept in an accessible form by the P protein PNT.

The remainder of the PNT lacks a well-structured fold and is considered an intrinsically
disordered region (IDR) [Habchi et al 2010]. The flexible, disordered portion of the PNT
contains an amino acid sequence, aa 88-113, reported to be necessary for NiV polymerase core
complex function in a minireplicon assay and leading to the hypothesis that the NiV-M PNT has
a non-enzymatic polymerase cofactor function [Ciancanelli et al 2009]. This is unusual: in most
paramyxoviruses, the P protein cofactor function can be mediated entirely by the PCT [Lamb
and Parks 2013]. Other domains in the PNT are involved in auxiliary functions of the P protein
that are not directly involved in replication. The binding domain for STAT1 (aa 114-140) is
found in the PNT, as is a nuclear export signal (NES) at amino acids (aa) 174-192 that allows

cytoplasmic accumulation of the protein [Rodriguez et al 2004, Ciancanelli et al 2009].



Table 2: P protein domain names, functions, and locations.

P protein N-terminal Region (PNT)

bound N protein (NNUC)

Domain Function(s) Location Reference
(amino acids)
No-binding Chaperones soluble N 1-50 [Chan et al 2004;
domain protein (No) Yabukarski et al 2014]
STAT1 binding [ IFN signalling inhibition 114-140 [Shaw et al 2004;
domain Rodriguez et al 2004;
Ciancanelli et al 2009]
Necessary Needed for polymerase 88-113 [Ciancanelli et al 2009]
polymerase complex function in
cofactor region | minireplicon assay
NES Nuclear export signal 174-192 [Rodriguez et al 2002;
Rodriguez et al 2004]
P protein C-terminal Region (PCT)
Domain Function(s) Location Reference
(amino acids)
PMD P multimerization 470-578 [Bruhn et a/ 2014]
domain

L-protein Binds L protein, required 550-592 [Lamb and Parks 2013]
binding for replication
domain
Pyp Binds nucleocapsid- 660-709 [Chan et al 2004]

15




16

In contrast to the disordered PNT, the PCT has more domains that are well-ordered. The P
protein multimerization domain (PMD) at aa 470-578 mediates tetramerization of the P protein
into P4 [Bruhn et al 2014]; P protein multimerization is essential for replication of
paramyxoviruses [Lamb and Parks 2013]. The P protein L-binding domain is predicted to be at
aa 550-592 based on its location in other paramyxoviruses [Bruhn et al 2014]. The C-terminal
residues aa 660-709 comprise the P protein X domain (Pxp), which is responsible for binding to
nucleocapsid-assembled NNUC [Chan et al 2004].

The P protein is important to many steps in NiV-M transcription and replication. P-N binding
interactions induce conformational changes in the N protein that allow control over the assembly
of N° into NNVYC and over access to the RNA by the P-L polymerase core complex. Binding of the
PNT to the N° protein keeps the N protein in an open conformation, allowing it to close only on
RNA in the presence of NNUC proteins to build the nucleocapsid. The PCT interaction with L and
NNUYC prings the L protein in contact with viral RNA for transcription and replication

[Yabukarski et al 2014, Habchi and Longhi 2015].

1.4 NiV-M Life Cycle
1.4.1 Overview

The life cycle of NiV-M is summarized in Figure 2. NiV-M attaches to susceptible cells via
its G protein and then the activated F protein mediates fusion of the viral envelope with the cell
membrane. Upon fusion, the contents of the virion are released into the cell cytoplasm.
Transcription of the genome begins soon after its release into the cytoplasm because all
necessary polymerase components (namely the L and P proteins) are present with the genome in

the virion and are available to begin RNA polymerization after the ribonucleocapsid enters the
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Figure 2. The basic infectious cycle of NiV-M. (A) The infectious, wild-type NiV-M virion
and its content. The ribonucleocapsid is represented as a stretch of N proteins, which occlude
the actual genomic RNA: the repeating pattern of the N protein around the RNA genome
creates the characteristic herringbone pattern that is visible under electron microscopy. (B)
NiV-M attaches to ephrin B2/B3 receptors on susceptible cells via its G protein; then, the viral
envelope fuses with the cell membrane via the F protein. Fusion with the membrane releases
the virion’s contents into the cell cytoplasm. (C) In the cytoplasm, the NiV-M genome is
transcribed into mRNA; in the presence of adequate N protein, replication also occurs using
the antigenome as an intermediate. Genes closer to the 3’ end of the genome are transcribed to
the greatest copy numbers. Capped and polyadenylated viral mRNAs are translated by host
ribosomes. (D) With the viral glycoproteins on the cell surface and the genome and associated
proteins brought to the membrane, the M protein drives the budding of new progeny NiV-M
virion from the surface of the cell.
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cytoplasm. Primary transcription occurs until enough N proteins are present to encapsidate
nascent genomes. Replication leads to the production of full-length, positive-sense RNA
antigenomes (directed by the leader promoter), and then full-length, negative-sense RNA
genomes are produced from the antigenomes (under the direction of the trailer promoter).
Secondary transcription begins when the newly produced progeny genomes are used along with
the original incoming genomes to supplement viral transcription [Noton and Fearns 2015, Rima
and Duprex 2009, Rota and Lo 2012].

Viral mRNA transcripts can be translated immediately after their production because the viral
polymerase provides them with methylated 5° caps and poly-adenosine tails typical of cellular
MRNA [Noton and Fearns 2015]. Some viral proteins are post-translationally modified in the
infected cell after they are produced by acetylation, phosphorylation, or, in the case of the F
protein, proteolytic activation [Rota and Lo 2012, Shiell et al 2003]. After they are produced, the
F and G proteins, the surface glycoproteins of NiV-M, are trafficked to and expressed on the cell
surface. Because they exist on the cell surface in an activated form, the F and G proteins can
mediate fusion of the infected cell’s membrane with adjacent ephrin B2/3-expressing cells,
resulting in the formation of multinucleated cells (syncytia).

NiV-M exits infected cells by budding from the cell surface membrane [Hyatt et al 2001].
Budding is directed primarily by the M protein, and F and G proteins on the surface of the cell
end up on the surface of the virions. It is not well understood how the ribonucleocapsids are
included into the budding particles of paramyxoviruses, but the process does allow for the
packaging of multiple genomes per virion [El Najjar et al 2014]. NiV-M virions are considered
mature immediately after budding because the proteolytic activation of the F protein occurs in

the infected cell prior to virion release.
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1.4.2 Attachment and Entry

After NiV-M attaches to the ephrin B2 or ephrin B3 of a susceptible cell by its G protein, the
F protein mediates fusion of the NiV membrane with the host cell membrane [Aguilar et al
2009]. The NiV F protein is activated by proteolytic cleavage in the endosomal compartment
prior to virion release from infected cells [Diederich et al 2005]. Pre-release activation of the F
protein obviates the requirement of endocytosis for NiV entry [Earp et al 2005, White and
Whittaker 2016]. Concordantly, NiV-M entry into cells is pH-independent. Activated F protein
on the surfaces of infected cells can mediate fusion with adjacent cells, causing the formation of
syncytia [Lamb and Parks 2013].

Most paramyxoviruses are thought to enter cells by fusion at the plasma membrane, and this
has been observed for NiV-M [Lamb and Parks 2013, Diederich et al 2008]. It has also been
suggested that macropinocytosis is required for NiV-M entry into cells and that this is induced
when the attachment of the G protein to ephrin B2/B3 initiates reverse signalling in the target
cells [Pernet et al 2009]. This theory links the mechanism of entry of NiV-M with the known
biological roles of the ephrin B2 and B3 in initiating cytoskeletal rearrangements involved in cell
attraction/repulsion events [Pitulescu and Adams 2010]. However, cell-cell fusion by F and G
protein expression alone did not require macropinocytosis, making it difficult to determine
whether ephrin-induced macropinocytosis is necessary, enhancing, or simply incidental to NiV
entry [Pernet et al 2009].

Discrepancies in observed entry mechanisms may also relate to differences in cell types. NiV-
M appears to enter human DCs by macropinocytosis, which might be a common entry
mechanism for cells that undergo large volumes of macropinocytosis constitutively such as DCs

and macrophages [Mathieu et al 2011, Lim and Gleeson 2011]. The overall entry mechanism of
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NiV-M into a particular cell may simply be the difference between the rate of membrane fusion
[Aguilar et al 2010] and the rate of uptake by macropinocytosis [Kerr et al 2006], induced or
constitutive, in the particular cell type. The mode of entry of NiV-M in particular cell types is
important for understanding detection of the virus by host cells, as different entry modes expose

a virus to different host proteins and systems involved in viral detection.

1.4.3 Transcription and Replication

In order to understand what NiV-M replication products are present either to allow detection
of the virus by the host cell or to prevent such detection systems from functioning properly, it is
important to understand the timing of replication of paramyxoviruses. There are several proposed
mechanisms for how paramyxovirus transcription and replication are regulated. These are
described by Noton and Fearns [2015] and summarized here:

Transcription and replication of the genome of paramyxoviruses requires the formation of a
complex between the L protein, which provides the enzymatic functions; the phosphoprotein (P
protein), which performs essential cofactor functions; and the nucleoprotein (N protein), which
encapsidates the RNA genome and directs the P-L polymerase complex to the genome for
transcription and replication. Both transcription and replication of viral RNA a start at the 3* end
of the genome where the viral polymerase complex binds to the 3’ leader promoter (or the trailer
promoter, when the antigenome is the template for replication).

At the initiation of transcription, a short transcript of the 3’ leader sequence is produced as the
viral polymerase scans the template for the first gene start (gs) sequence. In the absence of N
protein, this leader transcript is released from the polymerase complex and the polymerase

transcribes the viral genes in 3’ to 5’ order, initiating transcription at each gene’s gs sequence
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and ending at the gene’s gene end (ge) sequence. Stuttering of the viral polymerase on a tract of
template uridine residues in the ge sequence results in polyadenylation of the viral mMRNAs
[Hausmann et al 1999, Rota and Lo 2012]; the L protein also provides all mMRNA gene
transcripts with a methylated 5’ cap [Noton and Fearns 2015]. The leader transcript, however, is
neither polyadenylated nor given a 5° cap [Plumet et al 2007].

The viral polymerase stuttering mechanism that polyadenylates the viral mMRNA transcripts
also mediates the co-transcriptional editing process that produces the P, V, and W proteins from
overlapping reading frames in the P gene. At an editing site in the P gene, the viral polymerase
can stutter to insert non-templated guanine (G) residues, pushing the subsequent sequence of the
MRNA transcript out of frame. These transcripts are then translated into the P protein (reading
frame is unchanged), the V protein (reading frame is +1), or the W protein (reading frame is +2)
[Hausmann et al 1999, Lamb and Parks 2013], as shown in Figure 1.

Between each gene (after the ge sequence but before the next gene’s gs sequence), there are
intergenic regions that the viral polymerase does not transcribe. At the end of each ge sequence,
the viral polymerase has a finite chance of becoming detached from the genome instead of
continuing to the subsequent (5”) gene. Because transcription always begins at the 3’ leader
sequence, this creates a transcription gradient: the genes closer to the 3’ end of the genome are
transcribed to the greatest number of mRNA copies, and the genes at the 5° end are transcribed to
the least [Rota and Lo 2012]. The magnitude of the gradient has not been determined for NiV-M,
but the N gene of HeV is transcribed to just over ten times as many copies as the L gene in
infected Vero cells [Wright et al 2005]. The empirically determined N/L ratios of HeV and other

paramyxoviruses are shown in Table 3.
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Table 3: Published ratios of N to L mRNA copy numbers in Paramyxovirus family members.

Virus Genus N/L ratio Literature Source ACt N-L
Hendra virus Henipavirus 11.1 [Wright ef al 2005] -3.47
Sendai virus Respirovirus | 33.3 [Homann et al 1990] -5.06
Measles virus Morbillivirus | 66.7; or [Cattanco et al 1987]; -6.06

58.8 [Plumet et al 2005] -5.88
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During replication, the leader transcript is encapsidated and not released from the polymerase
complex. This allows the polymerase complex to ignore gs and ge sequence signals to generate
complete, encapsidated, antigenomic copies of the viral RNA. Antigenomes are not transcribed
but contain a trailer promoter to direct the viral polymerase to use them as a template for genome
production. Both genomes and antigenomes are synthesized concomitantly with their N protein
encapsidation so that no genome or antigenome exists without a nucleocapsid. Neither genomes
nor antigenomes have a 5’ cap [Noton and Fearns 2015, Plumet et al 2007].

Replication of the NiV-M genome occurs only if there is a sufficient local concentration of
free N protein to encapsidate full-length viral genomes and antigenomes and so only occurs after
a certain period of transcription and translation alone: viral transcription predominates early in
infection. After enough N protein has been produced to initiate replication, enough N protein is
produced by primary and secondary genome transcript that transcription and replication can be

considered to occur more or less simultaneously [Noton and Fearns 2015, Plumet et al 2005].

1.4.4 Timeline of Transcription and Replication

Models for the timing of paramyxovirus transcription and replication are well-defined for
MeV and are summarized in Figure 3. As previously stated, genome transcription can
theoretically be initiated immediately after entry because infectious paramyxovirus virions
contain P proteins, L proteins, and encapsidated genomic RNA. From 0 to 6 hours post-
inoculation (hpi), viral mMRNAs accumulate at a linear rate by the action of the pre-made L
protein; from 6 to 12 hpi, viral MRNAs exponentially increase as more L proteins are produced
to participate in transcription; at 12 hpi, replication begins and production of viral MRNAs,

genomes, and antigenomes increases; and after 24 hrs, viral mRNA synthesis begins to slow and
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eventually plateau [Plumet et al 2005, Rima and Duprex 2009].

To the extent that the constraints of BSL4 work have allowed this type of investigation, this
general trend seems to be similar for HeV and NiV-M although it occurs at a greater rate [Wright
et al 2005, Chang et al 2006a]: while release of infectious, wild-type MeV may occur 16-20 hpi
or even later, NiV-M release was detected as early as 8 hpi with the greatest increases in
extracellular virus detection after 8 hpi [Sugai et al 2013, Chang et al 2006a]. The comparatively
more rapid Kinetics of release of NiV-M are similar to those of the related HeV, for which
intracellular production of genomic RNA has been investigated. Intracellular production of HeV
genomic RNA occurs at earlier time points than for MeV, with a significant increase in HeV
genomic RNA occurring between 4 and 6 hpi compared to after 12 hpi for MeV [Wright et al
2005, Plumet et al 2005]. Some of the differences between these viruses may be attributable to
the cell types used in these studies: replication of NiV-M has been found to be markedly slower
in some susceptible cell types [Chang et al 2006b]; however, in the cell types in which they can
be compared, the infectious cycles of NiV-M and HeV are faster than that of MeV [Plumet et al

2005, Sugai et al 2013, Chang et al 2006a, Wright et al 2005].

1.4.5 Viral Protein Synthesis

It is difficult to determine exactly when paramyxovirus proteins reach active concentrations in
cells because it is likely that viral proteins have functional effects before they reach an amount
that is detectable by immunoblot or other methods of detecting protein expression. For example,
it can be inferred in MeV infections in vitro that newly synthesized L protein is active as early as
5 hpi based on the time point at which a change in the rate of genome/antigenome production

occurs [Plumet et al 2005].
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It is feasible that other viral proteins might be at active concentrations at 5 hpi because the
transcription gradient produces transcripts for all of these proteins at higher copy numbers than
the L protein [Rima and Duprex 2009, Lamb and Parks 2013]. The time point may be even
earlier in faster-replicating paramyxoviruses: in SV5 infection of A549 cells, immunoblots could
detect N protein at 4 hpi and P and V protein at 8 hpi (earlier time points not examined for P/V),
whereas the MeV N protein was not detectable by immunoblot until 8 hpi [Young et al 2006,
Sugai et al 2013]. Limited information is available on the protein production timelines of NiV-
M. In 293T cells infected at MOI of 0.4 with NiV-M, the P gene products became detectable by
immunoblot somewhere between 9.5 and 24 hpi [Kulkarni et al 2009], but no further resolution
on the timing is available.

The P gene of NiV produces four distinct protein products. Transcription using only one
reading frame and starting with the start codon at the beginning of the gene results in the
production of the P protein, and the V and W proteins are made separately by a co-transcriptional
editing mechanism whereby the viral polymerase adds non-templated guanine (G) residues to a
growing P gene transcript at a certain frequency at a conserved editing site in the P gene (starting
at nt 3618 in the NiV-Malaysia genome, NC_002728.1) [Lamb and Parks 2013]. By this
mechanism, the P, V, and W proteins all share the same primary sequence up to aa 406
(corresponding to the PNT region of the P protein) and differ only by their unique C termini
downstream of the editing site (aa 407-709 for the P protein; aa 407-456 for the V protein; and aa
407-449 for the W protein). The NiV-M V and W proteins are similar in size (50.3 kDa and 49.5
kDa, respectively; see Figure 1B) and as such are indistinguishable by size alone on
immunoblots. The C protein is 19 kDa, 166 aa long, and is made by translation initiation at an

alternate start site upstream of the P gene editing site (located at nt 2428 in NC_002728.1) but in
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an alternate (+1) reading frame. As a result, the C protein primary sequence has no homology
with the other P gene products.

The V, W, and C proteins are the primary proteins of NiV-M involved in the evasion of
cellular detection. They are considered to be non-structural and accessory proteins, so they are
not expected to mediate any biological effects until replication proceeds to the point where
adequate amounts are newly synthesized. Production of the NiV V and W proteins is more
delayed than that of the P protein because the editing frequency of the P gene initially favours P
protein transcripts: at 2.5 hpi, 64-100% of P gene transcripts code for the P protein. The percent
of V and/or W transcripts exceeds that of P transcripts somewhere between 6 and 9.5 hpi
[Kulkarni et al 2009]. Likely, newly synthesized /W proteins would not be expected to be at
biologically relevant concentrations before 4 hpi; this approximately coincides with the time
point where significant genome replication is thought to occur (discussed above). However, as
previously discussed, the accessory proteins of NiV-M have been found in purified, concentrated
virion preparations by immunoblot: potentially, the accessory P gene products proteins are
present intracellularly immediately after the release of the viral envelope contents. To date, the

significance of this has not been investigated.

1.4.6 Virus Maturation and Egress

NiV-M virions exit infected cells by budding from the surface plasma membrane. The NiV-M
surface glycoproteins (G and F proteins) and the M protein are trafficked to the surface after their
production: the F and G proteins are integral membrane proteins, while the M protein remains
associates on the inside of the membrane with their cytoplasmic tails. The F protein is initially

present in its inactive (Fo) form: to be activated, Fo is endocytosed and cleaved by acid-
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dependent proteases in the mature endosome into its heterodimeric active form (F1/F2),
whereupon it is re-trafficked back to the cell surface. The F1/F> form of the fusion protein is
competent to mediate fusion with other plasma membranes, in conjunction with G protein
binding. The M protein is the primary driver of virion budding and interacts with both the
cytoplasmic tails of the F and G proteins and the ribonucleocapsid to bring these components
together for budding of the virus [El Najjar et al 2014, Patch et al 2007]. After budding from the
cell, virions containing complete NiV-M genomes are theoretically capable of initiating another

cycle of infection in a susceptible cell.

1.5 The Antiviral Response: Type I Interferon (IFN)
1.5.1 Overview of the Type | IFN Response

Type I interferons (IFN) are soluble factors important for innate and adaptive antiviral
immune responses. Consequently, most viruses (including NiV-M) have evolved mechanisms to
combat or evade them. The most well-characterized of this family are IFNa and IFNp. The
porcine type | IFN family has 7 distinct type I IFNs (IFNa, B, 3, o, €, k, and aw) and 17 subtypes
of IFNa, while IFN is produced from a single gene [Sang et al 2014].

Most cells can produce IFNa and IFNP [McNab et al 2015]. Cells are induced to produce
IFNo/p after detection of intracellular pathogen-associated molecular patterns (PAMPS) using
pattern recognition receptors (PRRs) such as endosomal Toll-like receptors (TLRs) and cytosolic
RIG-I-like helicase Receptors (RLRs). Signalling by these PRRs induces IFNa/p production by

the infected cells.
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1.5.2 Constitutive Expression of Type | IFN

In addition to their role in viral infections, type | IFNs are constitutively expressed in humans
and in swine [Gough et al 2012, Amadori et al 2010]. Constitutively expressed subtypes of type |
IFN are different from the subtypes induced by virus infection and constitutive expression of
type I IFN is greatly reduced compared to virus-induced expression [Razzuoli et al 2011, Tovey
et al 1987]. Virus-independent type I IFN primes cells for an efficient antiviral response,
enhances responsiveness to other cytokines, and is involved in normal cell functions and
homeostasis [Hata et al 2001, Amadori 2007, Gough et al 2012]. Expression of type I IFN in
pigs also increases in the absence of pathogen at predictable times, particularly post-wean; this
increase is mediated by PBMCs [Amadori 2007]. In porcine PBMCs, monocytes and pDCs are
the primary populations responsible for constitutive IFNa production [Amadori et al 2010].
Experimental infections of pigs with NiV were performed post-wean at 5 to 6 weeks of age due

to space constraints in BSL4 animal holding facilities [Middleton and Weingartl 2012].

1.5.3 IFNo/p Signalling

Cells respond to produced IFNo/f via specific receptors expressed on all somatic cells [de
Weerd and Nguyen 2012]. Binding of type I IFN to the transmembrane cell surface IFNa/3
receptor (IFNAR), composed of IFNAR1 and IFNAR2 subunits, initiates a JAK/STAT signal
transduction cascade involving the receptor-associated protein tyrosine kinases JAK1 and TYK2
and the cytoplasmic transcription factors STAT1 and STATZ2. The cascade culminates in the
phosphorylation and nuclear translocation of STAT1-STAT?2 heterodimers in complex with IRF9
which bind to interferon-sensitive response elements (ISRES) to upregulate interferon-stimulated

genes (ISGs) [Ivashkiv and Donlin 2014]. This signalling pathway is summarized in Figure 4.



Figure 4. Type I IFN signalling pathway for initiating antiviral state in responsive cells.
Known points of inhibition of these pathways by NiV-M P gene products are also indicated.
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JAK/STAT signalling is important for both immune cell signalling and the activation of the
antiviral state, which can be induced in any IFNAR-expressing cell (e.g. all somatic cells).
Among the ISGs are proteins that directly interfere with the virus replication cycle by physical
interaction (e.g. MX1); proteins that enhance the PAMP recognition and PRR signalling
capabilities (e.g. IRF7, MAVS, PKR, and OAS1); proteins that degrade intracellular RNAs (e.g.
OAS1 and RNase L); and proteins that globally shut down translation (e.g. PKR and elF2a) [de
Veer et al 2001]. The antiviral effects of type | IFN are important to early control of viral
replication and limiting viral dissemination. Their effects on immune cells are also important to

the development of a robust adaptive immune response.

1.5.4 Roles of Type I IFN in the Immune Response

IFNa/p enhances the link between innate and adaptive immune responses through their
actions on DCs: type | IFNs promote the generation of DCs from precursor cells and maturation
of DCs, increasing their T cell priming capacity. Type | IFNs will also indirectly drive
proliferation and maturation of NK cells by inducing IL-15 production by monocytes,
macrophages, and DCs, and will directly enhance NK cell cytotoxicity [Crouse et al 2015].

Type | IFN can also directly and indirectly influence cells of the adaptive immune response.
Overall, IFNo/p can enable and potentiate an effective T cell response by skewing a Tn1 type
response, which is appropriate to handling intracellular pathogens [Edelman and Heissmeyer
2014, Crouse et al 2015]. Directly, [FNo/p enhances the proliferation, survival, and/or
differentiation into effector cells of many different cell types. This includes promoting survival
of activated T cells; promoting development of memory T cells from antigen-specific T cells;

encouraging the proliferation, survival, and differentiation of Tyl CD4+ T cells [Crouse et al
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2015]; inducing the generation of plasma cells that secrete virus-specific antibodies [Jego et al
2003]; and enhancing the survival and proliferation of antibody-producing B cells [Braun et al
2002]. IFNo/p will also confine lymphocytes to lymphoid tissues to prolong their exposure to
antigen-presenting cells, strengthening the link between innate immune system detection of a
pathogen and the adaptive response [Gommerman et al 2014]. Immune cells will respond to
IFNo/B by producing cytokines of their own, which then mediate the indirect effects of type |
IFN. For example, CD4+ T cells produce IL-10 and IFNy in response to IFNAR stimulation;
produced IL-10 will then activate cytotoxic T cells and stimulate plasma cell differentiation,
thereby potentiating both the humoral and cell-mediated immune responses [Jego et al 2003].
Considering the broad effects of type | IFN, the ability to produce it in response to viral infection
is important for the control and clearance of viral infections by both the innate and adaptive

immune system.

1.5.5 Type I IFN Induction

This investigation was focused on the interaction between NiV-M and the system for inducing
type I IFN in major type | IFN-producing cells. Considering the possible modes of entry of NiV-
M, the major PRRs of interest for induction of type I IFN in response to NiV-M infection are the

endosomal TLRs (TLR3 and TLR7) and the RLRs (RIG-I, MDAJ5, and LGP2).

1.5.6 Pattern Recognition Receptors: Endosomal Toll-like Receptors (TLRS)
The Toll-like receptors TLR3 and TLR7 are endosomal PRRs that recognize dsRNA (TLR3)
and ssRNA (TLR7) found in the endosomal compartment. Endosomal TLRs require endosomal

acidification in order to recognize and signal in response to their cognate ligands [Kawasaki and
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Kawai 2014]. Endosomal acidification occurs concomitantly with endosomal maturation, so
viruses such as paramyxoviruses that avoid mature endosomes at entry typically do not activate
TLRs during the entry process. Viruses that are exposed to active TLR receptors during entry
processes can induce TLR activation without viral replication [Kawai and Akira 2008].

Theoretically, pH-independent viruses could still be exposed to endosomal compartments
during entry if they fail to fuse before the endosome matures. Alternatively, the replication
products of any virus replicating in the cytoplasm can be exposed to activated TLR receptors by
autophagy, the cellular process of degrading and recycling cellular components when
autophagosomes containing viral replication products acidify and fuse with endosomes and then
lysosomes [Kawai and Akira 2008].

TLR-dependent recognition of PAMPSs by cells varies between cell types based on their
expression of these TLRs. TLR3 is expressed by a variety of immune and non-immune cells
types, including conventional DCs (cDCs), macrophages, fibroblasts, and epithelial cells; TLR7
expression is mainly restricted to immune cells and particularly to plasmacytoid DCs (pDCs), but
it is also found in B cells and in induced myeloid cells [Kawai and Akira 2008, Petes et al 2017].
Recognition of virus by endosomal PRRs can also vary between cells with similar TLR
expression profiles based on the entry mechanism of the virus into the cells (i.e. involving
endosomal maturation or not) or on differences in autophagy: in some cell types, notably pDCs,
high levels of autophagy occur constitutively, potentially enhancing the access of TLR3/7 to

their cognate ligands [Lee et al 2007].
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1.5.7 Endosomal TLR Detection of Paramyxoviruses

Recognition of NiV-M by endosomal TLRs likely does not occur during entry because, as
previously described, NiV-M entry is pH-independent and can avoid the acidified endosomes in
which the endosomal TLRs become activated.

However, TLR7 is involved in the detection of paramyxoviruses, particularly in infections of
pDCs and myeloid cells (consistent with its expression pattern). TLR7 recognition of
paramyxoviruses requires viral replication and likely occurs when some ssRNA replication or
degradation product enters the endosomal compartment of the cell by autophagy [Hornung et al
2004, Melchjorsen et al 2005, Lee et al 2007].

Direct evidence for TLR3-dependent detection of most paramyxoviruses is largely absent
[Schroder and Bowie 2005]. It is likely that TLR3 detection of paramyxoviruses is limited
because the concomitant encapsidation of paramyxovirus genomes and antigenomes with their
synthesis prevents the formation of dsSRNA structures [Noton and Fearns 2015]. Experimentally,
dsRNA was not detected during the replication of paramyxoviruses SeV and Newcastle disease
virus (NDV), indicating they produce either no or very few dsRNA replication intermediates
[Weber et al 2006]. TLR3 has been found to be involved in detection of the paramyxoviruses
respiratory syncytial virus (RSV), but not of the paramyxoviruses SV5 and SeV [Liu et al 2007,

Manuse and Parks 2010, Lopez et al 2004].

1.5.8 TLR Signalling for Type I IFN Induction
TLR3 and TLR7 signalling start with the recruitment of an adaptor protein: TRIF for TLR3,
and MyD88 for TLR7. Signal transduction pathways for these two endosomal PRRs are

summarized in Figure 5. Signal transduction after ligand binding to TLR3 follows, in sequence,



Figure 5. Endosomal PRR (TLR3, 7) signalling pathways for induction of type I IFN.
Known points of inhibition by NiV-M P gene products are indicated. Associated signalling
pathways not directly involved in type I IFN induction are also shown (grey box).
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the molecules TRIF, TRAF3, TBK1/IKKe/NEMO, and finally the transcription factors
Interferon-Regulatory Factor (IRF)3/7 for the induction of type I IFN [Kawai and Akira 2007,
Kawasaki and Kawai 2014].

Signal transduction for TLR7 generally does not involve IRF3 [Honda et al 2005]. Instead,
IRF7 binds to MyD88 associated with TLR7 and forms a complex with several molecules
(TRAF3, TRAF6, IRAK4, IRAK1, IKKa, OPNi, and Dock2); in this complex, IRAK1 and/or
IKKa phosphorylates IRF7, which then dimerizes and translocates to the nucleus to upregulate

type I IFN [Kawai and Akira 2007, Kawasaki and Kawai 2014].

1.5.9 Pattern Recognition Receptors: RIG-I-like Receptors (RLRS)

RIG-I-like receptors (RLRs) are expressed in a wide variety of tissues and cell types and are
the primary source of RNA virus-induced type | IFN induction in non-immune cells. In contrast
to TLRs, RLRs are found and recognize viral PAMPs in the cytoplasm [Loo and Gale 2011].

The main RLRs are RIG-I1 and MDAS5, both of which have DExD/H box domains typical of
RNA helicases and tandem caspase activation and recruitment domain (CARD) signalling
modules that enable them to initiate innate immune signalling [Loo and Gale 2011]. Both MDA5
and RIG-I recognize dsRNA: RIG-I recognizes short dSRNAs (<300 bp) while MDA5S
recognizes long dsSRNAs (>1000 bp). RIG-I also recognizes 5’ triphosphates (5 ppp) of
uncapped RNA, while MDAJS binds internally to long dsRNA with no end specificity [Reikine et
al 2014]. Some evidence indicates RIG-1 and MDAGS also have an affinity for AU-rich RNA
sequences [Runge et al 2014]. In order for viral RNA to be recognized by either RIG-1 or

MDAJ5, some sort of RNA secondary or higher-order structure appears to be necessary, such as
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stem/loop structures for RIG-I or RNA “webs” for MDAS5 [Schmidt et al 2011, Pichlmair et al
2009].

A third RLR, LGP2, can also recognize dsRNA but lacks a CARD signalling module and thus
cannot activate downstream signalling pathways. Instead, LGP2 regulates the activities of RIG-I
and MDADS. Broadly, LGP2 enhances viral RNA recognition by MDAS while downregulating

RIG-I activity [Chan and Gack 2016].

1.5.10 RLR Detection of Paramyxoviruses

Initially, sensing of paramyxovirus infection was thought to be performed by RIG-I and not
MDADS [Kato et al 2006], but more recently MDAGS has been shown to be involved [Yount et al
2008, Ikegame et al 2010]. In vivo, MDAS appears to be more important to sustained production
of interferons later in acute paramyxovirus infection whereas RIG-1 is important for the early
response [Gitlin et al 2010].

Studies have found that some paramyxoviruses can be essentially undetectable to cytosolic
PRRs during normal replication and infection, but detection can still occur when defective
interfering (DI) particles produced stochastically during replication or found in the inoculum are
detectable by PRRs [Killip et al 2012]. Even in virus preparations specifically reduced for DI
particles, the build-up of DI paramyxovirus particles over time during an infection can contribute
to the activation of MDAGS and RIG-1 [Yount et al 2008].

The genomes and antigenomes of paramyxoviruses have 5’-ppp ends and purified NiV
genomic RNA can in principle activate PRRs, but the ends of genomes/antigenomes are
concealed by the encapsidating nucleoprotein [Habjan et al 2008, Plumet et al 2007]. This limits

detection of incoming virus RNA by the RLRs. Encapsidation also prevents the formation of
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dsRNA replication intermediates because it occurs concurrently with replication, preventing
base-pairing between genomes and antigenomes and limiting the formation of RNA secondary
structures [Plumet et al 2007].

Production of 5’ppp RNA is limited during the paramyxovirus life cycle as the L protein caps
the 5 ends of viral mRNA transcripts. However, as mentioned previously, the 3’ leader
transcript is not capped and thus can be recognized by RIG-1 [Plumet et al 2007]: the uncapped
leader transcript could be the major PAMP allowing cellular detection of NiV. It is possible that
this is not the only RLR-activating NiV product: the L gene mRNA of MeV and PIV5 have also
been observed to bind MDAS and RIG-I based on its nucleotide sequence, independently of any
5’-ppp [Runge et al 2014]. It is currently unknown whether the NiV L gene has a similar effect

based on its sequence alone.

1.5.11 RLR Signalling for Type I IFN Induction

Signal transduction for the cytosolic PRRs RIG-1 and MDADS is summarized in Figure 6.
Upon activation by a ligand, RIG-1 or MDAJ5 are dephosphorylated by protein phosphatase 1
(PP1, a or y). RIG-1 (but not MDAJS) then requires polyubiquitinylation by E3 ubiquitin ligases
TRIM25 and Riplet. Subsequently, RIG-1 and MDAS multimerize and then activate the
mitochondrial membrane protein MAVS (also known as IPS-1, VISA, or Cardif) through direct
interaction. Activated MAVS results in downstream activation of TRAF3, which activates the
kinases TBK1 and IKKzg; these kinases subsequently phosphorylate IRF3 and/or IRF7, which

translocate to the nucleus to upregulate type | IFN production [Chan and Gack 2016].
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Figure 6. Cytosolic PRR (RIG-I, MDAS, and LGP2) signalling pathways for induction of
type I IFN. Known points of inhibition by NiV-M P gene products are indicated. Associated

signalling pathways not directly involved in type I IFN induction are also shown (grey box).
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1.5.12 Transcription Factors in Type | IFN Induction

As described above, type | IFN induction signalling cascades converge on the
phosphorylation of the interferon regulatory factors IRF3 and IRF7. Phosphorylated IRFs
dimerize and translocate to the nucleus to activate type I IFN promoters. The nature of the
IFNo/p response depends on the level of expression of IRF3 and IRF7 in the stimulated cell
[Levy et al 2002].

IRF3 has a more restrictive promoter preference than IRF7 and will mainly induce expression
of IFNP. IRF7 has less discriminating promoter-binding activity and will induce both IFNf3 and
several IFNa subtypes [Lin et al 2000, Génin et al 2009, Honda et al 2006].

IRF3 and IRF7 also differ in their expression in different cell types, and their expression
differences allow for temporal regulation of the type I IFN response [Levy et al 2002, Honda et
al 2006]. IRF3 is broadly constitutively expressed in most cell types. Constitutive expression of
IRF7 is restricted to immune cells and, in particular, to pDCs [Honda et al 2006, Kawai and
Akira 2007]. However, IRF7 expression can be induced in all cells by type I IFN signalling as an
interferon-stimulated gene (ISG) [Honda et al 2006]. IFN-dependent IRF7 expression results in a
biphasic induction of type I IFN in response to virus infection: IFNf is produced first, and
subsequent production of multiple IFNa subtypes occurs only if the initial IFNf response does
not sufficiently remove the virus [Sato et al 1998]. The mechanism of the biphasic, IFNf-
dependent expression of IFNa is summarized in Figure 7. A large amount of IFNa produced in
viral infections can be attributed to immune cells such as pDCs which constitutively express
IRF7 and thus can respond immediately to viral PAMPs with IFNa production [Prakash et al

2005, Fitzgerald-Bocarsly et al 2008, Kumagai et al 2007].
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Figure 7. IFNB-dependent induction of IFNa. Type I IFN can activate [IFNARs in a paracrine
(green- and yellow-bordered cells are different cells) and autocrine (yellow-bordered cell is
the green-bordered cell after responding to type I IFN) manner. The grey box around TLR7
indicates that TLR7 is a PRR found in some immune cell types but in most other cell types it
is neither present at steady-state nor inducible by IFN signalling. Numbers indicate the
sequential order of steps for the production of IFNa by a non-IRF7-expressing cell upon the
cell’s detection of virus.

(1) Cellular PRRs recognize the presence of viral PAMPs and become activated.

(2) The resultant signalling cascade phosphorylates constitutively expressed IRF
transcription factors (IRF3 only in steady-state cells).

(3) Phosphorylated IRF3 upregulates transcription of IFNp.

(4) Upregulated IFN is secreted by the cell and binds to IFNARs in an autocrine or
paracrine manner.

(5) IFNAR activation initiates a JAK/STAT signalling cascade that forms the ISGF3
transcription factor complex.

(6) ISGF3 binds to ISREs to initiate transcription of ISGs involved in the antiviral state.

(7) ISG proteins mediate the antiviral state: now, primed cells are more sensitive to PAMPs
and express IRF7.

(8) The presence of viral PAMPs (continued or newly introduced) is recognized by the
cellular PRRs. As in step (2), the subsequent signalling results in the
phosphorylative activation of expressed IRF transcription factors. In the IFN-
primed cell, this includes IRF3 and IRF7. In certain specific immune cell types,
namely pDCs, TLR7 and IRF7 are present in the steady-state: the production of
IFNa and IFNP by such cells only requires steps (8) through (10).

(9) Transcription of both type I IFN subtypes is upregulated. IRF3 upregulates IFN while
IRF7 upregulates both IFNf and IFNa.

(10) IFNa and IFN are secreted and can initiate [IFNAR receptor signalling in responding
cells. The signalling cycle continues until viral PAMPs are no longer detected
unless the pathway is blocked.
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1.5.13 Negative regulators of type I IFN induction and signalling

Control of type I IFN production and signalling also involves negative regulators that limit
type I IFN responses [Ivashkiv and Donlin 2014]. Both induction of and signalling by type I IFN
can be suppressed by proteins or noncoding RNAs (e.g micro (mi)RNASs) upregulated in the type
I IFN response. Protein suppressors of the type | IFN response system have various mechanisms
by which they can block PRR or JAK/STAT signalling, including by direct interaction,
dephosphorylation, ubiquitination, or deubiquitination of signalling pathway members [Arimoto

et al 2018].

1.6 Auxiliary Functions of the NiV-M P Gene Products

The P gene products are implicated in a number of auxiliary functions that are not strictly
necessary for replication but are important for pathogenesis, including evading the induction and
signalling of type I IFN. As mentioned above, the amino-terminal domains (NTDs) of the P, V,
and W proteins are identical; and although they share a nuclear export sequence (NES) in the
NTD [Rodriguez et al 2004], these three proteins mediate their effects from different subcellular
compartments. The V protein shuttles dynamically into and out of the nucleus with a net
localization in the cytoplasm [Rodriguez et al 2002]. The P protein does not appear to interact
with nuclear export machinery at all and is found entirely in the cytoplasm [Audsley et al 2016].
The W protein contains a nuclear localization sequence (NLS) in its unique CTD (requiring
amino acids 439, 440, and 442) and is distributed to the nucleus in certain cell types, likely by
interaction with karyopherin-o proteins [Shaw et al 2005]. Interestingly, the W protein does not
appear to localize to the nucleus in all cell types: notably, it localizes to the cytoplasm in human

endothelial cells and in a variety of porcine cell lines [Lo et al 2010, Bocskowzka 2014, Goolia
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2009]. As mentioned above, the NiV-M C protein lacks any protein level homology with any
other NiV-M P gene product and has both nuclear localization (NLS) and nuclear export (NES)

signals that cause it to shuttle between the nucleus and cytoplasm [Horie et al 2016].

1.6.1 P Gene Product Transfection Studies

The limitations of work with BSL4 viruses has confined most research into the mechanisms
of auxiliary P gene products’ functions to transfection studies, which can provide indications of
the actual functions of these proteins but whose biological relevance should be investigated. The
auxiliary functions of the P gene products will be reviewed here in two separate sections: those
that are attributed to the common NTD of P, V, and W proteins, and those that are attributable
uniquely to different P gene products. The review of the functions unique to a single product will
address neither the P protein (because its known unique roles are the necessary functions
described above for viral replication) nor the W protein (because the only truly unique role
determined for the W protein thus far is its nuclear localization, discussed above). The known
roles of the P gene products in blocking type | IFN signalling and induction are indicated in

Figures 4, 5, and 6.

1.6.1.1 Transfection Studies Revealing Shared Functions of P Gene Product N-terminal
Domain (NTD)

Despite differences in their subcellular localization, the common NTD of the P, V, and W
proteins causes the three proteins to share certain functions. Regions of interest in the P, V, and

W NTDs are represented in Figure 1B and summarized in Table 2.
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The shared STAT1 binding domain of the P, V, and W proteins allows them to prevent the
nuclear translocation of STAT1 complexes, thereby blocking type I and type Il IFN signalling.
[Rodriguez et al 2004, Shaw et al 2004]. The P and V proteins colocalize with STATL in the
cytoplasm, while the W protein has been seen to mainly mediate STAT accumulation and
signalling block at the level of the nucleus. When the W protein localizes to the nucleus, it
creates a stronger IFN signalling block than either P or V; the P protein creates the weakest IFN
signalling block [Shaw et al 2004, Ciancanelli et al 2009]. Less is known about the ‘strength’ of
the W protein-mediated IFN signalling block when the W protein localizes to the cytoplasm, and
it may be equal or redundant to that of the V and P proteins in cells with cytoplasmic localization
of W protein [Ciancanelli et al 2009, Shaw 2009].

The shared NTD seems to be able to limit genome replication: transfected P gene products,
including the NTD alone, were found to inhibit NiV-M minigenome replication. This inhibition
could also be mediated by the unique CTD of the V protein [Sleeman et al 2008, Goodbourn and

Randall 2009].

1.6.1.2 V Protein Transfection Studies

NiV-M V protein transfection studies have indicated that the V protein’s CTD allows it to
evade RLR-mediated signalling in multiple ways. The CTD of the V protein has been implicated
in mediating interference of the cytosolic RNA sensors MDADS, LGP2, and RIG-I [Childs et al
2007, 2009, 2012; Parisien et al 2009, Davis et al 2014, Rodriguez and Horvath 2013, 2014;
Sanchez-Aparicio et al 2018]. The V protein has also been found to inhibit RLR signalling at the
level of MAVS activation by stabilizing UBXNL1 (a suppressor of MAVS), thereby inhibiting the

RLR signalling pathways [Uchida et al 2018, Wang et al 2013].
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1.6.1.3 C Protein Transfection Studies

The NiV-M C protein C inhibits type I IFN signalling but more weakly than the other P gene
products, with a stronger ability to mediate this block when it is localized to the cytoplasm [Park
et al 2003, Horie et al 2016]. The mechanism of this inhibition is unclear. The C protein also
appears to be important for promoting efficient budding of NiV-M from infected cells [Park et al
2016]. There is some indication that the C protein may block IFNf induction by inhibiting IKKa
phosphorylation of IRF7, but the biological relevance of this is uncertain [Yamaguchi et al

2014].

1.6.2 P Gene Product Live Virus (In Vitro) Studies

The functions of the NiV P gene products have been investigated using recombinant viruses
whose expression of V, W, or C are abrogated by single nucleotide substitutions introducing stop
codons in the reading frame specific to one of these proteins. Recombinant NiV-M lacking
expression of each non-structural protein have been used for investigation of the role of the non-
structural proteins in during live infections [Ciancanelli et al 2009, Yoneda et al 2010, Mathieu
et al 2012a, Lo et al 2012, Satterfield et al 2016, 2015]. In this thesis, recombinant NiV-M
lacking expression of the V, W, or C protein will be referred to as NiV-AV, NiV-AW, and NiV-
AC, respectively.

The W protein was not found to have a role in NiV-M replication in vitro and NiV-AW
recombinants have been consistently found to replicate similarly to the wild-type NiV-M
[Yoneda et al 2010, Lo et al 2012, Satterfield et al 2015, 2016]. In primary human endothelial

cell lines, the W protein is important for the cellular antiviral response 24 hpi and later and its
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absence in vitro led to strong upregulation of multiple pro-inflammatory cytokines and
chemokines at 24 to 72 hpi [Lo et al 2012, Satterfield et al 2015].

In vitro, NiV-AV has been seen to replicate to lower titers than the wild-type NiV-M,
although not in every cell type and not consistently at the same time points [Yoneda et al 2010,
Lo et al 2012, Satterfield et al 2015]. A reduction in P gene mMRNA editing was seen for NiV-
AV, possibly implicating the V protein in control of P gene mRNA editing [Lo et al 2012].

In human primary endothelial cells, the V protein appears to be important to evasion of
antiviral state and IFNp induction at later time points post-infection (24 hpi and later) [Lo et al
2012], similar to what was seen for the W protein (see above). The V protein was found to block
the production of certain pro-inflammatory cytokines and chemokines in human primary
endothelial cells, although to a lesser extent than the W protein [Satterfield et al 2015].

The C protein likely has some role in viral replication and growth, as NiV-AC recombinants
replicate to lower titers than wild-type NiV-rM [Lo et al 2012, Yoneda et al 2010, Satterfield et
al 2016, Ciancanelli et al 2009, Mathieu et al 2012a]. Using NiV-AC, the C protein has also been
implicated in blocking the production of IFN in infected primary human endothelial cells,

although at earlier time points than the V and W proteins [Mathieu et al 2012a, Lo et al 2012].

1.6.3 P Gene Product In Vivo Pathogenesis Studies

In vivo studies of NiV-AV and NiV-AW have been performed to investigate the roles of the V
and W proteins in pathogenesis in animal models of human NiV-M infection. The two models
used for these investigations to date are the golden hamster model [Yoneda et al 2006, 2010;
model developed by Wong et al 2003] and the ferret model [Satterfield et al 2015, 2016; model

developed by Bossart et al 2009].
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In infections of golden hamsters, the W protein was found to have no role in pathogenesis: the
absence of the W protein did not reduce clinical signs or improve survival compared to the wild-
type rNiV [Yoneda et al 2010]. In ferrets, the presence/absence of the W protein was irrelevant
to lethality; however, the absence of the W protein led to a delayed time to death (8-11 dpi),
reduced respiratory signs of disease, and aggravated neurological signs of disease. Satterfield et
al suggest that during NiV-M infection, the W protein blocks production of inflammatory
cytokines and chemokines which would otherwise reduce damage to the lung and cause damage
to the central nervous system. Interestingly, NiV-AW-infected ferrets did not develop
neutralizing antibodies even though their time to death was delayed [Satterfield et al 2015,
2016].

Although the V protein was found to create a weaker in vitro block of inflammatory mediator
production in human primary cells, it appears to be a much greater contributor to NiV-M
pathogenesis than the W protein. All golden hamsters infected with NiV-AV survived challenge
and had no detectable virus in any organs despite the development of anti-NiV antibodies
[Yoneda et al 2010]. In the ferret model, NiV-AV-infected ferrets all survived challenge with
significantly reduced or absent detection of NiV in tissues. NiV-AV infection of ferrets led to the
production of neutralizing antibodies by 10 dpi [Satterfield et al 2015].

In vivo, the C protein was found to be important for pathogenesis and virulence in golden
hamsters. In its absence, golden hamsters survived challenge; had reduced detection of NiV in
tissues; and had reduced inflammation in the brain despite increased inflammation in the lungs
[Yoneda et al 2010, Mathieu et al 2012a]. In infected ferrets, NiV-M C was less important to

virulence. No ferrets infected with NiV-AC survived challenge and all succumbed over a similar



timeline to the wild-type NiV-M, although the C protein’s absence led to a reduction in

respiratory signs of disease [Satterfield et al 2016].

56
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1.7 Rationale

The roles of the NiV-M non-structural proteins V and W have been primarily investigated
using transfection systems, and few virus infection studies into their roles have been performed
to date. Despite differences in the pathogenesis of NiV-M disease between humans and swine
and despite the impact of swine on the NiV-M outbreak, very little is known about the
contributions of the NiV-M non-structural proteins to infections of swine.

The observations that IFNa mRNA is downregulated in NiV-infected porcine T cells
[Stachowiak and Weingartl 2012] and indications that the non-structural proteins play a role in
preventing type | IFN induction [Rodriguez and Horvath 2014, Childs et al 2009, Sanchez-
Aparicio et al 2018] together suggest that NiV infection of important IFNa/B-producing cells
early in infection may lead to a reduced IFNo/p response. This could be a contributing factor to

the transient immunosuppression observed in NiV-M-infected pigs.

1.8 Hypothesis
Nipah virus (NiV) delays the immune response in swine in part by blocking type I IFN
(IFNo/B) production in important innate immune cells of myeloid origin with its non-structural

proteins.

1.9 Aim
Explore the role of the VV and W proteins in NiV replication and the antiviral response in

swine cells of myeloid origin.
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1.10 Objectives

Objective 1: Determine if the V or W proteins are important for NiV replication in porcine
immune cells of myeloid origin.

Objective 2: Determine if the role of the V protein is in genome replication and virion release or
in reducing the antiviral activity of infected swine cell supernatants.

Objective 3: Determine whether de novo synthesis of the NiV-M V protein is required for the

block of type I IFN induction or if the V protein is entering with the NiV virions.
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Materials and Methods

2.1 Removal of Samples from CL4

Samples to be removed from CL4 to CL3 for analysis were inactivated according to the CFIA
Special Pathogens Unit standard operating protocols. Samples for RNA extraction were removed
in TriPure Isolation Reagent (Roche Diagnostics, Manheim, Germany, Cat# 11 667 165 001).
Samples containing virus-infected cells were fixed with 10% formalin buffered phosphate
(Fisher Chemical, Waltham, MA, USA, Cat. No. SF100-4), which contains formaldehyde at a
concentration of 4% v/v, for 24 hrs before removal from CL4. Cells on plates were formalin
fixed as well and kept for 24 hrs in a hermetically sealed secondary container containing 10%
phosphate-buffered formalin. Samples for immunoblot analysis were removed in minimum 2%
SDS (Millipore-Sigma, Burlington, MA, USA, Cat. No. 71736), denatured for 10 min at 98°C in
CL4 before removal and then for 2 min at 98°C in CL3. Samples to be removed from CL4 were
kept in secure tubes which were entirely internally inactivated by any of the above-described
methods. These tubes were placed in sealable primary containers which were then filled with 5%
Micro-Chem Plus™ disinfectant (National Chemical Laboratories, Inc., Philadelphia, PA, USA,
Cat. No. 0255) to completely submerge the sample tubes and coat the entire interior of the
primary containers. Primary containers were then placed in sealable secondary containers also
completely filled with 5% Microchem disinfectant. The entire secondary container was removed
from CL4 to CL3 by submerging completely in 5% Microchem for a minimum of 15 minutes.
Formalin-filled containers containing formalin-fixed cells were considered to be secondary

containers and were dunked out after the 24 hr inactivation period accordingly.
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2.2 Cell Lines

MDBK (Madin-Darby bovine kidney epithelial), ST (swine testis, fibroblast) and Vero 76
(African green monkey kidney epithelial) cells were maintained in Dulbecco’s modified Eagle
medium (DMEM) (Wisent Bioproducts, Saint-Jean-Baptiste, QC, Cat. No. 319-005-CL)
supplemented with 10% fetal bovine serum (FBS) (HyClone Laboratories Inc., Omaha, NE, Cat.
No. SH3007103); IPAM31 (immortalized porcine alveolar macrophages, 3D4/31) were
maintained in DMEM supplemented with 10% FBS, 1X MEM non-essential amino acids and 1X
penicillin-streptomycin (Wisent Bioproducts, Cat. No. 450-201-EL). MRC5 (human lung
fibroblast) cells were maintained in Eagle’s Minimum Essential Medium (EMEM) (Wisent
Bioproducts, Cat. No. 320-005-CL) supplemented with 10% FBS and 1X MEM non-essential
amino acids (Wisent Bioproducts, Cat. No. 321-011-EL). All cells were maintained in a 37°C,
5% CO: cell culture incubator. Maintenance cells were passaged every 1-4 days by washing with
Dulbecco’s phosphate-buffered saline (PBS; Wisent Bioproducts, Cat. No. 311-425-CL)
followed by trypsinization with 0.25% Trypsin/EDTA (Wisent Bioproducts, Cat. No. 325-043-
CL) for 2 to 15 minutes until detached. To determine cell counts for seeding density and
multiplicity of infection (MOI) calculations, a Nexcelom Cellometer Auto T4 automated cell
counter (Nexcelom Bioscience, Lawrence, MA) was used. Trypan blue dye exclusion

(Invitrogen, Waltham, MA, USA, Cat. No. 15250061) was used for live/dead cell discrimination.

2.3 Viruses
Wild type Nipah virus - Malaysia genotype (NiV-M-WT) (4™ passage on Vero 76 cells of a
pig lung isolate) and recombinant Nipah viruses (rNiVs) designed and provided by Dr. Misako

Yoneda and Dr. Chieko Kai [Yoneda et al 2010] and previously rescued at the NCFAD were
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amplified on Vero 76 cells. For NiV stocks to be used in infection studies, Vero 76 cells were
infected at an MOI of 0.01with virus in serum-free DMEM for 1 hr, followed by a 2 day
incubation in 2% FBS DMEM. Virus produced for infection studies was aliquoted and stored at -
150°C. All handling of infectious NiV was performed under BSL4 conditions.

Vesicular stomatitis virus (VSV) was amplified on Vero 76 cells. VSV stock was diluted to
an MOI of 0.01 in serum-free DMEM and incubated with Vero 76 cells for 1 hr, followed by a 2
day incubation in 2% FBS DMEM. At 2 dpi, flasks of VSV-infected Vero 76 cells were freeze-
thawed at -70°C before collection and clarification of the supernatant at 1600 rcf, 4°C for 20
minutes. VSV stocks were then aliquoted and stored at -70°C until use. Handling of VSV alone

was performed in CL3.

2.4 Polyethylene Glycol (PEG) Precipitation of NiV

NiV used for polyethylene glycol (PEG) precipitation and structural analysis was amplified in
serum-free DMEM. At 2 dpi, supernatants were harvested and clarified by centrifugation at 1015
rcf, 4°C for 20 minutes before use. PEG precipitation of NiV was performed using the PEG
Virus Precipitation Kit (Abcam, Cambridge, UK, Cat. No. ab102538) as per directions included
in the kit. Briefly, newly amplified and clarified virus stocks were incubated with PEG solution
overnight at 4°C and then centrifuged at 1600 rcf for 30 min at 4°C. Precipitated virus was then

resuspended and stored as appropriate for downstream applications.

2.5 Plaque Assays
Titers of infectious virus in stocks and in supernatants were determined by plaque assay on 48

well plates. NiV titrations were performed on confluent Vero 76 cells; VSV titrations were
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performed on confluent MDBK cells. Virus stocks or test samples to be titrated were serially
diluted in serum-free DMEM. Cells were washed with serum-free DMEM and then incubated
with 100 pl of each dilution of sample/stock in triplicate wells for 1 hr in a 5% CO2, 37°Cin a
humidified cell incubator. After this adsorption period, 0.5 ml of 1.75% carboxymethylcellulose
(CMC) overlay (see Appendix A.1 for the formulation) was added to each well and plates were
incubated for two days at 37°C, 5% CO». At 2 dpi, plates were fixed with 10% phosphate-
buffered formalin. VSV-only plates in CL3 were fixed for minimum 3 hrs; plates in CL4 were
fixed for 24 hrs (as described above). Fixed cells were washed and then stained with 0.5% crystal
violet (Ricca Chemical, Arlington, TX, USA Cat. No. 3235-4) for 30 min, then washed again
before counting plaques in the monolayer. Infectious titers of NiV determined using Vero 76
plaque assays were used to standardize the number of infectious particles in inocula for
infections of all cell types with each of the (r)NiVs used; thus, all MOls used are based on

infectious titers of NiVV-M on Vero 76 cells.

2.6 RNA lIsolation

The TriPure Isolation Reagent separates RNA from DNA and protein on the basis of
differential solubility in phenol, chloroform, and water. Extraction of the RNA was performed as
described by the manufacturer’s protocol. Briefly, the sample from which the RNA was to be
extracted was added to the isolation reagent. Then, 200 pl of chloroform (Fisher Chemical, Cat.
No. BP1145-1) was added to the isolation reagent, vortexed, and centrifuged to separate the
aqueous layer from the phenol-chloroform. The aqueous layer was collected, mixed with 750 pl
of isopropanol (Fisher Chemical, Cat. No. A464-4) and 3 pl of GlycoBlue™ Coprecipitant

(Invitrogen, Cat. No. AM9515), and then left for a minimum of 30 minutes at -20°C. The RNA
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was pelleted, washed with 70% ethanol (Commercial Alcohols, Toronto, ON, Canada, Cat. No.
POO6EAAN) in nuclease-free water (Ambion, Cat. No. AM9932), air-dried at room temperature,
and resuspended. For RNA used for quantification of NiV, RNA pellets were washed once with
70% ethanol and resuspended in RNAsecure Resuspension Solution (Ambion, Foster City, CA,
USA, Cat. No. AM7010). For cell pellet RNA, RNA pellets were washed twice with 70%
ethanol and resuspended in nuclease-free water (Ambion, Cat. No. AM9932). Resuspended RNA
was stored at -70°C until use. TriPure to be used for collecting RNA for NiV-N detection was
spiked with Armored RNA Enterovirus (Asuragen, Austin, TX, USA, Cat. No. 42050) as an
extraction and reaction control prior to sample collection. TriPure for cell pellet samples was not
spiked with Armored Enterovirus; the cyclophilin housekeeping gene acted as an extraction and

reaction control.

2.7 Cell Pellet RNA DNase Treatment

Isolated cell pellet RNA in nuclease-free water was quantitated using a NanoDrop One
Microvolume UV-Vis Spectrophotometer (ThermoFisher Scientific, Waltham, MA, Cat. No.
ND-ONE-W) which measures sample absorbance at 260 nm (A260) to calculate RNA
concentration. Cell pellet RNA concentrations were then individually adjusted to 150 ng/ul by
adding nuclease-free water in order to be within the concentration range recommended in the
TURBO DNA-free Kit ThermoFisher Scientific, Cat. No. AM1907) for DNase treatment. For
samples with RNA concentrations lower than 150 ng/ul, no volume adjustments were made.
DNase treatment was performed on 26 pl aliquots of the extracted and adjusted RNA using the
TURBO DNA-free Kit according to the instructions included in the kit. Briefly, RNA was

incubated with 1X TURBO DNase buffer and 1 ul of TURBO DNase for 30 min at 37°C and
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then inactivated with 1X DNase inactivation reagent for 5 min at room temperature. Inactivation
reagent was removed by centrifugation for 2 min at 10,000 rcf and DNased RNA samples were

stored at -70°C until analysis by real-time semi-quantitative (r)RT-PCR.

2.8 Agarose Gel Electrophoresis for cDNA products

Gels were prepared by heating the appropriate amount of solid agarose (Invitrogen, Cat. No.
16500-500) in 0.5X TBE buffer (Life Technologies, Carlsbad, CA, USA, Cat. No. AM9864) to
dissolve at the desired concentration. SYBR Safe DNA Gel Stain (Invitrogen, Cat. No. S33102)
was mixed in at a 1:50,000 dilution before casting the gel. BlueJuice Gel Loading buffer
(Invitrogen, Cat. No. 10816015) was added to 1X concentration and mixed into each sample
under analysis before loading into the gel. Gels were run in 0.5X TBE buffer at 100 V. Each gel
included either a 1 kbp (Invitrogen, Cat. No. 10787018) or 100 bp (Invitrogen, Cat. No.
15628019) DNA ladder as appropriate for the expected target size. Completed gels were
visualized using a Bio-Rad Gel Doc 2000 transilluminator (Hercules, CA, USA, Cat. No. 170-

8100).

2.9 Semi-quantitative, real-time (r)RT-PCR

For all rRT-PCR and PCR reactions, primer and probe sources, sequences, targets, product
sizes, and purposes are described in Appendix A.2. All primers were synthesized by Invitrogen
Life Technologies Custom DNA Primer Synthesis (Invitrogen). Sample master mixes for each of
the PCR reactions are found in Appendix A.3. All semi-quantitative, real-time (r)RT-PCR
reactions and analyses were performed using the Qiagen Rotor-Gene Q and associated Rotor-

Gene Q Series Software (Qiagen, Hilden, Germany, Cat. No. 9001640); conventional PCR
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reactions were performed using the Applied Biosystem’s GeneAmp PCR System 9700 (Applied
Biosystems, Foster City, CA, USA, Cat. No. N805-0200). For all RT-PCR and PCR reactions,

reaction conditions are in Appendix A.4.

2.9.1 NiV-N Probe-based rRT-PCR

rRT-PCR targeting NiV-N was used for quantitation of NiV-Malaysia N RNA using primers
and probe described by Guillaume et al [2004] in which the forward and reverse primers amplify
a 105 bp fragment that is annealed to by the probe with a 5° end 6-carboxyfluorescein (6-FAM)
dye and a 3’ end 6-carboxy-tetramethyl-rhodamine (TAMRA) quencher [Guillaume et al 2004].
Detection of the enterovirus internal control added to the samples was performed using primers
amplifying a 76 bp fragment with a probe containing a 5’ end 6-carboxy-1,4-dichloro-2°,7’-
dichlorofluorescein (TET) dye and a 3” end Minor Groove Binding Non-Fluorescent Quencher
(MGB NFQ), as per Pickering et al [2016]. rRT-PCR reactions were set up using the Rotor-Gene
Multiplex RT-PCR Kit (Qiagen, Cat. No. 204974). For quantification of NiV-N RNA, a plasmid
containing the NiV-N sequence was serially diluted in 10-fold steps to create a standard curve of
known plasmid copy numbers, as described in Weingartl et al [2005]. Cycling threshold (Cr)
values of the standard curve were used to interpolate copy numbers of NiV-N RNA in tested

samples.

2.9.2 NiV-N vs NiV-L SYBR Green rRT-PCR
SYBR Green RT-PCR targeting NiV-N used the same primers as for NiV-N probe-based
rRT-PCR [Guillaume et al 2004] (see above and Appendix A.2). Primers for NiV-L detection

were designed using Primer3 web 4.0.0, targeting the NiV-Malaysia L gene coding sequence
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(base pairs 11412-18146 from NCBI reference sequence NC_002728.1). Reactions were set up
using the QuantiNova SYBR Green RT-PCR Kit (Qiagen, Cat. No. 20154). L primers were
designed to have similar melting temperatures to the N primers already in use with the probe-
based rRT-PCR assay. The SYBR Green rRT-PCR cycling conditions were designed by altering
the NiV-N probe-based rRT-PCR reaction conditions for compatibility with the SYBR Green
methodology, including the addition of a melt analysis at the end of the reaction. Both the N and
L primers were evaluated for efficiency and specificity under the new reaction conditions by
running melt analysis and gel electrophoresis of products from amplification of 10-fold serial
dilutions of wild-type NiV-M stock RNA. Based on the cycle threshold (Ct) values seen on the
NiV-N probe based rRT-PCR, some supernatant samples were predicted to be below the range of
Cr values for which efficiency was evaluated. To avoid extrapolating outside of this range of C+
values, all test samples were diluted 1:10 in RNAsecure resuspension solution.

The RNA samples evaluated in the N vs L SYBR Green assay were the same as those from
NiV-rM and NiV-AV-infected cell supernatants that had already been extracted and run on the
NiV-N probe-based rRT-PCR. For each single supernatant RNA sample, the N and L reactions
were run in separate reactions because SYBR Green non-specifically dyes DNA and cannot be
used in multiplexed rRT-PCR reactions when it is important to distinguish between the products.
As a result, each supernatant RNA sample was run in duplicate for both sets of primers for a total
of four reactions per sample. Melt curves for all reactions were used to confirm product
specificity. Select samples were run on agarose gel electrophoresis (described above) alongside a
100 bp DNA ladder to confirm melt curve results by product size analysis. Before the use of C+

values in calculations, all values from the reaction were confirmed to fall within the range for



67

which efficiency was determined. The Ct values used in the calculations were the averages of
technical duplicates run for each sample and primer pair.

N to L Cr ratios from the reaction were calculated by a modified Livak and Schmittgen 2-44¢t
method. A cellular internal control was not used because determining the amounts of N and L
MRNA relative to each other was sufficient, and because the RNA samples were derived from
clarified supernatants in which limited cellular RNA would be present. For statistical and
graphical purposes, the data were best represented in the logarithmic (base 2) scale that is
intrinsic to the methodology that produced it (cycle thresholds): as a result, linear transform of
the data was not performed and the data for both NiV-rM and NiV-AV were graphically
represented (rather than using AACt to compare the two rNiVs). This amounts to a “ACt”

analysis rather than a “2"24¢"

analysis [Livak and Schmittgen 2001]. A sample calculation is
included in Appendix A.5.4.

The ratio of N to L Ct values (ACt N-L) was determined by subtracting the L Ct value from
the N Ct value for a given sample. Subtraction of the Ct values provides a ratio comparison
because unit differences in Ct values represent log. changes, and the difference between log-
transformed data points is equal to the log-transformation of the ratio of linear data. For example,
a Cr difference (ACt) of 1 is a two-fold difference and a ACt of 3 is an eight-fold difference.

For the interpretation of the data, it is important to highlight that a lower Ct value indicates a
greater abundance of the targeted RNA. This is because C+ values indicate the PCR cycle at
which amplified product becomes detectable, and more abundant RNA species are amplified to
detectable levels at earlier cycles. In the context of N to L Cr ratios (ACt N-L), a preponderance

of N RNA is represented as a negative ACr; a preponderance of L RNA is represented as a

positive ACT; and equal amounts of N and L RNA is represented as a ACt of zero.
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2.9.3 IFNo and IFN SYBR Green rRT-PCR

Primers targeting porcine IFNo [Dawson et al 2005] and cyclophilin [Stachowiak and
Weingartl 2012] are as described by Stachowiak and Weingartl [2012]. Primers for IFNf3
detection were designed using Primer3 web 4.0.0, targeting Sus scrofa IFNf1 mRNA (NCBI
reference sequence NM_001003923.1). Reactions were set up using the QuantiNova SYBR
Green RT-PCR Kit (Qiagen, Cat. No. 20154). Prior to running on IFNo/ SYBR Green rRT-
PCR, samples were DNase treated as described above. Each sample was run in duplicate per
primer pair for a total of six reactions per sample. Ct values obtained for all reactions were
analyzed based on the Livak and Schmittgen 224t method [Livak and Schmittgen 2001]: fold
change in target MRNA expression was determined by normalizing C+ values to cyclophilin as
the reference mRNA for each sample, then by comparing the obtained ACt value for each target
MRNA (IFNa or IFNB) and sample (NiV-AV-, NiV-AW- or NiV-rM-infected at 0, 1, 2, 4, 24, or
48 hpi) to the same target mMRNA species in the mock-treated sample at the same time point
(AACT). Where appropriate (i.e. to show decreased mRNA expression), data is represented in
both linearized form (2"24¢%) and in the log, expression (-AACT): a sample calculation is included
in Appendix A.5.5. For all reactions, melt curve data were used to verify that the correct product
had been detected in all reactions. Select samples were run on agarose gel electrophoresis
(described above) alongside a 100 bp DNA ladder to confirm melt curve results by product size

analysis.

2.10 P Gene Sequencing
Primers designed (using Primer3web 4.0.0) to amplify the whole P gene are described in

Appendix A.2. NiV copy numbers in RNA isolated from stocks of NiV-rM, NiV-AV, and NiV-
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AW were quantitated on NiV-N probe-based rRT-PCR and RNA concentrations were
determined using the NanoDrop (described above). All rNiVs were adjusted to 1x10° copies/pl
in nuclease-free water; 1x10" copies total were run for each virus in each reaction. The
SuperScript 11 One-Step RT-PCR for Long Templates Kit (Invitrogen, Cat. No. 11922010) was
used with the whole P gene primers (Appendix A.2) to amplify the P genes of all three rNiVs; as
controls, a NiV-rM sample without reverse transcriptase and a non-template control (NTC) were
included. A sample master mix formulation is included in Appendix A.3. Amplification was
performed on an Applied Biosystems GeneAmp PCR System 9700 (Applied Biosystems, Foster
City, CA, USA). After amplification, cDNA products were subjected to gel electrophoresis in a
0.8% agarose gel alongside 1 kbp DNA ladder to confirm the presence of the product at the
expected size (2,467 bp) as well as the absence of other non-specific products.

Clean-up of the remaining amplified cDNA was performed using the QIAquick PCR
Purification Kit (Qiagen, Cat. No. 28104) as per the instructions provided in the kit, eluting into
nuclease-free water. The recovered product from each rNiV sample was quantitated by
NanoDrop to determine the volume to use for cycle sequencing.

Cycle sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Cat. No. 4337455) on the GeneAmp 9700. Cycle sequencing was
performed on all three NiVs using two opposite-sense primers flanking the P gene editing site.
Additional coverage of the entire P gene of NiV-AV was also obtained using three additional
forward and reverse sequencing primers. All primers used are listed in Appendix A.2.

Cycle sequencing products were cleaned using a DyeEx 2.0 spin kit (Qiagen, Cat. No. 63204)
according to the instructions included in the kit, then vacuum dried for 30 min at 60°C using an

Eppendorf Vacufuge plus (Eppendorf, Hamburg, Germany, Cat. No. 022820168). Dried PCR
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products were resuspended in 25 ul of hot formamide and run on an ABI 3130x| Genetic
Analyzer (ThermoFisher Scientific, Waltham, MA, USA, Cat. No. 4359571).

Sequence analysis was performed using DNASTAR’s SeqMan Pro software (DNASTAR
Inc., Madison, WI, USA), using the Clustal Omega Multiple Sequence Alignment free online
software to compare sequences to a wild-type NiV-Malaysia reference sequence (NCBI

reference sequence NC_002728.1).

2.11 Virus Growth Studies

Vero 76, IPAM31, MRCS5, and ST cells were seeded on 24 well plates and used once
confluent. On the day of infection, duplicate wells from each of the targeted cell types were
trypsinized and counted using the automated cell counter; the average count was used to prepare
inocula of each recombinant NiV to a Vero 76 equivalent MOI of 0.1. Cells were washed with
serum-free DMEM and then infected for 1 hr at 37°C, 5% CO2 on a plate rocker with 100 pl of
the target rNiV diluted to an MOI of 0.1 in DMEM. After the 1 hr incubation, inocula were
removed and cells were washed three times with PBS. Cells were then incubated in DMEM 2%
FBS. Supernatants were collected at 1 hpi (directly after addition of the incubation media), 24
hpi, and 48 hpi; centrifuged at 1000 rcf, 4°C for 5 minutes to remove cellular material; and then
stored at -70°C until processing. Each time point for each repeat of the experiment was
performed in duplicate. Duplicate mock-infected cell conditions were included in each repeat.
For MRCS5 cells, the experiment was conducted identically except that EMEM with 1X non-

essential amino acids was used as the base medium instead of DMEM.
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After samples from all time points were collected, supernatants were assayed by plagque assay
(as described above) and collected in TriPure to assay supernatants by NiV-N rRT-PCR (as

described above).

2.12 Collection and Preparation of Porcine PBMC

Blood from 5 week-old weaned pigs was collected into 8 ml BD Vacutainer CPT
Mononuclear Cell Preparation tubes with sodium citrate (BD Biosciences, San Jose, CA, Cat.
No. 362761) and PBMCs were prepared according to the protocol associated with the tubes. CPT
tubes use FICOLL-Hypaque solution and a polyester gel plug to separate low-density
mononuclear cells from denser blood components such as erythrocytes and granulocytes. Briefly,
CPT tubes were centrifuged at 1600 rcf for 20 minutes at room temperature in order to collect
the interphase layer of mononuclear cells. PBMCs were washed twice in PBS by centrifugation
at 450 rcf for 15 minutes, counted by haemocytometer, and then plated in RPMI 1640 (Wisent
Bioproducts, Cat. No. 350-007-EL) with 10% FBS and 1X penicillin-streptomycin at 1x10°
cells/well into 24 well plates, 1 ml/well. After harvesting and plating, PBMCs were incubated at
37°C, 5% CO: overnight before use.

The collection of blood from uninfected pigs for use in the in vitro infection experiments was
performed as per animal use documents approved by the Canadian Science Centre for Human

and Animal Health (CSCHAH) Animal Care Committee for various experimental studies in pigs.

2.13 Infection and Harvesting Samples from Porcine PBMCs
Prior to infection, PBMCs from sample wells were removed and counted for MOI

determination. Suspension cells were collected by pipetting supernatant multiple times; adherent
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cells were collected by a combination of trypsinization and cell scrapers. Cells were washed with
serum-free RPMI prior to infection. To infect, suspension PBMCs were centrifuged at 700 rcf for
5 minutes at room temperature to remove the wash and resuspended in the appropriate virus
diluted to an MOI of 0.1 in serum-free RPMI. These virus-PBMC preparations were replaced in
the same 24 well plates to simultaneously infect the adherent fraction of the PBMCs. Virus was
allowed to adsorb for 1 hr at 37°C, 5% CO». After adsorption, both the adherent and suspension
fractions were washed five times with PBS before finally resuspending cells in RPMI 1640 with
2% FBS and 1X penicillin-streptomycin. For the purposes of infection, all steps were performed
without removing the adherent fraction of PBMCs from any wells; instead, the suspension
fraction of cells was always placed back in the well containing the cognate adherent fraction.
Cells were incubated in the incubation media until the harvesting of the samples at 1, 24, 48, and
72 hpi. 1 hpi samples were collected immediately after resuspending the PBMCs in 2% FBS
RPMI post-washing.

At harvesting time points, supernatants of infected PBMCs (containing suspension cell
fractions) were collected and centrifuged at 700 rcf, 4°C for 5 min. The clarified supernatant
fractions were stored at -70°C until they could be titrated by plaque assay on Vero76 cells.
Supernatant aliquots were also collected in TriPure for NiV-N rRT-PCR.

To collect the cell fraction for IFNo/p rRT-PCR, the cell pellet from the supernatant
clarification (consisting of the pelleted suspended cells) was resuspended in TriPure. The
adherent cell fraction was collected by using the TriPure sample of a particular set of non-

adherent PBMCs to collect the adherent fraction from the same well.
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2.14 rNiV Induction of Type I IFN in IPAM31 cells

Confluent IPAM31 on 12 well plates were infected with NiV-rM or NiV-AV, mock-infected,
or treated with 200 ng/ml of high molecular weight (HMW) Polyl:C (InvivoGen, San Diego,
CA, Cat. No. tlrl-pic). The number of cells per well was determined by trypsinizing and counting
the cells from a single well. This count was used to prepare inocula of each rNiV at a Vero 76
equivalent MOI of 1. Cells were washed once in serum-free DMEM and then infected for 1 hr at
37°C, 5% CO2with 1 ml of NiV-rM or NiV-AV diluted to MOI of 1 in serum-free DMEM. After
the 1 hr adsorption, the inoculum was removed and cells were washed three times with PBS.
Cells were incubated for 1, 2, 4, and 24 hpi in 1 ml of serum-free DMEM with 1X penicillin-
streptomycin before sampling. The 1 hpi time point was collected immediately after the addition
of incubation medium post-wash. As a negative control for type | IFN production, Vero76 cells
were infected and harvested alongside the IPAM31 cells in the same manner.

At indicated time points, supernatants were collected and clarified by centrifugation at 700 rcf
for 5 min at 4°C and then stored at -70°C until their use in the type I IFN bioassay (described
below). Cell pellet RNA was collected by washing wells in 1 ml of TriPure; these samples were

stored at -70°C until RNA isolation in CL3.

2.15 Pre-stimulation of IPAM3L cells

IPAM31 cells plated for 80% confluence on 12 well plates were washed with serum-free
DMEM and then treated 24 hrs after plating with either high molecular weight (HMW) Polyl:C
alone; HMW Polyl:C and recombinant porcine (rp)IFNf (Kingfisher Biotech, St Paul, MN, Cat.

No. RP0011S-025); rpIFN alone; or transfection with HMW Polyl:C. For non-transfected cells,
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HMW Polyl:C was added to cells in 200 ng/ml and/or rpIFNp in 20 ng/ml in 1 ml per well of
serum-free DMEM with 1X penicillin-streptomycin.

Transfection of IPAM31 cells with HMW Polyl:C was performed using the Lipofectamine®
LTX with Plus™ Reagent system (ThermoFisher Scientific, Cat. No. 15338100) according to the
protocol included in the kit, transfecting 100 ng of HMW Polyl:C per well. Briefly, IPAM31
cells were washed and media was replaced with serum-free DMEM supplemented with 1X
penicillin-streptomycin to remove FBS. OptiMEM media (Gibco by Life Technologies, Cat. No.
51985-034) was used to prepare Polyl:C and Lipofectamine LTX reagents separately.
Lipofectamine LTX was used at 6 pl per well. The polyl:C and LTX mixtures were incubated
individually for 5 minutes at room temperature and then mixed together at a 1:1 ratio. This
mixture was incubated a further 5 minutes at room temperature and then added in 150 pl
volumes to each well. Mock-transfected IPAM3L cells received the same treatment but without
the addition of HMW Polyl:C.

All pre-stimulated IPAM31 cells were incubated for 18 hrs at 37°C, 5% CO.. Cell fractions
from duplicate wells of each stimulation type were collected after the 18 hr pre-stimulation in 1
ml TriPure to serve as a pre-infection control. Duplicate wells were also trypsinized and counted
to determine cell count for MOI calculations. NiV-rM, NiV-AV, and NiV-AW inocula were
prepared to Vero76 equivalent MOI of 1 in serum-free DMEM with 1X penicillin-streptomycin
(mock inoculum consisted of serum-free DMEM with no virus). Cells were washed once with
PBS and then incubated with each inoculum in duplicate for 1 hr at 37°C, 5% CO.. After the 1 hr
incubation, inocula were removed and 1ml of TriPure was added to each well to collect the cell

RNA fraction; these were stored at -70°C until RNA isolation.
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2.16 Porcine IFNa and IFN ELISA

ELISAs specific to porcine IFNa (Kingfisher Biotech, Swine IFN alpha Do-It-Yourself
ELISA, Cat. No. DIY0724S-003) and IFNP (Kingfisher Biotech, Swine IFN beta Do-It-Yourself
ELISA, Cat. No. DI'Y065S-003) were tested for sensitivity to type I IFN. These kits used 96 well
plates, Streptavidin-horseradish peroxidase (HRP), 3,3°,5,5’-tetramethylbenzidine (TMB), and
0.18 M Sulfuric Acid stop solution from the recommended ELISA Accessory Pack (Kingfisher
Biotech, Cat. No. AR0133-002).

The ELISAs were carried out according to the protocols included with the ELISA Kits.
Dilutions of antibodies and of streptavidin-HRP were selected based on several optimization
tests of the ELISAS, selecting the highest dilution of reagent that did not lead to a loss of
sensitivity.

Briefly, 96 well plates were coated overnight at 4°C with capture antibody diluted 1:800 in
PBS. Plates were washed five times with washing buffer (PBS-Tween-20) and then blocked with
4% BSA-PBS blocking buffer for 1 hr at room temperature. Known amounts of standard
recombinant porcine (rp)IFNa or (rp)IFN (included in kits) were diluted in 2% FBS DMEM to
mimic cell culture supernatants and incubated for 1 hr at room temperature; plates were then
washed five times with washing buffer. Plates were incubated for 1 hr at room temperature with
the biotinylated detection antibody (0.5 pg/ml) in blocking buffer and then washed five times
with washing buffer. Streptavidin-HRP was added to each well at a 1:30,000 dilution and
incubated for 30 min at room temperature, followed by five washes and then development with
TMB substrate. Plates were developed for 10 min in the dark at room temperature at which point
the reaction was stopped with stop solution. Plates were read at 450 nm on an Epoch Microplate

Spectrophotometer (BioTehdk Instruments, Winooski, VT, USA).



76

2.17 MDBK-VSV Plaque Reduction Type I Interferon Bioassay

rNiV-infected IPAM31 and Vero 76 supernatant samples to be assayed on MDBK cells were
treated for 1 hr at 60°C with shaking and then allowed to cool to room temperature. Supernatants
selected for neutralizing anti-type I IFN antibody treatment were incubated for 1 hr at 37°C with
polyclonal anti-porcine IFNa (Kingfisher Biotech, Anti-Swine IFNal Polyclonal Antibody, Cat.
No. KP1122S-100) or polyclonal anti-porcine IFNP (Kingfisher Biotech, Anti-Swine IFNf
Polyclonal Antibody, Cat. No. PB0124S-100) at a 1:100 dilution, or were mock-treated with an
equivalent volume of PBS.

Confluent MDBK cells in 48 well plates were washed with serum-free media before 200 ul of
each sample undiluted and at 1:2, 1:4, and 1:8 dilutions were applied to these cells in triplicate.
MDBK cells with samples were incubated for 20 hrs at 37°C, 5% CO- before removing samples
from wells and washing cells twice with PBS. VSV diluted in serum-free DMEM was then
applied to the cells at 100 PFU/well in 100 ul volumes and cells with virus were incubated 1 hr
at 37°C, 5% CO> on a plate rocker. After the incubation period, the assay was carried out as a
plaque assay (described above). Plague counts for VSV were used to determine the relative
antiviral activity of each supernatant by standardizing a 50% reduction of plaques as 1 antiviral

unit.

2.18 SDS-PAGE and Immunoblot
2.18.1 Sample Collection for Immunoblot

Infected adherent Vero 76 cell fractions in 6 well plates to be analyzed by immunoblot were
collected by removing media from cells, washing three times with PBS, adding 100 pl of 2%

SDS-HALT (Millipore Sigma, Cat. No. 71736) with 1X HALT™ protease and phosphatase



77

inhibitor cocktail (Thermo Scientific, Cat. No. 78440), and using a cell scraper to collect the
entire fraction. PEG-precipitated virus for analysis by immunoblot was resuspended in 250 pl of
2% SDS-HALT directly using vigorous pipetting to solubilize the pellet.

All BSL4 samples in 2% SDS-HALT were vortexed, centrifuged to collect at the bottom of
the tube, then heat inactivated as described above for removal of material from BSL4. Samples

were equilibrated to room temperature before quantitation.

2.18.2 Protein Quantitation and Concentration Adjustment

Protein concentrations in 2% SDS were quantified using a BioDrop uLite UV-Vis
Spectrophotometer (SERVA Electrophoresis GmbH, Heidelberg, Germany, Cat. No. 80-3006-
51.01) which uses absorbance at 280 nm to determine protein concentrations. 2% SDS-HALT
was used as a blank. Samples were adjusted to an equal concentration of 1.54 ug/ul for whole
cell lysates or 3.85 ug/ul for PEG-precipitated virus by the addition of 2% SDS-HALT, or by
acetone precipitating the protein (described below) and re-dissolving in 2% SDS-HALT. At
these concentrations, there is 1.0 or 2.5 ug/ul of protein per sample of whole cell lysate or PEG-
precipitated virus, respectively, after the addition of loading buffers for SDS-PAGE (described
below). Sample calculations are included in Appendix A.5.3. Once adjusted to the appropriate

concentration for use, samples were aliquoted and stored at -70°C until use.

2.18.3 Acetone Precipitation of Protein from SDS
Four volumes of acetone cooled to -20°C were added to one volume of the SDS-protein
mixture and then left at -20°C for 1 hr. Samples were then centrifuged at 14,000 rcf for 10 min at

4°C and the supernatant was discarded. The protein pellets were allowed to dry for 10 min and
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then resuspended in the appropriate volume of 2% SDS 1X HALT. Protein concentration was

confirmed by spectrophotometry as described above.

2.18.4 SDS-PAGE and Blotting/Transfer

Samples to be separated by SDS-PAGE were mixed with 1X NUPAGE™ LDS Sample Buffer
(Invitrogen, Cat. No. NP0007) and 1X NUuPAGE™ Sample Reducing Agent (Invitrogen, Cat.
No. NP0009) then denatured for 10 minutes at 70°C. Samples were allowed to cool to room
temperature and loaded into pre-cast 10% Bis-Tris Gels (Invitrogen, Cat. No. NP0302BOX). For
whole cell lysates, 20 ug of protein in 20 pl was loaded per well; for PEG-precipitated virus, 50
pg of protein in 20 pl was loaded per well. Example calculations are included in Appendix
A.5.3. For size determination of protein bands, SeeBlue Plus2 Pre-stained Protein Standards
(Invitrogen, Cat. No. LC5925) were included in each gel. Gels were run in 1X MOPS SDS
Running Buffer (Invitrogen, Cat. No. NP0001) with NUPAGE antioxidant (Invitrogen, Cat. No.
NP0005). Gels were run at 4°C overnight at a constant current of 0.01 mA using a PowerPac™
200 (Bio-Rad, Cat. No. 165-5052). The minimum constant current was used to ensure the
minimum voltage across the gel for the duration of the overnight run: a stable low voltage cannot
be run overnight using the PowerPac™ 200 because the necessarily decreasing current
eventually passes the minimum current the power source can provide, prematurely terminating
the separation.

Gel transfer onto nitrocellulose membranes was performed using the iBlot™ Gel Transfer
device (Invitrogen, Cat. No. 1B21001) and iBlot™ nitrocellulose transfer stacks (Invitrogen, Cat.
No. IB301001), which uses a dry blotting procedure. A transfer program at 20 V for 7 minutes

was used for all transfers.
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2.18.5 Immunoblot Staining and Visualization

Post-transfer, membranes were blocked in 1% alkali-soluble casein (Millipore-Sigma, Cat.
No. 70955) in Tris-buffered saline with Tween® 20 (TBS-T) (Caledon Laboratory Chemicals,
Georgetown, ON, Canada, Cat. No. CAL1301-40) blocking buffer overnight (18 hrs) at 4°C.
Membranes were then incubated in primary antibody diluted in blocking buffer to concentrations
indicated in Appendix A.6 at 4°C overnight (18 hrs). Membranes were washed five times for 5
minutes each in TBS-T and then incubated for 1 hr at room temperature with HRP-conjugated
recombinant protein G (Invitrogen, Cat. No. 101223) diluted 1:4000 in blocking buffer. Protein
G is produced naturally by Group G Streptococcus species [Fahnestock et al 1986] and is
capable of binding immunoglobulin Gs (IgGs) of multiple species. Membranes were again
washed five times for 5 minutes each in TBS-T then incubated for 2 minutes with Enhanced
Chemiluminescent (ECL) Primer Western Blotting Detection Reagent system (GE
Healthcare/Amersham, Chicago, IL, USA, Cat. No. RPN2232) and imaged with Azure

Biosystems C400 (Dublin, CA, USA) using the Azure Biosystems cSeries Capture Software.

2.18.6 Immunoblot Stripping and Re-probing

For blots that were stripped and re-probed, stripping was performed using Re-Blot Plus Mild
solution (Millipore-Sigma, Cat. No. 2502) by incubating membranes in a 1X solution of antibody
stripping solution for 15 minutes at room temperature. Stripped membranes were re-blocked at

4° overnight before re-probing with the primary antibody.



80

2.19 Immunoelectron Microscopy (IEM)

BEI inactivated, sucrose gradient purified-NiV was graciously provided by Y. Berhane. The
fraction used represented a lower band on the sucrose gradient, containing primarily herringbone
structures instead of intact NiV particles [Berhane et al 2006]. The loading, immunogold
labelling, and viewing of the grids were performed by A. Dufresne using rabbit polyclonal anti-V
and anti-W primary antibodies as described in Appendix A.6. Secondary staining was performed
using a goat anti-rabbit 1gG antibody conjugated to a 10 nm gold particle (Electron Microscopy
Sciences, Hatfield, PA, USA Cat. No. 25108) at a 1:10 dilution. Control grids received no
primary antibody and the same dilution of the gold-conjugated secondary. Samples were fixed
using 2% glutaraldehyde/2% paraformaldehyde (made with 8% Paraformaldehyde Aqueous
Solution, EM Grade, Electron Microscopy Sciences, Cat. No. 157-8; and Glutaraldehyde 25%
Solution, EM Grade/Distillation Purified, Electron Microscopy Sciences, Cat. No. 12220) in

PBS.

2.20 Statistics
GraphPad Prism version 7.0 (GraphPad Software Inc., San Diego, CA, USA) was used for
data analysis and to generate plots. Group means were compared using the Student’s t-test. P

values less than 0.05 were considered indicative of statistical significance.
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Results

3.1 Growth of Recombinant Viruses
3.1.1 Recombinant Nipah virus (rNiV) system
The roles of the V and W protein in infections of porcine immune cells were investigated
using three recombinant Nipah viruses (rNiVs), designed and provided by Dr. Misako Yoneda
and Dr. Chieko Kai [Yoneda et al 2010]:
(1) NiV-rM, which has a wild-type genome sequence except for genome alterations
made to accommodate the rescue system;
(2) NiV-AV, which has a nonsense mutation in the reading frame of the V protein (+1)
immediately after the P editing site and lacks expression of the unique portion of the V
protein;
(3) NiV-AW, which has a nonsense mutation in the reading frame of the W protein (+2)
and lacks expression of the unique portion of the W protein.
All three recombinants were previously rescued in the NCFAD CL4 laboratory. Stocks of

these recombinant viruses were produced from and titrated on Vero 76 cells.

3.1.2 Confirmation of rNiVs’ expected P gene editing site sequences

The P gene editing sites of the three rNiVs were sequenced using the Sanger method to
confirm that the viruses rescued from the plasmid rescue system [Yoneda et al 2006, Yoneda et
al 2010] had the expected P gene editing site sequences. Sequencing confirmed the nonsense
mutations of the NiV-AV and NiV-AW viruses and the presence of a stop codon in the +1 (V)
and +2 (W) reading frames after each editing site, respectively (Fig. 8A). The three recombinants

did not otherwise differ in nucleotide sequence from the NiV Malaysia reference
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A
editing site
NivV-rM CGAGGTATTCCCATTIAAAAAGGGCAICAGACGCGAAA
NiV-AV CGAGGTATTCCCATTIAAAAAGGGCACTGACGCGAAA
NC_002728 .01 CGAGGTATTCCCATTIAAAAAGGGCACAGACGCGAAA
NiV-AW CGAGGTATTCCCATTIAAAAAGGGCAITAGACGCGAAA
R b b b b b b b i b b b b b i b i b b b b b b i Y * Kk k Kk Kk kkkk
B
Protein NC_002728.01 InrM In AV In AW

P ...PIKKGTDAKY... PIKKGTDAKY... PIKKGTDAKY... PIKKGIDAKY...

Vv ...PIKKGHRREIS... | PIKKGHRREIS... | PIKKGHeREIS... | PIKKGHRREIS...

w ...PIKKAQTRNI... PIKKAQTRN... PIKKALTRN... PIKKAeTRN...

Figure 8. Sequences of recombinant NiVs at P gene editing site. (A) The nucleotide sequence
of recombinant NiVs editing sites obtained by Sanger sequencing of each recombinant
compared to NCBI reference sequence (NC _002728.01). Editing site is indicated by the black
box; Highlighted in red are the single base pair mutations introduced by Yoneda et a/ [2010]
to create the N1V-AV and NiV-AW. (B) The amino acid sequence of P, V, and W proteins
around editing site of each recombinant as well as reference sequence NC_002728.01,
predicted from their nucleotide sequences. Stop codons are denoted by . Amino acids that
differ from the reference sequence for a given protein are in red and underlined.
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(NC_002728.01) in the sequenced region. However, the single amino acid base pair changes in
the NiV-AV and NiV-AW created a unique off-target missense mutation in one of the other
reading frames in both of the recombinants (Fig. 8B): in NiV-AV, there is a Q408L substitution
in the W protein; and in NiV-AW, there is a T4071 substitution in the P protein. Off-target
mutations are present in all the recombinant NiV-M systems for studying the V and W protein
published to date. In most of these other systems, the off-target amino acid substitutions are the
same as in the current investigation and are not thought to impact the proteins’ structures or

functions [Yoneda et al 2010, Lo et al 2012, Satterfield et al 2015].

3.1.3 Expression of V and W proteins in NiV-M-infected cells

To confirm the lack of VV or W protein expression by NiV-AV and NiV-AW, whole cell
lysates of Vero 76 cells infected at an MOI of 0.1 with NiV-rM, NiV-AV, NiV-AW, or with pig
lung isolate (4™ passage) NiV-Malaysia were harvested at 24 hpi and analyzed by immunoblot
(Fig. 9). Although three different rabbit polyclonal anti-V specific antibodies were tested, none
were capable of recognizing the V protein in denaturing immunoblots. Non-denaturing
immunoblots were not attempted due to the difficulties with performing such assays inside
BSL4. To compensate for the lack of an anti-V antibody, V protein expression was evaluated by
contrasting immunoblots probed with the anti-W antibody in conjunction with those probed with
the monoclonal anti-P antibody (P58), which recognizes the common PNT of the P, V, and W
proteins (see Fig. 1B for antibody-binding sites).

Blots of infected Vero cell lysates proteins probed with the P58 anti-P antibody revealed
multiple bands (Fig. 9A), a pattern typical of immunoblots of NiV-M cell lysates probed with

anti-P antibodies [Lo et al 2009, Satterfield et al 2015]. The distinct P protein band is at



Figure 9. Immunoblots of Vero 76 whole cell lysates harvested 24 hpi with NiV stocks at an
MOI of 0.1. Cell lysate preparations were separated on a 10% Bis-Tris gel and transferred
blots were probed for (A) the common N-terminus of the P, V, and W proteins and a histone
H3 loading control or (B) the unique C-terminus of the W protein. Bands at 78 kDa
correspond to the expected size of the P protein; bands at 51 kDa correspond to the expected
size of the complete V and/or W proteins; and bands at 17 kDa are at the expected size of
histone H3 protein. Predicted protein sizes based on SeeBlue Plus2 Pre-stained Protein
Standards are listed adjacent to each blot. Asterisks (*) are placed just above the expected
location of a W protein band in the NiV-AV cell lysate. “>" indicates the band corresponding
to the (hypothesized) tP product. Blots were probed with the anti-W antibody, then stripped
and reblotted with the anti-P/V/W and anti-histone H3 antibodies.
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approximately 78 kDa, while the V and W proteins appear as bands of almost equal apparent size
at around 51 kDa. The remaining bands are thought to be either different phosphorylation or
acetylation states of the P, V and/or W proteins [Kulkarni et al 2009, Shiell et al 2003] or
degradation products of the phosphoprotein [Lo et al 2009]. Interestingly, the anti-P
immunoblots of the cell lysates from both NiV-AV- and NiV-AW-infected cells (but not of wild-
type NiV-M- or NiV-rM-infected cells) showed an additional band slightly smaller in size than
the V/W protein band that has not been previously reported (Fig. 9A, designated with >). These
smaller bands might represent truncated P proteins (tP) consisting of the translated portions of
the V protein in NiV-AV-infected cells or the W protein in NiV-AW-infected cells and would
correspond to the common PNT of the P, V, and W proteins. This product was hypothesized by
Yoneda et al [2010] to be produced by NiV-AV and NiV-AW, but have not previously been
observed.

In NiV-AW cell lysates, there was a clear band at the V/W protein size in the anti-P blot (Fig.
9A), but no band at the W protein size on the anti-W blot (Fig. 9B), confirming the absence of
expression of the W protein and indicating normal expression of the V protein by NiV-AW.

In NiV-AV cell lysates, there was a faint band at the expected V/W protein size on the anti-P
blot (Fig. 9A) and a matching faint band at the W protein size on the anti-W blot (Fig. 9B). This
confirmed that the NiV-AV had no expression of the V protein and indicated reduced expression
of the W protein in infected Vero 76 cells, despite no genetic block of the synthesis of the W
protein. This had not been observed using the rNiV system by Yoneda et al [2010], who assessed
the expression of the V and W proteins only qualitatively. However, Satterfield et al [2015]

detected noticeably less W protein in their NiV-AV compared with their wild-type NiV-M in



87

Vero 76 cells, and Lo et al [2012] observed this for their NiV-AV in a human endothelial cell

line (HMVEC-L), but not in their Vero cells.

3.1.4 Growth of rNiVs in immortalized cell lines

The growths of the recombinants NiV-AV and NiV-AW were compared to the growth of the
NiV-rM in Vero 76, IBRS-2, MRC5, IPAM31, and ST cells in order to evaluate the relative
importance of the VV and W proteins to NiV replication. Table 4 provides a summary of these cell
lines and some of their major characteristics.

Vero 76 cells were chosen because they are incapable of producing interferon and would
reflect the ability of NiV to replicate with minimal interference of host cell IFN [Desmyter et al
1968, Mosca and Pitha 1986]. IPAM31 were chosen to provide insight into the role of NiV V
and W proteins in porcine immune cells of myeloid lineage [Weingartl et al 2002]. ST cells were
chosen as a non-immune porcine cell type capable of interferon production [Lin et al 2013].
MRCS5 cells were chosen as an interferon-producing primate cell line so that the species
difference between Vero 76 and the two porcine cell lines could be partially accounted for
[Markusi¢ et al 2014]. A porcine kidney epithelial cell line incapable of producing type I IFN,
IBRS-2 [Ahl and Rump 1976], was tested initially as a porcine analog to Vero 76 cells; its use
was discontinued when the cells were determined to be unable to support replication of NiV-M.
A human myeloid cell type was not used because it had been previously determined that NiV-M
does not infect human monocytes or leukocytes [Mathieu et al 2011], in contrast to NiV-M
infection of swine.

To assess the growth of the NiV-M recombinants, the Vero76, IPAM31, MRC5, and ST cells

were infected with each of the recombinants at an MOI of 0.1. MOI calculations in this
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Table 4: Characteristics of immortalized cell lines used for studies of the growth of NiV

recombinants.
Cell Full Name Species Type Produces type I
Line IFN?
Vero 76 | N/A African Green Monkey | Kidney No [Desmyter et al
(Cercopithecus epithelial 1968; Mosca and
aethiops) Pitha 1986]
IPAM31 | Immortalized Porcine (Sus scrofa) Alveolar Yes [Singh and
porcine alveolar macrophages | Ramamoorthy
macrophages 2016a,b]
ST Swine testis Porcine (Sus scrofa) Testis Yes [Lin et al 2013]
fibroblast
MRCS5 | N/A Human (Homo sapiens) | Lung Yes [Markusi¢ et al
fibroblast 2014]
IBRS2 | Instituto Porcine (Sus scrofa) Kidney No [Ahl and Rump
Biologico rim epithelial 1976]

suino [House et al
1988]

investigation were based on (r)NiV titration in Vero 76 cells. Virus produced in the supernatants

over time was quantitated by plaque assay and by NiV-N rRT-PCR (Fig. 10).
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NiV-rM and NiV-AW replicated to similar infectious titers in the PBMC supernatants from 24
to 72 hpi. NiV-AV also reached similar plaque titers to NiV-rM at 24 hpi but these titers more
rapidly declined than those of NiV-rM and were significantly lower at 48 (p<0.05) and 72 hpi

(p<0.01) (Fig. 11). The pattern of NiV-AV infectious virus production in porcine PBMCs
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Figure 10. Replication of recombinant NiVs in vitro over 48 hpi in multiple immortalized cell
lines. Cells were infected with NiV-rM (blue), NiV-AV (orange), or NiV-AW (green) at an
MOI of 0.1. Clarified supernatants from (A) Vero76, (B) IPAM31, (C) ST, and (D) MRC5
cells at 1, 24, and 48 hpi were assayed by plaque assay for infectious titer (dark-coloured,
overlying bars) in Log, (PFU/mL); and by NiV-N —specific rRT-PCR for copy numbers

(light-coloured, subjacent bars) in Log, (copy numbers/mL). Results with error bars are

means of three independent experiments (n=3); error bars represent standard deviation.
Results without error bars represent data from a single repeat (n=1). Significance indicates a
significant difference in infectious titer or genome copies compared to the NiV-rM in the

same cell type (*p<0.05, **p<0.01, ***p<0.001).
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Figure 11. Replication of recombinant NiV in porcine PBMC in vitro over 72 hpi. Whole
PBMC were infected at an MOI of 0.1 with N1V-rM (blue), NiV-AV (orange), or NiV-AW
(green). Clarified supernatants collected at 1, 24, 48, and 72 hpi were assayed by plaque assay
for infectious titer (dark-coloured, overlying bars) in Log, ,(PFU/mL); and by NiV-N-specific

rRT-PCR for copy numbers (light-coloured, subjacent bars) in Log, (copy numbers/mL).

Results are from three independent repeats (n=3) of the experiment. Arrow represents a
(Frigraldg vuasslifierant ionm deecpaitsie ind mimnrédl ikad aebhl foesiE iglatQ) dbsaitferiedicated
by the dotted line. Bars represent means replicates, error bars represent standard deviation,

betweeR NFYande FoANIY TN SRAALIEIGH AR e RBMIrR 85 D Bte R LS eHRm B NIYZ AV

sample compared to the NiV-rM at the same time point (*p<0.05, **p<0.01).
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infectious titers after 24 hpi. That NiV-AV reached comparable infectious titers to NiV-rM at 24
hpi in the supernatants porcine PBMCs (Fig. 11) indicated that the absence of the V protein does
not affect early replication of NiV-M in porcine PBMCs. The decline in infectious titers of NiV-
AV after 24 hpi in porcine PBMCs suggested that the V protein is important for the maintenance
of infectious titers in the supernatants at later time points.

Similar to what was seen for genome copy numbers of the rNiVs in the supernatants of the
immortalized cell lines, genome copy numbers in the PBMC supernatants as (quantitated by
NiV-N rRT-PCR) were similar for all three rNiVs and did not change from 24 to 72 hpi (Fig.
11).

In all infected cell supernatant samples tested (from cell lines or PBMCs), the NiV RNA copy
numbers were considerably higher than the plaque forming units. The NiV-N probe-based rRT-
PCR cannot distinguish between mRNA and full-length genomic RNA; consequently, detection
of NiV-N mRNA can artificially increase the number of detected NiV-M genome copies. This
was a concern especially for the NiV-AV infectious titers in the supernatants of cells producing
IFN such as IPAM31 or PBMC because these data demonstrated a reduction in infectious titer
without a commensurate reduction in genome copy numbers measured by the NiV-N probe-
based rRT-PCR. To determine whether the detected viral RNA represents viral genomes and

presumably virus particles, the copy numbers for the NiV-M N and L genes were compared.
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3.1.6 Verifying genome copy numbers in supernatants with NiV N vs NiV L SYBR Green
rRT-PCR

The N vs L gene rRT-PCR was designed on the premise that equal amount of N gene to L
gene sequences would be present in the infected cell supernatants if copies of genomic RNA
(and hence virions) were being detected. The L gene was selected for comparison with the N
gene because the L gene is at the opposite (5”) end of the NiV genome and is the least abundant
mRNA species produced due to the 3’ to 5’ transcription gradient of paramyxoviruses [Rima and
Duprex 2009, Lamb and Parks 2013]. The rRT-PCR assay used SYBR Green for detection of
amplified targets, which allowed the relative amounts of the N and L genes of NiV-M in
supernatants to be compared.

The efficiencies of the N and L primers’ amplification of NiV RNA were evaluated and found
to be similar (Fig. 12A), indicating that it was appropriate to use the primers and determined
reaction conditions to compare N and L RNA amounts over the evaluated range of NiV-M RNA
concentrations [Livak and Schmittgen 2001]. Additionally, the primer pairs were found to
amplify the same amount of target RNA at similar Ct values and the lines of best fit of the Ct
values of serially diluted NiV-M RNA between both primer pairs were not significantly different
(p =0.1) (Fig. 12A), altogether demonstrating that the primer pairs had similar sensitivities.

Supernatants taken at 48 hpi from Vero 76, IPAM31, and ST cells infected with NiV-AV and
NiV-rM were analyzed by the NiV-L and NiV-N SYBR Green rRT-PCR in parallel with the
analysis by the probe-based NiV-N rRT-PCR reported in Fig. 10A-C. The ratio of the amount of
the N RNA to L RNA was determined by a modified Livak and Schmittgen 2724t analysis
[Livak and Schmittgen 2001] and plotted as the N to L ratio (ACt N-L) on a logz scale (Fig.

12B).
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Figure 12. Differences between C;. values detected by NiV-N vs NiV-L SYBR Green rRT-
PCR. (A) The differences between NiV-N and NiV-L C; values (AC, N-L) in clarified 48 hpi

supernatants of Vero 76, IPAM31, and ST cells infected with NiV-AV (orange) or NiV-rM
(blue). Each point represents the average of the differences between the C_s for NiV-N and
NiV-L (AC; N-L) of samples from three independent repeats of the experiment (n=3). Error
bars represent standard deviation. Refer to Appendix A.5.4 for sample data analysis
calculations. (B) C; values of N vs L primers’ amplification of 10-fold serially diluted NiV-M
RNA by the SYBR Green L and N amplification method. C values from the L primer pair are
in blue and C; value from the N primer pair are in red. Each data point represents the average
of three technical replicates (three separate rRT-PCR amplifications, each run in duplicate) of
the same RNA dilution series. Error bars on data points represent the standard deviations of
these replicates. The line of best fit (black) for the data determined using the extra sum of
squares F test (GraphPad Prism), which tests the null hypothesis that the line of best fit for

two data sets is not different: the null was not rejected (p = 0.1). Dotted lines represent the
95% confidence interval for the standard curve.
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Within each tested cell type, ratios of N to L RNA in the supernatants of NiV-rM- and NiV-
AV-infected cells were not significantly different. Interestingly, the ACt N-L was not zero for
any of the rNiVs in any cell type, as would be expected for equal detection of N and L RNA,;
instead, the ACt values were all positive, indicating a greater amount of L RNA than N RNA.
(Fig. 12B). See Appendix A.5.4 for sample data analysis calculations and interpretation.

The N vs L rRT-PCR assay verified that detection of mMRNA was not contributing to the high
ratio of copy numbers to infectious particles and could not account for differences in this ratio
between NiV-rM- and NiV-AV-infected cells. The lack of difference between NiV-AV and NiV-
rM or NiV-AW infectious virus titers in Vero 76 cells indicated that the V protein does not play a
significant role in viral replication. The reduced infectious titers of NiV-AV compared to NiV-
rM and NiV-AW in the IFN-producing cells (IPAM31, ST, MRC5, and PBMC) instead indicated

a role for the V protein in preventing the production of type I IFN.

3.2 Type I IFN induction in the presence and absence of the V protein
3.2.1 Antiviral activity of rNiV-infected IPAM31 supernatants

To determine antiviral activity in the supernatants of IPAM3L1 infected with the recombinant
viruses, a plague reduction bioassay with Madin-Darby bovine kidney (MDBK) cells and
vesicular stomatitis virus (VSV) was used. This assay is classically used to titrate type | IFN
activity [Familletti and Pestka 1981; Meager 2002]. Attempts were made to optimize the
available anti-porcine IFNa and IFNB ELISAs (Fig. 13), but the bioassay was more sensitive.

In order to inactivate NiV without abolishing the antiviral activity of the supernatants, it was
necessary to test several approaches to the assay. Initially, supernatants were treated at low pH to

inactivate NiV and isolate [FNo/f based on their acid resistance. This method was abandoned
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Figure 13. Comparison of the sensitivity of MDBK cells to [FNa in cell culture media (blue,
in percent reduction in VSV plaques) to the sensitivity of an optimized commercial anti-
porcine IFNa ELISA (green, in optical density at 450nm).
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due to difficulties in maintaining the correct pH for the supernatants in all steps of the assay.

Subsequently, centrifugal filtration of the supernatants through 50 kDa molecular weight cut-
off (MWCO) filters was tested to exclude large proteins and NiV particles on the basis of size:
porcine IFNo and IFNP are approximately 21 and 22 kDa, respectively. This method required a
very large input of sample supernatant; the size exclusion filters did not reliably exclude NiV;
and it was suspected that retention of type I IFN was leading to a loss of antiviral activity during
the assay.

Finally, virus heat inactivation was employed. Type | IFNs are highly heat-stable at
temperatures up to 60°C [Rentsch and Zimmer 2011] and at that temperature, NiV and other
factors with antiviral activity potentially released by infected cells were expected to be
inactivated.

Supernatants collected from Vero 76 and IPAM31 cells at 24 and 48 hpi with NiV-rM or
NiV-AV (at an MOI of 1) alongside supernatants from mock-infected (control) cells were
analyzed by the MDBK-VSV bioassay (Fig. 14A). Each supernatant was also tested undiluted to
ensure that the supernatants had no residual live NiV. There were no differences in antiviral
activities between NiV-rM, NiV-AV, or mock-inoculated cells at 24 hpi in either cell line.
However, while supernatants of NiV-AV-infected IPAM31 cells had the same level of antiviral
activity as the control cells at 48 hpi, antiviral activity in NiV-rM-infected IPAM31 was
significantly reduced at this time point (NiV-AV vs NiV-rM, p<0.001). No differences were
observed in the antiviral activities of the Vero 76 cell supernatants at that time (Fig. 14A).

Pre-treatments of supernatants with polyclonal anti-porcine IFNa or IFNP antibodies were
used to analyze the relative contribution of the two type | IFN subtypes to the antiviral activity in

the NiV-rM-infected IPAM31 supernatants. The use of polyclonal antibodies provided evidence
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Figure 14. Analysis of the antiviral activity rNiV-infected IPAM31 supernatants. (A) The
ratio of the antiviral activity of 24 and 48 hpi supernatants of cells infected with NiV-rM
(blue) or Ni1V-AV (orange) to the antiviral activity of supernatants of mock-infected cells of
the same type (grey). The magnitude of antiviral activity in each sample was based on the

ability of these supernatants to reduce VSV plaques on MDBK cells in an antiviral bioassay.

Bars represent the average antiviral activity ratio to mock of two independent repeats of the
experiment (n=2); error bars represent standard deviation. (**p<0.01, ***p<0.001). (B)
Percent reduction of VSV plaques on MDBK cells after pre-treatment with [IPAM31
supernatants prepared for the assay using centrifugal filtration and anti-IFN neutralizing
antibody treatment. Grey bars represent non-antibody-treated supernatants; yellow bars
represent supernatants with [FNa activity neutralized; and red bars represent supernatants

100

with IFNP activity neutralized. Bars represent the average of three technical replicates from a

single biological repeat of the experiment.
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that IPAM3L cells can produce type I IFN during rNiV infection and that this type I IFN is
primarily IFNp: the supernatants had high antiviral activity (94.0% reduction in VSV plaques)
which was diminished after treatment with anti-IFNB (by 79.1%) but not by anti-IFNa

antibodies (diminished only by 19.4%) (Fig. 14B).

3.2.2 IFNa/p mRNA expression in rNiV-infected IPAM31 cells

The findings that the supernatants from NiV-AV-infected IPAM31 cells had significantly
greater antiviral activity than those infected with NiV-rM and that the V protein was important
for the production of infectious virus from type | IFN-producing cells indicated that the V
protein’s major role might be in type I IFN evasion.

To determine whether the V protein prevents type | IFN induction, IPAM31 cells were
infected with NiV-rM or NiV-AV at an MOI of 1 and expression of IFNa and IFN mRNA was
evaluated at time points up to 24 hpi by a SYBR Green rRT-PCR method.

Fold change in expression of [FNa and IFNB mRNA was calculated using Livak and
Schmittgen’s 2722t method [Livak and Schmittgen 2001], normalizing to the expression of
cyclophilin as the housekeeping gene and comparing to mock-infected cells at the same time
points (Fig. 15). Neither NiV-rM nor NiV-AV induced significantly different amounts of IFNa
from the mock-infected IPAM31 (Fig. 15A). However, IPAM31 cells infected with NiV-AV did
express significantly more IFN mRNA than those infected with NiV-rM at 24 hpi only (Fig.
15B, p<0.001), despite a lack of detectable antiviral activity in the supernatants of NiV-AV- or
NiV-rM-infected IPAM31 cells at 24 hpi (see Fig. 14A).

In NiV-AV-infected IPAM31, there was an upregulation of IFNf mRNA at 2 hpi followed by

a downregulation at 4 hpi (Fig. 15B). No firm conclusions can be drawn from this because only



2-AACt
10
< 8-
b
£
0 6]
o
C
[}
< 4
(&)
i)
" mad liﬁ
R T TTH | I
1 2 4 24
hours post-infection (hpi)
2-AACt
[
T
<Z( 8
E
o 6
o
[
]
S 4
o
L 2 Ill
. ol m.. ma
1 2 4 24

hours post-infection (hpi)

Hl Mock

-AACy

IFNB

-AAC;

EE NiV-rM

103

IFNo

-AACt
20
15
10
1 2 4 24
r—
-10
-15
-20
hours post-infection (hpi)

-AAC;

hours post-infection (hpi)

= Niv-AV

Figure 15. Fold change in expression of (A) IFNa and (B) IFNB mRNA in IPAM31 cells over
time after infection with NiV-rM (blue) or NiV-AV (orange) at an MOI of 1. -AAC, values

were calculated using the Livak and Schmittgen method [Livak and Schmittgen 2001]
normalizing to cyclophilin as the reference gene; fold change is expressed as relative to the
mock-infected cells (black) at the same time point; see Appendix A.5.5 for sample

calculations. The same data is represented as both -AAC, (left) and 2_AACt (right). Bars/points

represent the average fold change of three independent replicates of the experiment (n=3);
error bars represent standard deviation. (***p<0.001, ****p<0.0001).
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one biological replicate of the 2 hpi time point was performed for IFNp, precluding the proper

application of descriptive statistics.

3.2.3 IFNo/p mRNA expression in rNiV-infected whole porcine PBMCs

To evaluate the effect of NiV infection on an immune response model that is closer to the in
vivo environment, IFNa and IFN mRNA expression in porcine PBMCs inoculated with either
rNiV-M or NiV-AV was evaluated. Porcine PBMCs were chosen because they are a more
complex immune cell population and more closely reflect the in vivo environment.

A decrease in both IFNo and IFN mRNA expression at the 1 and 24 hpi time points from the
high level of expression by the mock-infected PBMCs was observed in porcine PBMCs infected
with either the NiV-rM or NiV-AV (Fig. 16). For both type I IFN subtypes, the mMRNA
downregulation was greater in NiV-rM-infected PBMCs than in NiV-AV-infected PBMCs
(Figure 16A and B, particularly the ~AACt panels).

The high expression of type | IFN in the mock-infected PBMCs was not surprising, as porcine
immune cells can produce type | IFN independently of infection in order to maintain balance
[Wattrang et al 1998, Razzuoli et al 2011, Amadori 2007]. However, the block of type I IFN
expression by 1 hpi was unexpected. Although 1 hr is enough time for NiV-M to attach to and
enter the cells, it is too early for the production of new non-structural viral proteins (see Fig. 3)

[Kulkarni et al 2009, Noton and Fearns 2015, Boczkowska 2014].
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Figure 16. Fold change in expression of (A) [FNa and (B) [IFN mRNA in whole porcine
PBMC s over time after infection with NiV-rM (blue) or NiV-AV (orange) at an MOI of 0.1. -
AAC, values were calculated using the Livak and Schmittgen method [Livak and Schmittgen

2001] normalizing to cyclophilin as the reference gene; fold change is expressed as relative to
the mock-infected cells (black) at the same time point. See Appendix A.5.5 for sample

calculations. The same data are represented as both -AAC, (left) and 2_AACt (right). Bars/points

represent the average fold change of duplicate samples from one replicate of the experiment
(n=1). Arrow indicates samples that were assayed but the target was not detectable.
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3.2.4 Early induction/block of IFNa/f mRNA expression by rNiV infection of stimulated
IPAM3L cells

To confirm that NiV-rM and NiV-AV differ in their ability to block type I IFN expression as
early as 1 hpi, IPAM31 were pre-stimulated with either transfected HMW Polyl:.C; HMW
Polyl:C and recombinant porcine (rp)IFNf; or rpIFNf alone in order to mimic the high basal
level of expression of type I IFN observed in the porcine PBMCs. After 18 hrs of pre-
stimulation, these IPAM31 were mock-infected or infected with NiV-AV, NiV-AW, or NiV-rM
at an MOI of 1 for 1 hr, at which time cell pellets were collected and analyzed for IFNo/p mRNA
expression (compared to the mock-infected cells) (Fig. 17). While NiV-rM and NiV-AW did not
differ in IFNo/p expression from each other and were similar to the mock, NiV-AV induced
substantial IFNa and IFN mRNA within 1 hpi in all IPAM31 pre-stimulated cells. The priming
of the IPAM31 cells seemed to sensitize the cells, leading to greater fold-induction of type | IFN
than at any time point in the non-pre-stimulated IPAM31 (Fig. 17 vs Fig. 15).

A block of type | IFN mRNA expression by the NiV-M within an hour of exposure to the
virus would suggest a blocking mechanism related either to attachment or entry or to a block
mediated by components of the incoming viral particles. The difference in the magnitude of the
block between NiV-AV and NiV-rM indicates that a difference between these two viruses exists
before new V protein can be made. Since it is unlikely that the NiV-rM and NiV-AV differ in
their entry mechanism, a component of the incoming wild-type NiV virion that is absent in the
NiV-AV must mediate this early block of type I IFN induction. Previously, the non-structural
proteins of NiV have been identified in purified preparations of the virions [Lo et al 2009]. We
hypothesized that virion-incorporated V protein may be responsible for mediating most of this

early post-infection block.
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Figure 17. Fold change in expression of (A) IFNa and (B) IFNB mRNA in pre-stimulated
IPAM31 cells infected for 1 hour with NiV-rM, NiV-AYV, or NiV-AW. IPAM31 were pre-
stimulated for 18 hrs with transfected HMW Polyl:C (white), IFN3 and HMW Polyl:C
(black), or IFNP alone (grey) and then infected with one of the rNiVs at an MOI of 1. Fold

change values (2_AACt) were calculated using the Livak and Schmittgen method [Livak and
Schmittgen 2001], normalizing to cyclophilin as the reference gene and then expressed
relative to 1 hpi mock-infected cells subjected to the same pre-stimulation. See Appendix
A.5.5 for a sample calculation. Bars represent the average fold change of three independent
experiments; error bars represent standard deviation.

Pre-treatment applied:
1 Transfected Polyl:C
Il IFNB + Polyl:C
B IFNB
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3.3 NiV non-structural proteins in virions
3.3.1 Immunoblot comparisons of non-structural proteins in rNiV virions

To confirm that the V protein is included in the NiV virion, immunoblots were performed on
virions of all three recombinants and a wild-type NiV Malaysia stock (pig lung isolate, passage 4
on Vero 76 cells) that had been isolated and concentrated by polyethylene glycol (PEG)
precipitation (Fig. 18). The immunoblots correspond well with those reported for NiV-M
concentrated by sucrose gradient centrifugation [Lo et al 2009]. Blots were probed with an anti-
P/VV/W monoclonal antibody P58 (Fig. 18A) or a rabbit polyclonal anti-W antibody (Fig. 18B).

All four NiVs had a similar band at 78 kDa on the anti-P/V/W blot corresponding to the P
protein (Fig. 18A), indicating that each virus preparation had similar amounts of the
phosphoprotein. The 51 kDa band corresponding to the V and W proteins was similar in intensity
in the NiV-Malaysia, the NiV-rM and NiV-AW, but fainter in the NiV-AV. Although the NiV-
AW virions contained wild-type amounts of the V protein, the NiV-AV virions did not have wild-
type amounts of V or W protein. Probing the blot with anti-W antibodies (Fig. 18B) confirmed
that the NiV-AV virus preparation had markedly less W protein than the wild-types. Considering
the reduced expression of the W protein in NiV-AV infected Vero 76 cell lysates (Fig. 9B), the
lack of the W protein in NiV-AV virions is probably secondary to its low level of expression.

Interestingly, the putative tP protein initially observed in the cell lysates of NiV-AV and NiV-
AW (Fig. 9A) was detected in the NiV-AV virion but not the other virion preparations (Fig. 18A,
designated with >). As mentioned previously, this band may correspond to the PNT of the P
protein without a specific V, W, or P protein C-terminus. If this is the case, it appears to be
incorporated into the virion of at least NiV-AV. The absence of this product in NiV-AW virions

may indicate that either its incorporation occurs or is detectable by immunoblot only if there are
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Figure 18. Immunoblots for P gene products in polyethylene glycol (PEG)-precipitated NiV
stock preparations. Virus preparations were separated on a 10% Bis-Tris gel, and transferred
blots were probed for (A) the common N-terminus of the P, V, and W proteins and (B) the
unique C-terminus of the W protein. Bands at 78 kDa correspond to the expected size of the P
protein, and bands at 51 kDa correspond to the expected size of the complete V and/or W
proteins. Predicted protein sizes based on SeeBlue Plus2 Pre-stained Protein Standards are
listed adjacent to each blot. “>" indicates the band corresponding to the (hypothesized) tP
product. Asterisks (*) are placed just above the ~28 kDa cellular protein.
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low levels of both V and W protein.

An unexpected ~28 kDa product was also detected in the anti-P protein-probed virions of
NiV-AV, NiV-rM, and wild-type NiV-M, but not of NiV-AW (Fig. 18A). It is unlikely a
degradation product of the W protein because most degradation products seen in the cell lysates
are not also seen in the virions (Fig. 9A vs 18A), and because it is present in the NiV-AV virion
at similar levels to the wild-type despite the reduced expression and incorporation of the W
protein by NiV-AV. It is possible that this is a cellular protein incorporated into the NiV-M

virion with or by the W protein.

3.3.2 Immunoelectron microscopy confirmation of non-structural protein incorporation
into NiV virions

To determine whether the V and W protein are incorporated into the NiV virion by an
attachment to the nucleocapsid, immunoelectron microscopy (IEM) was performed on a sucrose-
gradient purified preparation of binary ethylenimine (BEI)-inactivated, wild-type NiV-M stock
(prepared by Y. Berhane [Berhane et al 2006]). Rabbit polyclonal antibodies against the NiV-M
W protein or V protein were used to probe the samples. One set of anti-V polyclonal antibodies
was found to be compatible with samples fixed for IEM in glutaraldehyde-formaldehyde.

The preparation of NiV used for this was a fraction enriched for NiV nucleocapsids.
Preparation of grids and imaging was performed by A. Dufresne. Gold particles localized to NiV
herringbone structures in grids stained with both anti-V (Fig. 19A) and anti-W (Fig. 19B)
antibodies, whereas control grids had very few gold particles visible and distributed in an

apparently random fashion (Fig. 19C). Some gold labelling not associated with the nucleocapsid
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Figure 19. Immunoelectron microscopy (IEM) of sucrose-gradient purified wild-type NiV-
Malaysia nucleocapsids labelled with (A) polyclonal rabbit anti-V protein antibody; (B)
polyclonal rabbit anti-W protein antibody; and (C) unlabelled controls. Goat anti-rabbit
antibodies conjugated to 10 nm gold particles were used for detection of the labelling
antibodies. Detailed views of selected structures are provided in separate, adjacent panels.



115




116

was also observed in the anti-V and anti-W stained samples. The appearance of gold labelling off
the nucleocapsid could indicate V/W proteins stripped from the nucleocapsid by preparation
procedures or may indicate V/W protein attached to broken nucleocapsid fragments, which were
visible as rings in IEM preparations. It is also possible that along with the deliberate,
nucleocapsid-bound incorporation of /W protein, some incorporation of non-attached V/W
protein could result from the non-specific envelopment of nearby proteins during NiV-M release.
Altogether, these data indicated that the V and W protein are found associated with the
nucleocapsid in NiV virions. It is likely that this interaction is mediated by the common amino
terminus of the V and W protein which mediates a binding interaction between the P and N

proteins.



117

Discussion

The aim of this investigation was to explore the roles of the V and W proteins to NiV-M
replication in swine cells of myeloid origin. It was determined that the W protein was not
important for NiV-M replication in swine myeloid cells or PBMCs, but that the V protein was
important for preventing induction of type I IFN in these cell types, with little to no direct role in
viral replication. It was also determined that the VV and W proteins are incorporated into the NiV-
M virions through an attachment to the nucleocapsid, and that incorporated V protein is capable
of blocking type I IFN induction immediately post-entry into porcine immune cells. These
findings may have important implications in elucidating the immune response of swine to NiV-

M infection.

4.1 Protein expression from the P gene open reading frame in cells infected with the
recombinant viruses.

Examining the presence of the P, V, and W proteins in cell lysates by immunoblot confirmed
lack of expression of the V or W protein by the NiV-AV or NiV-AW recombinant viruses,
respectively. This study is the first to report the detection of the putative truncated P protein (tP)
expressed by the NiV-AV or NiV-AW recombinant viruses (Fig. 9A) and observed also in the
NiV-AV virions (Fig. 18A).

The existence of the tP protein was proposed by Yoneda et al [2010] but not observed in
previous investigations with rNiVs because all previous investigations used antibodies that
specifically targeted the unique C-terminal portions of the P, W or V proteins [Yoneda et al
2010, Lo et al 2012, Satterfield et al 2015]. The use of the P58 antibody that targets the common

N-terminal region of the P, VV and W proteins allowed the current investigation to directly
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observe this product at approximately the predicted apparent size of 45 kDa. Although it would
be interesting to confirm the identity of this protein as tP by amino acid sequencing and to
determine whether the tP is also present as a low-frequency product of wild-type NiV-M
infections, such investigation was considered beyond the scope of this project.

Relatively high expression of the tP protein in recombinant viruses lacking the V and W
protein expression may theoretically affect the efficiency of virus replication as it could interfere
with functions of the P protein, such as its viral polymerase cofactor functions [Ciancanelli et al
2009]. It might also be capable of affecting ribonucleocapsid assembly: the tP is likely able to
bind cytoplasmic N° (a function of the PNT) but unable to efficiently bring it to the nucleocapsid
(a function of the PCT), which could limit the pool of nucleoprotein available for nucleocapsid
construction [Chan et al 2004, Yabukarski et al 2014]. However, there may not be enough tP
produced to have a significant impact on virus replication. The tP product would not be expected
to increase the total amount of PNT produced and so may not mediate an effect that does not
already occur in the presence of the intended full-length P gene product. Additionally, large
amounts of excess N protein are produced in NiV-infected cells, leading to the formation of
cytoplasmic inclusion bodies (Berhane; unpublished data). Such excess N protein may be enough
to overcome interference by the relatively smaller amount of tP.

Importantly, the presence of the tP in the rNiVs may counteract the loss of the type | IFN
signalling block that might be expected by the reduced/absent expression of the VV or W protein
in NiV-AV and NiV-AW. Yoneda et al found that none of their recombinants differed from the
wild-type NiV-M in their ability to block type I IFN signalling and suggested that this was
because the total amount of PNT containing the P/\VV/W STAT binding site likely remained

unchanged [Yoneda et al 2010]. Consistent with this, the unexpectedly low expression of the W
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protein by NiV-AV in the current experiments (Fig. 9B) appears to be offset by the relatively
greater expression of tP by NiV-AV than by NiV-AW (Fig. 9A). As Yoneda et al [2010]
predicted, it appears that total PNT and likely the STAT block remain constant despite
differences in VV and W expression levels between the rNiVs.

The reduced W protein expression by NiV-AV would therefore only diminish the functions of
the unique C terminal portion of the W protein along with that of the V protein in this
recombinant. As the experiments conducted in this thesis research indicated no difference
between NiV-rM and NiV-AW (see below), the low expression of the W protein in the NiV-AV

virus was not deemed a limitation for the purposes of this study.

4.2 Growth of rNiVs in multiple cell lines

The growths of the recombinants NiV-AV and NiV-AW were compared to the NiV-rM in
multiple cell lines and in porcine PBMCs to determine whether the V and/or W proteins were
important in any aspect of NiV-M replication in porcine immune cells. Although porcine
immune cells (represented by IPAM31 cells and PBMCs) were the cell types of interest, multiple
other cell lines, described in Table 4, were included in the investigation in order to construct

hypotheses regarding the function of these non-structural proteins.

4.2.1 Virus replication

In all tested cell types and for all rNiVs, there were large differences between the infectious
titers and the viral RNA copy numbers in the cell supernatants. Viral RNA copy numbers in the
supernatants were identified as being viral genomic RNA rather than mRNA by the N vs L gene

SYBR Green assay. These data altogether suggested that the NiV-N rRT-PCR values roughly
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approximate the number of NiV-M virions. The high ratio of genomic RNA to infectious particle
number is likely due to the packaging of multiple genomes per particle and to the presence of a
large number of defective particles containing rRT-PCR-detectable genomes [Goldsmith et al
2003, Jensen et al 2018, Chang et al 2006a,b; Manzoni and Lépez 2018].

The ACt N-Ls of the rNiVs in each cell type were all positive, indicating a greater presence of
L RNA than N RNA (Fig. 12). It is possible that the production and packaging of 5’ copy-back
defective interfering (DI) particles could lead to detection of greater amounts of L RNA: these
DI genomes contain two copies of the 5’ end of the genome (the L gene end) and no 3’ end of

the genome (the N gene end) [Manzoni and Lopez 2018].

4.2.2 The NiV-M W protein has no known unique role in porcine cells

NiV-AW did not differ from NiV-rM in any of the cells tested: no evidence was found in any
of the cells tested that the W protein was important for NiV-M replication or production of
infectious virus (Fig. 10, 11). This finding is consistent with previous data suggesting that the W
protein has a unique anti-interferon effect if localized to the nucleus and that it does not localize
to the nucleus in MRC5, IPAM31, and ST cells [Shaw et al 2005, Boczkowska 2014, Goolia
2009]. Furthermore, the similar blocks of type I IFN induction early post-infection by NiV-rM
and NiV-AW (Fig. 17) indicated that the W protein is also unimportant to early antiviral evasion
of NiV-M in porcine immune cells.

The similarity between NiV-rM and NiV-AW in this investigation is consistent with previous
cell culture growth studies [Yoneda et al 2010, Lo et al 2012, Satterfield et al 2015]. The only
cell types tested so far wherein NiV-M growth may have differed in the presence and absence of

the W protein were primary human microvascular endothelial cells of the brain and lungs;
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however, since the statistically significant differences were small in these cells, it is difficult to
assess the biological relevance [Satterfield et al 2015].

Evidence exists that the W protein can be involved in blocking the production of pro-
inflammatory cytokines and chemokines in certain cell types and host species and that it plays a
role in disease presentation of NiV-M-infected ferrets [Lo et al 2012, Satterfield et al 2015,
2016]. However, the absence of the W protein in NiV-M-infected golden hamsters and ferrets led
neither to reduced lethality nor to differences in antibody development compared to the wild-
type NiV-M [Yoneda et al 2010, Satterfield et al 2015, 2016]. It has yet to be shown that the W

protein has any impact on NiV-M infection of the porcine host at all.

4.2.3 The NiV-M V protein is not important for viral replication but affects infectivity in
supernatants of infected IFN-producing cells

NiV-AV did not differ from NiV-rM in terms of genome copy numbers in any cell type tested
and also did not differ from NiV-rM in the non-1FN-producing Vero 76 cells in terms of
infectious titers (Fig. 10, 11), suggesting that the V protein is not directly involved in NiV
replication, virion production, and release.

All previous investigations on recombinant NiV-M lacking expression of the V and W
proteins have evaluated rNiV growth in cell culture only by infectious titer [Yoneda et al 2010,
Lo et al 2012, Satterfield et al 2015]. In contrast to what was seen for Vero 76 cells in this
investigation (Fig. 10A), each of these previous investigations found NiV-AV to have slower
replication and/or to reach reduced peak titers in Vero cells compared to the wild-type. Since
there were variations among these previous investigations in the time points at which the NiV-

AV titers significantly differed and in the magnitudes of the reduction in titers from the NiV-M,
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it is possible that the lack of significant difference between NiV-AV and NiV-rM infectious titers
in Vero 76 cells in the current investigation results from variations between the Vero cell lines
used by each group [Yoneda et al 2010, Lo et al 2012, Satterfield et al 2015].

The current investigation used an MOI of 0.1 rather than the MOI of 0.01 used in all the
previous investigations, which could have reduced the time to maximum titer or the likelihood of
detecting a significant difference in titer in Vero cells. The lack of a difference between NiV-AV
and NiV-rM in Vero 76 cells in the current investigation was not considered to be a major
limitation; instead, it indicated that the supposed role of the NiV-M V protein in viral replication
observed in previous investigations is relatively minor compared to its auxiliary function in the
IFN-producing cells.

The reduced infectious titers produced from NiV-AV-infected, IFN-producing cells (IPAM31,
ST, or MRCS5 cells) (Fig. 10B-D) and IFN-producing cell populations (PBMC) (Fig. 11) led to
the conclusion that the major role(s) of the V protein are either unique to IFN-producing porcine
cells or depend on the production of type | IFN. Here, the hypothesis tested was that the V
protein is important for the production of infectious NiV-M in these cells because it blocks type |

IFN induction.

4.3 The NiV-M V protein prevents type | IFN production by infected porcine immune cells
The major role of the V protein was hypothesized here to be in blocking type I IFN induction
rather than in blocking type I IFN signalling because previous investigations had found (a) that
NiV-AV and NiV-AW were as competent in blocking STAT signal transduction as the NiV-rM
[Yoneda et al 2010]; (b) that the relevance of the STAT block to live NiV-M virus infections

may not be as great as transfection studies indicated [Virtue et al 2011]; and (c) that there are
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many potential interaction partners for the NiV-M V protein in IFN induction/virus sensing
pathways indicated by protein-level studies [Childs et al 2012, Parisien et al 2009, Rodriguez

and Horvath 2013, 2014; Davis et al 2014, Sanchez-Aparicio et al 2018, Uchida et al 2018].

4.3.1 NiV-M V protein inhibits type I IFN production in porcine myeloid cells

Wild type NiV-M-stimulated induction of type I IFN has been seen in some cell types, such as
primary human microvascular lung endothelial cells (HMVEC-L) and in primary human
umbilical vein cord endothelial cells (HUVEC); but not in other cell types, such as human small
airway epithelial cells (SAEC), human bronchial/tracheal epithelial cells, and human moDCs [Lo
et al 2012, Mathieu et al 2012b, Escaffre et al 2013b, Gupta et al 2013]. This is the first report
on type I IFN induction in NiV-M-infection of a porcine myeloid immune cell line.

IPAM3L1 cells were used to model the monocyte type I IFN response to NiV-M infection.
IPAM31 are porcine immune cells of the myeloid lineage which, as de-differentiated
macrophages, are similar to monocytes [Weingartl et al 2002]. Monocytes are found in the
peripheral blood; are important producers of type | IFN in response to virus infection; can
differentiate into important type | IFN-producing cell types such as macrophages and DCs; and
are known to be permissive to NiV-M infection [Swiecki and Colonna 2011, Kumagai et al
2007, Stachowiak and Weingartl 2012]. Thus, IPAM3L1 cells are a useful model for examining
the type I IFN response of important type | IFN-producing porcine immune cells in a controlled
manner.

The absence of induction of type | IFN by NiV-rM or NiV-AW in the infected IPAM3L1 cells

(Fig. 15, 17) indicated that both viruses potently antagonized virus-stimulated type | IFN
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induction. Induction of IFN mRNA at 24 hpi by NiV-AV indicated that NiV-M can initiate the
induction of type I IFN, but that the V protein prevents the completion of this induction pathway.

The complete lack of IFNa mRNA induction in non-pre-stimulated IPAM31 cells infected
with the recombinant viruses (including NiV-AV) (Fig. 15A) was unexpected, considering that
IPAM31 cells are capable of responding to stimulus with IFNa expression (see Fig. 17A). A lack
of IFNo. mRNA upregulation at 24 hpi in the NiV-AV-infected IPAMs would be consistent with
the model of the biphasic type | IFN response where most cells initially respond to virus with
IFNB, then respond to IFNf by upregulating IRF7, which then permits the cell to respond to
continued virus presence with IFNa [Sato et al 1998]. Refer to Figure 7 for a summary of IFNf-
dependent IFNa induction. Since no induction of antiviral activity by NiV-AV greater than the
mock-infected cell was observed at 24 hpi or 48 hpi (Fig. 14A) and upregulation of IFN mRNA
was detected only at a low level at 24 hpi (contrast Fig. 15 and 17), it is possible that there was
no IFNP protein in the supernatant of the NiV-AV-infected IPAM31 cells at 24 hpi to stimulate
production of IFNa. It is also possible that IFNf protein was produced and released at levels that
were below the detection limit of the antiviral assay.

Together with the analysis of antiviral activity in the NiV-M-infected IPAM31 cells which
indicated that approximately 80% of the antiviral activity was attributable to IFNf and only 20%
to IFNa (Fig. 14B), the data may imply that both NiVV-M and NiV-AV have a competent STAT
block that prevents IFNB-dependent IRF7 upregulation and thereby IFNa induction (refer to
Figure 7 for IFNB-dependent IRF7 upregulation). As discussed above, the P58 antibody-probed
immunoblots of infected cell lysates (Fig. 9A) demonstrated that all the rNiVs express
approximately equal amounts of the PNT (containing the STAT1-binding region) in the form of

the P, tP, V, or W protein. Consequently, all the rNiVs would be expected to mediate a wild-type



125

STAT1 block. This would be consistent with Yoneda et al’s [2010] previous findings that the
NiV-AV STAT block is similar to that of the wild-type and their hypothesis attributing this to the
tP product.

Early induction of type I IFN may be quite complex: the observed increase in IFNf3
expression at 2 hpi in NiV-AV-infected IPAM31 may be evidence of the virion-incorporated V
protein-mediated inhibition of type I IFN induction, although it is unclear why this would
decrease by 4 hpi (Fig. 15B). However, because it was only collected once, the 2 hpi time point
for IFNP could simply represent a statistical outlier.

To determine why NiV-AV-infected, non-pre-stimulated IPAM3L1 cells appear to have a
deficit in IFNp protein production and lack an IFNa. response despite IFN mRNA expression,
future investigation should examine exactly which aspects of the antiviral state are permitted in
NiV-AV-infected IPAM3L1 cells. Considering previous findings that NiV-M requires some
activation of an antiviral state in infected porcine cells, it would be interesting to determine how
NiV-M balances evasion of type I IFN induction and signalling with the appropriate level of

antiviral state activation [Bocskowska 2014].

4.3.2 The NiV-M V protein silences steady-state and virus-stimulated IFNo/p expression in
porcine PBMCs

To investigate the block of type | IFN by the NiV-M V protein in porcine immune cells, type |
IFN mRNA expression was investigated in early post-wean porcine PBMCs. Porcine PBMCs
were chosen as a porcine immune cell model that contains multiple interacting cell types and that
more closely reflects in vivo immune cells than IPAM31 cells. High levels of expression of type

| IFN mRNA by the immune cells of post-wean pigs is not unusual and can occur as a
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homeostatic response to stress from a variety of non-infectious factors including weaning itself
or transport [Wattrang et al 1998, Razzuoli et al 2011, Amadori 2007].

The V protein was confirmed to contribute substantially to the suppression of basal MRNA
expression of both IFNa and IFNp in NiV-M-infected PBMCs. NiV-AV did cause a reduction in
type I IFN mRNA expression, but smaller than the reduction caused by NiV-rM (Fig. 16). Some
block of type I IFN induction by NiV-AV early post-entry was not entirely unexpected: the C,
W, and M proteins of NiV-M have also been implicated in blocking type I IFN responses, and
these proteins were likely present (to some degree) throughout NiV-AV infection of the porcine
PBMCs [Mathieu et al 2012a, Lo et al 2012, Satterfield et al 2015, Ciancanelli et al 2009,
Bharaj et al 2016]. The ability of NiV-M to reduce type | IFN mRNA expression in porcine T
cells infected with NiV-M has been seen previously [Stachowiak and Weingartl 2012].
Considering that porcine PBMCs contain many different cell populations (permissive and non-
permissive to NiV-M) that can produce type | IFN, the summative response to NiV infection is
highly complex.

Unexpectedly, the suppression of both [FNo and IFN mRNA occurred by 1 hpi (Fig. 16) this
is approximately enough time for NiV to enter the cells but is prior to the synthesis of new V
protein, which is unlikely to be in sufficient concentration to be active before 4 hpi [Plumet et al
2005, Lo et al 2009, Kulkarni et al 2009]. Such a rapid suppression of type | IFN by a

paramyxovirus has (to the author’s knowledge) not been reported before.

4.3.3 The NiV-M V protein inhibits IFNa/p induction in stimulated porcine myeloid cells
immediately post-entry

To confirm and to at least partially elucidate the early block of type | IFN observed in the
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porcine PBMCs, pre-stimulated IPAM31 cells were used to model porcine monocytes in the
presence of type I IFN. Pre-stimulated IPAM31 cells were expected to more closely mimic the
environment of porcine monocytes in the porcine PBMCs expressing high pre-infection levels of
type I IFN (as seen in Fig. 16). IPAM31 cells were pre-stimulated with either IFNB, IFNf and
polyl:C, or transfected polyl:C. After 18 hrs of this treatment, the pre-stimulated IPAM31 were
infected with NiV-rM, NiV-AW, and NiV-AV. Increases in both IFNa and IFNff mRNA
expression at 1 hpi was observed only in NiV-AV-infected IPAM31 cells, and these increases
were seen for NiV-AV-infected cells in each of the three pre-stimulation methods: this confirmed
that the V protein plays a crucial role in preventing IFNo/p induction as early as 1 hpi post-
infection.

The induction of type I IFN in by NiV-AV at 1 hpi in pre-stimulated (Fig. 17) but not non-
pre-stimulated (Fig. 15) IPAM31 cells may help identify the interaction partners for the virion-
incorporated V protein at this early time point. The lack of induction in non-pre-stimulated cells
at 1 hpi (Fig. 15) seems to indicate that the V protein inhibits the IFN-induction cascade by
interacting with a factor that is upregulated by IFN stimulation (i.e. an interferon-stimulated gene
product). Examples of such factors include known V protein inhibition targets such as the viral
RNA sensors MDAS, RIG-I, or LGP2, and related signalling molecules such as MAVS
[Andrejeva et al 2004, Childs et al 2007, 2009, 2012, Motz et al 2013, Davis et al 2014,
Sanchez-Aparicio et al 2018, Uchida et al 2018]. A summary of these signalling molecules can
be found in Figures 5 and 6, and their IFN signalling-dependent upregulation is visualized in
Figure 7.

However, the inhibition of type | IFN expression at 1 hpi only in pre-stimulated IPAM31 cells

may instead indicate that the V protein inhibits other viral RNA sensors or signalling
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components that are not typically present in steady state cells but are only expressed as ISGs (see
Figure 7). Examples of this may include PKR or OAS1 [de Veer et al 2001, Soos and Szente
2003], for which possible inhibition by the V protein has not previously been reported. Future
investigations should aim to determine which PRRs and related signalling components are
expressed in resting state and IFN-pre-stimulated IPAM31 cells.

It is possible that the the V protein triggers or enhances the activity of negative regulators of
type I IFN induction to rapidly reduce the levels and production of type I IFN. There are many
negative regulators of type I IFN that are produced after type I IFN signalling which could be
affected by the V protein [Arimoto et al 2018]: it may be valuable to identify potential V protein
interaction partners in an unbiased way by using co-immunoprecipitation and shotgun mass
spectroscopy to isolate and then identify V protein interaction partners in infected cells.

Considering the marked 1 hpi decrease in type | IFN mRNA in the NiV-rM-infected porcine
PBMC:s, it is possible that the V protein degrades or reduces the stability of type | IFN mRNA
transcripts in a targeted fashion (as cyclophilin housekeeping mRNA was not reduced).
Potentially, V protein-mediated activation of miRNASs that specifically target [IFNa (e.g. miR-
4661 in mice/numans) or IFN (e.g. miR-26a, 344, or 145 in humans) could lead to specific
IFNo/p mRNA degradation [Arimoto et al 2018]. Alternatively, V protein-mediated induction of
cytoplasmic RNA granules could lead to the degradation of certain mMRNAs over others. Among
paramyxoviruses, MeV has been observed to induce RNA granules; but whether IFNo/f mRNA
is is specifically incorporated into such granules is unknown [Tsai and Lloyd 2016, Guo et al

2018, Okonski and Samuel 2013].
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4.4 The early post-entry block of IFN production is mediated by the V protein incorporated
into NiV-M virions.

The data thus far prompted investigation into the hypothesis that the early block of type I IFN
observed in porcine immune cells is largely due to the inhibition of type I IFN-induction by NiV-
M V protein that is incorporated into the NiV-M virion. Non-structural proteins have been
detected in the virions of NiV-M before [Lo et al 2009]; however, there has been no indication or
suggestion that these incorporated non-structural proteins might suppress type | IFN or have any

effect at all.

4.4.1 The co-amino terminal P gene products are found in NiV-M virions

The immunoblots of the PEG-precipitated (r)NiV-M virions probed with antibodies targeting
the PNT (P58) and the W protein confirmed previous reports that the VV and W proteins are
present in NiV-M virions, and provided evidence that the ability to block type I IFN induction
early post-entry depended primarily on the presence of the V protein in the virions (Fig. 18).
NiV-rM virions were found to contain the P, V, and W proteins, as well as a putative cellular
protein of 28 kDa that reacted with the P58 antibody. NiV-AV virions were found to contain P,
tP, and W proteins and a 28 kDa, P58-reacting putative cellular protein as well. NiV-AW virions
were found only to contain the P and V proteins (Fig. 18). These immunoblots indicated that the
early post-entry block of type I IFN induction is a role of virion-incorporated V protein and not
of the W protein: although the W protein was also found to be incorporated in NiV-rM virions
(Fig. 18B), the NiV-AW appeared to block IFNo/f induction as competently as the NiV-rM (Fig.

17).
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It may be of interest to identify the putative cellular protein at 28 kDa by amino acid
sequencing of the protein band in Fig. 18, or by mass spectroscopy investigations into the
cellular contents of NiV-M (and possibly the rNiV-M) virions. Attempts were made to predict
the identity of this 28 kDa protein in silico using the NCBI Standard Protein BLAST® to search
for proteins (a) in primate databases; (b) with primary sequence similarity to the anti-P antibody
P58’s epitope (aa 211-221 in the NiV-M P, V, and W proteins); and (c) with molecular weights
of approximately 28 kDa. The only proteins in the database found to fill all these criteria at least
partially are certain potential isoforms of the transcription factor RFX4 (specifically, UniProtKB
references B4DZB7 and F8VRD4). However, this was considered weak evidence: the RFX4
protein has significant similarity to but not identity with the P58 epitope; and the relevant (~28
kDa) RFX4 isoforms have been predicted computationally but not observed experimentally.
Although there have been investigations into the cellular contents of NiV-M virions [Vera-
Velasco et al 2018], these have been done using VLPs produced using the NiV-M F, G, and M
protein. As they do not contain the majority of different NiV-M proteins that are important
components of infectious NiV-M virions (P, V, W, N, L, and potentially C), VLPs are

insufficient for identifying the cellular proteins incorporated into NiV-M virions.

4.4.2 Virion incorporation of the NiV-M V protein is mediated by interaction with the
nucleocapsid

Immunoelectron microscopy of NiV-M nucleocapsids supported the hypothesis that the NiV-
M V and W proteins are incorporated into the virions by attachment to the nucleocapsid, with

gold particles clustering closely with the nucleocapsid structures (Fig. 19).
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Previous IEM investigation by Paterson et al into V protein incorporation into virions of the
paramyxovirus SV5 produced similar results: the SV5 V protein was found attached to the
nucleocapsid in SV5 virions at an apparently similar frequency to what is seen for NiV-M here
(compare Fig. 19A and B to the findings of Paterson et al [1995]). Paterson et al found that SV5
virions incorporated about 350 copies of the V protein, 315 of which were associated specifically
with nucleocapsids [Paterson et al 1995]. NiV-M incorporation of V protein may be similar:
likely, some V protein is incorporated into the virion adventitiously, while the majority is
incorporated by interaction with the nucleocapsid. Binding to the nucleocapsid of the V protein
may allow NiV-M virions to enrich their V protein content beyond what would occur by chance
alone.

Relative to the amount of P protein, the V and W proteins are less abundant in the virion than
in infected cells (Fig. 9A, 18A). This was also observed for sucrose gradient-purified NiV-M
virions [Lo et al 2009]. If binding of the PNT of /W to the nucleocapsid mediates the
incorporation of these proteins into the virion, the reduced V/W protein in the virions despite
their high prevalence in cells may be understood through the difference in affinity of the PNT
and the PCT to bind the nucleocapsid (NNY©). The PNT region is mainly responsible for binding
the soluble, non-nucleocapsid N protein, so the /W protein-NNYC interaction would not be as
favourable as the PCT-NNYC interaction that recruits the P protein proper [Chan et al 2004,
Yabukarski et al 2014]. This difference in affinity could ensure adequate incorporation of P

protein despite a preponderance of intracellular VV/W protein.
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Conclusions and Future Directions

Perhaps the most unique finding in this investigation is that the non-structural V protein is not
only incorporated within the virion but that it also mediates an auxiliary function immediately
post-entry. In the tested cells, the V protein blocked type I IFN induction at two distinct time
points: immediately after entry into the cell via virion-incorporated V protein, and later during
viral replication via newly produced V protein.

The effects of virion-incorporated, “non-structural” viral proteins early post-infection have
been previously investigated in arboviruses. In certain arboviruses, virion structure differs
according to the cell of origin, and virions derived from insect cells can alter the ability of
immune cells to induce a type | IFN response [Silva et al 2007, Shabman et al 2007, Nfon et al
2012, Weingartl et al 2014]. However, the insect cell-derived characteristics of these virions are
lost after the first cycle of replication in the mammalian host cell. In contrast, the V protein of
NiV-M is expected to be present throughout an infection with NiV-M and therefore would
contribute to post-entry type | IFN suppression throughout an infection. Although some other
paramyxoviruses are known to incorporate their non-structural proteins, no studies to date and to
the author’s knowledge have been performed attributing an incorporated non-structural protein
of a paramyxovirus to the evasion of an early antiviral response [Paterson et al 1995, Takeuchi et
al 1990, Shiell et al 2003].

Although NiV V protein appears to mediate the early block of type I IFN in porcine cells, it is
possible that some of the effects are mediated by NiV C proteins, W proteins, or the M protein,
all of which have been found to be incorporated into NiV-M virions and have some anti-IFN
effects [Lo et al 2009, Satterfield et al 2015, 2016; Bharaj et al 2016]. It may be worth

investigating the block of type I IFN immediately after entry in NiV-AC and NiV-AW
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recombinants, or by NiV-M VLPs containing or missing the M protein. It is also possible that the
NiV entry process itself is IFN-suppressive in some way, potentially as an effect of ephrin
binding. This could be investigated as well, using VLPs containing different combinations of the
NiV-M F, G, M proteins and/or the attachment/entry receptors of a different (ephrin-
independent) virus.

This investigation has demonstrated that the V protein is important to NiV-M infection of
porcine immune cells by blocking the production of type I IFN. The ability of NiV-M to
compromise the type | IFN production response via the V protein in major interferon-producing
cells may be important to its pathogenesis in swine and its observed ability to create transient
immunosuppression in infected pigs.

The research in this thesis opens many avenues for future research. Investigation into the
exact targets of the V protein in the NiV-M-inected IPAM31 cells would bolster the existing data
from transfection studies [Childs et al 2007, 2009, 2012; Parisien et al 2009, Davis et al 2014,
Rodriguez and Horvath 2013, 2014; Sanchez-Aparicio et al 2018, Uchida et al 2018] and
identify the mechanism by which the V protein suppressed type I IFN induction in these cells. In
vitro live infection studies assessing type I IFN expression in individual porcine immune cell
subtypes infected with the different rNiVs could reveal the extent of the type | IFN suppression
of the V protein among porcine immune cells: it might be of particular interest to determine
whether NiV-M infects and blocks type I IFN in the major type | IFN-producing pDCs.
Experimentally infecting swine with NiV-AV and NiV-rM would complement the in vitro data
described in this thesis, allowing the assement of the effect of the absence of the V protein on the
timing of the neutralizing antibody development in infected swine. Additionally, in light of the

stark effects of incorporated V protein on type | IFN mRNA expression immediately post-
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infection, it would be interesting to investigate if other non-essential virion components

(especially host-derived) have measurable biological effects upon viral entry.
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Appendices

A.1 Buffers/Formulations

A.1.1 CMC Overlay

Sample formulation

Preparation of

Add

O©oo~No ok wWwN -

1.75

10.00

4.00
4.93
2.50
1.00
1.00

1.00
1.00
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1 Xx CMC overlay
100 ml required
1.75 % final

Put magnetic stirring bar in a bottle
74.57 ml milli-Q water
Heat to almost boiling point

Add slowly
Stir on a magnetic stirrer until CMC is dissolved
Heat again if necessary. Do not boil

Autoclave at 121°C for 15 min

Cool to 37°C
Add (ml):

g of CMC (Millipore-Sigma, Cat. No. C4888)

10X DMEM (Millipore-Sigma, Cat. No. D2429)

7.5% BSA Fraction V (Millipore-Sigma, Cat. No. A8412)
7.5% NaHCOs (Wisent Bioproducts, Cat. No. 609-105-EL)
1M HEPES (Wisent Biproducts, Cat. No. 330-050-EL)

0.4 g/L Folic Acid (100x) (Wisent Bioproducts, Cat. No. 609-
315-QL)

200 mM L-Glu (GlutaMAX™ Supplement, ThermoFisher
Scientific, Cat. No. 35050-061)

100mM (11.0 mg/ml) Sodium Pyruvate (Millipore-Sigma, Cat.
No. 58636)

100x Pen/Strep (Wisent Bioproducts, Cat. No. 450-201-EL)

10 Mix on magnetic stirrer until ready to use

A.1.2 SDS-PAGE Sample Loading Preparation

Reagent

Volume added (pl)

4X NUPAGE™ LDS Sample Buffer 6.25
(Invitrogen, Cat. No. NP00Q7)

10X NuPAGE™ Sample Reducing Agent 2.5
(Invitrogen, Cat. No. NP00Q9)

Sample in 2% SDS-HALT

16.25

Total

25




A.2 Primers and Probes
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Primer Sequence Primer Target Product Purpose
(5’->3) sequence bp and
source location
NiV-N GCAAGA | Guillaume etal | Nipah virus N 106 rRT-PCR
forward (Ni- | GAGTAA | 2004 gene nts 1321-
NP1209) TGTTCA 1426
GGCTAG
AG
NiV-N CTGTTC | Guillaume etal | Nipah virus N 106 rRT-PCR
reverse (Ni- | TATAGG | 2004 gene nts 1321-
NP1314) TTCTTCC 1426
CCTTCA
T
Armoured CCTGTC | Pickering et al Enterovirus 5’ 76 rRT-PCR
Enterovirus | GTAACG [ 2016 UTR nts 506-
Forward CGCAAG 581
(EVarmRNA | T
-F)
Armoured CAGCCA | Pickering et al Enterovirus 5’ 76 rRT-PCR
Enterovirus [ CAATAA [ 2016 UTR nts 506-
Reverse AATAAA 581
(EVarmRNA [ AGGAAA
-R) CA
Whole P ACCAGG | NCBI reference | Nipah virus P 2467 Whole gene
gene TAATGC | sequence gene nts 2201- | cloning;
forward TCGCAC | NC_002728.1; 4667 sequencing
AA design with
Primer3 web
4.0.0
Whole P TCGTCT | NCBI reference | Nipah virus P 2467 Whole gene
gene reverse | GAGGGC | sequence gene nts 2201- | cloning;
TGGAAT | NC_002728.1; 4667 sequencing
GA design with
Primer3 web
4.0.0
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Primer Sequence Primer Target Product Purpose
(5’->3) sequence bp and
source location
P gene GACGAA | NCBI reference | Nipah virus P N/A Sequencing
sequencing GAGGCA | sequence gene
forward 1 GATCAG | NC_002728.1; nt 2694 start
C design with
Primer3 web
4.0.0
P gene GACTGG | NCBI reference | Nipah virus P N/A Sequencing
sequencing | GCAGAA | sequence gene
forward 2 GGTTCA | NC _002728.1; nt 3129 start
GA design with
Primer3 web
4.0.0
P gene GCACAG | NCBI reference | Nipah virus P N/A Sequencing
sequencing | ACGCGA | sequence gene
forward 3 AATATC | NC_002728.1; nt 3625 start
CA design with
Primer3 web
4.0.0
P gene CAATGG | NCBI reference | Nipah virus P N/A Sequencing
sequencing TTGAGA | sequence gene
reverse 1 GTGCGG | NC_002728.1; nt 4108 start
TG design with
Primer3 web
4.0.0
P gene CGCAGT | NCBI reference | Nipah virus P N/A Sequencing
sequencing GGAAGC | sequence gene
reverse 2 ATTCAG | NC 002728.1; nt 3770 start
TT design with
Primer3 web
4.0.0
P gene TGCAGG | NCBI reference | Nipah virus P N/A Sequencing
sequencing ATCAGA | sequence gene
reverse 3 CAGGTT | NC _002728.1; nt 3011 start
TCT design with
Primer3 web

4.0.0
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Primer Sequence | Primer Target Product Purpose
(5°-3’) sequence bp and
source location
NiV-L AGACGA | NCBI reference | Nipah virus L 133 rRT-PCR
forward AGCAAG | sequence gene nts 13045-
CTGGAC | NC_002728.1; 13177
GA design with
Primer3 web
4.0.0
NiV-L TGCTCA | NCBI reference | Nipah virus L 133 rRT-PCR
reverse TCCTTA | sequence gene nts 13045-
ACCATC | NC_002728.1; 13177
CCGT design with
Primer3 web
4.0.0
Cyclophilin | TAACCC | Stachowiak and | Sus scrofa 368 rRT-PCR
forward CACCGT | Weingartl 2012 | peptidylprolyl nts 10-377
CTTCTT isomerase A
(PPIA) mRNA
[Stachowiak and
Weingartl 2012]
NCBI Reference
Sequence
NM_214353.1
Cyclophilin | TGCCAT | Stachowiak and | Sus scrofa 368 rRT-PCR
reverse CCAACC | Weingartl 2012 | peptidylprolyl nts 10-377
ACTCAG isomerase A
(PPIA) mRNA
[Stachowiak and
Weingartl 2012]
NCBI Reference
Sequence
NM_214353.1
IFNa TCAGCT | Dawson et al Sus scrofa 108 rRT-PCR
forward GCAATG | 2005 domestica PoIFN- | nts 522-
CCATCT alpha 1 gene 629
G [Dawson et al
2005]
GenBank
accession

X57191.1
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Primer Sequence | Primer Target Product Purpose
(5°-3’) sequence bp and
source location
IFNa reverse | AGGGAG | Dawson et al Sus scrofa 108 rRT-PCR
AGATTC | 2005 domestica PoIFN- | nts 522-
TCCTCA alpha 1 gene 629
TTTGTG [Dawson et al
2005]
GenBank
accession
X57191.1
IFNB CTGGCT | NCBI reference | Sus scrofa 125 rRT-PCR
forward GGAATG | sequence interferon beta 1 | nts 293-
AAACCG [ NM_001003923 | mRNA 417
TC .1; design with
Primer3 web
4.0.0
IFNB reverse | AATGGT | NCBI reference | Sus scrofa 125 rRT-PCR
CATGTC | sequence interferon beta 1 | nts 293-
TCCCCT | NM_001003923 [ mRNA 417
GG .1; design with
Primer3 web
4.0.0
Probe Sequence | Probe sequence | Target Target Purpose
(5> — 3% |source location
NiV-N probe | 6-FAM- Guillaume etal | Nipah virus N nts 1360- | rRT-PCR
TGCAGG | 2004 gene 1383
AGGTGT
GCTCAT
TGGAGG
-TAMRA
Armoured TET- Pickering et al Armoured nts 526- rRT-PCR;
Enterovirus [ CGTGGC [ 2016 enterovirus RNA | 548 extraction
probe GGAACC control
GACTAC
TTTGG-
MGB-
NFQ
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A.3 Master Mixes

A.3.1 NiV-N rRT-PCR Master Mix
Kit: Rotor-Gene Multiplex RT-PCR Kit (Qiagen, Cat. No. 204974)

Reagent Volume per reaction tube (ul)
RNase-Free Water 3.75
2X Rotor-Gene Multiplex RT-PCR Master | 12.5
Mix

Probe for Nipah (1pmol/ul) 1
Probe for Entero (6pmol/ul) 0.5
Rotor-Gene RT-Mix 0.25
Primer NiV-N Forward (10 pmol/pl) 0.5
Primer NiV-N Reverse (10 pmole/pul) 0.5
Primer Armoured Enterovirus Forward (20 | 0.5
pmol/ul)

Primer Armoured Enterovirus Reverse (20 | 0.5
pmol/pul)

Template 5
Final volume 25

A.3.2 NiV-N vs NiV-L SYBR Green rRT-PCR
Kit: QuantiNova SYBR Green RT-PCR Kit (Qiagen, Cat. No. 20154)

Reagent Volume per reaction tube (pl)
2X QuantiNova Master Mix 10

100X QuantiNova RT mix 0.2

10 uM Forward primer (NiV-N, NiV-L) 0.4

10 uM Reverse primer (NiV-N, NiV-L) 0.4

Nuclease-free water 6

Template 3

Total 20




A.3.3 IFNo/IFN mRNA SYBR Green rRT-PCR
Kit: QuantiNova SYBR Green RT-PCR Kit (Qiagen, Cat. No. 20154)

Reagent Volume per reaction tube (pl)
2X QuantiNova Master Mix 5

100X QuantiNova RT mix 0.1

10 uM Forward primer (IFNa, IFN,

cyclophilin) 0.3

10 pM Reverse primer (IFNa, IFN,

cyclophilin) 0.3

Nuclease-free water 0.3

Template 4

Total 10

A.3.4 Whole P Gene Amplification RT-PCR
Kit: SuperScript 11 One-Step RT-PCR for Long Templates Kit (Invitrogen, Cat. No. 11922010)

Reagent Volume per reaction tube (ul)
2X reaction mix 25

10 uM Whole P Gene Forward primer | 2

10 uM Whole P Gene Reverse primer | 2

RT/Platinum Taq HiFi Mix 2

Nuclease free water 9

RNA template 10 (with 1x107 copies)

A.3.5 Cycle Sequencing of P Gene

Kit: BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Cat. No. 4337455)

Reagent Volume per reaction tube (ul)
Nuclease-free water 13.5

5X sequencing buffer 3.5

BigDye Terminator v3.1 RR-100 mix | 1

100 uM P gene sequencing primer 1

cDNA template 1

160
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A.4 (rRT)-PCR Reaction Conditions

A.4.1 NiV-N probe-based rRT-PCR: NiV-N and Enterovirus, on Rotor-Gene Q

Step Temperature | Time at Acquiring?
Temperature

Reverse Transcription: 50°C 30 min No

Hold

Initial Enzyme Activation: | 95°C 15 min No

Hold

Amplification/Detection:

Cycle (x45)
Denaturation 95°C 15 sec No
Annealing/Extension | 60°C 60 sec Green (510 nm),

Yellow (557 nm)
Melt N/A N/A N/A

A.4.2 NiV-N vs NiV-L SYBR Green rRT-PCR, on Rotor-Gene Q

Step Temperature Time at Temperature | Acquiring?
Reverse Transcription: |50°C 20 min No
Hold
Initial Enzyme 95°C 2 min No
Activation:
Hold
Amplification/Detection:
Cycle (x45)
Denaturation 95°C 15 sec No
Annealing 60°C 60 sec No
Extension 77°C 15 sec Green (510 nm)
Melt 55-95°C, 1°C/step | 90 sec pre-melt Green (510 nm)
5 sec/step
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A.4.3 IFNo/IFNf mRNA SYBR Green rRT-PCR, on Rotor-Gene Q

IFNa and cyclophilin
Step Temperature Time at Temperature | Acquiring?
Reverse Transcription: [50°C 20 min No
Hold
Initial Enzyme 95°C 2 min No
Activation:
Hold
Amplification/Detection:
Cycle (x45)
Denaturation 94°C 15 sec No
Annealing 56°C 30 sec No
Extension 72°C 30 sec Green (510 nm)
Melt 60-95°C, 1°C/step | 90 sec pre-melt Green (510 nm)
5 sec/step
Np
Step Temperature Time at Temperature | Acquiring?
Reverse Transcription: 50°C 20 min No
Hold
Initial Enzyme Activation: | 95°C 2 min No
Hold
Amplification/Detection:
Cycle (x35)
Denaturation 95°C 15 sec No
Annealing/Extension | 60°C 30 sec Green (510 nm)
Melt 55-95°C, 1°C/step | 90 sec pre-melt Green (510 nm)
5 sec/step
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A.4.4 Whole P Gene RT-PCR, on GeneAmp 9700

Step Temperature | Time at Temperature
Reverse Transcription: 50°C 20 min
Hold
RT inactivation, initial 94°C 3 min
denaturation:
Hold
Amplification:
Cycle (x30)
Denaturation 94°C 15 sec
Annealing 55°C 30 sec
Extension 68°C 3 min
Final Extension 72°C 5 min

A.4.5 Cycle Sequencing of P Gene, on GeneAmp 9700

Step Temperature | Time at Temperature
Reverse 96°C 2 min

Transcription:

Hold

Amplification:

Cycle (x25)
Denaturation | 96°C 30 sec
Annealing 50°C 15 sec

Extension 60°C 4 min
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A.5 Sample Calculations

A.5.1 Virus Titer from Plaque Count
Average number of plaques per well at dilution 107 (PFU)

Plaque titer (PFU/ml) = 107* X volume titered (ml)

E.g. An average count of 25 PFU in the wells inoculated with 0.1 ml of the 103 dilution of a
sample:

25 PFU
0.001 x 0.1 ml

Plaque titer (PFU/ml) = = 2.5 X 10° PFU/ml

A.5.2 MOI Determination for Inocula
Volume stock virus required
= number of cells per well X MOI - stock titer X number of wells

E.g. Want to infect 12 wells at MOI 0.1 with virus of titer 1x10% PFU/ml and count of 2.5x10°
cells per well.

5
Volume of stock virus required = 2212 cells ( OIPRU o 1ML o 19 wells
1 well 1 cell 1x10% PFU

Volume of stock virus required = 0.3 ml
A.5.3 Amount of Protein Added per Well in SDS-PAGE
Example: PEG-precipitated virus

3.85 pg viral protein o 16.25 pl viral protein prep o 20 pl prep and loading buffer

1 pL viral protein prep 25 pl prep and loading buffer 1 well

= 50.05 pug viral protein / well
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A.5.4 Ratio of N to L RNA (ACT N — L; modified Livak and Schmittgen 2-2A¢t Method
[Livak and Schmittgen 2001])
Example data: NiV-AV in IPAM31 cell supernatants

Technical replicate 1 | Technical replicate 2 Average
N primers Ct 15.5 15.3 15.4
L primers Ct 14.2 14.5 14.35

Step 1: ACr (the logarithm of the ratio of two values is equal to the difference between the
logarithms of each of the two values)

ACt = Average (of technical replicates) of Ct of N RNA - Average (of technical replicates) of
Crof LRNA

ACt=15.4-14.35

ACr=1.05

Conclusion: The log2 of the ratio of N to L RNA in this NiV-AV-infected IPAM3L1 cell
supernatants (log2(N/L), or ACT N — L) is 1.05.

Further analysis: linearizing this ratio (22<') gives the fold difference in the amount of N and L
RNA.

2ACt - 2(1.05)

24¢t=2.07

Since Ct of L RNA < Crof N RNA, there is more L RNA than N RNA.

Conclusion: There is 2.07 times more L RNA than there is N RNA in this supernatant sample.
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A.5.5 Fold Change in IFNa/p mRNA (Livak and Schmittgen 2-A¢t Method [Livak and
Schmittgen 2001])

Example data: NiV-AV-infected IPAM31 cells compared to mock-infected IPAM31 cells at 24
hpi, looking at IFNB mRNA expression.

NiV-AV-infected IPAM31 | Mock-infected IPAM31
IFNp Cr values 283 | 280 31.2 | 315
IFNp Cr average of 28.15 31.35
technical replicates
Cyclophilin Cr values 164 | 167 160 | 161
Cyclophilin Ct average 16.55 16.05
of technical replicates

Step 1: ACT (normalizing expression of target gene to total RNA/reference gene)
ACt = Average (of technical replicates) of Ct of mRNA of interest (IFNp) - Average (of
technical replicates) of Ct of reference mRNA (cyclophilin) in each sample

NiV-AV-infected IPAM31 Mock-infected IPAM31
ACt =28.15-16.55 ACt =31.35-16.05
=116 =15.3

Step 2: AACT (comparing expression change relative to control sample)
AACT = ACt of IFNB mRNA in test sample (NiV-AV-infected IPAM31) - AC+ of cyclophilin
mRNA in control sample (mock-infected IPAM31)
AACT=11.6-15.3
AACT=-3.7

Step 3 Option 1: 2"4A€T (to linearize data into “fold change” form)
2—AACT = 2(3.7)

24T =130

Step 3 Option 2: -AACr (to express in log. format, with positive increases in values reflecting
positive increases in logz mMRNA expression)
-AACT=-1* (AACT)
-AACT=-1*(-3.7)
-AACT=3.7

Conclusion: IPAM31 cells infected with NiV-AV for 24 hpi produced 13.0 times more IFNf (or
3.7 log2 more) than mock-infected IPAM31 cells after 24 hpi (in this replicate).
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Antibody | Isotype Source Antigen Application -
Dilution
anti- Rabbit CST 9715 Human histone H3, | WB - 1:2000
Histone H3 | polyclonal carboxy-terminal
(CST) sequence
anti-NiV P, [ Mouse NCFAD BEI inactivated WB - 1:1000
VvV, W monoclonal NiV
protein lgG1/k
(F20NI158
aka P58)
anti-NiVv Rabbit Li International | GAQTRNIHLLGR | WB -1:1000
W protein | polyclonal KTCLGRRVVQPG | IEM - 1:100
MFEDHPPTKKAR
VSMRRMSN
(W protein, aa 407-
450)
anti-NiV V | Rabbit Li International | NPACSRITPLPRR [ WB - NR
protein 1 polyclonal QE (V protein, aa IF-NR
432-446) IEM - 1:50
anti-NiV V | Rabbit M. Yonedaetal | CSRITPLPRRQE |WB-NR
protein 2 antiserum (2010) (V protein, aa 431- | IEM - 1:50
442)
Anti-NiV | Rabbit Genscript PLPRRQECQCGE | WB -NR
V protein 3 | polyclonal CP (V protein, aa
436-449)

NR - not reactive



