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Summary

Respiratory syncytial viruses of humans (hRSV) and animals (bovine, bRSV) are the
leading cause of lower respiratory tract infections — bronchiolitis and pneumonia — in
their respective hosts. They pose serious health risks to young calves, children under
5, the elderly and immunocompromised. RSV is an enveloped, single-stranded
negative-sense RNA virus taxonomically classified within the Orthopneumovirus
genus in the Pneumoviridae family. The only available treatment option for hRSV is
monoclonal antibody based immunoprophylaxis. There is no approved vaccine for
hRSV, while bRSV vaccines are of varying effectiveness.

RSV can suppress the host immune response and prevents the generation of long-term
immunity. RSV encodes two accessory proteins (NS1 and NS2) which are well
established to block interferon signalling. Previous studies have also shown that the
viral SH protein plays a role in pathogenesis by inhibiting the NF-kB pathway, an
important regulator of the host innate immune response. However, the exact
mechanisms employed are less well characterised. We aimed to understand the role of
the RSV SH protein and found that expression reduced NF-kB signalling at the level
of both IkBa degradation and subunit p65 nuclear translocation, when wild type virus-
infected cells were compared to cells infected with viruses lacking SH expression.
However, the differences were minimal, especially when NF-«xB transactivation was

assessed in cells ectopically expressing SH in the absence of all other viral proteins.

Interestingly however, during these experiments we identified separate RSV-mediated
antagonism of the NF-kB pathway, with a mechanism entirely distinct from the NS1,
NS2 and SH proteins. In both hRSV and bRSV infected cells we demonstrated that
the p65 subunit of NF-xB is sequestered to perinuclear viral inclusion bodies (IBs).
These were formed in the cytoplasm of RSV infected cells and were separately
confirmed as the sites of viral RNA replication and synonymous with viral inclusion
bodies. We also found that captured p65 is unable to translocate to the nucleus

following TNF-a stimulation, highlighting the antagonistic nature of this event.
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Chapter 1: Introduction

1.1. Orthopneumoviruses

1.1.1. Classification, host range and global impact

Orthopneumoviruses are enveloped viruses taxonomically classified within the
Pneumoviridae family of non-segmented, negative-sense, single stranded (NNS) RNA
viruses - Mononegavirales order (Amarasinghe et al., 2019). This genus includes three
virus species: bovine orthopneumovirus and human orthopneumovirus, which until
2016, were known as respiratory syncytial viruses (bovine RSV; bRSV and human
RSV; hRSV, respectively) and murine orthopneumovirus (previously murine
pneumonia virus; MPV) (Rima et al., 2017). A taxonomic reclassification in 2015 by
the International Committee on Taxonomy of Viruses (ICTV) promoted the member
viruses from the Pneumovirinae subfamily of the Paramyxoviridae family, to a now
distinct Pneumoviridae family. The new family contains one other genus,
Metapneumovirus which classifies related human pathogens including human
metapneumovirus (hMPV). Other related virus families that also classify important
human pathogens include, but are not limited to, the Paramyxoviridae (classifying
e.g., measles virus; MeV, mumps virus; MuV, parainfluenza virus type 5; PIV5, Nipah
virus; NiV), Rhabdoviridae (e.g., rabies virus; RABV), and Filoviridae (e.g., ebola
virus; EBOV) (Pfaller et al., 2015).

Although orthopneumoviruses are all associated with causing acute respiratory
disease, they are restricted to their individual hosts. Studies of these viruses in non-
native hosts did not recapitulate disease (Buchholz et al., 2000), despite several genetic
and antigenic similarities, as well as orthologous mechanisms of replication and
similar pathogenesis (Borchers et al., 2013, Sacco et al., 2014, Taylor, 2017). As
implied by their nomenclature, the two important viruses, bRSV and hRSV, target
cattle and humans, respectively, and are the leading causes of lower respiratory tract
illness in their respective hosts (Nair et al., 2013, Sacco et al., 2014). They infect all
ages, but severe respiratory illness associated with bronchiolitis and pneumonia, is

more common in calves and infants, the elderly and immunocompromised (Falsey et



al., 2005, Hogan et al., 2016, Smyth and Openshaw, 2006). Globally, hRSV affects
almost all children by the age of five, accounting for nearly 33 million cases per year
and 3.2 million hospital admissions (Shi et al., 2017). Around 60,000 of the
hospitalised under-fives die, with a higher mortality rate in infants under 6 months of
age (Shietal., 2017). In industrialised countries, death primarily occurred in those at
high risk of developing severe disease. These include premature babies and infants
with chronic lung and heart disease (Hogan et al., 2016, Smyth and Openshaw, 2006).
However, 90% of RSV mortality occur in low and middle income countries, in post
neonatal infants and often associated with bacterial sepsis and pneumothorax
(Geoghegan et al., 2017). Bovine RSV infection is also responsible for significant
losses to the cattle farming industry worldwide (Brodersen, 2010, Valarcher and
Taylor, 2007).

HRSV was first isolated from chimpanzees (Blount et al., 1956) and then shortly after
in young children (Chanock et al., 1957). BRSV, on the other hand, was identified
over a decade later based on cross-reactivity with hRSV antibodies (Sacco et al.,
2014). Despite decades of research and development efforts, there is no approved
vaccine available against hRSV. In contrast, there are several vaccines available
against bRSV, the first of which was generated in the 1970s; however, these are only
mildly protective (Ellis, 2017). Thus, there is a broad need to develop more efficacious
vaccines against bRSV as well as hRSV. Some of the challenges that have been
encountered over the years include the historic formalin-inactivated RSV vaccine
failure which caused enhanced natural infection in some of the vaccinated children
(Fulginiti et al., 1969, Kim et al., 1969). Another challenge is the need to vaccinate
young children with pre-existing maternal antibodies and an underdeveloped immune
system which may affect the generation of a robust immune response (Murata, 2009).
Other challenges include the heterogeneity of RSV subtypes and the incomplete
immune response generated against RSV. However, there have been recent advances
in the field using a variety of vaccine strategies including live-attenuation of wild type
virus, vector-, viral protein sub-unit-, and DNA-based candidates (Murata, 2009,
Broadbent et al., 2015, Elawar et al., 2021).

Although several vaccine candidates have recently failed clinical trials (Ruckwardt et
al., 2019), there are still promising candidates in development (Shan et al., 2021). For
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hRSV, a recently completed phase | study of a live attenuated vaccine candidate
RSV/ANS2/A1313/11314L showed that the wvaccine virus is attenuated and
immunogenic in RSV-seronegative children (Karron et al., 2020). Other live-
attenuated/chimeric vaccine candidates including deletion of the M2-2 gene which
plays a role in the transition from transcription to viral RNA are being explored.
LIDAM2-2 (McFarland et al., 2018) and LID/AM2-2/1030s (McFarland et al., 2020a)
were both reported safe and immunogenic in children — generating both neutralising
and anti-RSV F IgG antibody responses. MEDI-AM2-2, previously reported
immunogenic in children, albeit with lower safety profiles (Karron et al., 2015), was
further modified to D46/NS2/N/AM2-2-Hindlll (McFarland et al., 2020b). This
vaccine virus was highly immunogenic and safe in children (McFarland et al., 2020b).
A purified recombinant hRSV F protein vaccine stabilised in the pre-fusion
conformation was also reported safe and highly immunogenic in adult men (Langley
et al., 2017). Another pre-F vaccine, Ad26.RSV.preF (Williams et al., 2020), and a
nanoparticle F vaccine candidate (Glenn et al., 2013, Fries et al., 2017) with promising
results are considered potential effective vaccines for the elderly (Shan et al., 2021).
Similarly, for bRSV, a F protein vaccine stabilised in the pre-fusion conformation
(PreF) was recently reported safe and effective in new-born calves with maternally-
derived antibodies (Riffault et al., 2020). In another study, when PreF was assessed in
parallel with bRSV lacking the SH gene (ASH rBRSV), also in the presence of
maternally-derived antibodies, both vaccines were safe and immunogenic although the
PreF vaccine induced the most significant protection post challenge (Valarcher et al.,
2021). Of note, this is not an exhaustive list and there are other vaccine candidates in
development (Elawar et al., 2021, Shan et al., 2021).

Current treatment for hRSV relies on immunoprophylaxis, palivizumab (a monoclonal
antibody against the viral fusion protein), although its use is restricted to high risk
patients due to its high cost (Groothuis and Nishida, 2002). However, studies show
that the antibody does not prevent disease but rather reduces the risk of developing
severe disease (Rodriguez et al., 1997). Other biologics in development include ALX-
0171, a trimeric nanobody that binds the antigenic site Il of RSV F protein with sub-
nanomolar affinity (Detalle et al., 2016). Preliminary data shows that ALX-0171 has

greater neutralising activity against prototypic RSV subtype A and B strains when



compared to palivizumab (Detalle et al., 2016). Another novel monoclonal antibody
nirsevimab (MEDI 8897), targeting prefusion F also exhibits superior neutralisation

and stability over palivizumab (Domachowske et al., 2018).
1.1.2. Genome organisation and encoded proteins

Orthopneumoviruses have a linear negative-sense RNA genome, (15,223 nucleotides
[nt] in length for hRSV A2 [GenBank accession no. KT992094] and 15,140 nt for
bRSV A51908 [GenBank accession no. NC_038272] which encodes genes for 11
proteins from 10 mRNAs. These are, in order from the 3" end: NS1, NS2, N, P, M, SH,
G, F, M2, and L (Fig 1.1); and are flanked by 3’ leader and 5’ trailer sequences. This
follows the typical genome organisation of mononegaviruses, encoding genes for a
nucleoprotein  (N), polymerase cofactor (X/P), matrix protein (M), surface
glycoprotein (G) and polymerase (L) (Pfaller et al., 2015). Each gene is transcribed
into a single mRNA directed by gene start (gs) and gene end (ge) signals, and short
intergenic regions of variable length (1 to 46 nucleotides) (Collins and Melero, 2011).
The only exception is the M2 gene which has two slightly overlapping open reading
frames (ORFs). The initiation and regulation of orthopneumovirus transcription and

replication is described later in sub-section 1.1.4.2.

M2-1/
NS1 NS2 N P MSHG F M2-2 L

Figure 1.1 Organisation of the Orthopneumovirus genome. Schematic depiction of the negative
sense single-stranded RNA genome (length is approximately 15,000 nucleotides) showing
organisation of the encoded genes (green rectangles). Note that the gene lengths are represented to
scale although the intergenic regions are not. The beginning of the L gene slightly overlaps with the
M2 gene.

Orthopneumoviruses may be distinguished from related viruses by the presence of
four extra genes: NS1, NS2, SH and M2. Three of the encoded proteins (non-structural
proteins; NS1 and NS2 and small hydrophobic; SH protein) are non-essential for virus
replication but function in inhibiting innate immune signalling (Schlender et al., 2000,
Spann et al., 2004, Pollock et al., 2017, Taylor et al., 2014, Bitko et al., 2007, Atreya
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and Kulkarni, 1999). NS1 and NS2 are not found in any other virus in the
Mononegavirales order and have been shown to antagonise apoptosis (Bitko et al.,
2007) and interferon (IFN)-mediated host responses by targeting both type | and II
IFN induction (Schlender et al., 2000, Spann et al., 2004, Spann et al., 2005) and
signalling (Lo et al., 2005). The two proteins localise in the cytoplasm, can form
homotetramers, and work synergistically or individually (Schlender et al., 2000,
Swedan et al., 2009). Specifically, NS2 interacts with a cytoplasmic nucleic acid
receptor (RIG-I) inhibiting its interaction with the mitochondrial antiviral-signalling
protein (MAVS) (Ling et al., 2009). Similarly, NS1 can inhibit phosphorylation of
interferon regulatory factor 3 (IRF-3) by interacting with MAVS (Boyapalle et al.,
2012) or by decreasing the levels of IKKe, a key protein kinase that specifically
phosphorylates IRF3 (Swedan et al., 2009). The proteins can also decrease levels of
other components of the interferon signalling pathway. NS1, and to a lesser extent
NS2, mediate a decrease in the levels of TRAF3 in a non-proteasomal mechanism
(Swedan et al., 2009). Recently, the NS proteins have also been shown to be involved
in formation of an “NS -degradasome” that promotes the degradation of components
of IFN induction or signalling, such as, RIG-1 and IRF-3 and -7, TBK1 and STAT2
(Goswami et al., 2013). Consequently, activation of the cytotoxic T lymphocyte

component of the adaptive immune response is also suppressed (Kotelkin et al., 2006).

The M2 gene which encodes the M2-1 and M2-2 proteins with roles in the regulation
of viral RNA synthesis, is unique to members of the Pneumoviridae family and the
basis for their recent separation from paramyxoviruses (Rima et al., 2017). These are
expressed from overlapping ORFs, with expression of the second ORF using a unique
mechanism of translation of the mMRNA (Ahmadian et al., 2000, Gould and Easton,
2007, Powell, 2010). M2-1 is essential for virus replication and mainly localises in
inclusion bodies (IBs) formed in the cytoplasm of infected cells (Rincheval et al.,
2017). The details of viral transcription are discussed later, but briefly, once initiated
at the 3’ extragenic leader sequence, viral mRNA transcripts are produced sequentially
from the 3’ end of the genome in a stop-restart mechanism directed by gs and ge
sequences that flank each gene (Kuo et al., 1996b). M2-1 acts as a transcription factor
that prevents the early termination of the transcription machinery at ge signals, thus
enhancing the transcription of genes towards the 5" end of the genome (Collins et al.,

1995, Collins et al., 1996, Fearns and Collins, 1999b). M2-1 forms tetramers that can
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exist in phosphorylated and non-phosphorylated forms (Lambert et al., 1988, Tran et
al., 2009). Phosphorylation was found to be important for hMPV replication and
pathogenesis (Cai et al., 2016). The phosphorylation status of RSV M2-1 has been
suggested to determine its interacting partners, localisation (cytoplasmic or intra-1B)
and subsequent function (Richard et al., 2018). Both forms can interact with the P
protein. However, interaction of phosphorylated M2-1 in the cytoplasm with P bound
to a phosphatase, PP1, facilitates its dephosphorylation and recruitment into IBs,
where they regulate viral mMRNA transcription (Richard et al., 2018). M2-1 then binds
and concentrates with the newly synthesised mMRNA, an interaction which displaces P
(Blondot et al., 2012, Tran et al., 2009, Cuesta et al., 2000). Phosphorylation then
releases M2-1 from the mRNA destined for translation and free M2-1 may then restart
the cycle by interacting with P (Richard et al., 2018). Whether M2-1 plays a role in
translation remains unclear but an interactomics study has identified that M2-1
interacts with several cellular proteins involved in mMRNA metabolism and translation
(Bouillier et al., 2019). Separately, a CCCH zinc-binding motif, that usually plays a
role in RNA binding, is found in the conserved functionally essential N-terminus of
both RSV (Hardy and Wertz, 2000, Tang et al., 2001, Zhou et al., 2003) and MPV
M2-1 (Cai et al., 2015). The exact role of this motif, other than stabilisation of the
tetrameric complex (Esperante et al., 2013), is presently unclear. M2-1 was also shown
to play arole in M protein IB localisation and its interaction with the ribonucleoprotein
complex (Li et al., 2008, Kiss et al., 2014).

M2-2 is encoded by the second ORF of the M2 gene and unlike M2-1 is an accessory
protein, not essential for virus growth. However, deletion of this ORF from hRSV A2
resulted in host range-specific partial attenuation of the virus (Jin et al., 2000a). Its
absence also increased viral mMRNA transcription and expression of the antigenic
proteins (F and G) whilst genome and antigenome replication were reduced in
comparison (Bermingham and Collins, 1999, Jin et al., 2000a). This suggests that
accumulation of the M2-2 protein, perhaps in later stages of infection when significant
viral proteins are expressed, directs RNA synthesis in favour of genome and anti-
genome replication by downregulating transcription (Collins et al., 2013). Since both
processes use the same machinery and RNA template, a balance is important for
efficient virus replication. In effect, M2-2 acts as an RNA synthesis regulatory factor,
although the exact mechanism of this switch is not clearly understood. Viruses lacking
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the expression of this protein are currently being investigated as live-attenuated
vaccine candidates with promising results (McFarland et al., 2020a, McFarland et al.,
2018). Recently, hMPV M2-2 protein was found to inhibit innate immune signalling
by targeting MAVS (Chen et al., 2016, Kitagawa et al., 2017, Ren et al., 2014, Ren et
al., 2012). A similar role has not been reported for orthopneumovirus M2-2 proteins
and there is no significant sequence identity between the pneumovirus M2-2 proteins
(Collins et al., 2013).

The final extra orthopneumovirus gene, SH, encodes one of three surface
glycoproteins found in the virus lipid envelope (Fig 1.2). Unlike the unique NS and
M2 proteins, SH orthologs are found in some members of the paramyxoviridae family
and their role will be discussed in section 1.3. The other encoded proteins, non-
glycosylated structural protein M, glycoproteins G and F involved in attachment and
entry into host cells, and components of the RNA-dependent RNA polymerase

complex (RdRp), N, P and L, will be discussed in the next two sections.

1.1.3. Virion structure and composition

Virions of Pneumoviridae family members, are known to be pleomorphic. Detailed
morphological analysis has revealed RSV particles consist of spherical, asymmetric,
and filamentous structures that share the same composition and similar ultrastructural
organisation (Kiss et al., 2014, Liljeroos et al., 2013, Ke et al., 2018). Each type
exhibits a wide range of sizes, independent of the cell type used for propagation.
Spherical structures (Fig 1.2) typically measure 150-200 nm in diameter (Easton et al.,
2004), however, Liljeroos et al. have observed spherical particles up to 1 pm in
diameter. Particles grown in cell culture predominantly consist of long filaments that
measure 0.5-12 um in length (average 1.5 um) and a diameter ranging from 100-250
nm (average 130 nm) (Ke et al., 2018).

RSV particles are composed of the viral genome and the structural proteins, including
F, G, SH, M, M2-1, N, P and L proteins (Fig 1.2). Molecular interaction studies and
electron microscopic analysis have revealed their spatial organisation within the virus
particle as well as its architecture. Firstly, the N protein which encapsidates the viral
genome, interacts with the L and P proteins to form a helical ribonucleoprotein
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complex (RNP) called a nucleocapsid (Easton et al., 2004). The RNP complex is
encapsulated by a matrix protein layer formed from polymerisation of the M protein.
It has been found that this connection is facilitated by M2-1; forming separate
interactions with P (Mason et al., 2003) and M (Li et al., 2008). Because of the
abundance of M and the size capacity of the virus particle, more than one RNP

complex may be packaged in a virus particle (Kiss et al., 2014).

Fusion (F) protein

Small hydrophobic
(SH) protein

Attachment (G) protein

Large (L) polymerase protein

Phosphoprotein (P)

M2-1

Structural proteins

Nucleoprotein (N)

Lipid envelope

Matrix (M) protein

Non-structural proteins: NS1, NS2 and M2-2

Figure 1.2 The structure of the orthopneumovirus virion. The locations of encoded proteins are
shown. The surface glycoproteins, F, G and SH, are anchored in the lipid envelope, underneath
which is the matrix (M) layer. The negative sense single-stranded (-ss)RNA genome is tightly
encapsidated by the nucleoprotein (N). The N protein interacts with the polymerase (L), and
phosphoprotein (P) to form the ribonucleoprotein (RNP) complex. Encapsulation is facilitated by
the M2-1 protein interacting with P in the RNP complex and the matrix layer. Created with
BioRender.com.

The mature RSV particle consists of the encapsidated RNP wrapped in a lipid envelope
from which the surface glycoproteins, F, G and to a lesser extent SH, project (Fig 1.2).
F and G are also the major antigenic proteins of the virus, although antibodies against
F, especially the pre-fusion form are more neutralising (McLellan et al., 2013). The M
protein is important for virus assembly and the formation of mature RSV filaments
(Mitra et al., 2012, Shaikh and Crowe, 2013, Liljeroos et al., 2013). Unsurprisingly,

the cytoplasmic domains of the F and G proteins interact with M protein at the inner
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leaflet of the membrane (Ghildyal et al., 2005, Baviskar et al., 2013), although M may
also directly interact with membrane lipids (Henderson et al., 2002, Money et al.,
2009).

1.1.4. Viral life cycle

1.14.1. Attachment and entry

RSV primarily infects and replicates in ciliated airway epithelial cells via the apical
surface (Fig 1.3) (Zhang et al., 2002). Of the proteins contained in the lipid envelope,
G and F are involved in host cell attachment and the F protein alone in entry of the
nucleocapsid. The SH protein is not involved in this process, and G is also nonessential
since deletion of both proteins did not affect virus replication in vitro (Karron et al.,
1997, Teng et al., 2001, Techaarpornkul et al., 2001, Techaarpornkul et al., 2002).
Restriction of the mutant virus in certain cell types and attenuation in vivo, however,
shows an important role in pathogenesis (Crowe et al., 1996). Earlier studies in cell
lines revealed that RSV infection is mediated by G or F protein recognition of
glycosaminoglycans (GAGs) containing heparan sulfate on host cell surfaces
(Feldman et al., 1999, Feldman et al., 2000, Krusat and Streckert, 1997,
Techaarpornkul et al., 2002). However, using more physiologically relevant human
airway epithelial (HAE) cells, the absence of heparan sulphate on the cognate target
cells of the virus was observed (Zhang et al., 2005a). Subsequently, studies using
HAE cells identified other receptors used for virus attachment, for example, G protein
binding to CX3R1 (Johnson et al., 2015, Chirkova et al., 2015, Jeong et al., 2015),
heparin (Krusat and Streckert, 1997) and annexin Il (Malhotra et al., 2003). F protein
also binds nucleolin (Tayyari et al., 2011), intercellular adhesion molecule-1 (ICAM-
1) (Behera et al., 2001), toll-like receptor 4 (TLR4) (Marr and Turvey, 2012) and
epidermal growth factor receptor (EGFR) (Currier et al., 2016). Because of the
ubiquitous expression of most of these receptors, there are ongoing discussions to try
and explain RSV’s specific tropism for airway epithelial cells. Instead of using a single
receptor recognition step for entry, RSV makes multiple interactions, possibly in
synergy, to enhance infection. Recently, coreceptor usage in RSV entry was reported
involving EGFR and nucleolin (Griffiths et al., 2020).



Following attachment, conformational changes in the F protein mediate fusion of the
viral and host cell membranes in a pH-independent manner, releasing the RNP
(infectious material) into the cytoplasm for replication (Fig 1.3) (McLellan et al., 2013,
Walsh and Hruska, 1983, Battles et al., 2016, Krzyzaniak et al., 2013).
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Figure 1.3 Orthopneumovirus life cycle in lung epithelial cells. A schematic illustrating the
replication cycle of orthopneumoviruses. (1) The F and G proteins mediate attachment to cell
surface receptors, such as, nucleolin, CX3CR1 and heparan sulphate containing proteoglycans
(HSPG), etc., and (2) F alone mediates entry of the ribonucleoprotein complex (RNP) through
fusion of viral and host cell membranes. (3) Transcription of viral mRNA by the encoded
polymerase occurs in the cytoplasm using the genome as template. (4) The polymerase also
replicates the genome by first making an anti-genome template. (5) Viral mRNA is translated into
viral proteins through the ER-golgi system or in the cytoplasm. (6) Viral proteins and genome are
transported to the plasma membrane where particle assembly (7) budding and (8) release of mature
virions occur. Created with BioRender.com.

The same process also mediates multinucleated syncytium formation by driving
infected epithelial cell-cell membrane fusion (Walsh and Hruska, 1983). Although it
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is widely accepted that the fusogenic activity of the F protein is required to allow entry
at the cell surface, there is evidence supporting the involvement of macropinocytosis
(Krzyzaniak et al., 2013) and clathrin-mediated endocytosis (Kolokoltsov et al., 2007).
The currently proposed model is that virus-cell fusion can occur either at the cell
membrane or in endosomes post macropinocytosis or endocytosis (Tayyari et al.,
2011, Krzyzaniak et al., 2013, Battles and McLellan, 2019).

1.1.4.2. Viral genome transcription and replication

RNA synthesis — transcription and replication - occur exclusively in the cytoplasm of
infected cells (Fig 1.3) (Walsh and Hruska, 1983, Garcia et al., 1993). The genomic
RNA is used as a template for mMRNA and antigenome synthesis, and the antigenome
as a template for genomic RNA synthesis (Fig 1.4). Both processes are carried out by
the polymerase, L protein (the catalytic enzyme), in complex with P and N (RdRp
complex), but as already stated, efficient transcription requires an additional
transcription factor, M2-1 (Collins et al., 1995, Collins et al., 1996, Fearns and Collins,
1999b). Initiation of transcription requires recognition of the promoter sequence in
the extragenic 44-nucleotide 3’ leader sequence (Fearns et al., 2002, Fearns et al.,
2000). The bound polymerase moves along the RNA template (towards the 5’ end),
presumably removing and replacing the associated N protein subunits, sequentially
transcribing each gene into a 5’ capped and 3’ polyadenylated viral mRNA guided by
cis-acting signals (Fig 1.4) (Whelan et al., 2004, Kuo et al., 1996a). These signals, gs
and ge, flank coding regions and signal the start and end of mRNA synthesis,
respectively (Kuo et al., 1996b). Inefficient termination at the ge signal leads to
readthrough transcription and the production of polycistronic mMRNA (Collins and
Wertz, 1983). Intergenic regions are untranscribed and scanned by the polymerase for
the next gs signal to restart transcription. An overlap between the M2 and L genes
means the L gs is located upstream of the M2 ge. In a process different from what is
described above, following the termination of M2 gene transcription, the polymerase
scans backwards and begins L gene transcription at the gs 68 nucleotides upstream of
the termination site (Fearns and Collins, 1999a, Collins et al., 1987). A characteristic
feature of non-segmented negative strand RNA genome transcription is early
termination at the various gene junctions which results in a gradient of mRNA
transcripts (Fig 1.4) (Collins and Wertz, 1983, Kuo et al., 1996a). This effect is
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compounded because transcription can only be re-initiated at the 3’ proximal promoter,
thus more of the 3’ proximal genes, NS1, NS2 and N, are expressed compared to the
M2 and L genes at the 5" end (Fig 1.4). This is favourable for the virus since the
proteins required in large amounts for immune modulation and genome encapsidation

are highly expressed.
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Figure 1.4 A schematic illustrating orthopneumovirus genome replication and mRNA
transcription. The RNA genome is negative sense (3'-5'), whereas the anti-genome is positive
sense (5'-3"). Genome encoded genes are represented with green rectangles and red arrow heads
indicate the directions of mMRNA transcription and replication. Transcription occurs along a
gradient, resulting in more mRNA expression from 3’ proximal genes than those closer to the end
of the genome. Blue lines represent viral mMRNAs.

There are two promoters for replication — one in the leader sequence which initiates
positive sense antigenome synthesis and another in the 155-nucleotide trailer sequence
for genome synthesis using antigenomic RNA as the template (Noton and Fearns,
2015). In both cases, RNA synthesis proceeds along the entire length of the RNA,
ignoring cis-acting gene junction signals in the negative strand (Fig 1.4). In addition,
both RNAs are co-encapsidated with N as they are synthesised. It is not clear how the
polymerase balances transcription and replication, but increased N protein expression
was shown to upregulate genome synthesis (Fearns et al., 1997). As already discussed,
M2-2 also down regulates transcription in favour of replication (Collins et al., 2013,
Bermingham and Collins, 1999). A similar model of RNA synthesis is followed by
several other mononegaviruses (Pfaller et al., 2015, Collins et al., 2013, Fearns et al.,
2000).
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1.1.4.3. Assembly and budding

Viral proteins are synthesised in the cytoplasm using the host translation machinery.
Nucleocapsid-associated proteins (N, P, L and M2-1) and M proteins quickly
colocalise in inclusion bodies, 6-10 h post infection (Ghildyal et al., 2002, Garcia et
al., 1993), where nucleocapsid assembly is thought to also take place. Membrane
glycoproteins are expressed in the ER, modified (for example, by glycosylation or
proteolytic cleavage) and then transported to the PM via the secretory pathway
(Figl.3) (McLellan et al., 2013). As well as its localisation in inclusion bodies, M is
also distributed in the cytoplasm, nucleus and plasma membrane, possibly indicating
the multitude of interactions it can form and its role in particle assembly (Ghildyal et
al., 2003, Ghildyal et al., 2005, Baviskar et al., 2013, Henderson et al., 2002, Money
et al., 2009). M is the major structural protein and was shown to be required for virus
assembly and filament extension (Mitra et al., 2012, Ghildyal et al., 2006), thus
playing crucial roles in the virus lifecycle. Virus assembly involves several virus-virus
and virus-host interactions, although, the exact mechanisms underpinning all these
interactions are not clear for RSV. There is strong evidence showing that RSV virions
bud from the plasma membrane (PM) of infected cells (Fig 1.3) and at the apical
surface of airway epithelial cells during natural infection (Ke et al., 2018, Marty et al.,
2004, Shaikh et al., 2012a). However, whether RSV particle assembly occurs at the
membrane or begins in the cytoplasm prior to transportation of components to the

budding site (Arslanagic et al., 1996), are two working models under debate.

In the first model, the data suggests that virion components may be transported to the
PM individually or with their interacting partners. The M protein is involved in
nucleocapsid transport from IBs to the PM (Ghildyal et al., 2002, Mitra et al., 2012),
an indirect interaction that was recently shown to be facilitated through M2-1 (Kiss et
al., 2014, Ke et al., 2018, Li et al., 2008). This was thought to involve traffic along
actin filaments (Jeffree et al., 2007, Ulloa et al., 1998), although, a later study showed
that host cell cytoskeleton does not play a significant role in filament assembly or
release (Shaikh et al., 2012b). M also interacts with the cytoplasmic domains of the
envelope glycoproteins, F and G, and likely associates with them during trafficking
through the secretory pathway (Meshram et al., 2016, Ghildyal et al., 2005). At the
internal surface of the PM, M mediates insertion of the RNP into growing virus
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filaments through homo-oligomerisation (Bajorek et al., 2014, Forster et al., 2015,
Trevisan et al., 2018) and interactions with the membrane and viral glycoproteins
(Marty et al., 2004, Money et al., 2009, Shaikh et al., 2012a, Meshram et al., 2016).

In the alternative model, filament assembly is postulated to start in the cytoplasm
following re-internalisation of viral glycoproteins from the membrane by clathrin-
mediated endocytosis (Vanover et al., 2017, Arslanagic et al., 1996). The filaments
grow in a microtubule and dynein motor protein-dependent manner, and subsequently
merge with RNP granules via an unknown mechanism (Vanover et al., 2017).
Filaments are then transported to the PM where they fuse with the membrane by a
mechanism that is also unclear. The process of filament maturation is however
complex and involves the formation of lipid rafts (McDonald et al., 2004), membrane
curvature and actin-dependent outward budding, leading to extension and acquisition
of a lipid envelope (Shaikh and Crowe, 2013, El Najjar et al., 2014). The final budding
step and subsequent release of progeny virions was also shown to involve the Rab11
endosomal pathway (Utley et al., 2008). Nevertheless, the process appears inefficient,

and most RSV filaments remain associated with the membrane.

1.1.5. Disease and pathogenesis

Orthopneumoviruses are transmitted between hosts through aerosols or via self-
inoculation following contact with infected surfaces. Following exposure, signs, and
symptoms of infection — commonly, fever, cough and rhinorrhea — develop after an
incubation period that varies between 2 and 8 days (Easton et al., 2004, Collins et al.,
2013). Infection and replication primarily occur in the upper respiratory tract but may
spread to the lower airways, which may cause a more severe disease characterised by
bronchiolitis and pneumonia. RSV pathogenesis is not well understood, which is
further complicated by a large variability in disease severity observed between
different individuals. Interestingly, it was recently reported that RSV susceptibility is
enhanced by mucosal neutrophilic inflammation (Habibi et al., 2020). The presence
of inflammation at the time of virus exposure caused a delayed onset response which
caused a large influx of immune cells, and enhanced cytokine secretion. In contrast,
the absence of inflammation induced early immune activation that prevents the

development of symptomatic disease (Habibi et al., 2020). RSV pathogenesis is also
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thought to be enhanced by viral, environmental and other host factors although the
contribution of these factors to disease also varies between different individuals (van
Drunen Littel-van den Hurk and Watkiss, 2012).

Broadly, the pathogenesis of viral respiratory infection is usually a combination of
morphological and functional changes caused by virus replication (cytopathic effect,
cpe), and immunopathology induced by the immune response to the virus (Newton et
al., 2016, van Drunen Littel-van den Hurk and Watkiss, 2012). Successful replication
and spread depends on the ability of the virus to evade the host immune system. RSV
encodes several non-essential genes — NS1, NS2, G and SH genes — identified using
reverse genetics techniques - that inhibit the immune response, enhancing
pathogenesis. Evidence of their roles was provided by full or partial virus attenuation
observed when these genes are deleted (Fuentes et al., 2007, Russell et al., 2015, Tripp
et al., 1999, Valarcher et al., 2003, Whitehead et al., 1999). Their mechanisms of
immune modulation will be further discussed in subsection 1.2.3. BRSV infection is
often associated with secondary bacterial infections leading to high severity bovine
respiratory disease complex in infected herds (Taylor, 2017, Valarcher and Taylor,
2007). The contributions of strain heterogeneity and viral load on pathogenesis are
contentious, with some groups reporting correlations where others found none
(Borchers et al., 2013).

Although the F protein induces syncytia formation, RSV is known to be minimally
cytopathic. Lab-adapted strains induce more cpe than that observed in infected tissues
(Johnson et al., 2007, Zhang et al., 2002). Thus, the induced host inflammatory
response appears to play a major role in pathogenesis. In that regard, development of
symptoms and viral load were shown to correlate with the expression of antiviral
mediators such as, interferon-o (IFN-a), IFN-y, CXCL10, and IL-15, the chemokines
CCL3 (MIP-1a) and CCL5 (RANTES), and the anti-inflammatory cytokine IL-10,
and tumor necrosis factor-a (TNF-a) (Habibi et al., 2020). These proinflammatory
cytokines and chemokines transiently produced by airway epithelial cells (AECs),
macrophages and dendritic cells (DCs) promote the recruitment of a large number of
innate (neutrophils, eosinophils, monocytes, macrophages, DCs) and adaptive
(memory T cells, TH1 cells and NK cells) immune cells from the general circulation
to the sites of infection causing mucosal oedema (Lay et al., 2013). Activation of the
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recruited cells also leads to further cytokine expression, inducing responses that can
cause damage and small airway obstruction. An exaggerated immune response to
natural infection was first observed in infants and children administered a formalin-
inactivated hRSV (FI-RSV) vaccine in the 1960s (Fulginiti et al., 1969, Kim et al.,
1969). Virus exposure caused a more severe disease in the RSV-naive vaccinees
(>80%) which was later associated with an immune response biased towards Th2
responses (Prince et al., 1986, Graham et al., 1993). A skew of the Th1/Th2 cytokine
response towards Th2 cytokines (IL-4, IL-5, IL-10, 1L-13) and IgE produces an
allergy-like inflammation that is also seen in unvaccinated children but at a much
smaller proportion (5%) (Collins et al., 2013, Becker, 2006). However, the exact
mechanisms underlying the induction of enhanced disease severity, especially in
otherwise healthy children, are not fully understood.

Other well defined contributing host risk factors include premature birth, young age,
under-developed or damage airways, chronic lung or heart disease, male gender,
immunodeficiency, a weakened immune system due to old age, etc (van Drunen Littel-
van den Hurk and Watkiss, 2012, Buchwald et al., 2020). Single nucleotide genetic
polymorphisms (SNPs) in genes encoding components of the immune system have
also been shown to enhance disease severity (Miyairi and DeVincenzo, 2008). These
include SNPs in surfactant proteins, cell surface adhesion molecules, receptors such
as TLR4 (Awomoyi et al., 2007, Tal et al., 2004), TLR2 and 9 (Alvarez et al., 2018)
CX3CR (Amanatidou et al., 2006) and IFNAR, type | IFNs and signalling proteins
(Janssen et al., 2007, Siezen et al., 2009), amongst others. SNPs in CCL5 and NOS2
have also been associated with the presence of bronchiolitis (Alvarez et al., 2018).

Environmental factors that increase risk of infection include cold weather, exposure
to cigarette smoke and other air pollutants that impair lung function, increased virus
exposure in day care settings and multiple sibling households etc., (Taleb et al., 2018,
Collins and Graham, 2008). Children from disadvantaged socioeconomic
backgrounds are also at increased risk of early-life RSV-related hospitalisation
(Fitzpatrick et al., 2021)
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1.2. Innate immune response to RSV infection

1.2.1. Innate immune recognition of RSV and cellular responses

Once the physical barriers to infection have been overcome, virus detection in AECs,
alveolar macrophages and intraepithelial DCs induces an antiviral state before
activation of the more specific adaptive response. RSV’s distinct pathogen-associated
molecular patterns (PAMPs) are detected through multiple mechanisms involving

pattern recognition receptors (PRRs): toll-like receptors (TLRS), retinoic acid-
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Figure 1.5 The activation of NF-kB and IRF3 transcription factors. RSV pathogen-associated
molecular patterns (PAMPS), such as, single- or double-stranded viral RNA, activate cellular pattern
recognition receptors (RIG-1, MDA-5 or TLR3, etc.). Signalling from these receptors through their
adaptor proteins activate cytoplasmic kinases including the IKK complex or TBK-1. The kinases
may also be activated by signals from TNF and poly(l:C). Activated IKK complex results in
phosphorylation and degradation of 1kxBa and the release of NF-xB (p50/p65) transcription factors.
The released p50/p65 enters the nucleus and induces the transcription of pro-inflammatory cytokine
genes. Similarly, activated TBK-1 phosphorylates IRF3 dimers which then enter the nucleus and
induce the expression of type | interferon genes. Created with BioRender.com.
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inducible gene | (RIG-I) like receptors (RLRs) (Fig 1.5), and nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) (Kim and Lee, 2014, Kumar et
al.,, 2011). Several studies have shown that RSV activation of innate immune
signalling via TLRs involves interactions with TLR2, 3, 4, 6 and 7 (Kim and Lee,
2014, Kumar et al.,, 2011, Zeng et al., 2012). Cell surface TLRs, TLR4/CD14
complexes are activated by the F protein (Awomoyi et al., 2007, Haeberle et al., 2002,
Haynes et al., 2001, Kurt-Jones et al., 2000) and TLR2/TLR6 heterodimers via an
unknown mechanism (Murawski et al., 2009). Endosomal TLR3 and TLR 7, activated
by double- and single-stranded RNA, respectively, have also been shown to be
activated by RSV infection (Liu et al., 2007, Rudd et al., 2005, Huang et al., 2009,
Lukacs et al., 2010). Activation signals are transmitted through the adaptor proteins
MyD88 and/or TRIF leading to activation of the kinases TBK1/IKKe and IKKo/IKKf
(IKK complex) (Kumar et al., 2011, Zeng et al., 2012). RSV may also induce these
kinases through intracellular PRRs - RIG-1, MDA-5 and Nod2 (Liu et al., 2007, Loo
et al., 2008, Yoboua et al., 2010, Sabbah et al., 2009) that interact with the adaptor,
mitochondrial antiviral-signalling protein (MAVS; Fig 1.5).

Multiple transcriptional networks can then be activated - nuclear factor-xB (NF-xB)
transcription factors are activated through the IKK complex and the interferon
regulatory factors (IRF3 and 7) through TBK1/IKKe (Baum and Garcia-Sastre, 2010,
Liu et al., 2007, Kumar et al., 2011). These critical transcription factors induce the
expression of proinflammatory cytokines including, tumour necrosis factor alpha
(TNFa), interleukin-1 (IL-1), IL-6, IL-8, type I interferons (IFNs) (IFN-a/p) and type
I11 IFNs (IFN-L) (Haeberle et al., 2002, Murawski et al., 2009, Russell et al., 2015).
These regulate host cell innate responses and induce responses such as apoptosis in
infected cells thereby controlling virus replication and spread (Everett and McFadden,
1999). They also induce the expression of chemokines such as CXCL8, CXCL10,
CCL2 and CCL5 (McNamara et al., 2005, Carpenter et al., 2002, Valarcher and
Taylor, 2007) that promote the recruitment and activation of various effector cells in
the airways, in particular, neutrophils (McNamara et al., 2003). Furthermore, the IFNs
act to induce the expression of IFN-stimulated genes (ISGs) — antiviral effectors such
as, PKR, IFIT1, Mx1, Viperin, OAS, amongst others - that also contribute to the
antiviral state (Lazear et al., 2019). Together, the cytokines triggered by RSV play
important roles in the host defense but interestingly also contribute to RSV
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pathogenesis, as discussed above. These cytokines and activated antigen presenting
cells subsequently induce an RSV specific humoral and adaptive cellular responses
that clear the infection. However, the immune responses are short-lived, making RSV

re-infections common throughout life (Habibi et al., 2015).

1.2.2. NF-kB signalling

NF-«B is a superfamily of five ubiquitous transcription factors - p65 (RelA), RelB, c-
Rel, p50 and p52 - that play a key role in the host innate response to infection (Hayden
and Ghosh, 2008). The most extensively studied of these are p65/p50 dimers but they
can be found in various homo- and hetero-dimers. In the absence of stimulus, these
are sequestered in the cytoplasm bound to a family of inhibitors, called inhibitors of
kB (IkB) (Mitchell et al., 2016). As discussed in sub-section 1.2.1, detection of virus
PAMPs by PRRs activates signal transduction cascades that result in phosphorylation
and activation of the IxB kinase complex (IKKo/IKKf; Fig 1.5) (Mitchell et al., 2016,
Oeckinghaus et al., 2011). This can then phosphorylate IkBo/p/e causing their release
from p65/p50 and subsequent degradation through the ubiquitin-proteasome pathway
(Chenetal., 1995). Free NF-xB p65/p50 complex is also activated by phosphorylation,
at subunit p65. Various phosphorylation sites have been identified including Ser276,
Ser529, Ser536 and Ser311 (Hayden and Ghosh, 2008). These induce NF-xB
translocation into the nucleus where it binds target genes containing 9-10 base pair
DNA sequences in the promoter (called B sites) to induce or repress their expression
(Mitchell et al., 2016, Oeckinghaus et al., 2011, Hayden and Ghosh, 2008).

These events are not only activated by virus PAMPs but may also be initiated by
cytokine receptors, in particular, TNFa (Fig 1.5) and IL-1 receptors, in steps which
are better characterised. Despite decades of research, the molecular mechanism by
which RSV induces NF-«B activation is not fully understood. RSV activation of TLR2
and F protein interaction with TLR4/CD14 complex were shown to activate NF-xB
signalling through MyD88 (Kurt-Jones et al., 2000, Segovia et al., 2012b). RSV was
also recently shown to induce phosphorylation of p65 at Ser536, downstream of the
RIG-I/MAVS/TRAF6/IKKp pathway (Yoboua et al., 2010). In another study,
phosphorylation at Ser276 was shown to occur downstream of reactive oxygen species
signalling and MSK1 activation in RSV infected cells (Jamaluddin et al., 2009).
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Involvement of the non-canonical pathway following RIG-I activation - NIK/IKKa
complex/p100 processing to p52 — by RSV was also observed (Liu et al., 2008). In
addition, differential effects of RSV and TNFa on IkBa regulation (Fiedler and
Wernke-Dollries, 1999) and NF-xB activation (Carpenter et al., 2002) suggest
different mechanisms of signalling and involvement of distinct NF-kB dimers. Thus,
RSV seems to trigger multiple mechanisms of NF-kB signalling to induce

proinflammatory cytokine and chemokine expression and innate responses.

1.2.3. RSV modulation of the immune response

To overcome this ubiquitous first line of defence, viruses have evolved various
inhibitors to modulate innate immune signalling pathways. Viral immune evasion
mechanisms include the targeting of receptors, adaptor proteins and/or intracellular
kinases of the signalling pathways or indeed directly targeting the transcription factors
and their regulators (Chiang and Liu, 2018, Deng et al., 2018). In this regard, RSV is
no exception. The non-essential NS1, NS2, G and SH proteins modulate the innate
immune response, thus impacting activation of the adaptive/RSV-specific immune

response.

1.2.3.1. NS1 and NS2 proteins

BRSV and hRSV NS1 and NS2 proteins were shown to antagonise IFN-mediated host
responses by targeting both type I and 111 IFN induction (Schlender et al., 2000, Spann
et al., 2004, Spann et al., 2005) and signalling through the JAK-STAT pathway (Lo et
al., 2005). Mechanistically, NS2 interacts with RIG-1 inhibiting its interaction with
MAVS (Ling et al., 2009). Similarly, NS1 can inhibit phosphorylation and activation
of IRF-3 by interacting with MAVS (Boyapalle et al., 2012). NS1 also interacts with
TRIM25 inhibiting TRIM25-mediated ubiquitination of RIG-1, thereby suppressing
antiviral signalling (Ban et al., 2018). Recently, the NS proteins have also been shown
to be involved in the formation of an “NS-degradasome” that promotes the degradation
of components of IFN induction or signalling, including RIG-I, IRF-3, IRF-7, TBK1
and STAT2 (Goswami et al., 2013). NS1 and NS2 have also been shown to interfere
with signalling downstream of MAVS, disrupt the activation and function of IRF and

NF-kB transcription factors, and interfere with IFN induction as well as the function
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of some ISG products (Sedeyn et al., 2019). Consequently, activation of the adaptive
immune response is also suppressed (Kotelkin et al., 2006, Sedeyn et al., 2019).
Unsurprisingly, deletion of the NS1 and/or NS2 proteins caused virus attenuation in
vivo, which was attributed to the induction of a more robust IFN response compared

to wild type virus (Valarcher et al., 2003).

1.2.3.2. Attachment (G) glycoprotein

G may also have a role in modulating innate immune signalling as its deletion
enhanced the proinflammatory response and cytokine expression (Arnold et al., 2004,
Tripp et al., 1999). G also contains a CX3C motif which mimics the chemokine,
CX3CL1, and inhibits pulmonary migration of immune cells by blocking CX3CL1-
CX3CRL1 interactions (Harcourt et al., 2006, Tripp et al., 2001). G is also highly
variable between strains making it less important as a vaccine antigen (Melero et al.,
1997, Cui et al., 2013). In addition, the secreted truncated form of G (soluble G) acts
as a decoy that inhibits antibody-mediated neutralisation of the virus (Bukreyev et al.,
2008).

1.2.3.3. Small hydrophobic (SH) protein

The third membrane glycoprotein, SH, was found to inhibit NF-xB activation (Pollock
et al., 2017, Taylor et al., 2014), although the exact mechanism of this antagonism is
yet to be characterised. Deletion of bRSV and hRSV SH slightly enhanced apoptosis
and increased the expression of NF-«xB induced proinflammatory cytokines IL-1 and
TNF-a (Fuentes et al., 2007, Taylor et al., 2014, Russell et al., 2015). The resulting
partial attenuation of mutant hRSV (Bukreyev et al., 1997, Whitehead et al., 1999,
Russell et al., 2015) and bRSV (Taylor et al., 2014) in mice and chimpanzees
demonstrates the contribution of SH to RSV pathogenesis. In addition, inhibition of
apoptosis may delay antigen presentation and activation of the adaptive response

required to clear the infection.

1.2.3.4. RSV inclusion body

hRSV has also been shown to employ an additional mechanism of innate immune
antagonism whereby MAVS and MDA-5 are sequestered into inclusion bodies (I1Bs),
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likely through interaction with the RSV nucleoprotein (N protein) (Lifland et al.,
2012). Other cellular proteins involved in the cellular response to viral infection such
as, p38 mitogen-activated protein kinase (MAPK) and O-linked N-acetylglucosamine
transferase (OGT) have also been shown to be recruited into IBs (Fricke et al., 2013).

Together, these immunomodulatory mechanisms allow successful replication and
spread of the virus, enhancing virulence as a result. They may also contribute to the
incomplete and short-lived protective immunity generated by both bRSV and hRSV,
(Borchers et al., 2013, Collins and Melero, 2011, Guzman and Taylor, 2015), although
the actual basis for this remains unclear. Of note, there is a need to further understand
the mechanisms of immune regulation employed by RSV. In this PhD project, |
therefore aim to characterise the immunomodulatory functions of the SH protein and

RSV IBs, to improve our understanding of RSV innate immune antagonism.

1.3.  The small hydrophobic protein

1.3.1. Sequence and structure

The small hydrophobic (SH) protein - 73 (strain A51908) or 81 (strain 391-2) amino
acids in length in bRSV and 64 (subgroup A) or 65 (subgroup B) in hRSV - forms a
single-pass type Il transmembrane glycoprotein (Collins and Mottet, 1993, Gan et al.,
2012, Gan et al., 2008). SH amino acid sequences are highly conserved among hRSV
strains (Chen et al., 2000, Tapia et al., 2014) but less so between orthopneumoviruses
(Fig 1.6A) (Samal and Zamora, 1991, Taylor, 2017). Structural studies of hRSV SH
revealed an a-helical transmembrane domain extending from residues 18 to 43 (Gan
etal., 2012), flanked by a intracellular/intravirion N-terminal domain (a short a-helix),
and a larger C-terminal ectodomain which forms an extended -hairpin (Fig 1.6B) (Li
et al., 2014, To and Torres, 2018). During infection, SH production occurs via the
secretory pathway, similarly to the F and G surface glycoproteins (McLellan et al.,
2013). SH accumulates in membranes of the ER/Golgi complex and also in the plasma
membrane, although it is incorporated into RSV filaments at much lower levels
compared to F and G (Rixon et al., 2004, Triantafilou et al., 2013). Four different
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forms of hRSV SH are present in infected cells: the primarily expressed full length
non-glycosylated SHo (7.5 kDa), an N-terminally truncated SH; (4.8 kDa) produced
following translation initiation at the second start codon in the ORF, an N-glycosylated
form of SHo - SHq (13-15 kDa) (Collins and Mottet, 1993, Olmsted and Collins, 1989),
which is subsequently modified with the addition of polylactosaminoglycan,
producing SH, (21-30 kDa) (Anderson et al., 1992).

A
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Intracellular
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Figure 1.6 Orthopneumovirus SH protein. (A) Multiple alignment of SH protein sequences of
orthopneumoviruses (hRSV subgroup A strain A2 and subgroup B strain B1; bRSV strains A51908
and 391-2; and murine orthopneumovirus strain 15). Transmembrane domains are underlined. (B)
Overlay of two structural models of hRSV SH protein in dihexanoylphosphatidylcholine-
dilauroylphosphatidylcholine (DHPC-DLPC) bicelles (blue) and dodecylphosphocholine (DPC)
micelles (red) obtained by NMR studies (Li et al., 2014). Side chains indicated in green and purple
are for comparison of the two structures. (C) Side-view of the proposed pentameric structure (Gan
et al. 2012 and Surya et al. 2015). Colors here indicate different monomers.

These multiple forms are conserved for hRSV and bRSV SH (Anderson et al., 1992),
despite low sequence identity between the two species (Fig 1.6A) (Taylor, 2017,
Samal and Zamora, 1991). However, to date, there are no reports on the significance
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of the maintenance of these variants. Interestingly, they can oligomerise in different
combinations to form multimeric complexes in synthetic and biological membranes,
the most abundant of which was a pentameric oligomer with ion-channel activity (Fig
1.6C) (Gan et al., 2012, Collins and Mottet, 1993, Carter et al., 2010).
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Figure 1.7 Multiple sequence alignment of SH proteins from selected mononegaviruses.
Multiple sequence alignment of SH proteins of hRSV (A2) and bRSV (A51908) and orthologs in
human metapneumovirus (HMPV; CAN97-83), avian metapneumovirus (AMPV; 15a/2001),
mumps virus (MuV; Jeryl-Lynn) and parainfluenza virus 5 (PI1V5; W3). Transmembrane domains
are underlined.

SH proteins of similar properties are found in all other members of the pneumoviridae
family (murine orthopneumovirus, HMPV and AMPV) and some members of the
paramyxoviridae family (MuV, PIV5, Newcastle disease virus and J paramyxovirus)
(Rima et al., 2017) but there is extensive sequence divergence between the species
(Fig 1.7). Like RSV SH, they are type Il membrane proteins, except for MuV SH,

which is a type | membrane protein, and have relatively short lengths.

1.3.2. Role in infection and disease

SH is an accessory protein, dispensable for virus propagation in vitro. However,
previous research has shown that both bRSV and hRSV SH inhibit the NF-kB pathway
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and the induction of apoptosis to modulate the host response to infection (Fuentes et
al., 2007, Taylor et al., 2014, Russell et al., 2015). In a study using bovine monocytes
and Madin-Darby bovine kidney (MDBK) cells, infection with a virus in which the
SH gene was deleted (bRSV ASH) enhanced apoptosis and the expression of pro-
inflammatory cytokines, TNFa and IL-1pB, compared to those infected with wild type
bRSV (Taylor et al., 2014). Interestingly, Taylor et al. also observed no significant
differences in the replication of the wild type and mutant bRSV although ASH hRSV
was previously reported to replicate more efficiently than the wild type in some cell
types (Whitehead et al., 1999, Jin et al., 2000b). Similar effects on NF-kB pathway
activation and the induction of apoptosis were observed in another study of hRSV SH,
where an inhibition of TNFa signalling was also observed (Fuentes et al., 2007).
Interaction of SH with a critical regulator of apoptosis, B-cell associated protein 31
(BAP31) suggests a mechanism of inhibition in wild type RSV infected cells (Li et al.,
2015). By comparing bRSV to ASH virus infected cells, or by ectopic expression of
bRSV SH, we recently showed that SH modulates NF-«xB by inhibiting
phosphorylation of the p65 subunit and the degradation of the inhibitor IkBa (Pollock
etal., 2017).

In in vivo studies, deletion of SH caused partial or full attenuation of the virus,
depending on the experimental model of infection. For bRSV, similar replication
profiles were observed in the upper respiratory tract (URT) of calves but the ASH virus
was attenuated in the lower respiratory tract (LRT) (Taylor et al., 2014). In addition,
the ASH virus induced significantly less pulmonary inflammation compared to the
wild type although both were immunogenic and induced protection in calves
immunised 6 months prior to challenge with virulent bRSV. Bukreyev et al. and
Russell et al. also observed site-specific attenuation of hRSV ASH in the respiratory
tract of mice (Bukreyev et al., 1997, Russell et al., 2015). These studies show that the
SH protein plays a role in RSV pathogenesis by modulating the immune response and
highlight the need to understand the molecular mechanisms by which it subverts the

immune response.

As described in section 1.7, SH proteins of related viruses have also been shown to

modulate NF-kB activity downstream of TNFa signalling (Fuentes et al., 2007, Bao
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et al., 2008, Lin et al., 2003, Wilson et al., 2006, Parks and Alexander-Miller, 2013,
Xu et al., 2011, Abraham et al., 2018, Li et al., 2011) even though they have low
sequence homology (Fig 1.7). Similar to bRSV ASH, when cells were infected with
rPIV5, rPIVS ASH or rPIVS with its SH gene replaced with that from hRSV strain A2
or BI (PIV5ASH-RSV A2 SH or rPIV5ASH-RSV B1 SH) (all with similar growth
rates), only rPIV5 ASH infected cells were induced to undergo apoptosis (Fuentes et
al., 2007). This indicates that, like bRSV, the SH proteins of hRSV and PIV5 inhibit
apoptosis (an antiviral response) in infected cells. In addition, hRSV and PI1V5 SH also
inhibited nuclear localisation of NF-kB subunit p65 (Fuentes et al., 2007, Lin et al.,
2003). Ectopic expression of hRSV (Fuentes et al., 2007) and bRSV (Pollock et al.,
2017) SH proteins were both able to inhibit TNFa-induced NF-kB activation similarly
to PIV5 (Fuentes et al., 2007), MuV (Wilson et al., 2006), and J paramyxovirus (JPV)
SH (Li et al., 2011), expressed in the context of virus infection. The increase in
expression of the NF-kB regulated genes, TNFa, in cells infected with PIV5 ASH (Lin
et al., 2003) and JPVASH (Abraham et al., 2018, Li et al., 2011), plus IL-6, and IL-8
in hMPV ASH infected cells (Wilson et al., 2006) further shows the effect of SH on
NF-kB activation. Separately, the SH protein of HMPV was shown to inhibit IFN
signalling by targeting STAT1 expression and phosphorylation (Dinwiddie and
Harrod, 2008, Hastings et al., 2016). In summary, the SH proteins encoded by several
mononegaviruses appear to contribute to viral pathogenesis by modulating antiviral
responses such as apoptosis induction, NF-xB activation and IFN signalling. Their
mechanisms of action are currently unknown, except for MuV SH which was recently
reported to interact with TNFR1/IL-R1/TLR3 complexes in the plasma membrane of
infected cells, thereby interfering with NF-«xB activation (Franz et al., 2017).

SH protein modulation of innate immune signalling has also been observed in antigen
presenting cells (APCs) - dendritic cells (DCs) and macrophages (Guzman and Taylor,
2015). NF-xB activation in DCs up-regulates the expression of several pro-
inflammatory cytokines and chemokines; proteins essential for antigen processing,
presentation, and activation of the adaptive immune response, in particular, T-cell
activation. The SH protein of bRSV was shown to block phosphorylation of NF-kB
p65 in bovine monocytes and DCs (Pollock et al., 2017). Furthermore, RSV infection
of monocyte-derived DCs significantly reduces their ability to activate CD4+ T Cells
(de Graaff et al., 2005). This effect was also observed in HMPYV infected human DCs
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and shown to involve the SH protein (Le Nouen et al., 2014). SH was also shown to
inhibit IFN induction downstream of TLR7/MyD88/TRAF6 signalling in HMPV
infected plasmacytoid DCs. Thus, the presence of SH interferes with the biological
role of DCs, the ultimate consequence of which may be an impairment in initiating the
more specific adaptive response. Similar to infection of AECs, the mechanism and

significance of this modulation on DC function requires further investigation.

1.3.3. SH viroporin structure and function

Chemical cross-linking analysis first highlighted the formation of various oligomers
(di-, tri-, tetra-, and pentamers, etc.) of RSV SH (Collins and Mottet, 1993). Electron
microscopy of SH in liposomes suggested the formation of pentameric or hexameric
pore-like structures (Carter et al., 2010) and further analysis confirmed the adoption
of pentameric structures in various lipidic membranes (Gan et al., 2008, Gan et al.,
2012, Araujo et al., 2016, Li et al., 2014). These structures were also shown to alter
membrane permeability to cations and small molecules (Perez et al., 1997, Gan et al.,
2008), providing evidence of ion channel activity that could be inhibited by the
presence of a small molecule inhibitor, pyronin B (Li et al., 2014). Structural models
of the pentamer show circular arrangements of the monomeric units forming a central
funnel-shaped channel (Li et al., 2015, Li et al., 2014). Interestingly, these structural
and functional features are shared with a group of short viral membrane proteins with
ion channel activity called viroporins (Gonzalez and Carrasco, 2003, Wang et al.,
2011). Various orthologues have been shown to be expressed by a range of different
viruses, for example, positive sense single-stranded RNA viruses - coronavirus E
(Wilson et al., 2004) and 3a (Lu et al., 2006) proteins, and picornavirus 2B (Lama and
Carrasco, 1992); segmented negative sense RNA virus - influenza A virus M2 (Pinto
et al., 1992); retrovirus - HIV-1 Vpu (Ewart et al., 1996), and others (Wang et al.,
2011). They are non-essential viral proteins that alter host cell plasma/intracellular
membrane permeability by forming ion-selective oligomeric structures. Their function
enhances virus growth by promoting processes such as virus entry, genome
replication, glycoprotein transport, particle assembly and release (Gonzalez and
Carrasco, 2003, Wang et al., 2011).
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Unlike well characterised viroporins, such as M2 homo-tetramers that form proton-
selective ion channels (Pinto et al., 1992) to promote virus uncoating in endosomes
(Mould et al., 2000), the biological role of SH viroporins are unclear. As more
evidence emerges on their ability to form viroporins (Gan et al., 2008, Gan et al., 2012,
Araujo et al., 2016), other studies have reported that this activity plays a role in IL-1
secretion (Segovia et al., 2012a, Triantafilou et al., 2013). Prior to their secretion, IL-
1B and IL-18, expressed following NF-kB activation require cleavage into active
forms by caspase-1 (Farag et al., 2020). Caspase-1 on the other hand is activated
downstream of multiprotein complexes known as inflammasomes which are induced
by infection or cellular stress. Segovia et al. showed that in RSV infected cells, IL-1
expressed via the TLR2/MyD88/NF-kB pathway was processed and secreted
following inflammasome activation induced by reactive oxygen species production
and potassium efflux (Segovia et al., 2012a). This was later shown to involve the
activity of SH viroporins located in Golgi lipid rafts (Triantafilou et al., 2013).
However, the exact mechanism and role of this function requires further study,
especially since RSV lacking SH induces higher levels of IL-1p when compared to
wild type (Russell et al., 2015, Taylor et al., 2014).

Similar to RSV SH (Segovia et al., 2012a, Triantafilou et al., 2013), the ion channel
activities of coronavirus E (Nieto-Torres et al., 2014), influenza virus M2 (Ichinohe et
al., 2010), and hepatitis C virus (HCV) P7 (Farag et al., 2017, Negash et al., 2013,
Shrivastava et al., 2013) proteins were shown to induce NLRP3 inflammasome
activation and the subsequent maturation of pro-IL-1 to the active form (Farag et al.,
2020). Interestingly, some of the other reported roles for RSV SH have also been
associated with other viroporins. For example, the coronavirus, SARS-CoV, E protein
that also forms homopentameric ion channels, is a virulence factor important for virus
pathogenesis. Deletion of the protein (rSARS-CoV-AE) increased apoptosis in
infected cells (DeDiego et al., 2011) and also led to attenuation of the virus in vivo
(DeDiego et al., 2014). However, in the case of rSARS-CoV-AE infections,
attenuation was associated with inhibit of NF-xB-mediated inflammation (DeDiego et
al., 2014) contrary to the increased responses observed in ASH virus infected cells

(Fuentes et al., 2007, Taylor et al., 2014).
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1.4. Inclusion bodies

1.4.1. RSV inclusion bodies and liquid organelles

Human RSV infection is characterised by the formation of intracytoplasmic granules
known as inclusion bodies (IBs; Fig 1.8) (Fricke et al., 2013, Lifland et al., 2012,
Rincheval et al., 2017). These have been consistently observed both in vitro and in
vivo (Norrby et al., 1970, Neilson and Yunis, 1990, Garcia et al., 1993, Lifland et al.,
2012, Rincheval et al., 2017, Fricke et al., 2013), and are structurally and functionally
similar to inclusions formed by several other viruses classified within the
Mononegavirales order. This includes IBs induced by rabies virus infection termed
Negri bodies (Lahaye et al., 2009, Nikolic et al., 2016, Nikolic et al., 2017), hMPV
(Cifuentes-Munoz et al., 2017), MeV (Zhou et al., 2019), NiV (Ringel et al., 2019),
and Ebola virus (Hoenen et al., 2012), and likely represent an essential component of
the cellular cycle of many negative-sense RNA viruses. Recently, IBs were also
observed in IAV infected cells, negative strand RNA viruses with a segmented genome
(Alenquer et al., 2019).

Interestingly, viral 1Bs also share many characteristics with biomolecular condensates
called liquid organelles (Nevers et al., 2020). These form by liquid-liquid phase
separation, LLPS, a process which favours macromolecular-macromolecular over
macromolecular-water interactions (Banani et al., 2017, Uversky, 2017, Nevers et al.,
2020, Alberti et al., 2019). The resulting structures have high molecular density, are
composed of RNA and proteins (mostly RNA-binding proteins, RBPs), and also lack
surrounding membranes, unlike classical organelles. These organelles are not
exclusive to pathogens; cellular examples of biomolecular condensates include stress
granules and P-bodies that form in the cytoplasm, and nucleoli and Cajal bodies found
in the nucleus (Gomes and Shorter, 2019, Banani et al., 2017). They can be identified
by their liquid-like properties based on the following criteria: spherical shape, ability
to rapidly undergo fusion and fission, and their high fluidity/dynamic state when
assessed by fluorescence recovery after photobleaching (FRAP) (Gomes and Shorter,
2019, McSwiggen et al., 2019, Alberti et al., 2019).

29



x10, O S

Figure 1.8 Inclusion bodies in RSV infected Hep-2 cells identified by immuno-electron
microscopy. Inclusion bodies were immunogold labelled with mAbs against (A) P, (B) N, (C) M2-
1 and (D) M proteins. N indicates cell nuclei and I cytoplasmic inclusions. Figure adapted from
(Garcia et al., 1993).

Recent studies have provided insight into the process of phase separation - the
mechanism underlying liquid organelle formation and maintenance. Alberti et al.
noted that all proteins and nucleic acids have the propensity to undergo LLPS under
specific physicochemical conditions but that only a subset of protein sequences can
support LLPS in the conditions present in a cell, under physiological conditions
(Alberti et al., 2019). These authors, and others, have further suggested that proteins
containing specific molecular signatures including multiple folded domains,
intrinsically disordered regions (IDRs) and RNA-binding domains can form multiple
protein-protein and protein-RNA interactions. (Banani et al., 2017, Alberti et al., 2019,
Kato et al., 2012, Lin et al., 2015, Uversky, 2017). These motifs are found in proteins
with low sequence complexity and those that contribute to initiating nucleation have
been termed “scaffolds” (Banani et al., 2017). At high cellular concentration, the
multivalent interactions formed enable the proteins to transition from a dispersed state,
assembling into granules of high molecular density (Banani et al., 2017, Uversky,
2017). Once formed, the recruitment of proteins into the granules is also thought to be
governed by the same molecular signatures (Lin et al., 2015, Alberti et al., 2019).
Although the different types of liquid organelles have similar biophysical properties
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their protein composition and functions differ (McSwiggen et al., 2019, Banani et al.,
2017). As a result, they can be identified by differential markers, for example, TIA1
in stress granules, nucleolin in the nucleolus, TTP in P-bodies etc., (Uversky, 2017).

However, how cells control this differential composition is not fully understood.

1.4.2. Assembly of RSV IBs

With regards to viral IBs — biomolecular condensates formed in the context of virus
infection — several have been shown to have liquid-like properties based on the criteria
currently used for defining liquid organelles. These include cytoplasmic inclusions
induced in RSV (Rincheval et al., 2017), MeV (Zhou et al., 2019), VSV (Heinrich et
al., 2018), rabies (Nikolic et al., 2017) and ebola (Hoenen et al., 2012) virus infected
cells, formed through the process of LLPS (Alberti et al., 2019, Nevers et al., 2020).
However, the exact mechanism of their formation is less well characterised. RSV IBs
appear in the cytoplasm at around 6h post infection, as viral proteins are expressed and
grow in size as infection proceeds (Fricke et al., 2013, Lifland et al., 2012, Rincheval
et al., 2017). Although they colocalise all proteins of the polymerase complex (Fig
1.8), for RSV, rabies and measles viruses, the N and P proteins are the minimum
components essential for their formation in the absence of infection (Lifland et al.,
2012, Nikolic et al., 2017, Rincheval et al., 2017, Zhou et al., 2019). Co-expression of
the N and P proteins alone results in the formation of IB-like structures (pseudo-1Bs)
with similar properties to the viral inclusions. For VSV, the minimal system requires
the presence of L (Heinrich et al., 2018). Viral IBs are essentially condensates of RNA
and protein as proven by the large amounts of nucleocapsids and viral mRNA

contained in these structures (Fig 1.9).

The minimal system however does not rule out the involvement of RNA interactions
in formation of the structures as cellular RNA may be used in the absence of virus
infection. More recently, the N and P proteins of RSV (Galloux et al., 2020b) and
MeV (Guseva et al., 2020) were shown to induce liquid droplets outside of the cellular
environment, thus showing they are the main drivers of viral phase separation.
However, there was a discrepancy between the two viruses in cells as the formation of
pseudo-IBs by RSV N and P required N:RNA interaction (Galloux et al., 2020b);
however, the MeV proteins did not (Guseva et al., 2020, Zhou et al., 2019). Guseva et
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al. further showed that although RNA is dispensable for MeV N:P phase separation,
it preferentially colocalises to and triggers assembly of nucleocapsid-like particles

within the structures formed.

NS1 mRNA N mRNA PolyA Genome Irrelevant probe

FISH

Merge

Figure 1.9 Locations of the N protein and viral RNAs in RSV infected cells. Hep-2 cells infected
with RSV for 24 h were stained for the N protein to identify inclusion bodies (IBs; top panel). NS1
MRNA, N mRNA, polyadenylated RNA (PolyA) or viral genomic RNA, detected by Fluorescence
in situ hybridization (FISH) colocalised with IBs. Scale bar in top panel 5 um; in zoom panel 2 um.
IB boundaries are represented by circles. Figure taken from (Rincheval et al., 2017).

Similar to cellular proteins involved in inducing LLPS, assembly of ectopically
expressed N and P proteins into inclusions has been shown to involve oligomerisation
and intrinsically disordered domains within these viral proteins (Zhou et al., 2019,
Nikolic et al., 2017, Galloux et al., 2020a). The higher degree of intrinsic disorder
within P proteins of RSV (Gilman et al., 2019, Pereira et al., 2017), MeV and rabies
virus (Nevers et al., 2020, Longhi et al., 2017) suggests it has a greater propensity to
phase separate but the involvement of N shows there are crucial mechanisms provided
by this protein. Mechanistically, for RSV, the central oligomerisation domain and C-
terminal domain (an intrinsically disordered region) of P, plus the ability of N to
interact with both P and RNA, were shown to be required for pseudo-IB formation
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(Galloux et al., 2020b). Despite sequence variability, similar intrinsically disordered
and oligomerisation domains are present in rabies and MeV P proteins (Nevers et al.,
2020), and were also shown to be required for pseudo-IB formation (Nikolic et al.,
2017, Zhou et al., 2019).

Therefore, it appears that the N and P proteins and RNA (depending on the virus) are
the “scaffolds” required for IB formation. Thus, as the concentrations of the viral
proteins increase during infection, oligomerisation of P, multiple interactions
facilitated by the intrinsically disordered regions of N and P (Pereira et al., 2017) and
interactions with viral RNA (Galloux et al., 2015) could act in synergy to initiate phase
separation and nucleation of the IB. These may then mature and grow in size as they
further colocalise newly synthesised viral RNA and protein. Of note, several other
viral protein-protein and protein-RNA interactions which could contribute towards
maturation exist in I1Bs. For instance, the viral nucleocapsid which concentrates in IBs
(Fig 1.8 and Fig 1.9), is composed of genomic RNA, N, L and P proteins (Fig 1.2)
(Easton et al., 2004). M2-1 also can form multiple interactions - with P (Mason et al.,
2003, Richard et al., 2018), M (Li et al., 2008) and viral mRNA (Rincheval et al.,
2017). However, the process of maturation appears to be a complex and regulated
process as indicated by the organisation of the condensates into multi-phasic
structures. Rincheval et al. recently demonstrated the presence of sub-compartments
within RSV IBs with distinct protein and RNA composition, biophysical properties
and functions termed inclusion body associated granules; IBAGs (Rincheval et al.,
2017). M2-1 and newly synthesised viral mMRNA, presumably interacting, mainly
localised to these IBAGs (Rincheval et al., 2017). This is similar to the distinct,
coexisting liquid phases that make up the nucleolus (Feric et al., 2016). The IBAGs
are dynamic structures, and their contents are subsequently released to the cytoplasm.
However, further investigation is required to understand the mechanism underlying
the evolution of biomolecular condensates from a single phase to sub-compartments

carrying out distinct functions.

1.4.3. Function of RSV IBs

The formation of membrane-less liquid organelles allow cells to spatially

compartmentalise specific cellular processes whilst allowing biomolecule exchange
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with the cyto-/nucleoplasm (Banani et al., 2017, Gomes and Shorter, 2019). Viruses
also appear to use biomolecular condensation for a multitude of virus-virus/virus-host
interactions with the advantage of increasing the efficiency of replication. Prominent
examples include IBs which are essentially replication complexes and sites of
nucleocapsid assembly (Nevers et al., 2020), and also lipid rafts where particle
assembly takes place (McDonald et al., 2004). The functional compartmentalisation
of viral proteins and replication intermediates into inclusion bodies also minimises
their interaction with factors of the host immune response. The exact role of IBs
induced during infection was previously unclear and initially thought of as “aggregates
of viral nucleocapsids” (Garcia et al., 1993). Recent evidence shows it is a common
mechanism used by several mononegaviruses and further demonstrates their
involvement in processes such as viral RNA replication and host immune modulation
(Nevers et al., 2020).

1.4.3.1. Viral RNA replication and transcription

Analysis of hRSV infected cells by immunofluorescence (IF) microscopy shows
concentration of several viral proteins within IBs including N, P, L, M2-1, M and NS2
(Carromeu et al., 2007, Garcia et al., 1993, Lindquist et al., 2010, Brown et al., 2005,
McDonald et al., 2004, Ghildyal et al., 2002). Most of these viral proteins are
directly/indirectly associated with the nucleocapsid, explaining their colocalization
within the structure. Interestingly, all of the proteins involved in transcription and
replication (N, P, L and M2-1) co-localise in the IBs, whereas the surface
glycoproteins are excluded. Recent identification of viral genomic RNA and mRNA
within the IB (Fig 1.9) strongly suggests that these organelles are functional and are
the primary site for viral RNA replication and transcription within the infected cell
(Rincheval et al., 2017). Interestingly, distinct spatial organisations were observed
between viral genomic and mRNA. As already noted above, mMRNA concentrated in
IBAGs whereas genomic RNA mostly localised towards the boundary of the IB (Fig
1.9). Further study is required to understand the significance of this organisation.
Similarly, 1Bs produced in rabies (Lahaye et al., 2009) and ebola (Hoenen et al., 2012)
virus infected cells were also shown as the sites of RNA replication and transcription.
However, this does not appear to be a universal trend since viral RNA replication of
Nipah virus (NiV) was recently shown to occur outside both its structurally distinct
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IB populations (Ringel et al., 2019).

1.4.3.2. Innate immune antagonism

As discussed in sub-section 1.2.3, a number of host cell proteins have been shown to
interact with or co-localise within RSV induced IBs. These include antiviral proteins
MAYVS and MDAS5 (Lifland et al., 2012), and signalling proteins involved in the
cellular response to viral infection — p38 mitogen-activated protein kinase (MAPK)
and O-linked N-acetylglucosamine transferase (OGT) (Fricke et al.,, 2013). In
addition, the chaperone protein, HSP70 that protects cells from stress, has also been
observed within RSV IBs (Brown et al., 2005). MDAS and MAVS sequestration into
IBs were shown to result in a reduction of IFNf mRNA induction (Lifland et al.,
2012). Similarly, sequestration of p38 MAPK and OGT suppressed MK2 activity and
stress granule assembly. This is distinct from the known RSV mechanisms of
inhibition, for example, encoded by the SH and NS proteins (detailed in sub-section
1.2.3). RSV Recruitment of these key signalling proteins into IBs following RSV
infection appears to be an additional mechanism of immune antagonism whereby their
roles are inhibited through sequestration. However, whether these integrate with the
scaffolds during the process of 1B formation or associate with the granules as they
mature, remains to be elucidated. Of note, viral 1Bs are induced in the early stages of
infection, at a time when activation of innate immune signalling pathways is crucial.
Thus, the use of IBs for innate immune antagonism is an important phenomenon for
enhancing virus fitness during infection. Currently, it is unclear how broad this
mechanism for regulating host antiviral responses is for viruses that induce
cytoplasmic IBs. Much of what is currently known is on RSV IBs (Lifland et al., 2012,
Fricke et al., 2013, Brown et al., 2005), although cellular WD repeat-containing
protein 5 (Zhou et al., 2019, Ma et al., 2018), heat shock protein 72 (Zhang et al.,
2005b) and actin-modulating protein cofilin (Koga et al., 2015) were also observed in
measles virus IBs. Localisation of WD repeat-containing protein 5 in IBs was shown
to enhance virus infection (Ma et al., 2018). It is therefore essential that further
research is conducted to determine the scope of this strategy of immune modulation

and to examine the implications for host responses to infection.
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1.5.  Aims of the study

RSV modulates the NF-kB signalling pathway during infection, but the underlying
mechanisms of this modulation are not fully understood. The SH proteins of hRSV
and bRSV are accessory proteins, dispensable for growth in cell culture and with
poorly characterised functional roles. However, several reports have suggested a broad
role in virus pathogenesis. This is based on virus attenuation observed in in vivo
experiments using viruses lacking SH, bRSV ASH (Taylor et al., 2014) and hRSV
ASH (Russell et al., 2015, Fuentes et al., 2007). This is further supported by evidence
of similar responses with SH deletion mutants of related viruses such as, HMPV, MuV
(Wilson et al., 2006) and PIV5 (Fuentes et al., 2007). These studies further showed
that attenuation is associated with enhanced NF-xB-related responses, such as
increased apoptosis and expression of NF-kB regulated proinflammatory cytokines
and chemokines (Fuentes et al., 2007, Taylor et al., 2014, Russell et al., 2015).
However, the molecular mechanism of NF-kB antagonism has not been fully explored,
except for MuV SH (Franz et al., 2017). At the time of writing, | am aware of only
one report showing the effect of RSV SH on NF-kB signalling (Pollock et al., 2017).
However, in this study, Pollock et al investigated steps in the signalling cascade and
downstream responses but failed to define the specific mechanism of inhibition
mediated by SH. Within my PhD project, | aim to identify the specific molecular
mechanism by which RSV SH inhibits the NF-«xB signalling pathway using bRSV SH

as model.

Separately, inclusion bodies induced in RSV infected cells have been shown to play a
role in modulating the host immune response. A novel mechanism of NF-«xB targeting
was observed whereby the p65 subunit was sequestered into punctate structures in the
cytoplasm of bRSV infected cells. The aim of this aspect of my PhD is to investigate
this finding by characterising the p65 granules and uncovering the implications of this
phenotype for activation of the NF-kB signalling pathway. Broad conservation of this
viral modulation of p65 activity between orthopneumoviruses was also investigated
by comparing bovine and human RSV. Finally, formation of cytoplasmic inclusion
bodies is a characteristic feature of hRSV infection (Fricke et al., 2013, Garcia et al.,
1993, Lifland et al., 2012, Rincheval et al., 2017). These form by liquid-liquid phase
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separation and have been shown to play a role in compartmentalising virus genome
replication and mRNA transcription, as well as nucleocapsid assembly (Richard et al.,
2018, Rincheval et al., 2017). However, to date, there is no evidence on the formation
of these structures in bRSV infected cells. Thus, the final aim of my PhD was to
investigate the formation of inclusion bodies in bRSV infected cells and assess their
role in the virus life cycle by exploring the spatio-temporal organisation of viral RNA

and protein synthesis.
The NF-xB pathway is an important regulator of the host immune response to

infection. | hypothesise that RSV targets NF-kB signalling through multiple

mechanisms to inhibit the innate immune response.
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Chapter 2: Materials and methods

2.1. Cells and cell culture

Table 2.1 Eukaryotic cell lines used in this study.

Cell Description Source

Vero monkey kidney epithelial cells
MDBK Madin-Darby bovine kidney cells

The Pirbright Institute’s

293T human embryonic kidney cells ] )
_ Central Services Unit (CSU)
Hep-2 human epithelial type 2 cells
THP-1 human monocyte-like cells
BEAS-2B | human bronchial epithelial cells ATCC

MDBK, Vero, 293T and Hep-2 cells were maintained in cell culture flasks (Corning)
containing complete medium (Dulbecco’s modified Eagle’s medium [DMEM; Gibco,
Life Technologies] supplemented with 10% heat-inactivated foetal calf serum [FCS;
TCS Biologicals], 1% sodium pyruvate solution [Sigma], and 1%
penicillin/streptomycin [P/S; 10000 U/ml; Life Technologies]) at 37°C in a 5%
CO. atmosphere. Beas-2B and THP-1 cells were maintained as above in LHC basal
medium (ThermoFisher) or RPMI-1640 medium (Gibco), respectively, supplemented
with 10% FCS and 1% P/S. All adherent cells (MDBK, Vero, 293T, Hep-2 and Beas-
2B) were passaged when >80% confluent. Before splitting, cell culture medium was
removed, and cells detached from the flask after washing once with PBS using 0.25%
trypsin-EDTA solution (Life Technologies) for 5 to 10 mins. Cells were then
resuspended 1:10 to 1:20 in complete medium and allowed to proliferate. Suspension
THP-1 cells were passaged into new culture flasks when cell density reached 1x10°

cells/ml, at 5x10° cells/ml.

2.2. Virus work

2.2.1. Virus propagation
Wild type recombinant bRSV (rbRSV) and deletion mutant rbRSVs ASH, ANSI,
ANS2, and ANS1/2 were produced by reverse genetics from rbRSV strain A51908
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variant Atue51908 (GenBank accession no. AF092942) (Schlender et al., 2000,
Buchholz et al., 1999, Karger et al., 2001). BRSVs were propagated in Vero cells
whereas hRSV subtype A (A2 strain) was grown in Hep-2 cells. A day prior to
infection, 5x10° cells were seeded into T175 cm?®tissue culture flasks and incubated at
37°C in a 5% CO. atmosphere. 24 h later, cells were washed once with PBS infected
with virus diluted in 10 ml serum-free DMEM for an MOI of 0.01 and returned to the
incubator. Following 90 min virus adsorption, unbound virus was removed, and cells
further incubated in 15 ml virus-free media containing 2% FCS and 1% P/S. At 3 days
post infection (dpi), when cytopathic effect was pronounced, infected cells were
harvested by scraping into the medium and transferred into 50 ml Falcon tubes kept

on ice. Viruses were then extracted and purified as described below.

2.2.2. Virus concentration and purification by ultracentrifugation

The virus/cell suspensions from 2.2.1 were vortexed for 20 secs and then sonicated as
follows: 70% Amp, pulsed 1 sec on, 1 sec off, for 20 secs followed by 10 secs
(BRANSON Digital Sonifier). Virus supernatants were made by centrifugation in a
Beckman Coulter centrifuge at 2900 xg for 20 min at 4°C to remove cell debris. MgSQOa4
(Sigma) was added to virus supernatants at a 100 mM final concentration. 50% (w/v)
polyethylene glycol (PEG) 6000 (Sigma) in NT buffer (100mM MgSOs, 150 mM
NaCl (Sigma), ImM EDTA (Invitrogen), 50 mM Tris-HCI (Sigma), pH 7.5) and
serum-free DMEM were also added to make final concentrations of 10% and 2.3%
(v/v), resp. Virus particles were precipitated for 90 mins at 4°C on a magnetic stirrer
and then pelleted at 2900 xg for 20 min at 4°C. Supernatants were discarded and the
pellets re-suspended in 700 pl ice cold NT buffer.

A day before virus purification, discontinuous sucrose gradients were prepared by
sequential layering and freezing at -80°C of 60, 45 and 30% sucrose (Sigma) in NT
buffer in Ultra-Clear 14x95 mm centrifuge tubes (Beckman Coulter UK Ltd).
Gradients were allowed to thaw at 4°C and then layered with PEG precipitated virus
samples. Tubes were balanced by topping up with NT buffer and then centrifuged at
4°C in a SW-32 rotor for 1.5 h at 32,000 rpm. For all viruses, two bands were visible:
at the 30-45% and 45-60% interface (Fig A1.A), except for the ANS viruses due to
poor yield (Fig A1.D). Both bands were collected, aliquoted, snap frozen in liquid
nitrogen and stored at -80°C. The presence of viral F and SH proteins in the fractions
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were analysed by western blot prior to use (Fig A1.B, Fig A1.C and Fig A1.D) and
titres of all virus stocks determined in Vero cells by TCID50 assay using the Reed-

Miiiench method.

2.2.3. Virus quantification by TCID50 assay

On the day of virus titration, 1x10* cells per well in 100 uL DMEM with 2% FCS and
1% P/S were seeded into flat-bottom 96 well plates (Thermo Scientific). Virus stocks
were serially diluted 1:10 in 2% FCS DMEM in round-bottom 96 well plates (Thermo
Scientific), enough to make 4x replicate infections. 50 pL of each dilution was
transferred onto the cells to generate a set of 4 columned replicates and the plates
incubated at 37°C in a 5% CO, atmosphere. Virus titres were calculated 5-7 dpi when
cytopathic effect was pronounced.

2.2.4. Virus infections

For the single step growth curves, 1x10° MDBK or Vero cells were seeded in DMEM
with 2% FCS and 1% P/S per well in 6 well plates (Thermo Scientific) and incubated
at 37°C. The next day, cell monolayers were washed once with PBS, infected with
wild type bRSV or ASH at an MOI of 2 in serum-free medium and incubated at 37°C
and 5% CO2. The inoculum was removed 90 mins later, cells were washed 2x with
PBS, and finally replaced with DMEM containing 2% FCS and 1% P/S and returned
to the incubator. Viruses were then harvested by snap freezing at 3, 6, 16, 24, 48 and
72 h p.i, and virus titres later determined by TCID50 end point assay. For virus growth
in THP-1 cells, 1x10° cells prepared in serum-free RPMI medium were infected with
wild type bRSV or ASH at an MOI of 2 and incubated at 37°C and 5% CO2 for 90
mins with rotation. Inoculum was removed by pelleting cells at 500 xg for 5 min before
washing twice in PBS and incubating in RPMI with 10% FCS and 1% P/S. Viruses
were harvested by snap freezing at 0 and 72 h p.i and nascent virus titrated by TCID50

assay.

For all other investigations, cells were seeded a day prior to reaching approximately
70-80% confluency on the day of infection. Cell monolayers were left
uninfected/mock infected or infected with virus stocks diluted in serum-free medium
for the desired MOI at 37°C and 5% CO2. Cells were infected for 90 min before
inoculum was removed and replaced with medium containing 5% FCS and 1% P/S.

40



For western blot analysis, THP-1 cells were prepared on the day of infection and
infected in tubes with rotation. Inoculum was removed by pelleting cells at 500 xg for
5 mins and then re-suspending in medium containing 10% FCS and 1% P/S. For
immunofluorescence (IF) microscopy, THP-1 cells were adhered to coverslips pre-

treated with Corning Cell-Tak (Fisher Scientific) after antibody labelling.

2.3. Antibodies and dyes

Antibodies used in this study include primary (commercial and in-house generated)
and secondary (commercial) antibodies, and are detailed in Tables 2.2 and 2.3,

respectively.

Table 2.2 Primary antibodies generated against RSV and cellular proteins.

Antibody Source Validation/approved | Application
application

Mouse monoclonal (Taylor et al., | Radioimmunoassay | WB (1/200); IF

anti-RSV F (mAb19) | 1992) and IF (1/400)

Mouse monoclonal (Taylor et al., WB (1/1000); IF

anti-RSV N 1984) (1/400)

(mADb89)

Mouse monoclonal (Taylor et al., WB (1/500); IF

anti-RSV P (mAb12) | 1984) (1/1200)

Mouse monoclonal IF (1/100)

anti-RSV M Geraldine

(mAb105) Taylor, The

Mouse monoclonal Pirbright IF (1/100)

anti-RSV M2-1 Institute

(mAb91)

Rabbit polyclonal Ingenasa wB WB (1 pg/ml); IF

anti-oRSV SH (1/1000)

Rabbit polyclonal BH Labs wWB WB (1/1000); IF

anti-hRSV SH (1/400)

41



Rabbit monoclonal WB, IF, IP, CHIP WB (1/1000); IF
anti-NF-kB p65 assay, etc. (1/800)
(D14E12)
Rabbit monoclonal WB, IF, IP, etc. WB (1/1000)
anti-phospho-NF-kB
p65 (Ser536) (93H1)
Mouse monoclonal WB, IF, IP, etc. WB (1/1000)
anti-IKappaBalpha C.eII )
Signaling
(L35A5) (Amino-
terminal antigen) Technology
Rabbit monoclonal WB, IF, IP, etc WB (1/1000)
anti-phospho-
IKappaBalpha (S32)
(14D4)
Rabbit monoclonal WB, IF and IP IF (1/100)
anti-IRF3 (D614C)
Rabbit anti-alpha Abcam WB WB (1/10000);
tubulin IF(1/1000)
Rabbit monoclonal WB, IF, IP, etc WB (1/1000)
anti-GAPDH el
Signaling
Rabbit polyclonal WB, IF, IP, CHIP WB (1/1000); IF
anti-FLAG Technology assay, etc. (1/200)
Rabbit anti-beta Abcam WB, IF and IHC WB (1/5000); IF
Actin (1/500)
Mouse monoclonal Thermo WB, IF, IP, ELISA, WB (1/5000); IF
anti-V5 tag Fisher CHIP assay, etc. (1/5000)
Rabbit monoclonal Cell WB, IF and IHC IF (1/100)
anti-Calnexin Signaling
Rabbit monoclonal Technology | WB, IP, IFand IHC | IF (1/100)
anti-AlF
Mouse anti-G3BP BD WB and IF IF (1/100)
Biosciences
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Rabbit monoclonal Cell

WB, IF, IHC, etc. IF (1/100)

anti-elF4G Signaling
Rabbit monoclonal Technology | WB IF (1/100)
anti-elF4A1

Table 2.3 Secondary antibodies and dyes.

Antibody Source Application

Goat polyclonal anti-rabbit WB (1/2000)

IgG (heavy and light chain),

HRP-linked antibody Cell Signaling

Horse polyclonal anti-mouse Technology WB (1/2000)

IgG (heavy and light chain),
HRP-linked antibody

Goat polyclonal anti-mouse IF (1/2000)
IgG (H+L), Alexa Fluor 488

Goat polyclonal anti-rabbit IF (1/2000)
IgG (H+L), Alexa Fluor 488

Goat polyclonal anti-mouse IF (1/2000)
IgG (H+L), Alexa Fluor 568

Goat polyclonal anti-rabbit ) ) IF (1/2000)
IgG (H+L), Alexa Fluor 568 Life Technologies

Goat polyclonal anti-mouse IF (1/2000)
1gG2a, Alexa Fluor 647

Goat polyclonal anti-mouse IF (1/2000)
IgG2a, Alexa Fluor 488

Goat polyclonal anti-mouse IF (1/2000)
IgG2Db, Alexa Fluor 568

4, 6-diamidino-2-phenylindole | Invitrogen IF (1/10000)
(DAPI)

Vectashield Antifade mounting | Vectorlabs Neat

medium with DAPI
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2.4. Molecular techniques

Table 2.4 Outsourced plasmids.

Name Description Source
pcDNA3.1(+) Mammalian constitutive Invitrogen
expression vector with CMV
promoter.
pcDNAG Expresses the bRSV SH protein (Pollock et al., 2017)
bRSV SH-
V5/His
pcDNA3.1 Expresses the hRSV SH protein Provided by Jane
hRSV SH McKeating; University of
Birmingham
pcDNA3.1 Expresses codon-optimised bRSV | Bio Basic Inc
bRSV N N protein
pcDNA3.1 Expresses codon-optimised hRSV | Bio Basic Inc
hRSV N N protein
pcDNA3.1 Expresses FLAG-tagged bone (Kelly et al., 2019)
BST2-FLAG marrow stromal antigen 2 (BST2)
pcDNA3.1 Expresses HA-tagged NF-«B Provided by Carlos
HA-p65 subunit p65 Maluguer de Motes;
University of Surrey
pCl MC159 Expresses the MC159 protein of Provided by Chris
molluscum contagiosum virus Netherton, The Pirbright
Institute and used with
permission from Joanna
Shisler, University of
Illinois (Randall et al.,
2012)
pCEP MCO005 Expresses the MCO005 protein of Provided by Gareth
molluscum contagiosum virus Brady; The University of
pTRAF2 Expresses human TRAF2 Dublin
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NF-kB-Fluc Expresses firefly luciferase under
the control of NF-kB response

elements

pGL3 renilla Constitutively expresses renilla

luciferase (TK- | luciferase

renilla)

2.4.1. Diagnostic reverse transcriptase (RT) PCR

Production of ANS1, ANS2, and ANS1/2 bRSV were previously described (Schlender
etal., 2000, Buchholz et al., 1999). RT-PCR was used to confirm deletion of the genes
by comparing PCR fragments from the mutant viruses to that produced from wild type
bRSV. Vero cells were infected with the viruses at an MOI of 2 and total RNA
extracted 24 h later using TRIzol reagent (ThermoFisher Scientific) by following the
manufacturer’s instructions. RNA extracts were resuspended in 30 uL molecular

biology grade H>O and quantified using a NanoDrop spectrophotometer.

Single-stranded cDNA were generated from the RNA extracts using SuperScript 11
reverse transcriptase (Invitrogen) following the manufacturer’s instructions. Each
reaction contained 1ug VRNA and forward or reverse primers (Table 2.5) which
amplify from the gene start (Gs) region of NS1 to the beginning of the N gene. The
single strand cDNA were then used as templates for amplification in PCR with Taq
DNA polymerase (New England BioLabs), also following the manufacturer’s

instructions.

Table 2.5 Primers for RT-PCR

Description Sequence (5’ to 3')
Binds the NS1 Gs | ACGCGAAAAAATGCGTATAACAAACCTGTACATCCA

region of the

bRSV genome
Binds the GAGCCATTTTTGTATTTGCCCCACATTTCA
beginning of the
bRSV N gene
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2.4.2. Cloning into pcDNA3.1

2.4.2.1. Oligonucleotides

To design oligos, the SH gene sequence was targeted from bRSV Snook strain; N and
P gene sequences from bRSV A51908 (NC_038272) and hRSV A2 (KT992094); and
NF-kB p65 coding sequence from (NM_021975). Forward and reverse
oligonucleotides specific for the 5’ and 3’ ends, respectively, of the coding sequences
were designed and purchased from Sigma (Table 2.6). Forward primers (For) were
tailed with additional nucleotides to facilitate restriction enzyme digest (TTATT),
followed by a restriction enzyme recognition site (underlined) and a Kozak consensus
sequence (GCCACCATG; coloured blue) upstream of the complementary sequence
to the 5’ end of the gene ORFs. Reverse primers were synthesised with a stop codon
(TCA,; coloured green), a restriction enzyme recognition site (underlined) and tail
nucleotides (TATTA) downstream of the complementary sequence to the 3’ end of the
gene ORFs. The coding sequence for a FLAG tag (coloured brown) was included in
reverse primers and any desired mutations (coloured red) incorporated in both For and

Rev primers.

Table 2.6 Primers for cloning RSV and host genes into pcDNA3.1

Sequence (5’ to 3') Target gene ORF
For: bRSV SH
TTATTAAGCTTGCCACCATGAACAATACATCTACCAT
AATAGAG

Rev:

TATTAGAATTC GTTGCTTGA
TTGGTTGATGGATCC

For: bRSV SH-FLAG
TTATTAAGCTTGCCACCATGAACAATACATCTACCAT
AATAGAG

Rev:

TATTAGAATTC

GTTGCTTGATTGGTTGATGGATCC

For: bRSV SH-FLAG
TTATTAAGCTTGCCACCATGTTAGCCTTTATGATGTTA | (AN1-19)

Rev:
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TATTAGAATTC
GTTGCTTGATTGGTTGATGGATCC

For:
TTATTAAGCTTGCCACCATGACTGGTGAATTTTGGAC
T

Rev:

TATTAGAATTC

GTTGCTTGATTGGTTGATGGATCC

bRSV SH-FLAG
(AN1-10)

For:
TTATTAAGCTTGCCACCATGAACAATACATCTACCAT
AATAGAG

Rev:

TATTAGAATTC

TATTGCTGCCACTAATGA

bRSV SH-FLAG
(AC41-82)

For:
TTATTAAGCTTGCCACCATGAACAATACATCTACCAT
AATAGAG

Rev:

TATTAGAATTC

GATGTCTAGACTATTTGT

bRSV SH-FLAG
(AC58-82)

For:
CTTACTTTACATTAGCCGCCATGATGTTAACCATAGG
Rev:
CCTATGGTTAACATCATGGCGGCTAATGTAAAGTAAG

bRSV SH-FLAG
(F22A)

For:
GTGACTTCAACGATCATGCCACAAATAGTCTAGACAT
C

Rev:
GATGTCTAGACTATTTGTGGCATGATCGTTGAAGTCA
C

bRSV SH-FLAG
(H51A)

For:
TTATTGGTACCGCCACCATGGAAAAATTTGCACCTGA
GT

Rev:

TATTAGGATCC GAAATCTTCAAGTGATAGATC

bRSV P
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For: hRSV P
TTATTGGTACCGCCACCATGGAAAAGTTTGCTCCTGA
ATTCCATGGAGAAGATGC

Rev:

TATTAGGATCC GAAATCTTCAAGTGATAGATCAT
TGTCAC

For: NF-kB p65
TTATTGGTACCGCCACCATGGACGAACTGTTCCCCCT
CATCTTCCCGGCAGAGC

Rev:
TATTAGGATCCGGAGCTGATCTGACTCAGCAGGGCTG
AGAAGTCC

24.2.2. Isolation of total RNA from RSV infected cells
Vero cells were infected with hRSV or bRSV at an MOI of 2 and total RNA extracted
24 h later as already described in 2.4.1.

2.4.2.3. Reverse transcription
Single-stranded cDNA were generated from RSV RNA extracts (produced in 2.4.2.2)
using SuperScript Il reverse transcriptase (Invitrogen) following the manufacturer’s
instruction. Each reaction contained 1pug VRNA and primers specific for the 5" and 3’
ends of b/hRSV P genes (Table 2.6).

2.4.2.4. Polymerase chain reaction (PCR)

The open reading frame (ORF) of full-length SH was amplified from a plasmid
encoding bRSV SH snook strain (pcDNA6 bRSV SH-V5/His; (Pollock et al., 2017)
using oligos flanked by Hindlll and EcoR1 restriction sites (Table 2.6) and KOD Hot
Start DNA polymerase (EMD Millipore) following the manufacturer’s instructions.
FLAG-tagged and truncation mutants of SH were generated by amplifying the desired
regions using oligos also flanked by Hindlll and EcoR1 restriction sites and
incorporating the FLAG encoding sequence. F22A and H51A mutants were made by
overlap extension PCR using primers incorporating the mutations. The ORFs of
b/hRSV P were amplified from cDNA generated in 2.3.2.3 and NF-«xB p65 amplified
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from pcDNA3.1-HA-p65 (kindly provided by Carlos Maluquer de Motes, University
of Surrey) using oligos flanked with Kpnl and BamHI restriction sites. Each PCR
reaction contained 10% (v/v) 10X Buffer for KOD Hot Start DNA Polymerase, 1.5
mM MgSOQOs, 0.2 mM of each dNTP, 0.3 uM of each primer, 0.02 U/uL KOD Hot
Start DNA Polymerase all in a final volume of 50 puL. PCR reactions were run for 30

cycles in a thermal cycler (Applied Biosystems).

2.4.2.5. Restriction enzyme digestion and isolation of DNA fragments

PCR products were purified using GFX PCR DNA and gel band purification kit
(Merck) and digested in a 50 pL reaction containing 10% (v/v) 10X buffer (CutSmart;
New England Bio-Labs) and 15 units of each enzyme. 5 ug pcDNAS3.1 was digested
in separate reactions also containing 10% (v/v) 10X buffer (CutSmart; New England
Bio-Labs) and 15 units of each enzyme pair. Digests were incubated for 2 h at 37°C.
Vectors were then dephosphorylated using Antarctic phosphatase (New England Bio-

Labs) by following the manufacturer’s instructions.

DNA gel loading buffer was then added to digested inserts and vector and separated
by agarose gel electrophoresis. Inserts were separated out using 1% (w/v) agarose
(Sigma) gels and vectors on 2% (w/v) gels prepared in 1x Tris-borate EDTA (TBE;
ThermoFisher Scientific) and stained with SYBR Safe DNA gel stain (Invitrogen).
Electrophoresis was run at 100 V for 40-60 min in 1x TBE running buffer. DNA
fragments were visualised on a UV transilluminator, relevant bands extracted using
GFX PCR DNA and gel band purification kit and eluted in 30 uL H-O.

2.4.2.6. Ligation of DNA fragments

Ligation reactions were prepared with 5 pL vector DNA, 7.5 uL insert DNA, 10%
(v/v) ligation buffer, 1 yL T4 DNA ligase in a 20 pL reaction volume. A negative
control containing no insert DNA was also prepared and the reactions incubated at
16°C overnight.

2.4.2.7. Isolation of plasmid DNA and quality control

5 uL of each ligation mix was used to transform 50 pL of HB101 competent cells
(Promega) and the mixture spread out onto agar plates containing 100 pg/ml ampicillin
(Sigma). Plates were then incubated at 37°C overnight in an inverted position.
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Following successful transformation, 10 colonies were picked from each plate and
grown in 5 mL LB-medium containing 100 pug/ml ampicillin at 37°C overnight in a
shaking incubator. Plasmid DNA were prepared from 4 mL of the overnight cultures
using QIAprep miniprep kit (Qiagen) and eluted in 50 pL elution buffer (EB; 10 mM
Tris-Cl). The presence of DNA inserts was confirmed by digesting 8 uL of isolated
plasmids with 5 units of each enzyme in a 15 pL reaction followed by agarose gel
electrophoresis. Sequences were confirmed by conventional sanger sequencing
performed by GATC Biotech. Larger preparations of clones containing the right

sequences were made using a QlAprep maxiprep Kit (Qiagen).

Table 2.7 Primers for sequencing genes inserted into pcDNA3.1

Description Sequence (5' to 3')

Forward primer: binds 3' region of | CGCAAATGGGCGGTAGGCGTG
CMV promoter in pcDNA3.1
Reverse primer: binds 5' region of | CCTCGACTGTGCCTTCTA
BGH polyA signal in pcDNA3.1

2.4.3. Transfections

Plasmids were transfected into cells using TransIT-X2 (Geneflow). Plasmid DNA
were prepared in Opti-MEM (ThermoFisher Scientific), TransIT-X2 added (4 pL per
2 ug DNA) and then incubated at room temperature for 20 mins. Transfection mix was
added dropwise to cells at 70-90% confluency and incubated at 37°C and 5% CO> for

the required times to allow protein expression.

2.4.4. SDS-PAGE and western blotting

Following virus infection, transient transfection or stimulation, growth medium was
removed, and cells washed once with PBS. Cell extracts were prepared by lysing in
100 pl (1 x10° cells) or 200 ul (2 x10° cells) 1X SDS sample buffer (Laemmli; Bio-
Rad) supplemented with p-mercaptoethanol (Sigma), Complete mini-EDTA-free
protease inhibitors (Roche) and 1 mM sodium orthovanadate (New England Bio-
Labs). Samples from virus growth and replication time points were prepared by adding
2X sample buffer in a 1:1 ratio. Cell extracts were denatured by boiling at 100°C for
5 mins, with 20 pl separated by SDS PAGE using 1X running buffer (25 mM Tris,
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192 mM glycine, and 0.1% (w/v) SDS, pH 8.3; Bio-Rad) on an 8-12% (v/v)
polyacrylamide gel made with reagents from Bio-Rad. PageRuler plus prestained
protein ladder (ThermoFisher Scientific) was included for molecular weight
estimation. Electrophoresis was run at 30 mA for 15 min followed by 50 mA for 50-

60 mins using a Mini-protean tetra system (Bio-Rad).

For western blotting, proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (Bio-Rad) with the Trans-blot Turbo blotting system (Bio-Rad) using 1X
transfer buffer (25 mM Tris, 192 mM glycine, pH 8.3; Bio-Rad) and 20% (v/v)
methanol following the manufacturer’s instructions (30 min at 25 V). After blocking
for 1 hr with 5% (w/v) semi-skimmed milk in PBS with 0.1% Tween 20 (mPBS-T)
and washed thoroughly in PBS-T, the membranes were probed with primary
antibodies overnight at 4°C, washed three times with PBS-T and probed with the
corresponding horseradish peroxidase-conjugated secondary antibodies (CST) in 5%
mPBS-T. Protein bands were detected using Clarity Western ECL substrate (Bio-Rad)
and imaged with Bio-Rad ChemiDoc™ MP Imaging System. Data analysis and
quantification of phospho-p65 band volumes were performed using ImageLab (Bio-
Rad.

2.4.5. Coimmunoprecipitation.

A total of 1 x 10° 293T cells cultured overnight in 12-well plates were transfected with
pcDNA3.1-empty vector (pEV) or pcDNA3.1-p65 (pP65) using the TransIT-X2
reagent (Geneflow) as described in 2.4.3. After 24 h, cells were infected with bRSV
at an MOI of 1 or mock infected and incubated for another 24 h. Cells were then lysed
on ice for 10 mins with 200 pL radioimmunoprecipitation assay (RIPA) lysis buffer
(EMB Millipore), transferred to sterile 1.5 mL tubes and cell debris removed by
centrifugation (at 4°C, max speed for 10 mins). Immunoprecipitation was performed
with protein A- or G-coated magnetic beads Cell Signaling technology; CST)
according to the manufacturer’s instructions. Cell lysates were precleared with beads
and 60 pL incubated with rabbit anti-p65 (CST) or mouse anti-N protein antibodies
overnight at 4°C with rotation. Lysates containing rabbit antibodies were then
incubated with protein A-coated magnetic beads and those with mouse antibodies
incubated with protein G-coated magnetic beads for 20 min at room temperature with
rotation. Following five washes with PBS-T, immunoprecipitates were eluted with 40
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puL 1X Laemmli sample buffer supplemented with B-mercaptoethanol (Sigma) and
complete mini-EDTA-free protease inhibitors (Roche). 8 uL 4X sample buffer was
added to 25 pL cell lysates as input control. All samples were subjected to SDS-PAGE
(30 pL loaded per well on a 12% polyacrylamide gel) and western blot analysis as
already described in 2.4.4.

2.5.  Fluorescent and bright-field microscopy techniques

2.5.1. Cell viability assay
Viability of transfected cells was tested using CellTiter-Blue cell viability assay

(Promega) following the manufacturer’s instructions.

2.5.2. Luciferase reporter assay

A total of 2 x 10° 293T cells seeded onto 24-well plates were co-transfected with 100
ng of a NF-«kB FLuc reporter which expresses the firefly luciferase gene under the
control of five NF-kB repeated transcription factor binding sites and 10 ng of the TK-
ren control plasmid (both kindly provided by Gareth Brady; The University of Dublin)
using Transit-X2 (Geneflow) as described in 2.4.3. For studying the effect of the SH
protein, reporter plasmids were transfected together with 100 ng of empty vector (EV;
pcDNA3.1), or plasmids expressing MC159, MC005, bRSV SH, SH-FLAG or hRSV
SH. Separately, infections with virus (bRSV or hRSV) at an MOI of 1 were done 6 h
prior to transfection of reporter plasmids. A total of 24 h post transfection, cells were
left untreated or stimulated with 20 ng/ml hTNF-a for 4 or 16 hours. Cells were then
lysed with 120 pL reporter lysis buffer (Promega) for 1 h at 4°C on a rocking platform
and plates stored at -20°C overnight to enhance lysis. Thawed lysates were used to
determine firefly and renilla luciferase activities on a Glomax luminometer using the
luciferase assay system (Promega) and coeleterazine (Promega), respectively. Firefly

data were normalized to renilla which was used as an internal control of transfection.

2.5.3. Confocal immunofluorescence microscopy

Cells grown on glass coverslips (13 mm in diameter) in 24 well plates were washed
once in PBS then fixed with 4% paraformaldehyde (PFA; Sigma) in PBS for 15 min.
Fixed cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min and blocked
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with 0.5% bovine serum albumin (BSA) (Sigma) in PBS. Cells were incubated in
primary antibodies prepared in PBS with 0.5% BSA at the dilutions indicated in Table
2.2, overnight at 4°C on a rocking platform. They were then washed 3X with PBS and
incubated with Alexa Fluor secondary antibodies (Life Technologies) prepared in PBS
with 0.5% BSA at the dilutions indicated in Table 2.3, for 1 h at room temperature on
a rocking platform. Cells were then washed 3X with PBS and coverslips mounted on
microscope slides with Vectashield (Vector labs) containing 4',6-diamidino-2-
phenylindole (DAPI) for nuclei staining. Slides were stored in the dark at 4°C before
imaging. Fluorescence was imaged on a Leica TCS SP5 confocal microscope using
405-nm, 488-nm, and 568-nm laser lines for the appropriate dyes and a 63x oil
immersion objective. Images were acquired at random in a single Z-position in the
median section of the cells, unless otherwise stated and analysed using the Leica LAS
AF Lite software.

2.5.4. Quantitation of bRSV-induced p65 puncta and 1Bs

Mock- or bRSV-infected MDBK cells were fixed in 4% PFA (Sigma) at 6, 16, 24 and
48 h p.i. and labelled according to the immunofluorescence method described in 2.5.3.
Images were taken at a single Z-plane in the median section of the cells or at multiple
Z-position, 0.5 pum apart, by confocal microscopy and max intensity Z-stacks of 8
planes made using the Leica LAS AF Lite software. Quantifications of p65 puncta
were performed on images collected from a single Z-plane using the line and area
region of interest analysis tool. N- and p65-positive structures in max intensity Z-
stacks were quantified using the area region of interest tool. Acquired data were then
processed in GraphPad Prism 7 and parametric one-way analysis of variance

(ANOVA) and Tukey’s multiple comparison tests performed.

2.5.5. 5-Ethynyl uridine (EU) labelling

To detect newly synthesised viral RNA, cells infected for 24 h and growing on
coverslips were incubated with or without medium supplemented with 20 pg/ml
actinomycin D (Act D) to inhibit cellular transcription for 1 h. Cells were then
incubated with medium containing 1 mM SEU and 20 ug/ml Act D for another hour.
Medium was then washed off and cells fixed in 4% PFA for 15 min. Cells were then
washed once with PBS and permeabilized with 0.2% Triton X-100 for 5 min. They
were both supplemented with 0.125 U/ml RNase inhibitor (Promega). Incorporated
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5EU was labelled using the Click-IT RNA imaging kit (Invitrogen) following the
manufacturer’s protocol. Following that step, immunofluorescence staining was done

as described in 2.5.3.

2.5.6. Transmission electron microscopy

Cells seeded onto Thermanox coverslips (Thermo Scientific) were fixed at 24 h and
48 h p.i in phosphate-buffered 2% glutaraldehyde (Agar Scientific) for 1 hour and the
rest of the protocol carried out by Jennifer Simpson (The Pirbright Institute bioimaging
group). Briefly, glutaraldehyde fixation was followed by 1 hour in aqueous 1%
osmium tetroxide (Agar Scientific). The following dehydration steps were performed
in an ethanol series: 70% for 30 min, 90% for 15 min, and 100% 3X for 10 min.
Subsequently, a transitional step of 10 min in propylene oxide (Agar Scientific) was
undertaken before infiltration with a 50:50 mix of propylene oxide and epoxy resin
(Agar Scientific) for 1 hour. After a final infiltration of 100% epoxy resin for 1 hour,
the samples were embedded and polymerized overnight at 60°C. Next, 80-um-thin
sections were cut, collected onto copper grids (Agar Scientific), and grid stained using
Leica EM AC20 before being imaged at 100 kV in a FEI Tecnai 12 TEM with a TVIPS
F214 digital camera.

2.5.7. Correlative light electron microscopy

Cells seeded onto gridded glass coverslips (MatTek) were fixed at 24 h and 48 h p.i in
4% PFA (Sigma) and labelled according to the described immunofluorescence method
(2.5.3). Cells were then handed to Jennifer Simpson who performed the rest of the
protocol. Briefly, selected grid squares were imaged on a Leica TCS SP8 confocal
microscope using 405-nm, 488-nm, and 568-nm laser lines for the appropriate dyes.
The cells were then fixed in phosphate-buffered 2% glutaraldehyde (Agar Scientific)
for 1 hour followed by 1 hour in aqueous 1% osmium tetroxide (Agar Scientific).
Following 15 min in 3% uranyl acetate (Agar Scientific), the cells were dehydrated in
an ethanol series, as follows: 70% for 30 min, 90% for 15 min, and 100% 3X for
10 min. After infiltration of 100% epoxy resin for 2 hours, the samples were embedded
and polymerized overnight at 60°C. The glass coverslips were removed with liquid
nitrogen and the appropriate grid squares located. Next, 80-um-thin sections were cut,

collected onto copper grids (Agar Scientific), and grid stained using a Leica EM AC20
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instrument. The specific cells imaged in the confocal were identified and imaged at
100 kV in a FEI Tecnai 12 TEM with a TVIPS F214 digital camera.

2.6. Statistics

GraphPad Prism 7 was used to perform unpaired T tests or parametric one-way

analysis of variance (ANOVA) and Tukey’s multiple comparison tests.

2.7. Ethics statement

This research did not use any primary human or animal tissue.
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Chapter 3: The role of bRSV SH protein in NF-kB activation

3.1. Introduction and aims.

As discussed in chapter 1, the RSV SH protein forms a single-pass, type Il membrane
glycoprotein, suggested to assemble into pentameric viroporins (Gan et al., 2012,
Carter et al., 2010). Although its exact role in the virus lifecycle is not fully defined,
previous studies using deletion mutants have demonstrated a role in inhibiting the
inflammatory response in infected cells. Both bRSV and hRSV lacking the SH gene
(bRSV ASH and hRSV ASH) induced higher levels of proinflammatory cytokines
(TNFa and IL-1B) and apoptosis relative to wild type viruses (Taylor et al., 2014,
Fuentes et al., 2007, Abraham et al., 2018, Russell et al., 2015). Furthermore, the
mutant viruses were partially attenuated in vivo, although replication in vitro was
comparable to the wild type viruses (Taylor et al., 2014, Russell et al., 2015). These
responses were attributed to inhibition of the NF-«xB pathway (Pollock et al., 2017) —
a key regulator of the antiviral response that also induces expression of several
proinflammatory cytokines. Thus, we hypothesised that there is a specific domain
within the SH protein that inhibits a step in the NF-«xB signalling pathway thereby
preventing the correct modification of components, such as NF-kB subunit p65 or
IkBa.

We aimed to test this hypothesis by comparing the effects of recombinant bRSV ASH
and wild type bRSV infection on activation of the NF-kB pathway in epithelial cells,
macrophages, and dendritic cells, using western blotting, immunofluorescence
microscopy and reporter gene assay analyses. Specifically, we planned to examine
IkBa degradation, NF-kB subunit p65 phosphorylation, p65 nuclear translocation and
NF-kB transactivation in virus infected cells and in response to TNFa stimulation. In
addition, the impact of ectopic overexpression of full length and mutant bRSV SH
would also be assessed using the same techniques, to identify the role of specific
domains within the SH protein. Experimental protocols would initially be established
in epithelial and monocyte cell lines to uncover examples of significant inhibition.
This would subsequently be followed up with analyses in more physiologically

relevant primary bovine antigen presenting cells. Bovine RSV would be used as the
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model virus throughout this study, however, hRSV and ectopic hRSV SH expression
were to be included as controls where relevant. Understanding NF-kB modulation by
RSV will improve our basic knowledge on how such infections interact with the host
immune system. This is also important for developing future strategies to control RSV.

3.2. Results

3.2.1. Comparison of wild type and ASH bRSYV replication.

To confirm the suitability of bBRSV ASH as a tool for studying SH protein function,
the in vitro replication fitness of this recombinant virus was evaluated and compared
to wild type virus. Previous studies have shown that deletion of the SH gene does not
significantly impact virus replication (Karger et al., 2001). Firstly, virus growth was
compared in three different cell lines: MDBK (bovine kidney epithelial line), Vero
(monkey kidney epithelial line) and THP-1 (human monocytic line) cells. To assess
virus replication in the epithelial cells, Vero and MDBK cells were infected with
recombinant bRSV (wild type and ASH) at a MOI of 2 and growth monitored. Viruses
were harvested by making cell lysates in the growth medium to collect both cell-
associated virus and virus released into the supernatant at 3, 6, 16, 24, 48 and 72 h p.i.
Virus titres were then determined by TCID50 end point assay. In MDBK cells, bRSV
ASH replicated faster in the early stages of infection when compared to wild type
bRSV although there were no significant differences in the final titres (Fig 3.1A). Both
viruses replicated to similar mean titres of 10° TCID50/ml by 72 hours post infection
in MDBK (Fig 3.1A) and in Vero cells (Fig 3.1B). A separate experiment was set up,
in Vero cells only, as described above to monitor cytopathic effect (cpe) by syncytia
formation over a 6-day period. Cpe was observed earlier in cells infected with the
mutant virus when compared to wild type bRSV (Fig B.1). At 72 h p.i., there were
larger and more syncytiated cells in rBRSV ASH infected cells, however by day 6,
both viruses had caused significant cpe in all cells. To conclude, although bRSV ASH
replicates faster in the early stages of infection in MDBK cells, when compared to the

wild type virus, both viruses grew to equivalent titres in Vero and in MDBK cells.

Although ciliated airway epithelial cells are the primary target of RSV, immune cells,
such as macrophages and dendritic cells, which are major contributors in RSV-induced
inflammation (Goritzka et al., 2015, Valarcher and Taylor, 2007), may also become

57



MDBK cells Vero cells
1073 1075
- (BRSY  -O- rBRSV ASH

s = - BRSV -0- rBRSV ASH
3 3
g g
g 2
g g
= =
= 5

102+ - y ; - 103 . ; ; |

0 20 40 60 80 0 20 40 60 80

Hours post infection Hours post infection

Figure 3.1 SH protein deletion does not reduce the efficiency of bRSV replication in epithelial
cells. (A) MDBK (B) Vero cells were infected with wt bRSV or ASH at an MOI of 2. Viruses were
harvested by snap freezing at 3, 6, 16, 24, 48 and 72 h p.i, and virus titres determined by TCID50
end point assay. Graphs show means + SD of triplicate infections from the same experiment. Data
are representative of n=2 independent experiments. Statistical significance was determined by
unpaired T test. *p<0.05.
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Figure 3.2 THP-1 cells are not permissive to recombinant bRSV replication. THP-1 cells were
infected with wt bRSV or ASH at an MOI of 2. Viruses were harvested by snap freezing at the
indicated times p.i, and virus titres determined. Graph shows means *+ SD of triplicate infections
from the same experiment and are representative of two independent experiments.
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infected (Panuska et al., 1990, Jones et al., 2006). Furthermore, the increased IL-1p
response observed in monocytes infected with bRSV ASH (Taylor et al., 2014) and
hRSV ASH infected macrophages (Russell et al., 2015) suggests SH also has an effect
on NF-«B in these cells. Due to the unavailability of a relevant bovine immune cell
line, I used the human monocyte-like THP-1 line (Tsuchiya et al., 1980) in order to
optimise experimental conditions for downstream analysis in primary bovine antigen
presenting cells. Although THP-1 cells are routinely used as a model for primary
monocytes (Bosshart and Heinzelmann, 2016, Qin, 2012), their susceptibility to RSV
infection is unclear. Russell et al. have shown limited transcription of RSV-encoded
RNA in these cells using GFP-expression (Russell et al., 2015), however the
production of nascent virus was not explored. To examine this, THP-1 cells were
infected at an MOI of 2 (equivalent to that used to infect epithelial cells) and virus
growth determined at 72 h p.i. by TCID50 end point assay. The 0 h p.i. titres represent
cell adsorbed virus which were collected following thorough washing of cells 2 h after
incubation with inoculum. The significant differences in the titres compared to the
values obtained in Fig 3.1 is likely due to increased virus-cell contact. Infection of
THP-1 cells were carried out in suspension with gentle rotation whereas the epithelial
cells were adherent. The titres obtained at 72 h p.i. include both cell-associated virus
and virus released in the supernatant. Assessment of virus growth over the time course
of the experiment, comparing titres at 0 h p.i. to 72 h p.i. (Fig 3.2), indicates a failure
in the replication cycle. In summary, this data suggests that THP-1 cells are not

permissive to bRSV replication.

3.2.2. Viral glycoprotein production in Vero and THP-1 cells

Although | did not observe nascent RSV production in THP-1 cells (Fig 3.2), the
previously observed expression of virus-encoded GFP (Russell et al., 2015) indicates
that they can support transcription of the RSV genome, and possibly protein synthesis.
Thus, | examined how the observed nascent virus production (in Vero), or lack thereof
(in THP-1 cells), correlated with viral protein synthesis. Vero and THP-1 cells were
infected with virus and then at 0, 3, 6, 18, 24, 48, and 72 h p.i., examined for expression
of bRSV F and SH proteins using western blot analysis. As observed with the growth
analysis (Fig 3.1 and Fig 3.2), there was significant expression of the assessed viral
proteins in Vero cells (Fig 3.3A), especially in the later stages of infection, but not in
THP-1 cells (Fig 3.3B). In Vero cells, similar patterns of F protein expression were
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Figure 3.3 Viral protein expression by western blot and immunofluorescence analyses. (A)
Vero and (B) THP-1 cells were mock infected or infected at an MOI of 2 with bRSV or bRSV ASH
viruses. Cells were lysed at the indicated times and analysed by immuno-blotting using antibodies
against the indicated proteins. GAPDH was detected as a sample loading control. Data are from a
single experiment. (C) Vero and (D) THP-1 cells were mock infected or infected at an MOI of 2
with bRSV or bRSV ASH. At 24 h p.i., cells were fixed and immuno-stained with anti-RSV F
antibodies (green). Nuclei were stained with DAPI (blue), and images obtained using a Leica TCS
SP5 confocal microscope. White arrow heads indicate virus filaments projecting from the plasma
membrane. (E) Lower magnification images of D to highlight low infection rates. Images are
representative of n=4 independent experiments.
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seen in both wt and bRSV ASH infected cells, peaking at 72 h p.i. (Fig 3.3A).

SH protein was only detected in wt bRSV infected cells and not in cells infected with
the mutant virus (Fig 3.3A), confirming deletion of the gene. Previous studies have
demonstrated that several forms of human RSV SH protein are expressed in virus
infected cells: glycosylated forms SHyq (13-15 kDa) and SHp (21-30 kDa), and non-
glycosylated forms SHo (7.5 kDa; full length) and SH; (4.8 kDa; truncated) (Anderson
et al., 1992). | observed the expression of all of these forms of SH in bRSV infected
Vero cells, except for the truncated SHtform (Fig 3.3A). Of the forms of SH detected,
significant levels of expression were apparent from 24 h p.i., increasing as infection
progressed. Immunofluorescence (IF) microscopy was also carried out to examine the
expression of bRSV F in cells infected with virus for 24 h. Similar patterns of F protein
expression were observed between the two viruses (Fig 3.3C). Notably, in Vero cells,
the increase in F and SH protein expression (Fig 3.3) correlated with the increase in

nascent virus production (Fig3.1B).

In contrast, THP-1 cells infected with an equivalent amount of virus appeared to show
no expression of F and very low levels of SH by western blot analysis (Fig 3.3B), also
correlating with the unproductive infection observed in Fig 3.2. However, when F
protein expression was examined by IF microscopy, reasonably high levels of
expression were observed, albeit only in a few cells (Fig 3.3D), approximately <5%
of cells per field of view (Fig 3.3E). Of note, IF analysis represents a more sensitive
assay compared to western blotting since signals are reported at the level of individual
cells and less influenced by background from uninfected cells. However, these results,
together with the poor virus recovery from THP-1 cells, confirms the low permissivity

of these cells.

Interestingly, two populations of F protein were observed by IF in Vero cells — an
intracellular, presumably endoplasmic reticulum (ER) or secretory pathway-
associated population and a filamentous plasma membrane-associated population (Fig
3.3C). This finding was consistent with previously reported data which shows that F
protein is expressed in the ER and rapidly transported through the secretory pathway
to lipid rafts in the plasma membrane, where it is incorporated into virus filaments
(Rixon et al., 2004). Evidently, several F protein-stained filaments were seen

projecting from the plasma membrane of infected Vero cells (white arrowhead; Fig
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3.3C), possibly showing incorporation of F into mature virions at sites of assembly.
Of note, this was not apparent in infected THP-1 cells. F protein could be seen
predominantly distributed in the cytoplasm with a notable lack of projecting filaments
at the cell surface (Fig 3.3D. There appears to be a lack of virus assembly in THP-1
cells although the preceding steps in the viral life cycle, i.e., genome replication,
transcription etc. require further investigation. In summary, these data indicate that
bRSV might exhibit abortive infection in THP-1 cells, and that deletion of the SH gene
does not affect replication of the virus in permissive cells.

3.2.3. Characterisation of transiently expressed SH protein

To assess the suitability of transient overexpression of SH as a tool to study the
function of this protein, 1 examined whether overexpressed and endogenously
expressed SH behave similarly. The synthesis and sub-cellular localisation of
overexpressed SH were analysed and compared to SH expressed in virus infected cells.
Firstly, 293T cells were transfected with plasmid expressing bRSV SH (pcDNA3.1-
SH) and the expressed SH forms analysed by western blotting. Cell lysates were
prepared for reducing SDS PAGE at 24 h post transfection (p.t.), in Laemmli lysis
buffer with and without the addition of beta-mercaptoethanol (B-ME) and denatured
at a range of temperatures to assess instances of multimerisation. The three different
monomeric forms of SH (SHo, SHg and SHp) previously observed in bRSV infected
cells (Fig 3.3A) were also detected following transient overexpression (Fig 3.4A). This
was unaffected by the presence of B-ME or the denaturation temperature, confirming
the absence of interchain di-sulphide linkages in the multimeric complex. When the
various conformations of SH were investigated by preparation of transfected cells in
RIPA lysis buffer, a ladder of bands was observed at lower reducing temperatures (Fig
3.4B). These are possibly representative of multimeric versions rather than protein
aggregations. One of the multimeric units, with an indicated molecular weight of 40-
50 kDa, could correspond to a pentameric complex, a previously proposed
conformation for human RSV SH (Gan et al., 2008, Gan et al., 2012). The three
monomeric forms of SH were still seen when the lysate was fully denatured at 100°C.
The disappearance of the putative pentamer at 100°C denaturation correlated with
detection of SHo and thus suggests the pentamer is made of non-glycosylated SH.
However, this requires further analysis.
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Figure 3.4 SH protein analysis by SDS PAGE. 293T cells were transfected with plasmid
expressing bRSV SH. 24 h p.t,, cells were (A) lysed in Laemmli sample buffer with and without 8-
mercaptoethanol (B-ME) or (B) in RIPA lysis buffer. Lysates were denatured at varying
temperatures for 5 mins each and run on a 15% SDS-PAGE gel. The proteins were then transferred
to PVDF membranes and probed with polyclonal anti-SH antibody. The data are from a single
experiment.
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Figure 3.5 Comparing localisation of nascent and transiently expressed SH by
immunofluorescence staining. (A) Vero cells were transfected with 1ug empty vector (o)cDNA3.1)
or plasmid expressing wild type bRSV SH. (B) Vero cells were mock infected or infected with wild
type bRSV at an MOI of 1. 24 h later, cells in (A) were fixed and immuno-stained with anti-SH
antibody (green). Cells in (B) were immuno-stained with anti-RSV F (green) or polyclonal anti-SH
antibody. Nuclei were stained with DAPI (blue) and images obtained using a Leica TCS SP5
confocal microscope. Two representative images of infected cells are presented in B. White arrow
heads indicates indicate ER regions and yellow indicate plasma membranes. Images are
representative of n=2 independent experiments.
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Next, the subcellular localisation of overexpressed SH was examined and compared
to SH expressed following virus infection. Vero cells were transfected with plasmids
expressing bovine RSV SH or infected with wild type bRSV. Using IF microscopy the
location of the SH protein was compared in the two conditions 24 h afterwards. As an
integral membrane protein, SH is expected to associate with the ER as well as
intracellular and plasma membranes, which was consistent with my findings. SH could
be seen distributed throughout the cytoplasm of transfected (Fig 3.5A) and infected
(Fig 3.5B) cells, with significant localisation in the plasma membrane and peri-nuclear
region (white arrow), presumably ER (Rixon et al., 2004). However, some infected
cells showed more significant plasma membrane staining (middle panel of Fig 3.5B;
yellow arrows) than others (bottom panel), similar to the trend observed in transfected
cells (Fig 3.5A). This might be dependent on the amount of SH expressed and how
much has been transported through the secretory pathway to the cell surface. As
already noted in Fig 3.3C, F protein can be seen incorporated into putative virus
filaments projecting from the plasma membrane. There was a notable absence of SH
in these filaments, correlating with the previously reported reduced levels of SH that
have been observed incorporating into mature virions, especially when compared to
the F/G glycoproteins (Triantafilou et al., 2013, Rixon et al., 2004). Nevertheless,
ectopically expressed SH showed a similar sub-cellular localisation to SH expressed
in virus infected cells demonstrating that transient SH expression can theoretically be

used to investigate the functional roles of RSV SH.

3.2.4. Generation and analysis of SH mutants

As discussed in chapter 1, the SH protein consists of three domains — an N-terminal
intracellular domain, a transmembrane domain and a larger C-terminal ectodomain. In
order to identify specific domains within SH involved in NF-«B regulation, a series of
SH mutants were generated, using full length SH as the basis (Fig 3.6A). The
following full and partial N- and C-terminus truncations were generated: AN1-19,
AN1-10, AC41-82, and AC58-82. In addition, two critical residues were selected for
mutation - F22 which has a structural role contributing to SH pentamerisation, and
H51 which has been shown to be important for ion channel activity (Li et al., 2014).
In order to disrupt their activities, these residues were mutated to alanine (Fig 3.6A).
A FLAG epitope was added to the C-terminus of full length and all SH mutants
because the existing SH antibody binds to unknown epitopes and because anti-FLAG
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antibodies were readily available for immunostaining analysis. All fragments,
generated by primer specific PCR amplification, were cloned into the pcDNAS3.1

backbone and successful cloning verified by conventional Sanger sequencing.

Expression from the constructs was then analysed by western blotting at 24 h post
transfection and compared to existing plasmids expressing bRSV and hRSV SH. A
plasmid expressing FLAG-tagged bone marrow stromal antigen 2 (BST2-FLAG),
used in a previous study (Kelly et al., 2019) was included as a positive control for tag
detection. The three different forms of SH were only readily detected in cells
transfected with wild type SH expression plasmids (Fig 3.6B and C). Interestingly, the
addition of the FLAG tag significantly reduced the expression of all forms, especially
the SHo and SH, variants. The alanine mutants showed similar levels of expression
when compared to SH-FLAG. However, neither of the C-terminal deletions were

detected using the SH antibody (Fig 3.6C). Deletion of all of the ecto-domain (AC41-
82) completely abrogated expression whereas the partial deletion (AC58-82) was
minimally detected using an anti-FLAG antibody (white arrow). In contrast, AN
mutants were expressed and detected by both FLAG and SH antibodies although the
predicted glycosylated SHp form was lost. To summarise, this data indicates that C-
terminal tagging affects either the expression or stability of the SH protein and that the
extra-membrane C-terminal domain is possibly essential for SH protein stability.

Viroporins alter the function of cellular membranes and their activity is known to be
associated with increased toxicity in virus infected cells (Gonzalez and Carrasco,
2003). As a putative viroporin, | examined whether ectopic overexpression of bRSV
SH was toxic to cells using a CellTiter-Blue viability assay. The assay indicates the
viability of cells by measuring their ability to convert a redox dye (resazurin) into a
fluorescent end product (resorufin). Given the impact of FLAG-tagging observed by
western blotting (Fig 3.6B and Fig 3.6C), the toxicity of SH-FLAG was also examined.
A dose-response assay was carried out by titrating amounts of plasmids expressing wt
and SH-FLAG into 293T cells and measuring fluorescence. Wild type SH expression
reduced viability to 87% when cells were transfected with 1 pg DNA and 76% when
2 ug DNA was used (Fig 3.6D). In comparison, SH-FLAG expression did not reduce
cell viability. This might be a result of limited activity or lack of function due to the
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Figure 3.6 Generation and analysis of bRSV SH mutants. (A) Schematic of the bRSV SH
mutants generated in this study. C-terminal FLAG tags are represented by grey diamonds. (B) Vero
and (C) 293T cells were transfected with 1ug empty vector ()cDNA3.1) or plasmids expressing
wild type bRSV SH, the indicated SH constructs or hRSV SH. BST2-FLAG expression construct
was included as a FLAG expression control. 24 h p.t., cells were lysed, proteins separated by SDS-
PAGE and then immuno-blotted using antibodies against the indicated proteins. GAPDH in (B) and
a-tubulin in (C) were detected as sample loading controls. (D) 293T cells were transfected with
increasing amounts of the plasmids expressing bRSV SH or SH-FLAG. 24 hours later, cells were
incubated with CellTiter-Blue reagent for 3 h at 37°C and then fluorescence at 560/590nm recorded.
Background fluorescence was subtracted from all values and cell viability calculated as percentage
fluorescence compared to the no plasmid control. Images are representative of n=1 independent
experiments.
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low levels of expression and absence of the various molecular weight isoforms (Fig
3.6B and Fig 3.6C). Importantly, these data suggest there is a level of toxicity
associated with wild type SH expression, especially when high levels of the protein
are expressed. To acknowledge this, low levels of DNA were used in future
experiments with SH overexpression in order to minimize the effects of toxicity. The
data also suggests differences in functionality between wild type SH and SH-FLAG
which was acknowledged by including both constructs in future investigations and

experiments.

3.2.5. The effect of the SH protein on NF-kB p65 activation

The NF-«kB signalling pathway may be activated by several stimuli including TNFa,
IL-1, bacterial and viral antigens, etc. Firstly, TNFa was validated as an NF-«xB
signalling agonist and used to establish appropriate time-points for analysis. Vero and
THP-1 cells were lysed in the absence of infection at 0, 10, 30, 60, and 120 mins post
20 ng/ml TNFa treatment. Cell lysates were then analysed for degradation of the NF-
kB inhibitor, IkBa (Chen et al., 1995), and the subsequent phosphorylation of released
NF-kB (Mitchell et al., 2016) by western blotting. Alpha-tubulin was used as a sample
loading control. The levels of total IkBo were lowest at 30 mins post TNFa stimulation
in Vero cells (Fig 3.7A) and at 10 mins in THP-1 cells (Fig 3.7B), indicating
degradation in response to agonist treatment. As IkBa levels reduced, phosphorylation
of p65 (P-p65) increased and then gradually reduced over the time course of the
investigations in THP-1 cells. However, phosphorylation of p65 preceded IxkBa
degradation in Vero cells with the highest levels detected at 10 mins post stimulation,
highlighting small differences in signalling between Vero and THP-1 cells. At 60 mins
post stimulation, there was an apparent increase in the levels of IkBa in both cells. The
IxBa gene is one of the immediate targets induced following NF-kB p65 activation
and translocation into the nucleus (Sun et al., 1993). Thus, the reduction and
subsequent increase in [kBa levels is a significant marker of NF-kB signalling in cells,
as well as the phosphorylation of p65. The return of IkBa to basal levels and
association with free p65 switches off the NF-kB response in a negative feedback loop
(Mitchell et al., 2016, Oeckinghaus et al., 2011).

Next, the role of the SH protein in NF-kB activation was examined in the context of
bRSV infection. Vero cells were infected with wt or ASH bRSV at an MOI of 2 and
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Figure 3.7 Time course of TNFa-induced NF-kB p65 phosphorylation and IkBa degradation.
(A) Vero and (B) THP-1 cells were left untreated (0) or stimulated with 20 ng/ml TNFa for the
indicated times. Cells were then lysed and analysed by western blotting for the phosphorylation of
p65 (P-p65) using a phospho-specific form of the antibody as well as for IxBa. degradation. Alpha-
tubulin was detected as a loading control. Vero data representative of n=3 independent experiments,
and THP-1 n=1.
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Figure 3.8 bRSV blocks IkBa degradation but not phosphorylation of p65. (A) Vero cells were
mock infected or infected with bRSV or bRSV ASH at an MOI of 2. 24 h later, cells were stimulated
with 20 ng/ml hTNFa for 10 mins or left untreated. Cells were then lysed and analysed by western
blotting for phosphorylation of p65 (P-p65) using a phospho-specific form of the antibody, total
p65, RSV F and SH protein. (B) Vero cells infected with virus for 24 h were left untreated or
stimulated with 20 ng/ml hTNFa for 10, 20, 40, 60 and 120 mins. Following cell lysis, immuno-
blotting was done for P-1xBa, total IkBa, RSV F and SH protein. GAPDH was detected as a loading
control. Data are representative of n=2 independent experiments.



then examined for phosphorylation of NF-kB subunit p65 and IkBo turnover by
western blotting. Stimulation of mock infected cells with TNFa (Fig 3.8A, compare
mock [-] to mock [+ TNFa]) increased levels of P-p65, as observed in Fig 3.7.
However, there was no significant difference in the level of p65 phosphorylation when
cells were infected with either virus (Fig 3.8A), suggesting that the presence of SH did
not influence NF-«xB activation. In what is also a well characterised response (Mercie
et al., 1998, Schmitz, 1995), degradation of IkBa was observed over a time course of
TNFa treatment in mock (m) infected cells (Fig 3.8B). This is preceded by its
phosphorylation (P-IkBa; compare “m” plus 10 mins TNFa treatment to 20 and 40
mins). Interestingly, there was a reduction in the level of total IxkBa degradation in
virus infected cells when compared to mock infected cells (Fig 3.8B, 20 and 40 mins),
indicating that the turnover of IkBa following TNFa stimulation was inhibited, even
though p65 phosphorylation seemed unaffected. Importantly, there were no significant
differences between wild type and ASH infected cells, although there were clear
differences in P-IxBa levels. The role of the SH protein on NF-kB activation could
not be investigated in THP-1 cells by western blotting following virus infection due

to the aforementioned poor permissivity of these cells.

3.2.6. The effect of the SH protein on NF-kB p65 activation and sub-cellular
localisation

Although virus infection did not inhibit TNFa-induced phosphorylation of p65, when
compared to mock infected cells, the reduced IxBa degradation did suggest
interference with NF-xB activation. IF microscopy of Vero cells, mock infected or
infected with virus at an MOI of 1 for 24 h, was performed to assess how SH
expression affects p65 nuclear translocation (which occurs downstream of
phosphorylation in the signalling cascade). Analysis of mock infected cells confirmed
that p65 is normally located in the cytoplasm, translocating to the nucleus when
activated by TNFa treatment (Fig 3.9A). Unexpectedly, infection caused p65 to
coalesce into perinuclear intracytoplasmic puncta that were only present in infected
cells, as indicated by RSV F expression (Fig 3.9B). These puncta were present in both
wt and bRSV ASH infected cells and apparently reduced the level of p65 nuclear
translocation, when compared to mock infected cells. The percentage of cells showing
any level of nuclear p65 staining (Fig 3.9C) were manually counted and the nuclear
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Figure 3.9 bRSV blocks NF-kB p65 nuclear translocation in Vero cells. Vero cells were (A)
uninfected (mock), or (B) infected with wt bRSV or ASH at an MOI of 1 for 24 h. Cells were then
left untreated or stimulated with 20 ng/ml hTNFa for 30 mins, fixed and immunostained with anti-
RSV F (green) or anti-NF-kB p65 (red) antibodies. Cell nuclei were stained with DAPI (blue), and
images obtained using a Leica TCS SP5 confocal microscope. Images are representative of data
from a single experiment. (C) Percentage of cells with nuclear localised p65. (D) Quantification of
nuclear NF-«xB p65 signal intensity was done using the quantify tool of Leica LAS AF Lite software
as described in the methods. Nuclear p65 signal intensities are shown for twenty cells per condition
(based on the number of infected cells in the images collected); with means + SD also indicated.
Statistical significance was determined by ANOVA as described in the methods, n.s: non-
significant.
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p65 signal intensities (Fig 3.9D) quantified using the area region of interest analysis
tool of the Leica LAS AF Lite software. Due to a limited number of infected cells in
the images collected for some of the conditions, only twenty cells were analysed for
each condition. Analysis of infected cells in the absence of TNFa stimulation showed
comparable levels of basal p65 nuclear translocation between mock and ASH infected
cells. There was a reduction observed in cells infected with wt bRSV, possibly
reflecting the previously reported differences in the response to the two viruses at the
signalling level (Taylor et al., 2014). Although the difference was not highly
significant, the increased nuclear translocation seen in bRSV ASH infected cells could
theoretically contribute to enhancing the cytokine response during infection. On the
other hand, analysis of TNFa stimulated cells showed a ~40% reduction in the number
of cells with nuclear p65 when infected with virus (Fig 3.9C), with most of the p65
remaining in the observed perinuclear puncta (Fig 3.9B). These responses were
observed independently of SH expression. The average nuclear p65 signal intensity
was also reduced in cells infected with both viruses (Fig 3.9D) indicating an inhibition
of p65 nuclear translocation. In summary, SH expression appeared to have a minimal
effect on NF-«B activation in unstimulated cells, this was negated in TNF-stimulated

cells; however, other mechanisms for inhibition also appear to be at play.

Unlike western blot analysis, IF microscopy allowed analysis of the NF-«B response
to RSV infection in THP-1 cells, despite the low percentage of infected cells observed.
As already described for Vero cells, TNFa stimulation of mock infected cells induced
p65 nuclear translocation (Fig 3.10A). On average, infection induced nuclear
translocation in 11% of wild type bRSV infected cells and around 32% when infected
with bRSV ASH (Fig 3.10B and C). In contrast to Vero cells, infection increased
TNFa-induced p65 nuclear translocation from 62% in mock infected to 91 and 93%
in wt and ASH bRSV infected cells, respectively. However, there were no p65 puncta
observed in these cells, possibly leading to the enhanced nuclear translocation
observed. Since infection induced p65 puncta in the highly permissive Vero cells, the
lack of sequestration in THP-1 cells may also be linked to the absence of productive
infection observed in these cells, however that will require further experimental
analysis. In summary, the data shows that bRSV infection reduced NF-kB activation

in Vero but not in THP-1 cells, with a moderate effect potentially being elicited
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Figure 3.10 bRSV does not block NF-kB p65 nuclear translocation in monophagocytic cells.
THP1 cells were (A) uninfected (mock), or (B) infected with wt bRSV or ASH at an MOI of 1 for
24 h. Cells were then left untreated or stimulated with 20 ng/ml hTNFa for 30 mins, fixed and
immunostained with anti-RSV F (green) or anti-NF-kB p65 (red) antibodies. (C) Percentage of
infected cells with nuclear-localised p65. Images are representative of n=2 independent repeats.
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by the viral SH protein. Separately, in Vero cells, it is clear bRSV specifically inhibited
TNFa-induced IxBa degradation and p65 nuclear translocation, thereby modulating

NF-kB signalling via an alternative mechanism, independent of the SH protein.

3.2.7. Effect of SH overexpression on NF-kB p65 activation

To further evaluate if the SH protein has a direct role in inhibiting NF-«xB activation,
transiently transfected cells were examined, in the absence of virus infection to allow
specific focus on the function of this protein. First phosphorylation of p65 was
analysed by western blotting following SH overexpression. 293T cells were
transfected with plasmids expressing wt SH, SH fused to a FLAG tag (SH-FLAG) or
empty vector as a control. NF-kB activation was stimulated with TNFa treatment at
24 h post transfection, then cells were lysed and analysed for the levels of P-p65 and
SH. TNFa treatment induced phosphorylation of p65 in the control as well as cells
expressing wt SH and SH-FLAG (Fig 3.11A). Normalisation of P-p65 band volumes
to GAPDH shows an increase in P-p65 levels in the presence of SH and SH-FLAG
when compared to cells transfected with the empty vector (Fig 3.11B). This data

further indicates that SH has a no effect on NF-xB activation.

The effect of SH overexpression on p65 nuclear translocation was then investigated
by IF microscopy. Vero cells were transfected with empty vector, plasmids expressing
full length SH-FLAG or the N-terminal truncation mutants (AN1-10 and AN1-19; both
with FLAG tags). Of note, due to antibody cross-reactivity issues, antibodies against
untagged SH could not be used in co-staining analyses with the anti-p65 antibody.
Cells were stimulated with TNFa at 24 h p.i., fixed and then the localisation of p65
examined. As previously described, in control cells, TNFa treatment induced p65
translocation from the cytoplasm to the nucleus (Fig 3.12). When expressing SH-
FLAG, in the absence of NF-kB stimulation, p65 remained cytoplasmic. However,
following TNFa stimulation, varying degrees of p65 nuclear translocation were
observed in both SH expressing and non-expressing cells. Similar results were also
seen in cells transfected with both partial and full N-terminal deletion mutants. Thus,
the role of SH overexpression on p65 nuclear translocation could not be inferred from
this data, especially considering the poor expression of the flag-tagged constructs, as

observed by western blotting.
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Figure 3.11 Ectopic expression of bRSV SH does not inhibit NF-kB p65 phosphorylation. (A)
293T cells transfected with empty vector (pcDNA3.1) or plasmids expressing bRSV SH or SH-
FLAG were left untreated or stimulated with 20 ng/ml hTNFa for 10 mins at 24 h post transfection.
Cells were then lysed and analysed by western blotting for phosphorylation of p65 using phospho-
specific forms of the antibody and RSV SH. GAPDH was detected as a loading control. (B) The
graph shows phospho-p65 band volumes, obtained using the Image Lab software, normalised to
GAPDH. Data is representative of n=3 independent repeats.
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Figure 3.12 Ectopic expression of bRSV SH does not inhibit TNFa-induced NF-kB p65
nuclear translocation. Vero cells were transfected with empty vector (pcDNA3.1) or plasmids
expressing bRSV SH-FLAG or mutants from which residues 1-10 or 1-19 where deleted. 24 h post
transfection, cells were left untreated or stimulated with 20 ng/ml hTNFa for 20 mins. Cells were
then fixed and immuno-stained with anti-FLAG (green) or anti-NF-xB p65 (red) antibodies. Cell
nuclei were stained with DAPI (blue), and images obtained using a Leica TCS SP5 confocal
microscope. Data is representative of n=2 independent repeats.
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3.2.8. The effect of the SH protein on NF-kB induction

Finally, a luciferase reporter gene assay was used to assess the effect of SH expression
on NF-kB transactivation. This provides a more quantitative approach, when
compared to western blotting and IF microscopy techniques, and also evaluates a
different step in NF-xB signalling. In this system, an NF-«B reporter plasmid (NF-«xB
Fluc) which expresses the firefly luciferase gene under the control of five repeated
NF-kB transcription factor binding sites was employed. 293T cells were transfected
with the reporter plasmid and plasmids encoding bRSV SH (with and without a FLAG
tag) or hRSV SH. As controls, cells were also transfected with empty vector, plasmids
encoding known viral inhibitors of NF-kB (MC159 and MCO005) (Biswas and Shisler,
2017, Biswas et al., 2018, Brady et al., 2017) or cellular TRAF2, overexpression of
which strongly induces NF-«xB (Rothe et al., 1995). MC159 and MCOO05 are encoded
by Molluscum contagiosum virus, a poxvirus with a double stranded DNA genome.
NF-kB activation (detected as luciferase activity) was then stimulated with bovine (b)
or human (h) TNFa treatment, or TRAF2 transfection. Bovine TNFa induced strong
activation of NF-xB (Fig 3.13A); a 6-fold induction (Fig 3.13B), which was
significantly reduced in the presence of the inhibitors MC159 and MCO005. Expression
of neither bRSV or hRSV SH significantly reduced the level of induction observed.
MCO005 and MC159 also significantly inhibited NF-xB activation following hTNFa
(Fig 3.13C and D) and TRAF2 (Fig 3.13E) stimulation, respectively. However, bRSV
SH expression did not significantly alter "TNFa-induced luciferase activity (Fig 3.13C
and D). Similarly, TRAF2 overexpression increased luciferase activity in EV-
transfected cells (a mean induction of 26-fold) which was reduced to about 23-fold in
cells expressing bRSV SH, 19-fold in SH-FLAG cells and 20-fold in hRSV SH cells
(Fig 3.12E). All reductions in the presence of RSV SH proteins were non-significant,
unlike the established inhibitor, MC159. Overall, the data presented here suggests that
RSV SH does not significantly inhibit NF-xB activation, confirming the
immunoblotting and IF microscopy data.
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Figure 3.13 Ectopic SH overexpression does not significantly inhibit TNFa- and TRAF2-
mediated NF-kB activation by luciferase reporter assay. (A) 293T cells were transfected with
100 ng NF-kB FLuc reporter and 10 ng TK-renilla luciferase together with 100 ng of empty vector
(EV; pcDNA3.1), or plasmids expressing MC159, MC005, bRSV SH, SH-FLAG or hRSV SH and
incubated at 37°C. At 24 h p.t., cells were left unstimulated or stimulated for 4 h with 20 ng/ml
bTNFa. Cells were then lysed and analysed for firefly and renilla luciferase activities. (B) Graph
shows fold induction of NF-xB. (C) 293T cells were prepared as already described in A, except
cells were co-transfected with plasmids expressing the indicated proteins and stimulated for 4 h with
20 ng/ml hTNFa. (D) Graph shows the level of NF-kB activation relative to EV transfected cells.
(E) 293T cells were transfected with 100 ng empty vector or plasmids expressing MC005, TRAF2
or bRSV SH. 6 h later, cells were additionally transfected with 100 ng NF-xB FLuc reporter and 10
ng TK-renilla luciferase with and without 20 ng of the TRAF2 expression plasmid. Cells were lysed
24 h later and analysed for firefly and renilla luciferase activities. All graphs depict means + SD of
three replicates from the same experiment. Statistical significance was determined by ANOVA as
described in the methods, **p<0.01; ***p<0.001 ****p<0.0001. Data is representative of n=3
independent repeats, except for (E), where n=2.
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3.3. Discussion

Several viruses encode antagonists that target the NF-xB pathway as a mechanism of
escape from the immune response (Deng et al., 2018). Although the exact role of the
SH protein of orthopneumoviruses and related negative sense RNA viruses is unclear,
it has a putative role in inhibiting NF-xB activation during infection. Several studies
have observed reduction in NF-kB downstream responses, in particular, expression of
proinflammatory cytokines and chemokines, and induction of apoptosis, when cells
are infected with wt virus and compared to SH-deficient viruses (Bao et al., 2008,
Fuentes et al., 2007, Pollock et al., 2017, Russell et al., 2015, Taylor et al., 2014).
Using bRSV as a model virus, the molecular mechanism by which RSV SH protein
suppresses NF-kB activation was investigated at various levels in this signalling
pathway. | found that although bRSV infection did not significantly impact p65
phosphorylation (Fig 3.8A) and IxBa degradation (Fig 3.8B) in Vero cells, the
presence of SH somewhat reduced the level of p65 nuclear translocation in both Vero
(Fig 3.9) and THP-1 (Fig 3.10) cells. Interestingly, infection inhibited TNFa-mediated
IxBa degradation (Fig 3.8B), and p65 nuclear translocation in Vero cells (Fig 3.9) but
not in THP-1 cells (Fig 3.10); in responses that were elicited independently of the SH
protein. However, in the absence of infection, the SH proteins of both hRSV and bRSV
had limited/non-significant roles in NF-kB pathway activation, at least in the cell lines

| used, and at the timepoints investigated.

Unlike, the F surface glycoprotein, the role of the SH protein is undefined. Both human
and bovine RSV SH proteins were previously suggested to have roles in membrane
fusion, presumably affecting virus entry and syncytium formation (Heminway et al.,
1994, Samal and Pastey, 1997). However, these findings were contradicted by
efficient growth of mutant viruses lacking SH expression in cell culture (Karron et al.,
1997, Techaarpornkul et al., 2001), which also demonstrated that SH does not play a
significant role in entry, virus-host cell membrane/cell-cell fusion, or successful
completion of the virus lifecycle. Similarly, the SH protein of the closely related
HMPV was also shown to inhibit the fusogenic activity of F (Masante et al., 2014) and
virus entry into host cells with no significant impact on the efficiency of virus growth
(Le Nouen et al., 2014). Several other studies have confirmed that RSV SH protein is
not essential for replication and is thus dispensable to the virus in vitro. Supporting
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evidence includes the similar growth profiles of wild type and ASH viruses, observed
here (Fig 3.1) and previously with bRSV (Taylor et al., 2014), and also hRSV (Russell
et al., 2015). In my hands, neither virus grew in the human-monocytic cell line, THP-
1 cells (Fig 3.2) and no cpe was observed up to 7 days post infection. These cells seem
to exhibit an abortive replication process late in the viral life cycle, as previously
shown for alveolar macrophages (Makris et al., 2016), since expression of the F
protein when assessed by IF microscopy indicates they at least support transcription
of the RSV genome. Nonetheless, in these cells, we were able to assess how SH

impacts NF-«xB signalling in the absence of productive infection.

Although wild type and SH knockout viruses have comparable growth kinetics, there
are inconsistencies in previous reports examining their growth efficiency. One study
showed a reduction in the growth of ASH bRSV in MDBK cells compared to wild
type (Karger et al., 2001), whereas others observed no difference (Taylor et al., 2014).
I found that the ASH virus grew faster in MDBK cells, but only in the early stages of
infection (Fig 3.1). Although I did not observe significant differences in the virus
titers in infected Vero cells, ASH bRSV presented syncytia earlier in these cells which
also grew larger over the time course of the infection. The delay in replication of the
wild type virus may be attributable to the repositioning of the F gene, in the normally
polarised transcription gradient, as a result of SH gene deletion (\VValarcher and Taylor,
2007). In the mutant we are studying, SH gene deletion removes 508 nucleotides
upstream of the F gene in the single-stranded bRSV ASH genome (Karger et al., 2001).
Therefore, the relative positions of the two F genes may result in more F protein
mRNAs being produced in bRSV ASH infected cells than wild type bRSV infected
cells. As a result, the increased expression of F protein in ASH infected cells (evident
in Fig 3.3A) could favour increased cell-cell fusion and syncytia formation. Similar
observations were made by a study showing that ASH hRSV grew better than wild
type virus in multiple cell lines (Bukreyev et al., 1997). The authors further observed
that although the absence of SH enhanced transcription and replication in most cells,
there was a general variability in growth efficiency influenced by the cell line used for
virus propagation. Thus, the inconsistencies observed by different studies may also be
related to the use of different cell lines. Ultimately, when infection was allowed to
proceed long enough, up to 6 days post-infection at MOI 0.1, both viruses caused
similar levels of cell death in Vero cells.
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Differences were also observed at the signalling level which may have implications
for virus pathogenesis. Despite the similar growth profiles, ASH bRSV was shown to
induce increased apoptosis in infected cells (Fuentes et al., 2007, Taylor et al., 2014)
similar to ASH mutants of other negative sense RNA viruses. These include PIV5
(Lin et al., 2003, Wilson et al., 2006), hMPV(Bao et al., 2008), MuV (Parks and
Alexander-Miller, 2013), and JPV (Abraham et al., 2018). Although induction of
apoptosis was not quantified here, this is in line with the enhanced cpe observed in
ASH infected Vero cells. Apoptosis and cytokine expression are important immune
responses induced in the early stages of infection and regulated by the critical
transcription network, NF-kB. TNFa signalling also induces apoptosis in infected
cells through the activation of caspases as a way of restricting virus replication and
spread (Fuentes et al., 2007, Mitchell et al., 2016, Taylor et al., 2014). These studies
show that the SH protein is required to block TNFa-induced NF-«kB responses during
virus infection. A delay in the onset of apoptosis gives the viruses a better chance of
completing its life cycle, releasing infectious virions, and spreading to neighbouring
cells with a suppressed antiviral response. In the absence of this inhibition, early
apoptosis will release viral antigens that can stimulate the more specific adaptive
Immune response before the infection overwhelms the immune system. Thus, it is not
surprising that NF-kB suppression is a common adaptation strategy used by not only
RSV and related viruses, but by a plethora of other viruses via different strategies
(Deng et al., 2018).

In a positive feedback mechanism, signalling from NF-kB-induced TNFa activates the
NF-kB pathway in a series of well characterised events leading to TNFa production.
We decided to use TNF-a to stimulate NF-kB pathway activation in our experiments
in order to identify break points in the signalling cascade. Using Vero and THP-1 cells,
I was able to confirm TNFa-mediated activation of NF-kB by detecting critical events
such as degradation of IxkBa and phosphorylation of NF-kB subunit p65 (Ser536),
using antibodies specific for the phospho protein (Fig 3.7). Subsequent, translocation
of p65 from the cytoplasm into the nucleus was also observed in both Vero (Fig 3.9A)
and THP-1 (Fig 3.10A) cells. In comparison to TNFa stimulation (mock + TNFa), I
did not observe significant activation of NF-«xB signalling in wild type or ASH bRSV
infected Vero cells at 24 h p.i. by western blotting (Fig 3.8) or IF analysis (Fig 3.9).
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This was a surprising observation since other studies have reported more robust
activation of NF-kB in response to RSV infection (Carpenter et al., 2002, Yoboua et
al., 2010, Bitko et al., 2004, Fink et al., 2008) which could indicate that the cell line
and viral strain play a role in RSV-mediated NF-«B activation. With regards to the
human monocytic THP-1 cells, previous work by Ennaciri et al. showed that hRSV
initiates a protein kinase C (PKC)-dependent signalling cascade in these cells leading
to NF-«B activation, through the p65 subunit (Ennaciri et al., 2007). Similarly, 1 found
that bRSV infection induced NF-«kB activation in THP-1 cells with a slightly stronger
response observed in the absence of SH (Fig 3.10). Quantification of nuclear p65
signals in infected Vero cells also revealed a reduction in the level of p65 nuclear
translocation in the presence of the SH protein (Fig 3.9; compare bRSV to bRSV
ASH). Although the effect of SH on NF-«B activation in both epithelial and monocytic
cell lines was statistically non-significant, the slight reduction observed might result
in the modulation of cytokines and immune responses regulated by NF-kB during RSV
infection (Bitko et al., 1997, Tian et al., 2002).

Interestingly, in Vero cells, infection caused p65 to condense into perinuclear
intracytoplasmic puncta that were only present in infected cells (Fig 3.9B). This
response was observed independently of the SH protein indicating that bRSV may
employ additional mechanisms for NF-«xB inhibition which remain uncharacterized.
These bRSV-induced p65 puncta were not present in infected THP-1 cells. This
observation, together with the robust induction of NF-xB signalling in these cells,
strongly suggests the lack of activation observed in RSV infected Vero cells is a direct
consequence of p65 aggregation into the perinuclear puncta. Furthermore, | also
demonstrate that as a result, activation of NF-xB p65 (at the level of nuclear
translocation) is suppressed in infected Vero cells, even with exogenous TNFa
stimulation (Fig 3.9). The absence of this suppression in response to TNFa in THP-1
cells (Fig 3.10) further confirms the role of p65 aggregation in inhibition of NF-xB
signalling. Thus, this appears to be a novel mechanism by which RSV inhibits
activation of the NF-«xB signalling pathway through sequestration of the p65 subunit
into intracytoplasmic puncta. Of note, it is currently not clear what proportion of the
punctate p65 is phosphorylated or IxkBa associated, the elucidation of which might
explain the partial protection of IkBa from degradation seen following TNFa

treatment (Fig 3.8, mock versus bRSV +TNFa).
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As already stated, SH does not appear to have a role in the novel mechanism of NF-
kB inhibition identified during the course of this study. In the context of infection, SH
had a limited effect on NF-«B signalling when examined by IF microscopy; however,
this was not obvious from the immunoblotting analyses. Although this may be
significant for viral pathogenesis in vivo it posed a challenge for the identification of
the specific molecular mechanism of inhibition. Similar results were also obtained
with ectopic expression of SH. When NF-«xB transcriptional activity was assessed
using a firefly luciferase reporter assay, | observed a significant induction in 293T
cells which was only slightly reduced in the presence of bRSV and hRSV SH, with
the changes being statistically insignificant (Fig 3.13). Transient SH overexpression
also did not inhibit p65 phosphorylation in response to exogenous TNFa (Fig 3.11).
Of note, we observed that IF microscopy provided a more sensitive approach in this
context since in these experiments we could focus on individual infected/transfected
cells allowing direct comparison between SH expressing and non-expressing cells
under the same conditions. In assays such as western blot and luciferase assays, the
signal from non-expressing cells can easily mask signals seen in SH-expressing cells
especially if the infection/transfection efficiency is poor. Nevertheless, examination
of transfected cells by IF microscopy produced variable results that were therefore
inconclusive in this particular experiment (Fig 3.12). Of note, only FLAG-tagged
mutants could be assessed, due to antibody cross-reactivity, and these constructs were

already shown to express significantly worse than the wt protein (Fig 3.6).

| was able to detect three main species (SHo, SHg and SHp) (Anderson et al., 1992,
Olmsted and Collins, 1989) of both bRSV and hRSV SH proteins in Western blot. SHo
was previously shown to be the most abundant species in virus infected cells (Olmsted
and Collins, 1989) although | have seen comparable levels of SHp in bRSV infected
cells. However, when a FLAG or V5-His6 tag was fused to the C-terminus of full
length or truncation mutants, the presumed SHy, expression was lost in transfected cells
(Fig 3.6). SH,, contains a polylactosaminoglycan modification with glycosylation sites
in the C-terminus, at position Asn63 in the 73 aa SH from strain A51908 and position
Asn77 in the 81laa SH in strain 391-2 (The UniProt, 2017). Thus, it seems extension

of the C-terminus may disrupt glycosylation or stability of this protein species. In
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addition, I observed significantly reduced expression when approximately half of the
C-terminus was deleted, and complete deletion of the C-terminus (A41-82) was
detrimental to expression of the protein. This may be due to the fact that the C-
terminus is critical for membrane anchorage during the expression of type-II
membrane proteins. Similarly, the different species produced by wild type SH
expression were not present in the N-terminus or in the two alanine mutants (Fig 3.6).
Thus, no further analyses were carried out with the generated SH mutants due to the
aforementioned poor expression and inconsistent results obtained by IF microscopy
(Fig 3.12). It will however be interesting to see how these modifications affect
oligomerisation of SH into viroporins and their ability to interfere with NF-«xB
activation. This will enable elucidation of the key features and functional domains of
the SH protein responsible for NF-kB pathway inhibition and for discrimination of the
impact of viroporin activity. Perhaps, considering the challenges encountered in this

study, a better approach will be found in the context of infection in in vivo experiments.

Viral antagonists of the NF-kB pathway are known to target various components of
the signalling pathway. MuV SH protein was recently shown to inhibit NF-xB
activation at the receptor level by interacting with TNF, IL-1 and TLR3 receptor
complexes at the plasma membrane of infected cells, thereby inhibiting their activation
(Franz et al., 2017). Different mechanisms of NF-«B inhibition have been observed in
various virus families. For example, the non-structural 2C proteins of enteroviruses
recruit protein phosphatase 1 to IKKp thereby antagonizing its phosphorylation and
inhibiting TNFa-mediated NF-«kB activation (Li et al., 2016). The hepatitis C virus
non-structural protein NS3 binds to LUBAC which ubiquitinates NEMO (an important
step in IKK activation) thus inhibiting its activation (Chen et al., 2015). The
molluscum contagiosum virus (MCV) MCO005 protein competitively disrupts
formation of the IKK complex by directly binding NEMO (Brady et al., 2017). MCV
interestingly encodes multiple NF-xB antagonists with different mechanisms of
inhibition. MC159 binds NEMO and competitively inhibits its interaction with the
cellular inhibitor of apoptosis 1 (clAP1), an E3 ligase that polyubiquitinates NEMO
(Biswas and Shisler, 2017, Randall et al., 2012). MC160 reduced phosphorylation of
the IKK complex subunits and also induced degradation of IKKa (Beaury et al., 2017,
Nichols and Shisler, 2006, Nichols and Shisler, 2009). Interestingly, MC159 may also
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enhance NF-«xB activation when expressed at low levels (Challa et al., 2010, Murao
and Shisler, 2005). Others may act further downstream at the level of IkBa and p65,
such as, human immune-deficiency virus Vpu protein (Sauter et al., 2015, Langer et
al., 2019) which also encodes a viroporin (Gonzalez, 2015), porcine epidemic
diarrhoea virus non-structural protein 1 (Zhang et al., 2017), Orf virus ORFV 121
(Diel et al., 2011, Khatiwada et al., 2017), pox virus MC132 (Brady et al., 2015),
amongst others.

Aside from MuV SH, not much is known about the mechanism of SH protein
inhibition of NF-xB (Franz et al., 2017). Multiple sequence alignment with other SH
proteins (Fig 1.7) shows very little sequence homology except for in the
transmembrane domains. However, all are type Il membrane proteins except for
mumps virus SH, which is a type I. Although they differ in sequence, their mechanisms
of inhibition are hypothesised to relate to their membrane localisation (Deng et al.,
2018, Franz et al., 2017). There is up to 13% SH sequence variability between bRSV
strains and they share 38-44% identity with hRSV SH proteins (Valarcher and Taylor,
2007). As it has been successfully applied for MuV SH (Franz et al., 2017), an RSV
SH interactome analysis by co-immunoprecipitation may identify NF-xB pathway

interacting partners and elucidation of the mechanism of inhibition.

In conclusion, | report that the bRSV SH protein is not a significant antagonist of the
NF- kB pathway. Reduction of TNFa-mediated NF-kB signalling independent of SH
in Vero cells indicates that other mechanisms of NF-«B inhibition are also employed
by RSV. This may be related to the sequestration of the p65 subunit into cytoplasmic
puncta and is the subject of the investigations detailed in chapter 4. While SH reduced
p65 activation in infected THP-1 cells, the lack of inhibition of TNFa-mediated
activation suggests other pathways of NF-«xB activation may be targeted by RSV SH,
at least in these cells.
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Chapter 4: Investigating RSV modulation of NF-kB subunit
p65

The material presented in this chapter has been peer reviewed and published in the
Journal of Virology:

Jobe F, Simpson J, Hawes P, Guzman E, Bailey D. Respiratory Syncytial Virus
Sequesters NF-kB Subunit p65 to Cytoplasmic Inclusion Bodies to Inhibit Innate
Immune Signaling. J Virol. 2020 Oct 27;94(22):e01380-20. doi: 10.1128/JV1.01380-
20. PMID: 32878896; PMCID: PMC7592213.

4.1. Introduction and aims

Inhibition of NF-«xB signalling is one of many strategies employed by viruses to
prevent innate immune activation and antiviral activity (Chiang and Liu, 2018, Deng
et al., 2018). RSV encodes two accessory proteins, NS1 and NS2, which are well
established interferon antagonists, inhibiting interferon-mediated antiviral responses
(Loetal., 2005, Schlender et al., 2000, Spann et al., 2004, Spann et al., 2005). Previous
studies have suggested that the SH protein is involved in inhibiting NF-xB activation
(Pollock et al., 2017, Taylor et al., 2014). However, following the investigations
carried out in chapter 3, the individual importance of SH in this antagonism remains
unclear. Importantly, from these investigations | discovered that bRSV infection
induced NF-kB subunit p65 sequestration into intra-cytoplasmic bodies and that the
sensitivity of NF-«B in these cells to TNFa stimulation was reduced relative to mock
infected cells (Fig 3.9B). Similarly, studies by Lifland et al have shown that
sequestration of the immune-mediators MAVS and MDA-5 into cytoplasmic bodies
iIs a mechanism of innate immune antagonism employed by hRSV (Lifland et al.,
2012). Thus, in the work described in this chapter, | aimed to characterise the p65
puncta induced in response to wild type bRSV infection and to further investigate the
impact of this sequestration on NF-«B activation. I hypothesised that the inhibition of
NF-«B activation observed was a direct consequence of its sequestration into intra-
cytoplasmic puncta. This would represent a novel mechanism of RSV-mediated
antagonism of the NF-xB pathway, distinct from other known viral mechanisms of
NF-«B inhibition.
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4.2. Results

4.2.1. Wild type bRSV infection inhibits NF-kB subunit p65 activation but not
IRF3

Virus infection and replication within the cell triggers pattern recognition receptors
(PRRs), including toll-like receptors (TLRs) and cytoplasmic nucleic acid receptors
(RIG-1 and MDA-5), which in turn induce NF-xB- and IRF-dependent signalling
(Baum and Garcia-Sastre, 2010, Liu et al., 2007, Yoboua et al., 2010). As discussed
in chapter 1, NF-xB and IRF are two families of transcription factors that regulate the
host innate responses. To demonstrate that bRSV infection reduced activation of the
NF-xB pathway, Vero cells were mock infected or infected with wild type bRSV at
an MOI of 2. 24 h later, cells were left untreated or stimulated with TNFa for 10 or 20
mins, and then cell lysates prepared and assessed for the levels of p65 (total and
transiently phosphorylated) and IkBa by western blotting. Infection without TNFa
treatment did not significantly alter levels of protein detected despite demonstrable
viral protein (bRSV F) production (Fig 4.1A). As previously observed (in chapter 3;
Fig 3.7), TNFa treatment of mock-infected cells resulted in an increase in p65
phosphorylation and a decrease in total IxBa — the result of proteasomal degradation
(Chen et al., 1995). When cells were infected with bRSV, the reduced levels of P-p65
and IkBa degradation (Fig 4.1A), especially at 10 mins post TNFa stimulation,
indicated a reduction in the level of NF-«B activation. The reduced IkBa degradation
in bRSV infected cells was consistently observed in all replicates (n=3), however, p65
phosphorylation was either equivalent or only slightly reduced when levels were

compared in mock and virus infected cells.

Separately, a luciferase reporter assay, as described in section 3.2.8, was used to assess
NF-kB transactivation. 293T cells were infected with bRSV at an MOI of 1. Infection
was allowed to proceed for 6 h before being transfected with the NF-xB reporter and
subsequently treated (at 18 h p.t.) with or without TNFa. Again, infection alone did
not result in any significant activation of the reporter (Fig 4.1B, black bars and bRSV
F western blot), confirming that even in the presence of active viral replication there
is little to no activation of the NF-«B signalling pathway in bRSV-infected cells.
Indeed, activation of the NF-kB reporter was only seen following addition of 20 ng/ml
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Figure 4.1 Wild type bRSV infection reduces NF-kB p65 activation. (A) Vero cells mock
infected (m) or infected with bRSV (wt) at an MOI of 2 for 24 h were left untreated or stimulated
with 20 ng/ml hTNFa for 10 or 20 mins. Cells were then lysed and analysed by western blotting for
phosphorylation of p65 using phospho-specific forms of the antibody, total p65, IkBa and RSV F.
GAPDH was detected as a loading control. (B) 293T cells were mock infected or infected with
bRSV at an MOI of 1. At 6 h p.i., cells were transfected with 100 ng NF-xB FLuc reporter and 10
ng TK-renilla luciferase and incubated at 37°C. At 18 h p.t., cells were left untreated or stimulated
for 16 h with 20 ng/ml hTNFa. Cells were then lysed and analysed for firefly and renilla luciferase
activities. Graph depicts means * SD of three replicates from the same experiment. As controls, the
levels of RSV F and GAPDH were analysed by western blotting on a fourth replicate. Statistical
significance was determined by ANOVA as described in the methods, ****p<0.0001. Data is
representative of n=2 independent repeats.
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of exogenous hTNFa; however, this activation was significantly less than those seen

in uninfected cells (Fig 4.1B, grey bars).

Next, | re-examined NF-«B activation in infected cells by IF microscopy, this time in
parallel with IRF3 signalling, given the established role of these pathways in the cell’s
innate immune response and the clearance of viral infection (Fig 1.5). Vero cells were
mock infected or infected with bRSV at a MOI of 1 for 24h and then left untreated or
stimulated with TNFa or poly(l:C). Cells were then fixed and immuno-stained for
bRSV F as a marker for infection as well as for the NF-«B subunit p65 or, separately,
IRF3. IF analysis of mock-infected cells confirmed that both transcription factors are
normally located in the cytoplasm (Fig 4.2). When the NF-xB and IRF3 pathways
were stimulated in mock-infected cells with agonist treatment (WTNFa and poly[1:C],
respectively), both the NF-xB subunit p65 and IRF3 translocated from the cytoplasm
to the nucleus, as expected (Fig 4.2 top panel; inset zooms). However, although
infection with bRSV induced similar levels of IRF3 nuclear translocation (bottom
right panel), significantly the NF-«B subunit p65 remained cytoplasmic, coalescing
into intracytoplasmic puncta, mostly perinuclear and present only in infected cells
(bottom left panel). Fluorophore intensity profile analysis was then performed to
assess the relative accumulation of both p65 and IRF3 in infected and/or stimulated
cells. For IRF3, poly(l:C) stimulation of infected cells enhanced its nuclear
translocation, relative to uninfected cells (bottom right — inset zoom). However, IF and
intensity profile analysis revealed that, even with TNFa stimulation, p65 nuclear
translocation in bRSV infected cells was absent and that most p65 remained in the
observed perinuclear puncta (bottom left — inset zoom). bRSV can infect a broad range
of host cells in vitro — growing to similar titres in both Vero and MDBK cells (Fig
3.1). To examine this apparent innate immune antagonism in bovine cells, similar
infections were performed in MDBK cells. These experiments confirmed an
equivalent sequestration of p65 into perinuclear puncta following bRSV infection, as
well as a related insensitivity to TNFa stimulation (Fig 4.3), indicating a conserved

mechanism of antagonism active in both primate and ruminant cells.
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Figure 4.2 bRSV infection induces IRF3, but not NF-kB p65 nuclear translocation. Vero cells,
uninfected (mock), or infected with bRSV at an MOI of 1 for 24 h, were left untreated, stimulated
with 20 ng/ml hTNFa for 30 mins or transfected with 2.5 pug/ml poly(I:C) and incubated for 6 hrs
at 37°C. Cells were then fixed and immunostained with anti-RSV F (green) and anti-NF-xB p65 or
anti-IRF3 (red) antibodies. Cell nuclei were stained with DAPI (blue) and images obtained using a
Leica TCS SP5 confocal microscope. The boxed areas are shown magnified in the panels below
(inset zoom). Graphs show fluorescent line intensity profiles along the respective white lines within
these inset zooms. Data is representative of n=2 independent repeats.
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Figure 4.3 bRSV infection reduces NF-kB p65 nuclear translocation in MDBK cells. MDBK
cells mock infected or infected with bRSV at an MOI of 1 for 24 h were left untreated or stimulated
with 20 ng/ml hTNFa for 30 mins. Cells were then fixed and immuno-stained with anti-RSV F
(green) or anti-NF-kB p65 (red) antibodies. Cell nuclei were stained with DAPI (blue) and images
obtained using a Leica TCS SP5 confocal microscope. Images are representative of n=3 independent
repeats.
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4.2.2. Characterisation of NF-kB p65 aggregates induced in response to bRSV

infection

To define the kinetics of p65 sequestration over time, Vero and MDBK cells were
infected at an MOI of 1 and fixed at different times post infection. Cells were then
fixed, permeabilised, and the distribution of p65 and RSV F analysed by IF. p65 puncta
were present in infected cells from 16 h p.i. which correlated with significant levels of
F expression (Fig 4.4 and 4.5A). Although there was no specific colocalization of F
and p65, by 24 h p.i., all infected cells contained at least one p65 puncta with none
being observed in nearby uninfected cells. The cross-sectional area of the punctate
structures present at each time point was also measured. Visible aggregates measured
above 3 pm? with the average size increasing as infection progressed (Fig 4.5B). At
48 h p.i., p65 aggregations had a mean area of 22.18 um?but smaller puncta (<10 pm?)
were also observed, most likely the result of nascent infections in nearby cells. Using
fluorophore line of interest analysis, | was also able to assess the ratio of cytoplasmic-
to puncta-localised p65 as well as the increasing diameter of these aggregates. As
infection proceeded, the intensity of p65 in the puncta increased as the level of
dispersed p65 in the cytoplasm decreased (Fig 4.5C; ‘p65 in puncta’ vs. ‘p65 outside

puncta’), implying movement of p65 into the puncta.

Recent work has demonstrated that hRSV infection induces the formation of inclusion
bodies (IB) which contain components of the RNA polymerase complex and
ribonucleoprotein (RNP), notably N and P (Rincheval et al., 2017). IBs, also known
as viroplasms, are compartments within the host cell cytoplasm where viral replication
occurs. However, similar IBs have not been identified, or functionally characterised,
in bRSV-infected cells. To examine the presence and sub-cellular localisation of IBs
relative to the observed p65 puncta, Vero cells were infected and fixed at 6, 16, 24 and
48 h p.i. along with mock infected cells for IF analysis. Cells were then co-
immunostained for p65 and bRSV N protein. As expected, neither p65 puncta nor
bRSV N were detected in mock infected cells (Fig 4.6A). Aggregations of RSV N
were observed from 6 h p.i.; growing into large intracytoplasmic organelles more
characteristic of IBs as infection progressed from 24 h p.i. Although there was some
degree of cytoplasmic signal for N outside of the IBs, most of the IF signal was found

within these structures. The sub-1B localisation was similar to that previously
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Figure 4.4 Time course of NF-kB p65 puncta formation in bRSV infected Vero cells. Vero
cells were mock infected or infected with bRSV. At the indicated times p.i., cells were fixed and
immuno-stained with anti-NF-kB p65 (red) and anti-RSV F (green) antibodies. Nuclei were
stained with DAPI (blue) and images obtained using a Leica TCS SP5 confocal microscope.
Images are representative of n=4 independent repeats.
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Figure 4.5 bRSV replication induces the recruitment of NF-kB subunit p65 into intra-
cytoplasmic bodies. (A) MDBK cells were mock infected or infected with bRSV. At the indicated
times p.i. cells were fixed and immuno-stained with anti RSV F (green) and anti-NF-xB p65 (red)
antibodies. Nuclei were stained with DAPI (blue) and images obtained using a Leica TCS SP5
confocal microscope. (B and C) Quantification of p65 puncta size and intensity in A obtained using
the quantify tool of Leica LAS AF Lite software as described in the methods. (B) Cross-sectional
area of thirteen p65 puncta (selected randomly) per time point and mean area are indicated.
Statistical significance determined by ANOVA as described in the methods, n.s: non-significant;
*p<0.05; ***p<0.001. (C) Graph showing the line intensity profiles along chosen 15 pm lines of
interest (example micrographs: 15 pum drawn across a puncta, or, across the cytoplasm in mock
cells) of an average of five puncta per time point. Images are representative of data from a single
experiment
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described for hRSV N, being found on the periphery of the organelle (Rincheval et al.,
2017). Significantly, the larger N positive 1Bs were, in the majority of cases, also p65
positive identifying, for the first time, that this NF-xB component was being recruited
to RSV IBs in infected cells.

To examine this in detail, | next characterised the number, size and p65 status of N-
positive IBs in infected cells, observing that they were numerous and mostly localised
in the median section of the cell. Images were obtained from multiple planes in this
section to assemble max intensity z-stacks to aid quantification. From 16 h p.i., N and
p65 positive IBs were evident throughout the cell in a conserved pattern consisting of
a single large and perinuclear IB with multiple smaller inclusions more evenly
distributed through the cytoplasm (Fig 4.6B). Using z-stacks, | quantified the number
per cell (counting 18 cells per sample, per timepoint) and cross-sectional area of N
and/or p65 positive structures >0.1 pm?, observing these both increasing as infection
progressed. The average number of IBs >0.1 pm? grew from 1.7 per cell at 6 h p.i., to
23.8 at 24 h p.i. (Fig 4.6C). Their mean area also increased to 8.99 um? by 24 h p.i.
(Fig 4.6D), significantly influenced by the presence and growth of the larger IB. p65
positive 1Bs were detected from 16 h p.i.; however, p65 was only detected in larger
IBs (>1.39 um?) (Fig 4.6D) with up to 4 of these being evident per cell (Fig 4.6C). In
conclusion, although multiple N-positive IBs are present in infected cells it is
predominantly the larger IBs which contain the sequestered p65. Together, these data
suggest that bRSV infection induces the formation of IBs in the cytoplasm of infected
cells - organelles which are also involved in sequestering cellular proteins to effect
immunomodulation. To my knowledge, this represents an entirely novel mechanism
of viral inhibition of NF-«xB signalling, since it is the sequestration of signalling
components to a viral organelle, rather than the competitive interaction or degradation
commonly seen (Deng et al., 2018, Goswami et al., 2013), which leads to the innate

immune antagonism witnessed in Fig 4.1 and 4.2.

4.2.3. bRSV infection induces membrane-less IBs in infected cells and alters the
cellular ultrastructure.

IBs and IB-like structures form by liquid-liquid phase separation (LLPS) which
favours macromolecular-macromolecular over macromolecular-water interactions
(Alberti et al., 2019, Murthy and Fawzi, 2020, Mudogo et al., 2019). The resulting
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Figure 4.6 bRSV-induced NF-kB p65 intra-cytoplasmic bodies colocalize with N protein. (A)
MDBK cells were mock infected or infected with bRSV. At the indicated times p.i. cells were fixed
and immuno-stained with anti RSV N (green) and anti-NF-«xB p65 (red) antibodies. Cell nuclei were
stained with DAPI (blue) and images obtained using a Leica TCS SP5 confocal microscope. (B)
Images are max intensity z-stacks of 8 planes 0.5 um apart. Cytoplasmic bodies (area >0.1 um?2)
from the z-stacks were quantified in a total of 18 infected cells per time point as detailed in the
methods. (C) Number of N, and N and p65, positive bodies per cell at the indicated time points. (D)
Cross-sectional area of identified N, and N and p65, positive IBs. Circles on the graphs are coloured
according to their IB properties: green with green edges; N positive, red with green edges; N and
p65 positive. Statistical significance determined by ANOVA as described in the methods,
****p<0.0001. Images are representative of data from a single experiment



biomolecular condensates are not usually surrounded or compartmentalised by a
membrane, distinguishing them from many other organelles found in the cytoplasm
(Mudogo et al., 2019, Perez-Pepe et al., 2018). The mechanism of viral 1B formation
is not well understood but the cytoplasmic modifications induced are thought to
require both viral and cellular components (Moshe and Gorovits, 2012). They function
to concentrate viral and host cell proteins required for efficient replication as well as
protecting replication intermediates from the host innate immune response. To
examine the ultrastructural properties of the bRSV IBs, standard transmission electron
microscopy (TEM) of infected cells was performed with technical support from
Jennifer Simpson, a microscopy expert in The Pirbright Institute Bioimaging group.
For this, | infected Vero cells with bRSV at an MOI of 1 and fixed the cells at 24 and
48 h p.i., at which point they were handed to Jennifer for TEM analysis. She also
provided data interpretation support along with Philippa Hawes, Bioimaging group
leader. From this analysis, granular structures with high electron density, characteristic
of RNA virus inclusion bodies, were identified at both timepoints, often in close
proximity to the nucleus (Fig 4.7A). Smaller structures (1-2 um in diameter) were
predominately rounder in nature when compared to their larger (>3 um in diameter),

more pleomorphic counterparts (Fig 4.7A).

These structures are similar to those previously reported for the rhabdoviruses, rabies
virus and vesicular stomatitis virus (Lahaye et al., 2009, Nikolic et al., 2017, Heinrich
et al., 2018), supporting our conclusion that bRSV also forms membrane-less IBs in
infected cells. As expected, these structures were not visibly membrane-bound or
directly associated with sub-cellular organelles; however, rough endoplasmic
reticulum (RER; black arrows) and mitochondria (M in Fig 4.7A) were frequently
found in close proximity. Identification of ER and mitochondria using anti-calnexin
and anti-AlF antibodies, respectively, by IF analysis further revealed changes in the
cellular distribution of these organelles. As both structures occupy the perinuclear
region, the ER network is seen excluded from the regions containing the dominant IB
(Fig 4.7B). This is unlike the replication complexes of positive strand RNA viruses
which are composed of several double-membrane vesicles or spherules derived from
diverse organelle membranes (den Boon and Ahlquist, 2010, Harak and Lohmann,
2015, Nevers et al., 2020). Mitochondria, on the other hand, were often seen

condensed around the dominant IB in the perinuclear region (Fig 4.7B). Microtubule-
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Figure 4.7 Ultrastructural analysis of bRSV infected cells shows membrane-less intra-
cytoplasmic structures and changes to cellular ultrastructure. (A) High power transmission
electron microscopy (TEM) of mock or bRSV infected Vero cells fixed in glutaraldehyde at 24 and
48 h p.i and prepared for TEM as detailed in the methods. N, nucleus; M, mitochondria; C,
cytoplasm; IB, inclusion body and ER indicated with black arrows. Two representative images are
shown per time point. Scale bars correspond to 1 um. (B) Vero cells, mock infected or infected with
bRSV were fixed at 24 h p.i.,, and co-immunostained with anti-bRSV N (green) and anti-
calnexin/AlF (red) antibodies. Images in A are representative of n=3 independent repeats, and in
B, n=2.
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dependent mitochondrial redistribution to a perinuclear position has been shown to
favour RSV infection by decreasing mitochondrial respiration, loss of mitochondrial
membrane potential and increased reactive oxygen species production (Hu et al.,
2019Db).

To examine the sub-1B localisation of RSV N and p65 in relation to the ultrastructural
analysis of IBs, correlative light electron microscopy (CLEM) was performed, again
with support from Jennifer Simpson. This is a powerful technique that allows
examination of the ultrastructural detail of cells/cellular structures by TEM, in
combination with immunofluorescence microscopy. It is a relatively new technique
that is increasingly used to study virus-host interactions (Bykov et al., 2016). Here, |
infected Vero and MDBK cells at an MOI of 1 on gridded coverslips and fixed the
cells at 24 and 48 h p.i. for analysis, firstly by confocal microscopy using N and p65
antibodies to immunolabel these proteins (Fig 4.8). At this point samples were handed
over to Jennifer for further analysis. The same cells, examined by IF, were identified
by grid reference, then isolated, embedded, and sectioned with their ultrastructure
subsequently analysed by TEM. Importantly, these CLEM data confirmed that the
electron dense granular structures seen by TEM (Fig 4.7A) are synonymous with the
N and p65 stained I1Bs seen in IF microscopy. An overlay of the two images confirmed
that bRSV IBs had retained the electron dense granular structure characteristic of
liqguid organelles in both Vero and MDBK cells, even with the chemical
permeabilization required for IF antibody labelling (Fig 4.8). CLEM data also
confirmed that p65 and N proteins localise to the IB, with p65 present within the
structure and N around the periphery.

4.2.4. bRSV IBs are dynamic structures and are distinct from stress granules.

Previous reports have demonstrated that 1Bs can rapidly change their size due to fusion
or fission events whilst remaining spherical in nature - a characteristic feature of these
liquid organelles and one of the criteria used for their identification (Alberti et al.,
2019, Nikolic et al., 2017). Rabies virus inclusion bodies, termed negri bodies, have
been shown to rapidly dissolve and reform in response to hypotonic shock, also
demonstrating the dynamic nature of these structures and their sensitivity to their
physicochemical environment (Nikolic et al., 2016, Nikolic et al., 2018). To assess the
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Figure 4.8 Correlative Light and Electron Microscopy (CLEM) confirms p65 recruitment into
RSV inclusion bodies. Correlative light electron microscopy (CLEM) of confocal microscopy
immunostaining and TEM showing bRSV IBs. (A) Vero and (B) MDBK cells infected with bRSV
at MOI 1 were fixed at 24 or 48 h p.i., stained with antibodies against RSV N (green), NF-xB p65
(red) and nuclei stained with DAPI. Following confocal imaging, cells were fixed in glutaraldehyde,
sectioned and visualised by TEM. Confocal (left) and TEM (middle) images of the same cells were
overlayed (right) as CLEM images. Images are representative of data from a single experiment
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sensitivity of bRSV IBs to hypotonic shock, Vero cells, infected with bRSV for 24 h,
were incubated with DMEM (diluted to 20% in H2O) for 20 mins. Cells were then

fixed and immunostained for N protein only or N and p65. Many smaller 1Bs showed
evidence of dissolution following hypotonic shock (Fig 4.9A,; iv); however, unlike
rabies virus negri bodies, the larger bRSV IBs remained intact following this
significant period of cellular osmotic shock (Fig 4.9A; iii). Of note, incubation beyond
20 minutes was not possible because of the associated cytotoxicity. In addition, a large
percentage of the sequestered p65 in these larger IBs remained tightly associated with
the intact structure (Fig 4.9B). Recently, Zhou et al., demonstrated that larger measles
IBs had slower rates of fluorescence recovery after photobleaching (FRAP), relative
to their smaller counterparts, postulating that these structures had acquired a more gel-
like property (Zhou et al., 2019). At 24 h p.i., the p65-positive IB structures were
mostly spherical, becoming larger and more irregularly shaped by 48 h p.i., possibly
as a result of transition into a more gel-like status (Fig 4.8). The acquisition of this gel-
like status, which are also less likely to exchange molecules with the surrounding
cytoplasm, has been linked to aging of phase separated organelles - a continuum which
ends with the formation of irreversible aggregates (Shin et al., 2017). Therefore, the
insensitivity of large bRSV IBs to osmotic shock, and the maintenance of p65 within
the IB even under these harsh conditions, is perhaps the result of them acquiring gel-
like status, a property which may be linked to the age and size of individual 1Bs within

infected cells.

Furthermore, the p65 puncta/IBs observed in bRSV infected cells were visually similar
to protein and mRNA aggregations that form in cells in response to cellular stress and
viral infections, so-called stress granules (SG). A wide range of viruses have been
shown to either induce or inhibit SG formation to their advantage (White and Lloyd,
2012); however, there are contradictory findings on SG induction by RSV (Fricke et
al., 2013, Lindquist et al., 2010, Hanley et al., 2010, Lindquist et al., 2011). To
examine the potential relationship between these structures and SGs, | induced SG
formation in bRSV infected cells with sodium arsenite treatment and performed co-
immunostaining for p65 and G3BP1 (a SG marker) in fixed cells. Although | was able
to successfully stimulate the production of SGs in Vero cells, the analysis showed that

the p65 puncta were entirely distinct from these granules (Fig 4.9C). Tangentially, this
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Figure 4.9 P65 IBs are dynamic structures and distinct from stress granules. (A/B) Vero cells
were infected with bRSV at an MOI of 1 and incubated at 37°C for 24 h. Hypotonic shock was
applied for 20 mins before the cells were fixed. Confocal analysis was performed following
immuno-staining for bRSV N (green), and nucleus stained with DAPI (and p65 for B). Inset zooms
demonstrate the observed effects of hypotonic shock on large (i and iii) and small (ii and iv) IBs —
representative images shown. (C) Vero cells were infected with bRSV or mock infected. At 24 h
p.i., cells were treated with 500 pM Sodium arsenite or mock treated for 1 hr. Cells were then fixed
and immuno-stained with anti-G3BP1 (green) and anti-NF-kB p65 (red) antibodies. Nuclei were
stained with DAPI (blue) and images obtained using a Leica TCS SP5 confocal microscope. Images

are representative of n=4 independent repeats. Images are representative of n=2 independent
repeats.
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experiment also demonstrated that bRSV infection does not significantly induce SG

formation, at least in this cell type and at the time point examined.

4.2.5. Role of RSV-encoded immunomodulatory proteins on p65 sequestration
into IBs.

As a central regulator of the innate immune response, several viruses target NF-«xB
signalling to inhibit its activation (Deng et al., 2018). Furthermore, the sub-optimal
natural immune response to RSV indicates the employment of immune antagonistic
strategies by the virus. However, further work is required to unveil the encoded
mechanisms specifically targeting NF-kB. As already discussed, NF-xB p65 capture
into RSV IBs blocks its nuclear translocation and transcriptional activation (Fig 4.1
and Fig 4.2). In order to examine a potential role for the established bRSV-encoded
immunomodulatory proteins - NS1, NS2 (Schlender et al., 2000) and SH (Pollock et
al., 2017, Taylor et al., 2014) in the formation of p65 positive 1Bs, this phenomenon
was investigated in cells infected with virus lacking the expression of these proteins.
Mutant viruses [ANS1, ANS2, ANS1/2 (a double knockout) and ASH (Buchholz et al.,
1999, Taylor et al., 2014, Karger et al., 2001, Schlender et al., 2000)] were obtained
from Geraldine Taylor, at the Pirbright Institute, then grown in and titrated on Vero
cells. Immunoblotting bRSV ASH infected cells with an anti-SH antibody and
comparing them to wt bRSV infected cells confirmed deletion of SH (Fig 3.3A).

Since | did not have access to anti-NS antibodies, the genotype of these mutants was
confirmed by RT-PCR. Total RNA was extracted from cells infected with bRSV
ANSI1, ANS2 and ANS1/2, or from wild type bRSV infected cells as control. RT-PCR
was performed with primers targeting the region encoding the NS genes, amplifying
from the gene start (Gs) region of NS1 to the beginning of the N gene. The right
expected product sizes were obtained for ANS1 and ANS2, confirming deletion of the
respective genes (Fig 4.10A). No band was seen in the double knockout possibly due
to the expected band size of 101 bp being too small to visualise. Having confirmed the
genotypes of the viruses, Vero cells were then infected for 24 h, fixed and co-
immunostained for p65 and the RSV F protein. IF analysis of these samples identified
p65 puncta in all infected cells (Fig 4.10B), suggesting that these bRSV-encoded
immunoantagonists do not play a significant role in either the formation of IBs or the

sequestration of p65 to these structures. Thus, these RSV-encoded immune antagonists
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Figure 4.10 NF-xB subunit p65 co-localises with viral inclusion bodies independently of RSV-
encoded immunomodulators. (A) Confirmation of NS gene deletion. Total RNA was extracted
from Vero cells infected with the indicated viruses at 24 h p.i. and subjected to reverse transcriptase
PCR using primers that amplify from the gene start (Gs) region of NS1 to the beginning of the N
gene. Expected product sizes: wt, 1120 base pairs (bp); ANS1,594 bp; ANS2, 627 bp; and ANS1/2,
101 bp. (B) Vero cells were infected with wt bRSV, ANS1, ANS2, ANS1ANS2 or ASH bRSV. 24
h p.i., cells were fixed and immunostained with rabbit anti-NF-xB p65 (red) and mouse anti-RSV F
(green) antibodies. Cell nuclei were stained with DAPI (blue) and images obtained using a Leica
TCS SP5 confocal microscope. Data in A is from a single experiment. Images in B are also
representative of data from a single experiment
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are not exclusively responsible for modulating the innate immune response.

4.2.6. Co-expression of bRSV N and P proteins induces the formation of 1B-like
structures which can sequester p65

In the absence of infection, ectopic co-expression of many Mononegavirales N and P
proteins has been shown to result in the formation of 1B-like structures (Lifland et al.,
2012, Nikolicetal., 2017, Rincheval et al., 2017, Zhou et al., 2019, Garcia et al., 1993)
— a finding which has been linked to their potential to induce LLPS independently of
viral infection. Although this has been related to the presence of intrinsically
disordered regions within the N and P proteins, the exact mechanisms underlying viral
IB formation remains uncharacterised. Recently, the central oligomerisation domain
and C-terminal domain (an intrinsically disordered region) of P, plus the ability of N
to interact with both P and RNA, were shown to be required for pseudo-1B formation
(Galloux et al., 2020a). However, whether the infection independent pseudo-IBs retain
all the properties of viral IBs is not entirely clear. For hRSV it was shown that IB-
associated granules (IBAGs) do not form within these visually orthologous bodies
(Rincheval et al., 2017); however, the recruitment of MDAS and MAVS to the pseudo
IBs, following N and P overexpression, was maintained (Lifland et al., 2012). To
address similar questions for bRSV IBs, and to examine the related sequestration of
p65, Vero cells transiently transfected with plasmids expressing bRSV N (pN) and
bRSV P (pP) were fixed and stained at 24 h post transfection and examined by IF. As
has been reported previously, expression of N or P alone did not lead to the formation
of IB-like structures; however, co-expression did, resulting in the formation of
inclusions up to 6.9 pum?in area (Fig 4.11). Examination of the sub-cellular localisation
of p65 in this system also confirmed that the N- and P-induced inclusions were
proficient in sequestering p65, independent of viral replication, with a pattern of
expression mirroring that seen in infected cells (Fig 4.11; inset zoom and fluorescent
line of interest analysis). This data confirms that the N and P proteins are central to IB
nucleation and possibly involved in recruiting p65 or at least create the conditions
favouring p65 localisation. In summary, our results indicate that p65 recruitment into
bRSV IBs is maintained even in IB-like structures formed after N and P

overexpression.
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Figure 4.11 Co-expression of bRSV N and P proteins induces the formation of IB-like
structures which can sequester p65. Vero cells were co-transfected with equimolar concentrations
of plasmids expressing bRSV N (pN) and/or P (pP) proteins as indicated. Following 24 h incubation,
cells were fixed and stained with anti-RSV N (green/red) and anti-RSV P (green) or anti-NF-«xB
p65 (red) antibodies. Bottom panel shows a higher magnification of the boxed area. Graphs shows
fluorescent intensity profiles along the indicated white line. Images are representative of n=3
independent repeats.
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Figure 4.12 P65 interacts with RSV N and P in a co-immunoprecipitation assay. 293T cells
were transfected with plasmids expressing NF-xB p65 (pP65) or empty vector (pEV) and 6 h later
infected with bRSV at MOI 1. At 24 h p.i., cell lysates were immunoprecipitated (IP) with (A) anti-
p65 antibody, (B) RSV N antibody or beads alone as a control. Pull-downs were analysed by SDS-
PAGE and immuno-blotting (IB) using anti-p65, anti-N or anti-P antibodies. Data in A is
representative of n=2 independent repeats, and n=1 in B.
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4.2.7. Co-immunoprecipitation analysis suggests p65-RSV N interaction

As discussed in section 4.2.2, p65 sequestration into IBs was observed at 16 h p.i., a

time point at which significant viral proteins were expressed (Fig 4.5 and Fig 4.6). As

infection progressed and I1Bs grew larger, so did the size of the p65 puncta, directly
correlating infection with p65 aggregation. In order to define the mechanism of p65
recruitment into, and sequestration within the bRSV IBs, several models were
considered: (i) p65 being transported from the cytoplasm into IBs by direct interaction
with viral proteins, (ii) p65 non-specifically captured during retrograde transport from
the cytoplasm, along the cytoskeleton, into the nucleus; a process that could be
facilitated by the perinuclear positioning of the IBs, or (iii) p65 being non-specifically
captured by random diffusion, dependent on the physicochemical properties of the

phase separated structure and that of the recruited/excluded proteins.

To investigate the first model, | assessed the interaction of p65 with N and P. The
focus on these two viral proteins was due to the finding that p65 was also recruited
into the pseudo-I1Bs formed following ectopic N and P co-expression (Fig 4.11). 293T
cells were mock-infected or infected with bRSV. At 24 h p.i, endogenous p65 or p65
expressed from a plasmid (pP65), and N protein were immunoprecipitated from cell
lysates using an anti-p65 or anti-RSV N antibody, respectively. When these immuno-
precipitates were analysed by western blotting, both bRSV N and P were found to co-
immunoprecipitate (co-IP) with endogenous or overexpressed p65 in infected cell
lysates, providing evidence of direct interactions being maintained post-lysis (Fig
4.12A). Experiments with beads alone did show a small amount of co-IP N protein;
however, this was markedly lower than in the p65 antibody experiment, background
signal which may be the consequence of the high levels of N protein in infected cells
at 24 h p.i. In converse, when N protein was immunoprecipitated from the cell lysates,
P co-IP was maintained but there was no significant co-1P of p65 with N protein (Fig
4.12B). One explanation for this discrepancy may be anti-N antibody interference
with the interaction. However, the recruitment of p65 to IBs, if viral protein-
dependent, may be due to indirect interactions with the N and/or P proteins. Since
RSV N and P are known to interact, yet the IB does not form without both proteins
being expressed together, more detailed characterisation of this interaction is required

to define the true binding partner.
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4.2.8. Disruption of the cytoskeleton does not inhibit IB formation or p65
recruitment, but the microtubule network is required for intracellular

movement of viral components and efficient replication

To successfully complete their lifecycle, viruses rely on a functional transport system
to move viral components, such as, RNP and newly synthesised viral genome and
proteins around the cell, between the entry, replication, and assembly sites. For viruses
that form perinuclear replication complexes, these retrograde and anterograde
movements are facilitated by the microtubule network and microtubule motor
proteins, such as, dynein (Ploubidou and Way, 2001). In order to investigate the role
of the cytoskeleton in viral-1B formation and non-specific p65 sequestration, infected
cells were examined in the presence of inhibitors that disrupt the cellular transport
system. Vero cells were infected with bRSV at MOI 1. Inoculum was removed 2 h
later and replaced with media containing 10 ug/ml nocodazole (NCZ; prevents
microtubule assembly), 2 uM taxol (prevents microtubule depolymerisation) or 2.5
uM cytochalasin B (CytoB; inhibits actin polymerisation) and then incubated for
another 24 h. Cells were then fixed and co-immunostained for RSV N and a-
tubulin/actin or RSV F and p65. N-positive 1Bs were seen in both untreated and in
cells treated with the different cytoskeleton inhibitors, demonstrating that bRSV IB
formation, like rabies virus IBs (Nikolic et al., 2017, Oksayan et al., 2012), is not
dependent on the cytoskeleton (Fig 4.13A and B). As previously observed (Fig 4.6B),
the dominant bRSV IBs were localised towards the centre of the cell, next to the
nucleus, and there were no significant differences observed in their size in all cases
(Fig 4.13C).

This is contrary to the effect of NCZ observed on rabies virus IB morphogenesis —
producing one/two IBs that are significantly larger than that produced in control cells
(Lahaye et al., 2009, Nikolic et al., 2017). Common to both viruses, the smaller IBs
that arise later in infection, at 24 h p.i., can be seen in all cells, except in the presence
of NCZ when microtubules are depolymerised. Furthermore, when microtubule
depolymerisation was inhibited by taxol treatment, the number of IBs per cell
significantly increased from an average of five in control cells to fifteen (Fig 4.13D),
indicating the importance of the microtubule network on IB dynamics. However, taxol

treatment caused nuclear fragmentation possibly due to the induction of apoptosis.
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Figure 4.13 bRSV IB dynamics, but not its formation is dependent on the microtubule
network. Vero cells were mock infected or infected with bRSV at an MOI of 1. 2 h later, inoculum
was removed, and cells incubated with media containing vehicle or (A) 10 ug/ml nocodazole, 2 uM
taxol, or (B) 2.5 uM cytochalasin B for another 24 h. Cells were then fixed and immuno-stained
with anti RSV N (green) and anti-o tubulin antibodies (red) and actin stained with phalloidin. Cell
nuclei were stained with DAPI (blue) and images obtained as already described. (C) Cross-sectional
area of the largest IB in nine selected cells. (D) Total number of IBs larger than 1.5 umz2. Statistical
significance determined by ANOVA as described in the methods, n.s: non-significnt;
****pn<0.0001. Data is representative of n=2 independent repeats.
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CytoB which disrupts actin filaments did not significantly affect the size or number of
IBs. This data demonstrates that the dominant IB is possibly established by the RNP
of the incoming virus in a process independent of the cellular cytoskeleton. As
infection progresses, the smaller ones either fragment from the main IB growing larger
elsewhere in the cell, or form from nascent viral material with the ability to fuse into
larger bodies, both processes depending on the microtubule network. Consistent with
the latter hypotheses, Nikolic et al., used live cell imaging to show that rabies virus
RNPs are ejected from the main IB and transported along the microtubule network,
giving rise to smaller IBs — in a process inhibited by NCZ treatment (Nikolic et al.,
2017).

| also found that disruption of the microtubule network did not affect p65 recruitment
into the IB but altered the transportation of RSV F protein into virus filaments in the
plasma membrane (Fig 4.14A). Microtubule depolymerisation increased the
proportion of F protein in the cytoplasm, most likely associated with ER membranes
(Fig 4.14B). Line of interest plots also show an uncharacteristic clustering of F at the
IB periphery further indicating a breakdown in the anterograde transport system. Since
my findings show that microtubule-dependent anterograde transport has little effect
on IB formation and p65 recruitment, further investigations are required to assess
whether p65 is directly captured by viral proteins into IBs or localised by random
diffusion. The effect of these changes on virus replication was then analysed in Vero
and MDBK cells. Cells were infected with recombinant bRSV expressing green
fluorescent protein (GFP) as a separate transcriptional unit (0RSV-GFP) and virus
replication monitored by quantifying fluorescence on an Incucyte real-time live-cell
imager (Fig 4.15). When virus replication was compared to untreated cells, both
microtubule inhibitors significantly reduced virus replication, particularly in MDBK
cells, whereas actin inhibition had a limited effect. Taken together, the data shows that
neither RSV IB formation nor its p65 status is dependent on the actin/microtubule
network. However, microtubule architecture, but not actin, is important for the

maturation of RSV IBs and the progression of infection.

4.2.9. The sequestration of the NF-kB subunit p65 to cytoplasmic IBs is a

conserved mechanism of orthopneumovirus immunomodulation

Having established structural and functional similarity between bRSV and hRSV IBs,
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Figure 4.14 The microtubule network is not essential for p65 IB localization but plays a role
in RSV F transport to the plasma membrane. (A) Vero cells were mock infected or infected with
bRSV at an MOI of 1. 2 h later, inoculum was removed, and cells incubated with media containing
vehicle, 10 ug/ml nocodazole, 2 uM taxol, or 2.5 uM cytochalasin B for another 24 h. Cells were
then fixed and immuno-stained with anti RSV F (green) and anti-p65 antibodies (red). Cell nuclei
were stained with DAPI (blue) and images obtained as already described. (B) Magnification of

boxed areas in A and line of interest plots. Images are representative of data from a single
experiment
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Figure 4.15 Microtubule disruption limits bRSV replication. Vero and MDBK cells were mock
infected or infected with bRSV-GFP at an MOI of 1. 2 h later, inoculum was removed, and cells
incubated with media containing vehicle, 10 ug/ml nocodazole, 2 uM taxol, or 2.5 uM cytochalasin
B and virus replication monitored over 96 h with GFP as a marker using an Incucyte imager. Graphs
show means * SD of triplicate infections from one experiment.
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| finally examined the regulation and sub-cellular localisation of the NF-xB subunit
p65 in hRSV infected cells. Beginning with the NF-kB luciferase reporter assay, |
uncovered a pattern of signalling inhibition similar to bRSV. 293T cells were infected
with hRSV at an MOI of 1 and then transfected with the NF-xB reporter at 6 h p.i. 18
h later, cells were left untreated or stimulated with hTNFa for another 16 h before
being lysed and analysed for NF-xB transactivation. Infection with hRSV in the
presence of the NF-«xB reporter did not lead to robust activation when compared to
mock infected cells, highlighting a lack of activation of this pathway in infected cells
(Fig 4.16A, black bars). Again, similar to bRSV, infected 293T cells (24 h with hRSV)
which were stimulated for 16h with hTNFa induced significantly less NF-xB
transactivation, when compared to equivalently treated mock-infected cells (Fig 4.16,
grey bars). This correlated well with an examination, by IF, of hRSV replication in
Vero cells, with and without hTNFa treatment, where again | did not observe
significant levels of p65 nuclear translocation (Fig 4.16B). Indeed, as observed in
bRSV infected cells, p65 was recruited into intra-cytoplasmic puncta. These puncta
were subsequently shown to also be synonymous with viral 1Bs (Fig 4.17) in a set of
experiments which also confirmed that IB formation and the recruitment of p65 is host
cell independent. bRSV or hRSV infected MDBK (bovine) or Hep2 (human) cells
demonstrated the presence of p65-containing IBs in all scenarios, highlighting that the
mechanisms underpinning RSV IB formation, and the sequestration of p65 to these
bodies, are likely highly conserved. This examination of host-range specificity was
concluded with a more physiologically relevant model of the human bronchial
epithelium, BEAS-2B cells. These are derived from normal human tissue taken
following autopsy of a non-cancerous individual, identifying again the formation of
IBs and sequestration of p65, regardless of RSV species (Fig 4.17). Finally, |
confirmed that IB-like structures formed by ectopic hRSV N and P co-expression
recruited p65 to their core (Fig 4.18). Taken together, these data indicate that the
formation of IBs during viral replication, together with the sequestration of the
transcription factor NF-xB subunit p65 to these bodies, is a common feature of

orthopneumoviruses.
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Figure 4.16 hRSV IBs antagonise NF-kB p65 activation similarly to bRSV. (A) 293T cells were
mock infected or infected with hRSV at an MOI of 1. At 6 h p.i., cells were transfected with 100 ng
NF-xB FLuc reporter and 10 ng TK-renilla luciferase and incubated at 37°C. At 18 h p.t., cells were
left untreated or stimulated for 16 h with 20 ng/ml hTNFa. Cells were then lysed and analysed for
firefly and renilla luciferase activities. Graph depicts means + SD of three replicates from the same
experiment. Statistical significance determined by ANOVA as described in the methods,
****p<0.0001. (B) Vero cells mock infected or infected with hRSV at an MOI of 1 for 24 h were
left untreated or stimulated with 20 ng/ml hTNFa for 30 mins. Cells were then fixed and immuno-
stained with anti-RSV F (green) or anti-NF-xB p65 (red) antibodies. Cell nuclei were stained with
DAPI (blue) and images obtained using a Leica TCS SP5 confocal microscope. Graphs show line
fluorescent intensity profile along the indicated white lines. Images are representative of data from
n=2 independent experiments.
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Figure 4.17 The sequestration of the NF-kB subunit p65 to cytoplasmic IBs is a conserved
mechanism of orthopneumovirus immunomodulation. (A) MDBK, Hep2 and BEAS-2B cells
were infected with b/hRSV for 24 hrs, fixed and immuno-stained for RSV N (green) or NF-xB p65
(red). Cell nuclei were stained with DAPI (blue), and confocal analysis performed as already
described. Images are representative of data from a single experiment
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Figure 4.18 Co-expression of hRSV N and P proteins induces the formation of IB-like
structures which can sequester p65. Vero cells were co-transfected with equimolar concentrations
of plasmids expressing hRSV N (pN) and/or P (pP) proteins as indicated. Following 24 h incubation,
cells were fixed and stained with anti-RSV N (green/red) and anti-RSV P (green) or anti-NF-xB
p65 (red) antibodies. Cell nuclei were stained with DAPI (blue) and confocal analysis performed.
The bottom panels show a higher magnification of the boxed area and a graph with the fluorescent
intensity profiles along the indicated white line. Images are representative of data from n=2
independent repeats.
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4.3. Discussion

The NF-kB family of transcription factors are involved in several cellular responses
including inflammation, stress responses, cellular growth, etc., and play an important
role in the innate immune response to infection (Mitchell et al., 2016). Recognition of
viral pathogen-associated molecular patterns (PAMPS) by RIG-I, MDA5 or NOD2 can
lead to activation of transcription factors including NF-«xB through the IKK complex
or IRFs through TBK-1/IKKe (Hemmi et al., 2004, Mitchell et al., 2016, Sun and
Lopez, 2016, Sedeyn et al., 2019). These transcription factors elicit responses that lead
to the clearance of RSV infection and establishment of a memory response (Guzman
and Taylor, 2015, Sun and Lopez, 2016). However, RSV generates a short-lived
immune response in vivo which might be a consequence of various immune-evasion
strategies involving the SH, NS1, NS2 and G proteins (Kotelkin et al., 2006, Ling et
al., 2009, Lo et al., 2005, Taylor et al., 2014, Arnold et al., 2004, Tripp et al., 1999,
Sedeyn et al., 2019). As a key innate immune pathway, NF-kB signalling is often a
target for viral antagonism (Deng et al., 2018); however, to date, RSV modulation of
its activation has remained less well defined. To address this, we monitored NF-xB
p65 activation in RSV-infected cells at multiple steps in the signalling pathway,
namely, IkBa degradation, p65 phosphorylation (at Ser536), p65 nuclear
translocation, and more broadly NF-kB transactivation. We present a novel
mechanism of immune evasion wherein RSV infection results in the sequestration of
the NF-«kB subunit p65 into viral inclusion bodies (Fig 4.6 and Fig 4.16). This is a
process independent of the known RSV immunomodulatory proteins — NS1, NS2, and
SH (Fig 4.10B) — and was confirmed in BEAS-2B bronchial epithelial cells (Fig 4.17);
amore physiologically relevant model of infection. Furthermore, the phenomenon was
maintained regardless of the host cell origin implying it is a conserved mechanism of
immune regulation. | also demonstrate that as a result, activation of NF-kB subunit
p65 is suppressed in infected cells, even with exogenous TNF-a stimulation (Fig 4.1,
Fig 4.2, and Fig 4.16). In contrast, there was no aggregation of IRF3, and nuclear
translocation of this transcription factor was successfully stimulated by both RSV

infection and agonist treatment.

Although small IBs (<2.5 um2) were observed as early as 6 h p.i., they did not
colocalize with detectable levels of p65 (Fig 4.6). However, this may reflect a
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technical limitation of our IF or alternatively that IBs need to grow in size before they
can begin to sequester p65. It is currently not clear what proportion of the IB-
sequestered p65 is [kBa associated, the elucidation of which might explain the partial
protection of IkBa from degradation seen following TNF-a treatment (Fig 4.1A, mock
versus bRSV +TNF-a). The phosphorylation status of the sequestered p65 is also not
clear, neither is its accessibility to cellular kinases. Thus, although IBs are fluid and
allow exchange with the cytoplasm, the directionality of p65 movement remains to be
elucidated. Interestingly, the lack of p65 activation prior to 1B formation and p65
aggregation, highlights that RSV may employ additional mechanisms for NF-«xB
inhibition which remain uncharacterized. However, other groups have reported more
robust activation of NF-«B in response to RSV infection (Bitko et al., 2004, Carpenter
et al., 2002, Yoboua et al., 2010) which could indicate that the cell line, viral strain
and level of inoculum purity play a role in RSV-mediated NF-xB activation. This
being said, the sequestration of p65 appears to be an orthopneumovirus-conserved
strategy active in physiologically relevant cells, such as BEAS-2B cells. This
mechanism of innate immune antagonism is also emerging as a common strategy
utilized by RSV and possibly other viruses that induce IB formation. Recent data
shows the recruitment of a range of cellular proteins into RSV IBs, most of which are
involved in the antiviral response. MAVS and MDAS were both found to be recruited
into RSV IBs as a mechanism of suppressing IFN signalling (Lifland et al., 2012).
Similarly, p38 MAPK and OGT sequestration into RSV IBs suppressed MAPK-
activated protein kinase 2 signalling and stress granule formation, respectively,
enhancing virus replication (Fricke et al., 2013). HuR, another component of stress
granules, heat shock protein Hsp70 and actin, were also observed within RSV IBs
(Lindquist et al., 2010, Brown et al., 2005). It is likely other host cell proteins that are
yet to be identified also localise in RSV IBs. However, whether the closely related
HMPV or other viruses such as measles, Ebola, Nipah, or rabies that also induce 1B
formation, adopt similar mechanisms of immunomodulation remains to be

determined.

The insensitivity of NF-xB signalling to exogenous TNFa stimulation suggests the
modest activation seen in response to RSV infection is a consequence of the observed
p65 sequestration. However, the roles of the known immunomodulators — SH, NS1,

and NS2 — cannot be excluded at this time since these were previously shown to target
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NF-xkB. The SH proteins of bRSV and hRSV contribute to virus pathogenesis by
inhibiting NF-kB responses (Fuentes et al., 2007, Russell et al., 2018, Taylor et al.,
2014, Wilson et al., 2006). This was shown to involve suppression of p65
phosphorylation and IkBa degradation using bRSV SH, although the exact mechanism
is still unclear. However, the observation of p65 puncta in bRSV ASH infected cells
that were also insensitive to TNFa stimulation (Fig 3.9), shows that this accessory
protein does not play a central role in this mechanism of p65 antagonism. On the other
hand, NS2, and to a lesser extent NS1, were shown to enhance nuclear translocation
and activation of NF-xB (Spann et al., 2005). Although | observed formation of p65
puncta in viruses lacking expression of these proteins (Fig 4.10), their influence on
TNFa-mediated p65 activation was not assessed here. Considering the observations
reported by Spann et al. (Spann et al., 2005), I did not find that infection with the NS
deletion mutants enhanced p65 nuclear translocation when compared to wild type
bRSV infected cells. This may however represent mechanistic differences between the
NS proteins of hRSV and bRSV.

Unlike effects observed on NF-xB, there is strong evidence that the
targeting/downregulation of key signalling molecules by the NS proteins of both
bRSV and hRSV suppresses IRF3 activation, subsequent type | and Il interferon
induction and also interferon signalling (Sedeyn et al., 2019). Interaction of NS1 with
MAVS was shown to inhibit phosphorylation and activation of IRF3 by competitively
blocking MAVS activation by RIG-I (Boyapalle et al., 2012). This mechanism of
inhibition may also be elicited via NS2, through direct binding to RIG-1 (Ling et al.,
2009). Several other studies have also shown that the NS1 and NS2 proteins of these
viruses target multiple levels in interferon induction and signalling to suppress the
antiviral response (Spann et al., 2004, Goswami et al., 2013, Swedan et al., 2009,
Spann et al., 2005, Ren et al., 2011). Therefore, it was surprising to see activation of
IRF3 using wild type virus encoding both NS1 and NS2 proteins (Fig 4.2). However,
most of the studies showing inhibition by these proteins use NS deletion mutants,
observing enhanced responses in their absence. Thus, the activation observed here
does not indicate absence of inhibitory responses from these proteins. Assessment of
IRF3 transcriptional responses, for example, by reporter assay or gene expression
analysis might provide a more definitive approach to examine activation compared to

nuclear translocation. The effect of the NS proteins may also be assessed in this way
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by comparing wild type to deletion mutants or by using ectopic expression. Although
IRF and NF-«kB are activated downstream of similar pathways, they primarily regulate
distinct responses; IRF mainly regulates interferon induction, whereas NF-«B is
mostly involved in proinflammatory cytokine expression. Importantly, crosstalk
between the IRF and NF-kB pathways implies that members of one pathway may
regulate the other (Ilwanaszko and Kimmel, 2015). Therefore, analysis of
transcriptional activity may also help to examine the effect of p65’s sequestration into
IBs on IRF3 transactivation. The data presented in Fig 4.2 shows specific targeting of
NF-kB subunit p65, similar to the mechanism by which IRF3 is targeted by NS1 (Ren
et al., 2011), albeit via different mechanisms. Thus, this shows that RSV encodes
multiple mechanisms to suppress antiviral responses induced in the early stages of

virus infection.

Formation of cytoplasmic IBs is a characteristic feature of infection with several
negative strand RNA viruses. Showing similarities to membrane-less cellular
organelles, IBs are essentially biomolecular condensates thought to form by LLPS.
These structures have liquid-like properties with a spherical shape induced by surface
tension. They are also highly fluid and can undergo fusion and fission (Gomes and
Shorter, 2019, McSwiggen et al., 2019, Alberti et al., 2019). Based on these criteria,
we postulate that bRSV IBs have properties of liquid compartments similar to IBs
induced in the cytoplasm of hRSV (Galloux et al., 2020a, Rincheval et al., 2017),
HMPV (Cifuentes-Munoz et al., 2017), MeV (Zhou et al., 2019), VSV (Heinrich et
al., 2018) and rabies virus (Nikolic et al., 2017) infected cells and several other
mononegaviruses. Electron micrograph analysis of bRSV infected cells showed
greater electron density in the IBs than in the cytoplasm (Fig 4.7 and Fig 4.8), which
is a characteristic of biomolecular condensates. Importantly, we also observed that
they are membrane-less and mostly spherical, although larger IBs tend to have a more
pleomorphic structure. In order to definitively identify the bRSV IBs as liquid
organelles, fluorescence recovery after photobleaching (FRAP) experiments could be
performed to assess the acquisition of tagged N or P over time. In addition, the fusion
and fission of these organelles could be monitored in real time. However, the
dissolution of the smaller IBs in response to hypotonic shock still provides strong
evidence for the phase-separated nature of these structures (Fig 4.9A). The stability of

larger IBs to extended periods of hypotonic shock was surprising — a finding we
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attribute to the larger IBs gaining hydrogel- or even aggregate-like status (Banani et
al., 2017). This might also explain the loss of their spherical nature, as the biophysical

constraints on this organelle might be relaxed by this transition.

We observed that formation of IBs in infected cells was initiated with aggregation of
the N protein (at 6 h p.i.), as soon as sufficient viral proteins were expressed (Fig 4.6).
As the infection proceeded, we observed growth of the I1Bs in both number and size.
As a minimum, the N and P proteins are essential for the formation of ‘pseudo-IBs’
(Fig 4.11 and Fig 4.18). Ectopic expression of these proteins resulted in the formation
of IB-like structures (pseudo-1Bs) as has been reported for HMPV (Derdowski et al.,
2008), rabies (Nikolic et al., 2017) and measles (Zhou et al., 2019) viruses in cells,
and more recently for hRSV both in cells and in vitro (Galloux et al., 2020a). Our
pseudo-1Bs were also mostly spherical and at 24 h post-transfection, measured up to
6.9 um?, which is considerably less than that of the conventional 1Bs observed in
infected cells. We hypothesize that both pseudo-IBs and viral I1Bs form by
biomolecular condensation but that their maturation into larger structures is dependent
on other factors present only in infected cells. Interestingly, these data and our CLEM
analysis confirmed previous IF data from the field that the IB boundary is surrounded
by N protein. However, Lifland et al. suggested that this is an artefact of disrupted
antibody epitope accessibility to N since they observed even distribution of GFP-
tagged N protein throughout the IB (Lifland et al., 2012); however, we would only
note that we used an antibody developed in-house for this staining. In addition,
Galloux et al., observed concentration of mCherry tagged N on the periphery of I1Bs
formed in cells, similar to our observations in Fig 4.11 and Fig 4.18, and in pseudo-
IBs reconstituted in vitro (Galloux et al., 2020a), questioning the artefactual nature of
this organisation. The exact mechanism of viral IB formation is unknown but the
process of phase separation in general is thought to be initiated by scaffold proteins
that mostly contain multiple folded domains, IDRs, and RNA-binding domains
(Banani et al., 2017, Kato et al., 2012, Lin et al., 2015). These enable the proteins to
form multivalent (macromolecule-macromolecule) interactions of low affinity
resulting in phase-separation and subsequent recruitment of client molecules. Indeed,
RSV N and P proteins encode “scaffold” characteristics —an RNA-binding domain in
N (Ruigrok and Crepin, 2010), IDRs in N and P (Whelan et al., 2016), and the ability

of both proteins to oligomerise (Esneau et al., 2019, Galloux et al., 2012, Galloux et
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al., 2015) — that could initiate IB nucleation when present in high concentration. Using
mutagenesis studies, Galloux et al. found that the central oligomerisation and C-
terminal IDR of P, and the P and RNA-binding domains of N are crucial for IB
formation (Galloux et al., 2020a, Galloux et al., 2012).

Although the N and P proteins are permanent components of I1Bs, these structures are
fluid and undergo unrestricted exchange of certain macromolecules with the
cytoplasm. Using fluorescence tracking, previous studies have demonstrated
movement of viral proteins and RNA between the 1B and the dispersed cytoplasm, as
well as fusion and fission of distinct IBs (Rincheval et al., 2017, Zhou et al., 2019,
Heinrich et al., 2018, Nikolic et al., 2017). Banani et al., also noted that the
composition of biomolecular condensates is dynamically controlled, with constitutive
and transient components that are both selective (Banani et al., 2017). We propose
that, once nucleated, recruitment of “clients” into RSV IBs may involve low-affinity
interactions with N and/or P and that maintenance within the IB is enhanced by the
same physicochemical properties which induce LLPS, such as the presence of IDRS
and RNA-binding domains. However, the observation that the pseudo-1Bs could also
recruit p65 suggested a direct interaction between p65 and RSV N or P, and we
confirmed N-p65 interaction by co-IP (Fig 4.12). Interestingly, our IF data were
somewhat contradictory, with the staining patterns and line intensity profiles showing
p65 concentrated in the middle of IBs with N and P at the periphery, separating the IB
contents from the cytoplasm. It is possible that during sequestration, exchange of
biomolecules such as p65 across the boundary requires transient N interactions, or
with other IB-localised viral proteins in other cases. Evidently, the RSV P protein has
been shown to bind and recruit M2-1 to IBs (Richard et al., 2018). P contains a high
degree of intrinsic disorder and also M2-1, to a certain extent (Whelan et al., 2016),
however the recruitment was shown to involve direct interaction. Lifland et al. also
suggested that MAVS and MDAS are recruited into IBs by interacting with N and P
in a macromolecular complex (Lifland et al., 2012). Similarly, host cell Hsp70 was
recruited into rabies virus Negri bodies by directly interacting with N (Lahaye et al.,
2012, Lahaye et al., 2009). Therefore, recruitment of clients into IBs may be

facilitated by IDRs that enable N and P proteins to form multiple interactions.
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Although further work is required to identify the exact mechanism of IB population
and the contributing factors, we postulate that the RNA-binding properties of these
proteins may also be an important factor. Of note, several cellular proteins shown to
localise in RSV IBs contain RNA-binding domains (Kato et al., 2012) including
MDAS5 (Lifland et al., 2012), HuR (Lindquist et al., 2010), PABP and elF4G
(Rincheval et al., 2017). Thus, recognition of viral RNA by RNA-binding domains
may be a mechanism by which particular cellular proteins are enriched in IBs (Banani
et al., 2017). This is a mechanism used to localise proteins to stress granules (SGs)
generated in response to multiple stress stimuli to transiently stall translation
(Onomoto et al., 2014). Although we have shown that IBs are distinct from canonical
SGs, they share similar characteristics including liquid-like properties, absence of a
membrane boundary and are both formed by phase separation. Interestingly, PABP
and elF4G are also SG components (Onomoto et al., 2014). Thus, in addition to
localisation by direct interaction with viral proteins, host cell proteins may also be
recruited by binding to viral RNA and intermediates of replication. As the site of viral
RNA synthesis, IBs are enriched in both genomic and mRNA. Using Herpes Simplex
Virus infection as a model, McSwiggen et al., showed that RNA polymerase Il and
other cellular proteins are recruited into and retained within phase-separated
replication complexes by binding to viral DNA via their DNA-binding domains
(McSwiggen et al., 2019). It is therefore necessary to assess RNA-binding as a
possible mechanism of recruitment and whether any viral RNA-binding protein can

be recruited into viral I1Bs in this way.

It remains to be determined if p65 is actively recruited to IBs by viral proteins or RNA
or if its sequestration is a result of the IB’s position in the cell and that it captures p65
by an indirect mechanism, perhaps involving trafficking. We observed that IB
formation and p65 recruitment occurred independent of microtubule and actin filament
networks. However, the higher intensity of p65 in IBs formed in the presence of taxol,
which prevents microtubule depolymerisation (Fig 4.14), suggests there is some level
of transport along microtubules. In addition, it appears the presence of an intact
microtubule network supports virus replication by contributing towards 1B maturation
and viral protein and RNP trafficking around the cell (Fig 4.13, Fig 4.14, and Fig 4.15).
Previously, the microtubule network was shown to facilitate the transport of vVRNPs

from MuV IBs to the cell surface, enhancing virus production (Katoh et al., 2015b).
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Nikolic et al. also observed that microtubules had a similar role in the formation and
evolution of rabies virus Negri bodies and VRNP transport (Nikolic et al., 2017). For
some viruses, VRNP transport may be actin-dependent (Schudt et al., 2013, Schudt et
al., 2015), not microtubule. Therefore, in addition to interrogating p65 and N/P
interaction, real time fluorescence tracking could be carried out to assess the speed of
p65 sequestration in the presence of microtubule, motor protein or other inhibitors of
cellular transport. Both investigations could be carried out with wild type and
truncated versions of the protein to define the parameters of interaction and
sequestration. This will provide better understanding of the process by which viral

IBs, and more broadly biomolecular condensates are populated.

Ultrastructural analysis shows significant modification of cellular organisation during
RSV infection. Sub-cellular structures, such as the ER (Fig 4.7), microtubules and F-
actin were spatially excluded from within IBs (Fig 4.13) but mitochondria which are
normally found throughout the cell, were mostly found surrounding the 1Bs during
infection (Fig 4.7). This was also previously observed in hRSV infected cells (Lifland
et al., 2012, Hu et al., 2017) and suggest the maintenance of these structures may
require energy since mitochondria are central to ATP production. Mitochondrial
redistribution around IBs was microtubule/dynein-dependent and shown to gravitate
towards the microtubule organising centre (MTOC) (Hu et al., 2019b). Similarly, we
also observed that the dominant IBs lie in close proximity to the MTOC although the
significance of this observation was unclear at the time. Interestingly, in another study,
Hu et al. found that the redistribution favours infectious virus production by
decreasing mitochondrial respiration and enhancing ROS generation (Hu et al.,
2019a). Interestingly, ATP has been shown to play a role in the formation of other
biomolecular condensates. In high concentrations, ATP acts as a hydrotrope and
inhibits the aggregation of proteins intrinsically prone to LLPS (Patel et al., 2017),
such as FUS which contains both an IDR and an RNA-binding domain. This may in
part explain why mitochondrial respiration is reduced during infection (that is to allow
the formation of RSV IBs) but does not explain the observed condensation around IBs.
This subversion is however not unique to RSV. Mitochondrial clustering around virus
replication sites has been observed in cells infected with viruses from different
families including Enterovirus A71 (Yang et al., 2019), hepatitis B virus (Kim et al.,
2007), and hepatitis C virus (Brault et al., 2013), etc.
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In summary, in this chapter, we show that orthopneumoviruses induce several
modifications in the cytoplasm of infected cells including the sequestration of NF-xB
subunit p65 into IBs that are also induced during infection. This sequestration
impacted activation of NF-kB signalling, which is a significant discovery as inhibition
of NF-xB could have a broad impact on the immune response and control of virus

infection.
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Chapter 5: Functional characterisation of bRSV inclusion

bodies

The material presented in this chapter also contributed towards the aforementioned
peer-reviewed publication in Journal of Virology:

Jobe F, Simpson J, Hawes P, Guzman E, Bailey D. Respiratory Syncytial Virus
Sequesters NF-kB Subunit p65 to Cytoplasmic Inclusion Bodies to Inhibit Innate
Immune Signaling. J Virol. 2020 Oct 27;94(22):e01380-20. doi: 10.1128/JV1.01380-
20. PMID: 32878896; PMCID: PMC7592213.

5.1. Introduction and aims

Respiratory syncytial viruses, like many negative strand RNA viruses, induce the
formation of inclusion bodies/viroplasms in the cytoplasm of infected cells from the
early stages of infection. These were previously assumed to be aggregations of excess
viral protein, hence the name ‘inclusion body’, but are now emerging as essential
components of the virus lifecycle. Several viral and host proteins concentrate and
interact within IBs, carrying out functions that support virus replication and
subsequent spread. Studies of the pneumoviruses, RSV (Garcia et al., 1993, Rincheval
etal., 2017) and HMPV (Cifuentes-Munoz et al., 2017), and certain paramyxoviruses,
MeV (Zhou et al., 2019) and MuV (Katoh et al., 2015a), have shown that these
membrane-less organelles contain N, P and L (plus M2-1 in the case of
pneumoviruses), viral proteins involved in viral genome replication and mRNA
transcription, together with the M protein. These findings, and the presence of nascent
viral RNA (genomic, antigenomic and mRNA) within the 1Bs shows that they are
likely replication centres that compartmentalise the processes of virus replication. As
a result, not only does this concentration enhance virus replication, it may also protect
viral components and replication intermediates from immune recognition. Their role
in immunomodulation, sequestering proteins involved in the antiviral response, has
recently been reported by us - NF-kB subunit p65 (Jobe et al., 2020) and others -
MDAS and MAVS (Lifland et al., 2012).

Before our publication there was no evidence on the formation of IBs in bRSV infected

cells nor, more broadly, any detailed characterisation of their role in the virus life
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cycle. In the experiments described in this chapter, | aimed to further characterise the
p65 puncta formed in infected cells as IBs, by examining the organisation and function
of these structures. | used microscopy techniques to investigate the localisation of
bRSV proteins in relation to the IB ultrastructure, as well as the sites of virus genome
replication, transcription, and mRNA translation. Considering the close relationship
between bRSV and hRSV, and the evolutionary conservation of processes in the
lifecycle of the viruses, | hypothesise that bRSV IBs are also replication compartments
induced in the cytoplasm of infected cells. Thus, bRSV can be used here as a model

virus to functionally characterise orthopneumovirus-induced IBs.

5.2. Results

5.2.1. Cellular localisation of bRSV proteins

P65-positive 1Bs were only observed in infected cells showing detectable levels of
viral (F and N) protein, at 16 h p.i., indicating a correlation between productive
infection and IB formation (Fig 4.5 and Fig 4.6). Accordingly, progeny virus was
observed a few hours following the establishment of IBs in infected cells, at 24 h p.i.
(Fig 3.1). The distribution and sub-cellular localisation of other bRSV proteins were
examined in relation to the observed p65 puncta and compared to that observed for the
N protein. Vero cells were mock infected or infected with bRSV for 24 h and then
fixed for IF analysis. These cells were then co-immunostained for p65 and bRSV N,
P, M2-1, M or F proteins. As expected, neither p65 puncta nor bRSV proteins were
detected in mock infected cells (Fig 5.1). Also as already described, RSV F did not
colocalise with p65 or show evidence of sub-cellular localisation with 1B-like
structures. In contrast, in infected cells, four of the examined viral proteins (N, P, M2-
1 and M) predominately localised to large intracytoplasmic organelles, characteristic
of viral inclusion bodies (Fig 5.1; green panels), as already described for N protein in
chapter 4. Significantly, the larger N, P, M2-1 or M-positive IBs were, in the majority
of cases, also p65 positive (Fig 5.1; red IF panels), as already shown in Fig 4.6D for
N-positive I1Bs. Again, the smaller N-positive 1Bs were also devoid of p65. The sub-
IB localisation of bRSV P was similar to the N protein; concentrating at the periphery
of the organelle, forming a boundary that separates it from the cytoplasm (Fig 5.1;

zoomed inset and line of interest plots). The significant intra-1B localisation of the M
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Figure 5.1 RNA-associated proteins N, P and M2-1 co-localise in RSV IBs, along with the
matrix, M protein. Vero cells, mock infected, or infected with bRSV for 24 h, were fixed and
immunostained with rabbit anti-NF-kB p65 (red) and mouse monoclonal anti-RSV N, P, M2-1, M
or F antibodies (green). Nuclei were stained with DAPI (blue) and images obtained using a Leica
TCS SP5 confocal microscope. Zoom panel shows magnification of 1Bs boxed in the merge panel.
Graphs shows fluorescent intensity profiles along the indicated white lines drawn across one or two
IBs. Images are representative of data from a single experiment
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protein at 24 h p.i., as well as its partial nuclear localisation, is consistent with
previously reported IF in RSV-infected cells (Ghildyal et al., 2002, Shahriari et al.,
2018). However, the role of M in RNA virus IBs reflects an interesting point of
divergence; with some viral IBs being M positive (e.g. RSV) and others negative (e.g.
rabies) (Lahaye et al., 2009). Although it was not examined here due to the lack of
antibodies, the RSV polymerase, L protein, has also been shown to colocalise with N
and P at the periphery of the 1Bs (Carromeu et al., 2007). As these are components of
the polymerase complex, their location potentially indicates the site of viral RNA
replication and transcription. M2-1, on the other hand, could be seen throughout the
IB but mostly concentrated in “pockets” within the IB previously described as
inclusion body-associated granules (IBAGs) (Rincheval et al., 2017). The sub-IB
organisation of these RSV proteins possibly highlights the structural and functional

complexity of these structures.
5.2.2. bRSV IBs are sites of RNA replication

Co-localisation of the RNA-associated proteins, N, P, L and M2-1 in IBs strongly
suggests the presence of viral RNA in these structures. Accordingly, hRSV IBs have
been shown to be the sites of virus transcription and replication (Rincheval et al., 2017,
Carromeu et al., 2007, Fricke et al., 2013). To confirm bRSV IBs are also the site of
viral RNA replication, I carried out nascent RNA labelling using 5-ethynyl-uridine
(5EV) incorporation. First, MDBK cells were mock infected or infected with bRSV
for 24 h and then incubated with vehicle or actinomycin D (Act D) which inhibits
cellular transcription for 1 h. 5EU was then added and cells incubated for another 1 h
before fixing and detecting the incorporated 5EU. Mock infected cells, incubated with
5EU for 1 h, revealed, as expected, 5EU incorporation into cellular RNA in the nucleus
(Fig 5.2; top row). When cellular transcription was inhibited following pre-incubation
of mock infected cells with Act D for 1 hr this signal was lost. 5EU labelling performed
on bRSV infected cells without Act D treatment did not reveal significant evidence
for viral replication in IBs, perhaps due to over-representation of cellular RNA
synthesis. However, in the presence of Act D, labelled newly synthesised RNA could

only be seen in the N-positive IBs, presumably the result of viral replication.
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RSV replication is insensitive to the effects of Act D (de Jong and Harmsen, 1973).
This co-localisation of 5EU incorporation and N-protein within 1Bs provides evidence
that bRSV IBs are also the sites of viral RNA replication. A more detailed look at the
IBs revealed partial sub-1B organisation to the RNA found within these structures (Fig
5.2B). 5EU concentration was markedly evident in some IBs more than others, most
likely depending on the level of RNA expression and the stage of infection. Line of
interest graphs of representative images show pockets of RNA concentration in all
cases (Fig 5.2B; marked with asterisks), similarly to that observed for M2-1 (Fig 5.1).
Using fluorescence in situ hybridization (FISH) experiments, Rincheval et al. showed
that genomic RNA colocalised with the hRSV N and P proteins at the periphery, whilst
viral MRNA was found to concentrate in functional compartments within I1Bs, IBAGs
that also contain M2-1 (Rincheval et al., 2017). Although, my analysis did not
distinguish between genome replication and mRNA transcription, the data highlights
the role of bRSV IBs as sites of RNA replication.

5.2.3. Multiple subdomains exist within bRSV IBs

IBAGs have been illustrated as dynamic structures, and their formation shown to
depend on viral mMRNA synthesis (Rincheval et al., 2017). The authors further showed
that they concentrate newly synthesised viral mRNA and the viral M2-1 protein (a
transcription termination factor) but not genomic RNA, or the N, P and L proteins. |
have also observed accumulation of M2-1 (Fig 5.1) and nascent VRNA (Fig 5.2) into
sub-1B domains, albeit separately, but potentially also showing the presence of IBAGS
in bRSV IBs. To confirm the presence of IBAGs in bRSV-induced IBs, | immuno-
stained infected cells for M2-1 following nascent viral RNA labelling as described in
5.2.2. As a strong marker of IBAG formation, the results showed co-localisation of
both components (Fig 5.3A). The intra-IB organisation of VRNA and M2-1 protein
into IBAGs, therefore, appears to be a structurally conserved aspect of
orthopneumovirus IBs. Tangentially, I examined the potential co-localisation of p65
with these sites of nascent VRNA localisation (IBAGs). Although partial sub-IB
localisation signals for p65 were seen, this did not always co-localise with VRNA (Fig
5.3A) or, in subsequent experiments, with M2-1 (Fig 5.3B). This potentially suggest
that there are multiple sub-compartments within bRSV IBs, in addition to IBAGs,

which carry out a distinct range of functions.
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Electron microscopy of infected cells revealed structural similarities between RSV IBs

and eukaryotic nucleoli (Fig 5.4A). They exhibit a similar size and shape, with a well-
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Figure 5.2 5EU staining of nascent RNA shows IBs are sites of viral RNA replication. (A)
MDBK cells were mock infected or infected with bRSV. 24 h later, cells were incubated with
vehicle or 20 pg/ml actinomycin D (Act D) for 1 h to inhibit cellular transcription. 5-ethynyl uridine
(5EU) was then added for another 1 h and the cells fixed. 5EU incorporated into newly synthesized
RNA was detected using Alexa Fluor 488-azide (green) as described in the methods. Cells were
then immuno-stained with anti-RSV N antibodies (red) and nuclei stained with DAPI (blue). (B)
Magnified images of representative IBs. “Inset zoom” shows a larger image of the boxed area in A
(merge of bRSV, +Act D). Graphs show fluorescent intensity profiles along the indicated white
lines drawn across the IBs. Arrows indicate the IB boundary and asterisks indicate areas of increased
5EU staining within the IB. Images are representative of data from n=2 independent repeats.
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Figure 5.3 NF-kB p65 does not specifically co-localise with M2-1 or nascent viral RNA in IB-
associated granules (IBAGs). (A) MDBK cells were infected with bRSV. 24 h later, cells were
incubated with 20 pg/ml actinomycin D (Act D) for 1 h to inhibit cellular transcription. 5-ethynyl
uridine (5EU) was then added for another 1 h and the cells fixed. 5SEU incorporated into newly
synthesized RNA was detected using Alexa Fluor 488-azide (green) as described in the methods.
Cells were then immuno-stained with anti-M2-1 or anti-NF-xB p65 antibodies (red). Cell nuclei
were stained with DAPI (blue) and images obtained using a Leica TCS SP5 confocal microscope.
Graphs show fluorescent intensity profiles along the indicated white lines drawn across the IBs. (B)
Vero cells infected with bRSV for 24 h were fixed and immuno-stained with rabbit anti-NF-xB p65
(red) and mouse anti-M2-1 (green) antibodies. Cell nuclei were stained with DAPI (blue) and
images obtained using a Leica TCS SP5 confocal microscope. Bottom panel shows a higher
magnification of the boxed area - scale bar corresponds to 4 pm. Graphs shows fluorescent intensity
profiles along the indicated white line. Images are representative of data from a single experiment.
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defined membrane-less boundary that concentrates N protein in the case of the IBs.
Both structures are described in the literature as biomolecular condensates - liquid
organelles containing protein and RNA and postulated to form by phase separation
(Moshe and Gorovits, 2012, Feric et al., 2016, Alberti et al., 2019, Banani et al., 2017).
The composition of liquid organelles is selectively controlled through mechanisms
that are not well understood (Banani et al., 2017). Significantly, morphologically
similar internal sub-compartments — regions of differing density to the granular
structure (black arrows) — were seen in some I1Bs in common with nucleoli (Fig 5.4A).
These sub-compartments were randomly located in both structures, and varied in
number and size, indicating a highly dynamic organisation within the structures.
Studies of the nucleolar architecture describes these regions as fibrillar centres (one of
three nucleolar sub-compartments) where ribosomal RNA synthesis occurs, amongst
other functions (Hernandez-Verdun, 2006, Farley et al., 2015). Although not well
studied in IBs, | hypothesised that these sub-IB compartments visible by EM are most
likely the RNA and M2-1-rich IBAGs that have been described above by IF
microscopy (Fig 5.3) and also previously described (Bouillier et al., 2019, Rincheval
etal., 2017).

The difference in granularity compared to the rest of the IB is most likely the result of
LLPS, facilitating the specialised composition and function of these sites. When
assessed by CLEM (as already described in section 4.2.3) at 48 h p.i, the sub-IB
compartments did not colocalise with areas of significant p65 staining (Fig 5.4A and
bottom panel of B). Areas of N protein localisation (at the IB periphery) were observed
to have greater electron density in the electron micrographs (Fig 5.4), highlighting
possible structural complexity and specialised functions for this region. In agreement
with this observation, Rincheval et al have shown enrichment of RSV genomic RNA
in this region using FISH. This data shows that although RSV 1Bs compartmentalise
functions essential to the virus lifecycle, they are highly organised structures, and also

present evidence of sub-IB functional compartmentalization.

5.2.4. Cellular proteins involved in the initiation of translation colocalise in
IBAGS

Since IBs induced by RSV infection were found to be functional sites of viral RNA
synthesis, the next step was to investigate the location of viral protein translation. It
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Figure 5.4 Ultrastructure of bRSV inclusion bodies by CLEM. (A) Vero and (B) MDBK cells
infected with bRSV were fixed and stained with antibodies against RSV N (green), NF-«xB p65 (red)
and nuclei stained with DAPI. Following confocal imaging, cells were fixed in glutaraldehyde,
sectioned and visualised by TEM. Representative confocal images of RSV IBs (right) and their
corresponding electron micrographs (left) are shown. “Inset zoom” is a higher magnification of the
RSV IB boxed in (A). White arrow indicates the nucleus and black arrows point to inclusion body
associated granules (IBAGS). Images are representative of data from a single experiment.
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has already been established that newly synthesised viral RNA interacts with M2-1
(Fig 5.3A) and another mMRNA-binding protein, PolyA-binding protein 1 (PABPC1)
in IBAGs (Bouillier et al., 2019). Time lapse experiments showed that IBAGs are
highly dynamic and that their contents are moved out of IBs and released into the
cytoplasm (Rincheval et al., 2017), possibly indicating the location of viral protein
translation. 1 began examining viral interactions with the cellular translational
machinery by investigating the localisation of proteins involved in translation
initiation, specifically, proteins from the elF4F complex. The complex (made up of
elFs 4E, 4G, 4A and 4B) together with PABP, regulates translations by recruiting
MRNA to ribosomes (Gingras et al., 1999). Mock and bRSV infected cells were fixed
at 24 h p.i., and co-immunostained for RSV N and elF4G or elF4A1. In mock infected
cells, elF4G (Fig 5.5A) and elF4Al (Fig 5.5B) were evenly distributed in the
cytoplasm. In bRSV infected cells, although both proteins can still be seen throughout
the cytoplasm, they accumulated in sub-1B compartments, similarly to that observed
for M2-1 (Fig 5.3). Subsequently, co-immunostaining of infected cells for the same
elF components and M2-1 showed colocalization of both proteins with M2-1 (Fig 5.6).
This data shows localisation of proteins of the translation initiation complex in IBAGS
together with M2-1, possibly interacting directly with vVRNA. However, identification
of the final interaction of this complex with ribosomes, to uncover the site of viral
mRNA translation, could not be investigated due to time limitations. This will be

explored in the future work section.
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Figure 5.5 Translation initiation factors involved in mMRNA activation colocalize in RSV IBs.
Vero cells were infected with bRSV for 24 hrs, then fixed and immuno-stained for RSV N (green)
and (A) elFAG, or (B) elF4ALl (red). Inset zooms show higher magnifications of boxed areas. Nuclei
were stained with DAPI (blue), and images obtained using a Leica TCS SP5 confocal microscope.
Images are representative of data from a single experiment.
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Figure 5.6 The translation initiation factors elF4G/elF4ALl colocalise with RSV M2-1 in
IBAGS. Vero cells were infected with bRSV for 24 hrs, then fixed and immuno-stained for RSV
M2-1 (green) and elF4G or elF4A1 (red). Nuclei were stained with DAPI (blue) and images
obtained using a Leica TCS SP5 confocal microscope. Images are representative of data from a
single experiment.
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5.3. Discussion

Recent studies have reported that 1Bs of negative strand RNA viruses are specialised
sites of genome replication and mRNA transcription, thus making these structures
essential components of the virus lifecycle. Using 5EU incorporation into nascent viral
RNA, we show, for the first time, that bRSV IBs are the sites of RNA synthesis (Fig
5.2) and describe the spatial organisation of multiple viral proteins and RNA during
infection (Fig 5.1). Sub-1B domains (IBAGs) which were previously shown for hRSV
to concentrate nascent viral mMRNA (Rincheval et al., 2017) were identified and found
to localise cellular proteins involved in the initiation of translation (Fig 5.5 and Fig
5.6). There was no conclusive colocalisation of IBAGs with intra-IB bodies
concentrating p65, highlighting the possibility that multiple microdomains exist within

these viral IBs.

IBs induced in the cytoplasm of RSV infected cells require further characterisation;
however, they share many features with replication compartments induced by several
classified members of the Paramyxoviridae (Zhou et al., 2019, Katoh et al., 2015b,
Ringel et al., 2019), Rhabdoviridae (Heinrich et al., 2018, Nikolic et al., 2017) and
Filoviridae (Hoenen et al., 2012), virus families within the Mononegavirales order
(Nevers et al., 2020). Similar to these viruses, the processes of RSV genome
replication and transcription are known to occur exclusively in the cytoplasm of
infected cells, but their spatial organisation is not well defined. Aggregates of viral
protein and RNA were observed in RSV infected cells as early as the 1970s (Norrby
et al., 1970, Garcia et al., 1993), however, the significance of these structures in
replication has only recently been uncovered (Rincheval et al., 2017, Nevers et al.,
2020). Consistent with the reported findings, we observed that although the
nucleocapsid components (N and P, as well as its interacting partners, M2-1 and M)
can be seen diffusely distributed in the cytoplasm, they were predominantly localised
in I1Bs (Fig 5.1). Although the location of L was not investigated due to the
unavailability of antibodies, others have also observed its presence in IBs (Carromeu
et al., 2007). In addition, very little RNA synthesis was detected outside of the IBs, at
24 h p.i. Thus, concentration of all components of the viral RARP (RNA synthesis

machinery) and nascent viral RNA in IBs, similar to observations in hRSV infected
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cells (Rincheval et al., 2017), confirms that these cytoplasmic granules are the major

sites of orthopneumovirus replication and transcription.

RNA synthesis was also observed in IBs induced during rabies (Nikolic et al., 2016,
Oksayan et al., 2012, Lahaye et al., 2009), and ebola (Hoenen et al., 2012) virus
infections. For rabies and hRSV, the presence of nascent genomic, antigenomic and
messenger VRNA in IBs confirms they are the sites of both replication and
transcription (Lahaye et al., 2009, Rincheval et al., 2017). Although this is yet to be
confirmed for ebola (Hoenen et al., 2012), MeV (Zhou et al., 2019), MuV (Katoh et
al., 2015b) and other related viruses, preliminary findings suggest their IBs may also
carry out both processes. Interestingly, VRNA synthesis was shown to occur outside
of the two structurally distinct IB populations induced in NiV infected cells (Ringel et
al., 2019), which is an interesting divergence from the other mononegaviruses. Two
populations of IBs were also observed during ebola virus infection — a larger subset
that contained L and VP35 (the polymerase cofactor), and a VVP35-positive subset
lacking L which were typically smaller in size (Hoenen et al., 2012). Active viral RNA
synthesis was only observed in the larger, L-containing IBs and not in the smaller L-
deficient ones. The authors did not distinguish between mRNA transcription and
genomic RNA synthesis but suggested that the former may occur in the cytoplasm
prior to IB formation, which was detected at 10 h p.i (Hoenen et al., 2012). However,
it is unclear why ebola RNA synthesis is restricted to large L-positive IBs and how the
L-status of the IBs is regulated. In our studies, as infection progressed, we observed
evolution of RSV IBs into a heterogenous population; a dominant IB which is likely
produced from the initial infection and several intermediate and smaller sized
structures which likely emerge as a result of nascent infections or due to fission of the
larger structures. However, all identified structures showing characteristics of IBs
exhibited similar protein and RNA composition. Using delivery of multiply labelled
tetravalent imaging probes (MTRIPS) into live cells, Lifland et al. suggested that RSV
RNA synthesis occurs in the small but not in large IBs (Lifland et al., 2012). In
contrast, Rincheval et al. used immunofluorescence to detect 5SEU that was actively
incorporated into newly synthesised RSV RNA and observed synthesis in all IBs
regardless of their size (Rincheval et al., 2017), similar to our observations with bRSV
using the same protocol (Fig 5.2). We agree with the authors’ suggestion that this

approach, relying on metabolic labelling of nascent viral RNA, is likely unaffected by
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RNA accessibility in contrast to the assay used by Lifland et. al. The MTRIPS seem
to predominantly target VRNA diffuse in the cytoplasm, present in small punctate
structures or in virus filaments, as opposed to those presumably concentrated in 1Bs
(Lifland et al., 2012).

Although I only detected RSV RNA synthesis in IBs, | cannot rule out a more diffuse
distribution of synthesis throughout the cytoplasm which may be below the detection
limit of our protocol. Since | concentrated on the 24 h p.i. time point, when infection
and IBs are fully established, the spatio-temporal organisation of IB formation in
relation to the onset of viral protein and RNA synthesis is currently unclear. | detected
viral protein expression as early as 6 h p.i. (Fig 4.5 and Fig 4.6), however the onset of
RNA synthesis was not investigated. Rincheval et al. observed RNA synthesis at 8 h
p.i. and showed that IBs were already established at this time (Rincheval et al., 2017).
Interestingly, synthesis of VSV mRNA was shown to begin in the host cell cytoplasm
prior to IB formation (Heinrich et al., 2010). The authors also observed that 1Bs formed
once sufficient viral proteins were expressed, and subsequently become the
predominant sites of RNA synthesis (Heinrich et al., 2010). Similar temporal
organisation may be adopted by RSV since mRNA transcription and protein synthesis
are known to precede genome replication (Collins et al., 2013, Bermingham and
Collins, 1999). Synthesis of RSV genomic RNA is upregulated by sufficient
expression of proteins such as N (Fearns et al., 1997) and M2-2 (Bermingham and
Collins, 1999), at which point IBs would likely have formed to support RNA synthesis.
Thus, in the early stages of infection, mRNA transcription could be initiated in the
diffuse cytoplasm prior to IB formation. Unlike genomic and antigenomic RNA, viral
MRNA is not protected by encapsidation with N protein and could be recognised by
cytoplasmic innate single-stranded-RNA sensors. Similar phase-separated cellular
structures such as stress granules and P-bodies are induced as a mechanism of
excluding stalled mRNA from the translationally active pool (Zhang et al., 2019). This
raises two possibilities for the process of viral 1B formation: (i) it is initiated as a
cellular response to restrict viral RNA which is then hijacked by the virus to support
replication, or (ii) it represents an encoded viral mechanism which evolved to protect
viral RNA from innate immune recognition. With regards to the former, RSV 1Bs were
shown to be distinct from stress granules (Fig 4.9), although other cellular condensates

were not interrogated. When compared to contributing viral factors the contribution
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of host factors to 1B biogenesis is even less clear. However, several large DNA viruses
such as vaccinia virus and African swine fever virus use the cellular aggresome
pathway to generate inclusions that become sites of virus replication (Wileman, 2006).
In common with RSV IBs, these replication sites lie in close proximity to the MTOC
and also recruit mitochondria. Thus, further investigations are required to understand
the spatio-temporal organisation of viral transcription and replication, their

relationship with IB formation and underlying mechanisms of biogenesis.

Aside from being the designated sites of RNA synthesis, formation of 1Bs provide
several advantages to the virus. Random distribution of viral RNA and replication
intermediaries in the cytoplasm will enhance recognition by host cell PRRs and induce
activation of an antiviral response to clear the infection. As a barrier to antagonism,
positive strand RNA viruses compartmentalise their replication sites in membraned
structures in the cytoplasm of infected cells; a mechanism that protects viral
components from immune recognition whilst also promoting replication by
concentration of the machinery (Harak and Lohmann, 2015). With the exception of
rabies virus IBs which become associated with membranes in the later stages of
infection (Lahaye et al., 2009, Nikolic et al., 2017), mononegaviruses do not normally
form membraned replication centres. However, their IBs facilitate functions
orthologous to those carried out by the replication centres of positive strand RNA
viruses. Spatial compartmentalisation in IBs enhances the efficiency of replication by
concentrating components of the RdRp. Furthermore, although 1Bs allow exchange
with the cytoplasm, selective control of their composition also restricts recognition of
localised viral components by host cell innate sensors. To this end, IBs induced in
HPIV3 infection protected viral RNA from recognition by PKR to inhibit the antiviral
effects of stress granules (Hu et al., 2018). This is another strategy of immune
modulation similar to the sequestration of immune sensors and antiviral proteins into
IBs discussed in chapter 4. It also further highlights the importance of IBs in regulating

the antiviral response and promoting infection.

Characterisation of the viral protein and RNA composition of RSV IBs, as well as
spatial organisation of these components demonstrates a similar morphology to closely
related RNA viruses. We observed regions of significant N and P staining at the

periphery of the bRSV IBs (Fig 5.1), as has been consistently reported for rabies virus
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and RSV (Nikolic et al., 2017, Rincheval et al., 2017, Lifland et al., 2012), and by
CLEM analysis observed that these N- and P-rich regions have a higher electron
density compared to the rest of the IB (Fig 5.4). Using fluorescence in
situ hybridization (FISH) experiments, Rincheval et al. showed that genomic (g)RNA
colocalized with the hRSV N and P proteins at the IB periphery while viral mMRNA
was found to concentrate in IBAGS, transient sites of mMRNA storage (Rincheval et
al., 2017). The former is not a surprising finding since both genomic and anti-genomic
RNA are tightly encapsidated by N and thus expected to concentrate in regions
containing N and RdRp. Although our nascent VRNA staining does not discriminate
between genomic and messenger RNA, we did not observe significant concentration
of VRNA at the IB periphery. Therefore, the high electron density observed at the IB
periphery by TEM likely represents protein concentration rather than RNA. However,
there was a significant concentration of VRNA in sub-IB domains (Fig 5.2) also
concentrating M2-1 (Fig 5.3), which we believe are the IBAGs previously identified
(Rincheval et al., 2017). Our findings also confirm that IBAG formation is a conserved
mechanism present in multiple orthopneumoviruses. Multiple subdomains of reduced
electron density were also observed by TEM which we hypothesise correspond to
IBAGs. However, this will require further analysis, possibly by M2-1 CLEM.
Nonetheless, differential organisation of viral protein, gRNA and mRNA in IBs shows
that these structures are highly organised and contain multiple functionally

compartmentalised protein-protein and protein-RNA interactions.

Consistent with previous findings for hRSV (Rincheval et al., 2017), we observed
relocalisation of host cell proteins that play a role in the initiation of translation into
IBAGs (Fig 5.6), likely interacting with viral mRNA. However, the location of
components of the translation machinery such as the ribosomal subunits, S6 and L4,
and a translation termination factor, eRF1, suggested that IBAGS or indeed IBs are
not the sites of viral MRNA translation (Rincheval et al., 2017). It is currently assumed
that viral mMRNA is transported out of IBs into the cytoplasm to facilitate translation,
however, the exact mechanism of transport, and the sites and organisation of viral
protein translation require further investigation. For several viruses such as VSV
(Heinrich et al., 2010), rabies (Nikolic et al., 2017), ebola (Schudt et al., 2015) and
Marburg virus (Schudt et al., 2013), transportation of VRNA from IBs to elsewhere in

the cell requires microtubules or the actin cytoskeleton. Of note, although viral nRNA

146



concentrates in IBAGs during RSV infection, it is not clear whether they are
transported into 1Bs following synthesis in the cytoplasm or vice versa. N mRNA
could be seen distributed in the cytoplasm as well as concentrated in IBAGs at 24 h
p.i. (Rincheval et al., 2017). Pulse-chase analysis of viral mMRNA could be carried out
to identify the direction of mMRNA transport at different stages of infection to confirm
the spatio-temporal organisation of transcription over the time course of infection. The
proteins involved in transport may also be identified by investigating the mRNA
interactome. Metabolic labelling of viral proteins and single-molecule imaging may

be used to identify sites of viral protein translation.

In summary, the data presented here shows that RSV IBs are highly ordered structures
performing multiple roles in the virus life cycle, including the compartmentalization
of viral RNA synthesis. Further characterisation of these structures, which are
effectively replication complexes, is required to better understand the molecular
biology of these viruses. This knowledge would potentially be applicable to other

negative-sense RNA viruses that have been shown to form IBs during replication.
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Chapter 6: Concluding remarks and future direction

6.1. Inhibition of innate immune signalling by targeting NF-xB

subunit p65

NF-kB transcription factors are important regulators of the innate immune response
induced in the early stages of virus infection. Virus detection by cellular PRRs leads
to a cascade of phosphorylation and ubiquitination events that ultimately releases these
transcription factors from inhibitors that normally prevent their constitutive activation,
such as IkBa (Mitchell et al., 2016, Oeckinghaus et al., 2011). Activated NF-«xB
translocate into the nucleus where they induce the expression of several target genes,
orchestrating inflammatory and antiviral responses that contribute to the clearance of
infection. Therefore, to promote virus infection and spread, viruses use several

strategies to inhibit activation of this ubiquitous pathway (Deng et al., 2018).

The initial objective of this project was to investigate the mechanism of NF-«xB
modulation by the RSV SH protein in bovine monocytes and dendritic cells (DCs),
which play key roles in the immune response to virus infection. This was a follow up
to previous work showing that the SH protein of RSV blocks NF-kB activation in these
cells (Pollock et al., 2017), as well as in infected epithelial cells (Fuentes et al., 2007,
Wilson et al., 2006, Russell et al., 2015). We hypothesised that SH interfered with the
biological role of infected monocytes and DCs by impairing cytokine expression and
their ability to initiate the more specific adaptive immune response. Our approach for
understanding the role of the SH protein was based on the analysis of virus lacking SH
expression in comparison with wild type virus and ectopic expression of the SH
protein. Initially, we planned to validate research tools and establish assay protocols
in Vero and THP-1 cells before moving on to more relevant primary cells. However,
findings from preliminary experiments detailed in chapter 3 resulted in redirecting the
objectives of the rest of our study.

We found that the RSV SH protein plays a minimal role in blocking NF-xB pathway
activation through subunit p65; however, infection caused p65 to aggregate into
intracytoplasmic IBs via a mechanism that was independent of the SH protein.
Importantly, sequestered p65 was insensitive to exogenous NF-kB stimulation,

consequently inhibiting activation of the pathway at the signalling level. NF-«xB
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transactivation was also reduced when assessed by reporter assay; however, analysis
of NF-«B target gene expression by cytokine ELISA or gPCR will provide more robust
evidence of modulation. We know from previous work that bRSV infected
macrophage lines and CD14 positive primary cells do not produce significant levels
of cytokines (Pollock et al., 2017). Due to the low permissivity of THP-1 cells, MDBK
cells were used to investigate cytokine production by both ELISA and gPCR.
However, the results obtained from these investigations were non-reproducible and
inconclusive. Perhaps more relevant primary immune cells should be used for this

analysis, work which we had planned but could not perform due to time limitations.

In chapter 4, we show that both hRSV and bRSV inhibit activation of the NF-«xB
pathway by sequestering the p65 subunit into intracytoplasmic IBs induced during
infection, similar to the previously reported capture of MAVS, MDA5, MAPK and
OGT (Fricke et al., 2013, Lifland et al., 2012). We postulate that the N protein has a
role in this sequestration; however, further work is required to elucidate the
mechanism by which p65 and other cellular proteins are recruited into 1Bs and to
characterise this emerging immunomodulatory function of IBs. The repertoire of
proteins recruited into IBs may be identified by mass spectrometry analysis of purified
RSV IBs, improving our understanding of the physicochemical properties regulating
IB composition. Further study of the implications of host protein sequestration will
also aid the design of new antiviral therapies.

Considering the impact of the SH protein in virus pathogenesis, additional studies are
also required to understand its role in infection. Identification of SH interacting
partners by co-immunoprecipitation, using GFP-Trap, for example, followed by mass
spectrometry analysis of pull-downs, may provide an insight into the inhibitory
mechanisms exerted by SH. This may identify possible interactions with components
of the NF-kB pathway, as already shown for MuV SH (Franz et al., 2017) or reveal

other cellular proteins and signalling pathways regulated by SH.

Separately, an RNAseqg-based comparative transcriptomics of wild type and bRSV
ASH infected MDBK cells has been carried out by The Pirbright Institute
bioinformatics department on samples | prepared. However, analysis and validation of
this data was delayed by maternity leave and the Covid-19 pandemic. The plan was to

identify differentially transcribed genes and proteins from this investigation in order
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to improve our understanding of bRSV pathogenesis and the partial attenuation

observed in the absence of SH.

6.2. The role of inclusion bodies in RSV infected cells

Inclusion bodies, granular structures induced in the cytoplasm of infected cells, are
hallmarks of orthopneumovirus infection and compartmentalise several virus-virus
and virus-host interactions (Rincheval et al., 2017, Garcia et al., 1993, Lifland et al.,
2012, Fricke et al., 2013). They are biomolecular condensates that have been
postulated to form by LLPS and share similar properties with liquid organelles (Banani
et al., 2017, Nevers et al., 2020). Although they have been observed in cells infected
with several mononegaviruses, their importance in infection has only recently been
recognised. Inclusion bodies formed in hRSV infected cells have been shown to
concentrate the N, P, L and M2-1 proteins — viral proteins essential for genome
replication and transcription - and also newly synthesised viral RNA and mRNA
(Rincheval et al., 2017), highlighting these structures as sites of mMRNA transcription
and genome replication. This work also identified the intra-organelle organisation of

hRSV IBs into spatially distinct subdomains that are most likely highly regulated.

In chapters 4 and 5, using bRSV (as a model orthopneumovirus) and various
microscopy tools, we characterised the structure, organisation, and function of these
structures. The ultrastructure of bRSV IBs confirms that the granules are membrane-
less and organised into subdomains. The N, P and M proteins, and M2-1 to a lesser
extent, were found to concentrate at the boundary separating the IB from the
cytoplasm. It is not clear how or whether this affects the composition of 1Bs or the
exchange of biomolecules across the boundary. Live-cell imaging could be performed
to assess the dynamics of proteins found in IBs. There is also limited mechanistic
insight on the process of their formation although intrinsically disordered regions
(IDRs) and RNA-binding domains in N and P, are thought to play a role (Kato et al.,
2012, Banani et al., 2017, Galloux et al., 2020a). Fluorescent bioimaging techniques
and truncation mutants of N and P could also be used to define the properties

governing IB formation.

Using metabolic labelling of nascent viral RNA, we confirmed that IBs are the sites

of RSV replication and transcription. However, RNA fluorescence in situ
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hybridisation (FISH) could be carried out to discern the spatial organisation of viral
genome and mRNA. Subdomains previously shown to concentrate RNA and M2-1,
IBAGs (Rincheval et al., 2017), were also observed within bRSV IBs. Rincheval et al.
suggested that IBAGs are dynamic and release their contents into the cytoplasm. This
could be confirmed by single RNA imaging methods to track the fate of newly
synthesised RNA. Separately, we observed that cellular proteins involved in the
initiation of translation, elF4G and elF4ALl, concentrate in IBAGs although Rincheval
et al. suggested that RSV IBs are not the sites of viral protein translation. Therefore,
we hypothesise that components essential for the initiation of translation may
assemble on newly synthesised mMRNA concentrated in IBAGs. These are then
transported out of the IB and released into the cytoplasm where they may associate
with other components of the translation machinery. The sites of RSV translation are
currently unknown and may be identified by metabolic labelling of nascent viral

protein.

This study has improved our basic understanding of RSV biology, in particular, the
role of IBs induced in the cytoplasm of infected cells and the spatial organisation of
virus replication. Of particular interest is the emerging role of IBs in innate immune
modulation. We observed p65 sequestration in RSV IBs formed in a physiologically
relevant model of the human bronchial epithelium, BEAS-2B cells. However, further
work is required to confirm their presence in airway cells in vivo, and to understand

the consequences of this sequestration on RSV pathogenesis.
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Appendices

Appendix A RSV purification and examination by western
blotting

F protein F protein

SH protein SH protein

GAPDH

Figure A.1 RSV purification and examination by western blot. (A) Viral particles were purified
by ultracentrifugation in a discontinuous sucrose density gradient (1: 60% (w/v) sucrose; 2: 45%;
and 3: 30%) at 32,000 rpm for 1.5 hrs. 4 is the added PEG-precipitated virus layer. The black arrows
represent collected fractions, i: top band; ii: bottom band. Examination of (B) wild type and ASH
bRSV, and (C) hRSV by western blot analysis. C: unpurified virus/cell lysates; i: top band fraction;
ii: bottom band fraction. (D) Purified ANS bRSV. No bands were visible; therefore, fractions were
collected from both sucrose interfaces and combined.
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Appendix B Examination of cytopathy induced by wild type
bRSV and bRSV ASH

24 h

48 h

72h

6 days

Figure B.1 Cytopathy induction by bRSV and bRSV ASH. Vero cells were mock infected,
infected with bRSV or bRSV ASH viruses at MOI of 0.1. The presence of cpe was monitored and
images of cells taken at 24, 48, 72 h and 6 days p.i (magnification, x10). White bar represents 100
um and black borders indicate syncytia.
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ABSTRACT Viruses routinely employ strategies to prevent the activation of innate
immune signaling in infected cells. Respiratory syncytial virus (RSV) is no exception,
as it encodes two accessory proteins (NS1 and NS2) which are well established to
block interferon signaling. However, RSV-encoded mechanisms for inhibiting NF-xB
signaling are less well characterized. In this study, we identified RSV-mediated antag-
onism of this pathway, independent of the NS1 and NS2 proteins and indeed dis-
tinct from other known viral mechanisms of NF-kB inhibition. In both human and
bovine RSV-infected cells, we demonstrated that the p65 subunit of NF-kB is re-
routed to perinuclear puncta in the cytoplasm, which are synonymous with viral in-
clusion bodies (IBs), the site for viral RNA replication. Captured p65 was unable to
translocate to the nucleus or transactivate a NF-«B reporter following tumor necrosis
factor alpha (TNF-a) stimulation, confirming the immune-antagonistic nature of this
sequestration. Subsequently, we used correlative light electron microscopy (CLEM) to
colocalize the RSV N protein and p65 within bovine RSV (bRSV) IBs, which are granu-
lar, membraneless regions of cytoplasm with liquid organelle-like properties. Addi-
tional characterization of bRSV IBs indicated that although they are likely formed by
liquid-liquid phase separation (LLPS), they have a differential sensitivity to hypotonic
shock proportional to their size. Together, these data identify a novel mechanism for
viral antagonism of innate immune signaling which relies on sequestration of the
NF-kB subunit p65 to a biomolecular condensate—a mechanism conserved across
the Orthopneumovirus genus and not host-cell specific. More generally, they provide
additional evidence that RNA virus IBs are important immunomodulatory complexes
within infected cells.

IMPORTANCE Many viruses replicate almost entirely in the cytoplasm of infected
cells; however, how these pathogens are able to compartmentalize their life cycle to
provide favorable conditions for replication and to avoid the litany of antiviral detec-
tion mechanisms in the cytoplasm remains relatively uncharacterized. In this manu-
script, we show that bovine respiratory syncytial virus (bRSV), which infects cattle,
does this by generating inclusion bodies in the cytoplasm of infected cells. We con-
firm that both bRSV and human RSV viral RNA replication takes place in these inclu-
sion bodies, likely meaning these organelles are a functionally conserved feature of
this group of viruses (the orthopneumoviruses). Importantly, we also showed that
these organelles are able to capture important innate immune transcription factors
(in this case NF-KB), blocking the normal signaling processes that tell the nucleus
the cell is infected, which may help us to understand how these viruses cause dis-
ease.

KEYWORDS innate immunity, LLPS, NF-kB, RSV, inclusion bodies, orthopneumovirus,
respiratory syncytial virus, virology
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ovine and human respiratory syncytial virus (bRSV and hRSV, respectively) are

closely related viruses that cause acute respiratory illness in cattle and humans,
respectively. The viruses infect all ages, but severe illness associated with bronchiolitis
and pneumonia is more common in calves (for bRSV) and infants, the elderly, and
immunocompromised (for hRSV) (1, 2). Although the process is poorly understood,
immune responses to RSV infections are incomplete, leading to reinfection, even in
healthy adults (3). In high-risk groups, hRSV infection can be fatal; however, there is no
approved vaccine and only a single therapeutic option, namely, monoclonal antibodies
against the F protein. While there are available bRSV vaccines, they are mildly protec-
tive, and there is evidence for an exacerbation of natural infection (4). Both viruses were
recently taxonomically reclassified as species Bovine and Human orthopneumovirus
within the Orthopneumovirus genus of the Pneumoviridae family (5).

bRSV and hRSV are enveloped viruses with a single-stranded negative-sense RNA
genome, ~15 kb long, which encodes 11 proteins from 10 mRNAs. Although bRSV and
hRSV are restricted to their individual hosts, the viruses and the diseases they cause are
similar, making bRSV an excellent model for studying hRSV-host interactions. Virus
infection and replication within the cell trigger pattern recognition receptors (PRRs),
such as Toll-like receptors (TLRs) and cytoplasmic nucleic acid receptors (RIG-I and
MDAD5), which in turn induce NF-«B- and IRF-dependent signaling (6-8). NF-«B and IRF
are two families of transcription factors that exist as homo- or heterodimers, and their
activation is regulated at multiple levels. For example, NF-«kB p65/p50 dimers are
sequestered in the cytoplasm bound to the inhibitor IkBa (9, 10). Phosphorylation of
IkBa by the 1kB kinase (IKK) complex targets it for proteasomal degradation releasing
p65/p50 for phosphorylation and translocation into the nucleus. Activation and nuclear
translocation of IRF-3 homodimers also depend on phosphorylation, through the
kinases TBK1/IKKe (11). Upon activation, these critical transcription factors regulate host
cell innate responses, e.g., by inducing cytokines with antiviral activity, including type
1 interferons (IFNs), tumor necrosis factor alpha (TNF-@), and interleukin-1 (IL-1).
Importantly, the mechanisms by which RSV induce or inhibit these signaling pathways
are not fully understood.

To overcome this ubiquitous first line of defense, viruses have evolved various
inhibitors to modulate these pathways. Viral immune evasion mechanisms include the
targeting of receptors, adaptor proteins, and/or intracellular kinases in the signaling
pathways described above or indeed directly targeting the transcription factors and
their regulators (12, 13); and in this regard, RSV is no exception. The RSV SH protein has
been shown to be involved in inhibiting NF-«B activation (14, 15), although the exact
mechanism of this antagonism is yet to be characterized. As an alternative strategy the
RSV NS1 and NS2 proteins have been shown to antagonize IFN-mediated host re-
sponses by targeting both type | and Il IFN induction (16-18) and signaling (19). In
addition, NS2 interacts with RIG-I inhibiting its interaction with the mitochondrial
antiviral-signaling protein (MAVS) (20). Similarly, NS1 can inhibit phosphorylation of
IRF-3 by interacting with MAVS (21). Recently, the NS proteins have also been shown to
be involved in the formation of an “NS-degradasome” that promotes the degradation
of components of IFN induction or signaling, including RIG-I, IRF-3, IRF-7, TBK1, and
STAT2 (22). Consequently, activation of the cytotoxic T lymphocyte component of the
adaptive immune response is also suppressed (23). hRSV has also been shown to
employ an additional mechanism of innate immune antagonism whereby MAVS and
MDAS5 are sequestered into inclusion bodies (IBs), likely through interaction with the
RSV nucleoprotein (N protein) (24). Other cellular proteins involved in the cellular
response to viral infection, such as p38 mitogen-activated protein kinase (MAPK) and
O-linked N-acetylglucosamine transferase (OGT), have also been shown to be recruited
into IBs (25).

The cytoplasmic inclusion bodies induced by hRSV infection share many character-
istics with liquid organelles or biomolecular condensates (24-26) having similarity to
stress granules, P-bodies, and nucleoli. They are also structurally and functionally similar
to viral inclusions formed by rabies, human metapneumovirus, and measles viruses
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(27-30) and likely represent an essential component of the life cycle of many negative-
sense RNA viruses. The term inclusion bodies is actually quite misleading since this
phrase is also widely used in biology to describe misfolded recombinant protein or
aggregates. For viral I1Bs from negative-sense RNA viruses, it will be useful moving
forward to either rename these structures or alternatively to define them based on the
presence of an identifiable marker. For the pneumoviruses, these membraneless or-
ganelles have been shown to contain N, P, L, and M2-1 (26, 29-31), which are viral
proteins involved in viral genome replication and mRNA transcription, together with
the M protein. The nucleocapsid protein likely represents the most appropriate marker,
and therefore, throughout the manuscript when we refer to RSV IBs, we are referring to
N-positive inclusions with properties of a biomolecular condensate. Importantly, the
presence of viral genomic RNA and mRNA within the IB strongly suggests that these
organelles are functional and are the primary site for viral RNA replication within the
infected cell (26), although this does not appear to be universal a trend since viral RNA
replication of Nipah virus (NiV) was recently shown to occur outside both its structurally
distinct IB populations (32). For RSV and related viruses, ectopic coexpression of the N
and P proteins alone results in the formation of IB-like structures, indicating a evolu-
tionarily conserved mechanism for IB formation (24, 26, 28, 30, 31). Collectively, these
data provide strong evidence that events in the bRSV life cycle are not randomly
distributed throughout the cell cytoplasm; instead, components of the viral genome,
replication machinery, and its intermediates are likely to be sequestered, away from
innate immune sensors, in intracellular compartments which are de facto viral replica-
tion complexes. However, to date there is no evidence on the formation of IBs in
bRSV-infected cells nor, more broadly, any detailed characterization of the immuno-
modulatory effects of the RSV IB on two integral innate immunity transcription factors,
namely, NF-«B and IRF3.

Here, we show that in both hRSV- and bRSV-infected cells, the NF-«B subunit p65 is
rapidly sequestered into perinuclear intracytoplasmic puncta. Consequently, activation
and nuclear translocation of sequestered NF-«B p65 in response to virus infection and
TNF-a stimulation are both inhibited. Using both immunofluorescence confocal mi-
croscopy and correlative light electron microscopy (CLEM), these puncta were found to
be synonymous with the RSV inclusion bodies induced by virus infection. Transmission
electron microscopy confirmed that bRSV IBs are not membrane bound but instead are
liquid organelles, likely formed following liquid-liquid phase separation (LLPS). Inter-
estingly, IBs formed by ectopic N and P coexpression were also proficient in colocalizing
p65. In addition, p65 recruitment was not host-range specific, with both human and
bovine RSV being capable of sequestering p65, regardless of host cell origin. In
addition, we present the first detailed evidence of IB formation in bRSV-infected cells,
confirming that these viral organelles are the sites of viral RNA replication. Taken
together, our data show an evolutionarily conserved mechanism by which RSV IBs
function to compartmentalize viral replication and actively antagonize the innate
immune response to infection.

RESULTS

bRSV infection induces IRF3, but not NF-xB, nuclear translocation. Given the
established role of NF-«B and IRF3 signaling pathways in the cell’s innate response and
clearance of viral infection, we used multiple approaches to examine the activation of
these transcription factors following bRSV infection. Vero cells were infected with bRSV
at a multiplicity of infection (MOI) of 1 for 24 h. Cells were then immunostained for bRSV
F as a marker for infection as well as for the NF-«B subunit p65 or, separately, IRF3.
Immunofluorescence (IF) analysis of mock-infected cells confirmed that both transcrip-
tion factors are normally located in the cytoplasm (Fig. TA). When the NF-«B and IRF3
pathways were stimulated in mock-infected cells with agonist treatment [human TNF-«
(hTNF-a) and poly(l:C), respectively], both the NF-«B subunit p65 and IRF3 translocated
from the cytoplasm to the nucleus, as expected (Fig. 1A, top, inset zooms). However,
although infection with bRSV induced similar levels of IRF3 nuclear translocation
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FIG 1 bRSV infection induces IRF3, but not NF-«B, nuclear translocation. (A) Vero cells uninfected (mock)
or infected with bRSV at an MOI of 1 for 24 h were left untreated, stimulated with 20 ng/ml hTNF-« for
30 min, or transfected with 2.5 ug/ml poly(l:C) and incubated for 6 h at 37°C. Cells were then fixed and
immunostained with anti-RSV F (green) and anti-NF-«B p65 or anti-IRF3 (red) antibodies. Cell nuclei were
stained with DAPI (blue) and images obtained using a Leica TCS SP5 confocal microscope. The boxed
areas are shown magnified in the panels below (inset zoom). Graphs show fluorescent line intensity
profiles along the respective white lines within these inset zooms. (B) NF-«B activation in bRSV-infected
MDBK cells. MDBK cells mock infected or infected with bRSV at an MOI of 1 for 24 h were left untreated
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(Fig. 1A, bottom right), significantly, the NF-kB subunit p65 remained cytoplasmic,
coalescing into intracytoplasmic puncta, mostly perinuclear, and present only in in-
fected cells (Fig. 1A, bottom left). Fluorophore intensity profile analysis was then
performed to assess the relative accumulation of both p65 and IRF3 in infected and/or
stimulated cells. For IRF3, poly(l:C) stimulation of infected cells enhanced its nuclear
translocation, relative to uninfected cells (Fig. 1A, bottom right, inset zoom). However,
IF and intensity profile analysis revealed that, even in the case of hTNF-a stimulation,
p65 nuclear translocation in bRSV-infected cells was absent and that most p65 re-
mained in the observed perinuclear puncta (Fig. 1A, bottom left, inset zoom). bRSV can
infect a broad range of host cells in vitro—growing to similar titers in both Vero and
Madin-Darby bovine kidney (MDBK) cells (data not shown). To examine the apparent
innate immune antagonism in bovine cells, equivalent infections were performed in
MDBK cells. These experiments confirmed the same p65 sequestration into perinuclear
puncta following bRSV infection, as well as the related insensitivity to TNF-« stimulation
(Fig. 1B), indicating a conserved mechanism of antagonism active in both primate and
ruminant cells.

To examine the effect of this sequestration on NF-kB signaling, we next employed
a luciferase reporter assay to assess NF-«kB transactivation. HEK293T cells were infected
with bRSV at an MOI of 1, before being transfected with the NF-«B reporter and
subsequently treated with or without TNF-« (Fig. 1C). Interestingly, infection without
TNF-a treatment did not result in any significant activation of the reporter, despite
demonstrable viral protein production (Fig. 1C, black bars and RSV F Western blot),
indicating that even in the presence of active viral replication there is little to no
activation of the NF-«B signaling pathway in bRSV-infected cells. Indeed, activation of
the NF-kB reporter was seen only following the addition of 20 ng/ml of exogenous
hTNF-«; however, this activation was significantly less in infected cells than in the mock
cells (Fig. 1C, gray bars). Separately, we also examined protein levels of p65 (total and
transiently phosphorylated) and IkBa, components of NF-«B signal transduction, in
infected Vero cells with and without TNF-« stimulation. As expected, TNF-« treatment
of mock-infected cells resulted in an increase in p65 phosphorylation and a decrease in
total IkBa (presumably the result of proteasomal degradation following its own phos-
phorylation) (Fig. 1D, mock —/+ TNF-a) (9). The detected levels of phospho-NF-«B p65
and total IkBa in infected cells (Fig. 1D, infected —/+ TNF-a) confirmed the lack of
activation during infection and also the modest NF-«B activation induced by bRSV
infection with subsequent TNF-a treatment observed in Fig. 1C. Together, the data
strongly suggest that NF-«B signaling is inhibited by bRSV infection due to its seques-
tration into intracytoplasmic puncta. Importantly, these data also indicate that the
sequestered p65 is not in a transcriptionally active state since infection did not result
in a marked increase in p65 phosphorylation or demonstrable |kBa degradation.

bRSV replication induces the recruitment of the NF-«B subunit p65 into intra-
cytoplasmic bodies distinct from stress granules. NF-kB p65 puncta were only
observed in bRSV-infected cells showing detectable levels of F protein, indicating a
correlation between productive infection and sequestration (Fig. T1A). To examine this

FIG 1 Legend (Continued)

or stimulated with 20 ng/ml hTNF-« for 30 min. Cells were then fixed and immunostained with anti-RSV
F (green) or anti-NF-«B p65 (red) antibodies. Cell nuclei were stained with DAPI (blue) and images
obtained using a Leica TCS SP5 confocal microscope. (C) 293T cells were mock infected or infected with
bRSV at an MOI of 1. At 6 h p.i., cells were transfected with 100-ng NF-kB FLuc reporter and 10-ng
TK-renilla luciferase and incubated at 37°C. At 18 h posttreatment (p.t.), cells were left untreated or
stimulated for 16 h with 20 ng/ml hTNF-a. Cells were then lysed and analyzed for firefly and renilla
luciferase activities. Graph depicts means = SD of three replicates from the same experiment. As controls,
the levels of RSV F and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were analyzed by Western
blotting on a fourth replicate. Statistical significance determined by ANOVA as described in the Materials
and Methods; ****, P < 0.0001. (D) Vero cells mock infected or infected with bRSV at an MOI of 2 for 24
h were left untreated or stimulated with 20 ng/ml hTNF-a for 10 min. Cells were then lysed and analyzed
by Western blotting for phosphorylation of p65 using phospho-specific forms of the antibody, total p65,
IkBa, and RSV F. GAPDH was detected as a loading control.
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FIG 2 BRSV replication induces the recruitment of the NF-«B subunit p65 into intracytoplasmic bodies distinct from
stress granules. (A) MDBK cells were mock infected or infected with bRSV. At the indicated times p.i. cells were fixed
and immunostained with anti-RSV F (green) and anti-NF-«B p65 (red) antibodies. Nuclei were stained with DAPI
(blue) and images obtained using a Leica TCS SP5 confocal microscope. (B and C) Quantification of p65 puncta in
A obtained using the quantify tool of Leica LAS AF Lite software as described in the Materials and Methods. (B)
Surface area of 13 p65 puncta per time point and mean area are indicated. Statistical significance determined by
ANOVA as described in the Materials and Methods; n.s, nonsignificant; *, P < 0.05; ***, P < 0.001. (C) Graph showing
the line intensity profiles along chosen 15-um lines of interest (example micrographs: 15 wm drawn across a puncta
or across the cytoplasm in mock cells) of an average of five puncta per time point. (D) Vero cells were infected with
bRSV or mock infected. At 24 h p.i., cells were treated with 500 uM sodium arsenite or mock treated for 1 h. Cells
were then fixed and immunostained with anti-G3BP1 (green) and anti-NF-«B p65 (red) antibodies. Nuclei were
stained with DAPI (blue) and images obtained using a Leica TCS SP5 confocal microscope.

correlation and define the kinetics of p65 sequestration over time, MDBK cells were
infected at an MOI of 1 and fixed at different times postinfection (p.i.), before being
permeabilized and before the distribution of p65 and RSV F was analyzed by IF.
Detectable NF-«B p65 puncta (>3 um?) were apparent in infected cells by 16 h p.i. (Fig.
2B), correlating with significant levels of F expression (Fig. 2A). Interestingly, two
populations of F protein were present at this stage, a perinuclear, presumably endo-
plasmic reticulum (ER)- or vesicle-associated population (Fig. 2A, white arrow) and a
peripheral more filamentous-like population, possibly the site of virion biogenesis (Fig.
2A, beige arrow)—neither of which appeared to colocalize in any significant way with
p65. By 24 h p.i, all infected cells contained at least one p65 punctum, with none being
observed in nearby uninfected cells (Fig. 2A, red arrow). Using fluorophore line of
interest analysis, we were also able to assess the ratio of cytoplasmic- to punctum-
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localized p65 as well as the increasing diameter of these aggregates. As infection
proceeded, the intensity of p65 in the puncta increased as the level of disperse p65 in
the cytoplasm decreased (Fig. 2C, “p65 in puncta” versus “p65 outside puncta”),
indicating coalescence and supporting our observations in Fig. 1D that the total
amount of p65 in cells does not dramatically change during infection, only its subcel-
lular localization. Average punctum size increased as infection progressed, with p65
aggregations at 48 h p.i. having a mean area of 22.18 um? (Fig. 2B). Smaller p65 puncta
(<10 wm?2) were also observed at 48 h p.i.,, most likely the result of nascent infections
in nearby cells. By this time, F protein expression was markedly different, with less
distinct populations of protein; however, there was still no obvious colocalization with
the p65 puncta. A similar pattern of results was also observed in Vero cells (data not
shown).

Our first line of inquiry following the identification of p65 puncta in bRSV-infected
cells was based on their visual similarity to protein and mRNA aggregations that form
in cells in response to cellular stress and viral infections, so-called stress granules (SGs).
A wide range of viruses have been shown to either induce or inhibit SG formation to
their advantage (33); however, there are contradictory findings on SG induction by RSV
(25, 34-36). To examine the potential relationship between these p65 puncta and SG,
we induced SG formation in bRSV-infected cells with sodium arsenite treatment and
performed coimmunostaining for p65 and G3BP1 (an SG marker) in fixed cells. Al-
though we were able to successfully stimulate the production of SGs in Vero cells, our
analysis showed that the p65 puncta were entirely distinct from these granules (Fig.
2D). Tangentially, this experiment also demonstrated that bRSV infection does not
significantly induce SG formation.

The NF-«B subunit p65 colocalizes with viral inclusion bodies independently of
RSV-encoded immunomodulators. RSV has a relatively small genome, encoding 11
proteins from 10 genes (Fig. 3A). Recent work has demonstrated that hRSV infection
induces the formation of inclusion bodies (IBs) which contain components of the RNA
polymerase complex and ribonucleoprotein (RNP), notably N and P (26); however, to
our knowledge, similar IBs have not been identified, or functionally characterized, in
bRSV-infected cells. To examine the presence of IBs, the distribution of bRSV proteins,
and, collectively, their subcellular localization in relation to the observed p65 puncta,
we infected Vero cells and fixed them, along with mock-infected cells, for IF analysis at
24 h p.. These cells were then coimmunostained for p65 and bRSV N, P, M, or F
proteins. As expected, neither p65 puncta nor bRSV proteins were detected in mock-
infected cells (Fig. 3B). Similarly, as described in Fig. 1 and 2, RSV F did not colocalize
with p65 or show evidence of subcellular localization with IB-like structures. In contrast,
in infected cells, three of the viral proteins (N, P, and M) predominately localized to
large intracytoplasmic organelles, characteristic of viral inclusion bodies (Fig. 3B, green
panels), although smaller, spherical N-positive IBs were also present (see below).
Although there was a various degree of cytoplasmic signal for N, P, and M outside the
IBs, most of the IF signal was found within these structures (Fig. 3B, zoomed inset and
line of interest plots). The sub-IB localization of bRSV N and P was similar to that
previously described for hRSV, with N and P being found on the periphery of the
organelle (26). The significant intra-IB localization of the M protein at 24 h p.i.,, as well
as its partial nuclear localization, is consistent with previously reported IF in RSV-
infected cells (37, 38). However, the role of M in RNA virus IBs reflects an interesting
point of divergence; with some viral IBs being M positive (e.g., RSV) and others negative
(e.g., rabies) (39). Significantly, the larger N-, P-, or M-positive IBs were, in the majority
of cases, also p65 positive (Fig. 3B, red IF panels) identifying, for the first time, that this
NF-kB component was being recruited to RSV inclusion bodies in infected cells. To
examine this in detail, we next characterized the number, size, and p65 status of
N-positive IBs in infected cells, observing that they were numerous and mostly localized
in the median section of the cell. We therefore obtained images from multiple planes
in this section to assemble max intensity z-stacks to aid quantification. From 16 h p.i.,
N- and p65-positive IBs were evident throughout the cell in a conserved pattern
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FIG 3 The NF-«B subunit p65 colocalizes with viral inclusion bodies independently of RSV-encoded
immunomodulators. (A) Schematic depiction of the bRSV genome showing organization of the encoded
genes. (B) Vero cells, mock infected or infected with bRSV for 24 h, were fixed and immunostained with
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consisting of a single, large, and perinuclear 1B with multiple smaller inclusions more
evenly distributed through the cytoplasm (Fig. 3C; see Videos ST and S2 in the
supplemental material). Using z-stacks, we quantified the number per cell (counting 18
cells per sample, per time point) and surface area of N- and/or p65-positive structures
of >0.1 um?, observing them both increasing as infection progressed. The average
number of IBs of >0.1 um? grew from 1.7 per cell at 6 h p.i. to 23.8 at 24 h p.i. (Fig. 3D).
Their mean area also increased to 8.99 um? by 24 h p.i. (Fig. 3E), significantly influenced
by the presence and growth of the larger IB. p65-positive IBs were detected from 16 h
p.i.; however, p65 was only detected in larger IBs (>1.39 um?) (Fig. 3E) with up to 4 of
them being evident per cell (Fig. 3D). In conclusion, although multiple N-positive IBs are
present in infected cells, it is predominantly the larger IBs which contain the seques-
tered p65. Together, these data suggest that bRSV infection induces the formation of
IBs in the cytoplasm of infected cells, which are organelles also involved in sequestering
cellular proteins to effect immunomodulation. To our knowledge, this represents an
entirely novel mechanism of viral inhibition of NF-«B signaling since it is the seques-
tration of signaling components to a viral organelle, rather than the degradation
commonly seen (12, 22), which leads to the innate immune antagonism described in
Fig. 1.

We next examined whether the established bRSV-encoded immunomodulatory
proteins NS1, NS2 (18), and SH (14, 15) are responsible for this p65 sequestration. We
infected cells with wild-type (wt) bRSV or recombinant bRSVs which do not express
these proteins (ANS1, ANS2, ANS1/2 [a double knockout], or ASH) (15, 40). IF analysis of
these samples identified p65 puncta in all infected cells (Fig. 3F), suggesting that these
bRSV-encoded immunoantagonists do not play a significant role in either the formation
of IBs or the sequestration of p65 to these structures.

bRSV IBs are sites of RNA replication, but p65 does not specifically colocalize
with M2-1 or nascent viral RNA in IBAGs. hRSV inclusion bodies have previously been
shown to be the sites of virus transcription and replication (25, 26, 41). To confirm bRSV
IBs are also the site of viral RNA replication, we carried out nascent RNA labeling using
5-ethynyl-uridine (5EU) incorporation. Mock-infected MDBK cells, incubated with 5EU
for 1 h, revealed, as expected, 5EU incorporation into cellular RNA in the nucleus (Fig.
4A, top row). When cellular transcription was inhibited following preincubation of
mock-infected cells with actinomycin D (Act D) for 1 h, this signal was lost. 5EU labeling
performed on bRSV-infected cells without Act D treatment did not reveal significant
evidence for viral replication in IBs, perhaps due to overrepresentation of cellular RNA
synthesis. However, in the presence of Act D, labeled, newly synthesized RNA could
only be seen in the N-positive IBs, presumably the result of viral replication. This
colocalization of 5EU incorporation and N protein within IBs provides strong evidence
that bRSV IBs are the sites of viral RNA replication. A more detailed look at the IBs (Fig.
4A, inset zoom and line of interest plot—asterisks) revealed partial sub-IB organization
to the RNA within these structures. Interestingly, a recent study on hRSV IBs identified
similar functional compartments within IBs termed inclusion body-associated granules
(IBAGs) (26). They were shown to concentrate newly synthesized viral mRNA and the

FIG 3 Legend (Continued)

rabbit anti-NF-«B p65 (red) and mouse monoclonal anti-RSV N, P, M, or F antibodies (green). Nuclei were
stained with DAPI (blue) and images obtained using a Leica TCS SP5 confocal microscope. Zoom panel
shows magnification of IBs boxed in the merge panel. Graphs shows fluorescent intensity profiles along the
indicated white lines drawn across one or two IBs. (C) MDBK cells were mock infected or infected with bRSV.
At the indicated times p.i., cells were fixed and immunostained with anti-RSV N (green) and anti-NF-«B p65
(red) antibodies. Images are max intensity Z-stacks of 8 planes 0.5 um apart. Cytoplasmic bodies (area, >0.1
um?) from the Z-stacks were quantified in a total of 18 infected cells per time point as detailed in the
Materials and Methods. (D) Number of N- and N- and p65-positive bodies per cell at the indicated time
points. (E) Surface area of identified N- and N- and p65-positive IBs. Statistical significance determined by
ANOVA as described in the Materials and Methods; ****, P < 0.0001. (F) Vero cells were infected with wt
bRSV, ANS1, ANS2, ANS1ANS2, or ASH bRSV. At 24 h p.i., cells were fixed and immunostained with rabbit
anti-NF-kB p65 (red) and mouse anti-RSV F (green) antibodies. Cell nuclei were stained with DAPI (blue) and
images obtained using a Leica TCS SP5 confocal microscope.
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FIG 4 bRSV IBs are sites of RNA replication, but p65 does not specifically colocalize with M2-1 or nascent viral RNA
in IB-associated granules (IBAGs). (A and B) MDBK cells were mock infected or infected with bRSV. After 24 h, cells
were incubated with vehicle or 20 wg/ml actinomycin D (Act D) for 1 h to inhibit cellular transcription. 5-Ethynyl
uridine (5EU) was then added for another 1 h and the cells fixed. 5EU incorporated into newly synthesized RNA was
detected using Alexa Fluor 488-azide (green) as described in the Materials and Methods. Cells were then
immunostained with anti-RSV N, M2-1, or anti-NF-kB p65 antibodies (red). Cell nuclei were stained with DAPI (blue)
and images obtained using a Leica TCS SP5 confocal microscope. Bottom of A (inset zoom) shows the boxed area
(in merge of bRSV, +Act D) magnified. Graphs show fluorescent intensity profiles along the indicated white lines
drawn across the IBs. Asterisks in A indicate areas of increased 5EU staining within the IB. (C) Vero cells infected
with bRSV for 24 h were fixed and immunostained with rabbit anti-NF-«B p65 (red) and mouse anti-M2-1 (green)
antibodies. Cell nuclei were stained with DAPI (blue) and images obtained using a Leica TCS SP5 confocal
microscope. Bottom image shows a higher magnification of the boxed area; scale bar corresponds to 4 um. Graphs
show fluorescent intensity profiles along the indicated white line.

viral M2-1 protein but not genomic RNA or the N, P, and L proteins. To confirm the
presence of IBAGs in bRSV IBs, we immunostained bRSV-infected cells for M2-1 follow-
ing nascent viral RNA labeling, observing colocalization of both these components (Fig.
4B). The intra-IB organization of RNA replication and M2-1 protein into IBAGs appears,
therefore, to be a structurally conserved aspect of orthopneumovirus IBs. We next
examined the potential colocalization of p65 with these sites of nascent viral RNA
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(VRNA) localization (IBAGs). Although we observed partial sub-IB localization signals for
p65, this did not always colocalize with VRNA (Fig. 4B) or, in subsequent experiments,
M2-1 (Fig. 4Q). These findings suggest that there are multiple subcompartments within
bRSV IBs, in addition to IBAGs, which potentially carry out a distinct range of functions.
bRSV IBs are membraneless liquid organelles. IBs and IB-like structures form by
liquid-liquid phase separation (LLPS) which favors macromolecule-macromolecule over
macromolecule-water interactions (42-44). The resulting biomolecular condensates are
not surrounded or compartmentalized by a membrane, distinguishing them from many
other organelles found in the cytoplasm (44, 45). To examine the ultrastructural
properties of the bRSV IBs, we first performed standard transmission electron micros-
copy (TEM) of infected cells. Vero cells were infected with bRSV at an MOI of 1 and fixed
for TEM analysis at 24 and 48 h p.i. Granular structures with high electron density,
characteristic of RNA virus inclusion bodies, were identified at both time points, often
in close proximity to the nucleus (Fig. 5A). Smaller structures (1 to 2 um in diameter)
were predominately rounder in nature than their larger (>3 um in diameter), more
pleomorphic counterparts (Fig. 5A). As expected, these structures were not membrane
bound or directly associated with subcellular organelles; however, rough endoplasmic
reticulum (RER) and mitochondria were frequently found in close proximity (Fig. 5A).
These structures are similar to those previously reported for other RNA viruses (28, 39),
supporting our conclusion that bRSV also forms membraneless IBs in infected cells.

Various reports have also demonstrated that IBs can rapidly change their size due to
fusion or fission while remaining spherical in nature, a characteristic feature of these
liquid organelles (42). Rabies virus inclusion bodies, termed negri bodies, have been
shown to rapidly dissolve and reform in response to hypotonic shock, demonstrating
the dynamic nature of these structures (27, 28, 46). To assess the sensitivity of bRSV IBs
to hypotonic shock, Vero cells, infected with bRSV for 24 h, were incubated with
Dulbecco’s modified Eagle’s medium (DMEM; diluted to 20% in H,O) for 20 min. Cells
were then fixed and immunostained for the N protein. Many of the smaller spherical IBs
showed evidence of dissolution following hypotonic shock (Fig. 5B, iv); however, unlike
rabies virus negri bodies, the larger bRSV IBs remained intact following this significant
period of cellular osmotic shock (Fig. 5B, iii). Of note, incubation beyond 20 min was not
possible because of the associated cytotoxicity. In addition, a large percentage of the
sequestered p65 in these larger IBs remained tightly associated with the intact structure
(Fig. 5C). Recently, Zhou et al., demonstrated that larger measles IBs had lower rates of
fluorescence recovery after photobleaching (FRAP) than that of their smaller counter-
parts, postulating that these structures had acquired a more gel-like property. The
acquisition of this gel-like status, which is also less likely to exchange molecules with
the surrounding cytoplasm, has been linked to aging of phase-separated organelles—a
continuum which ends with the formation of irreversible aggregates (47). The insen-
sitivity of large bRSV IBs to osmotic shock, and the maintenance of p65 within the 1B
even under these harsh conditions, is perhaps the result of them acquiring gel-like
status, a property which may be linked to the age and size of individual IBs within
infected cells.

Finally, to examine the sub-IB localization of RSV N and p65 in relation to our
ultrastructural analysis of IBs, we performed correlative light electron microscopy
(CLEM). Vero cells were infected at an MOI of 1 and analyzed at 24 and 48 h p.i,, first
by confocal microscopy using N and p65 antibodies to immunolabel these proteins
(Fig. 5D). The same cells, identified by grid reference, were then isolated, embedded,
and sectioned with their ultrastructure subsequently analyzed by TEM. Importantly,
these CLEM data confirmed that the electron dense granular structures seen by TEM
(Fig. 5A) are synonymous with the N, P, M, and p65 stained IBs seen in IF microscopy
(Fig. 3B). To our knowledge, this is the first CLEM to be performed on an RNA virus IB.
An overlay of the two images confirmed that bRSV IBs had retained the electron-dense
granular structure characteristic of liquid organelles, even with the chemical permea-
bilization required for IF antibody labeling (Fig. 5C). Our CLEM data also confirmed the
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FIG 5 bRSV IBs are membraneless liquid organelles. (A) High-power transmission electron microscopy (TEM) of
mock- or bRSV-infected Vero cells fixed in glutaraldehyde at 24 and 48 h p.i and prepared for TEM as detailed in
the Materials and Methods. N, nucleus; M, mitochondria; C, cytoplasm; IB, inclusion body; ER is indicated with black
arrow. Two representative images are shown per time point. Scale bars correspond to 1 um. (B and C) Vero cells
were infected with bRSV at an MOI of 1 and incubated at 37°C for 24 h. Hypotonic shock was applied for 20 min
before the cells were fixed. Confocal analysis was performed following immunostaining for bRSV N (green) and
nucleus stained with DAPI (and also p65 for C). Inset zooms demonstrate the observed effects of hypotonic shock
on large (i and iii) and small (i and iv) IBs—representative images shown. (D) Correlative light electron microscopy

(Continued on next page)
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FIG 6 Coexpression of bRSV N and P proteins induces the formation of IB-like structures which can sequester p65.
(A) Vero cells were cotransfected with equimolar concentrations of plasmids expressing bRSV N (pN) and/or P (pP)
proteins as indicated. Following 24 h of incubation, cells were fixed and stained with anti-RSV N (green/red) and
anti-RSV P (green) or anti-NF-kB p65 (red) antibodies. Bottom image shows a higher magnification of the boxed
area. Graph shows fluorescent intensity profiles along the indicated white line. (B) Coimmunoprecipitation of p65.
293T cells were transfected with plasmids expressing NF-kB p65 (pP65) or empty vector (pEV) and 6 h later infected
with bRSV at an MOI of 1. At 24 h p.i,, cell lysates were immunoprecipitated (IP) with anti-p65 antibody or beads
alone as a control. Pulldowns were analyzed by SDS-PAGE and immunoblotting (IB) using anti-p65, anti-N, or anti-P
antibodies.

p65 and N proteins localizing to the IB, with p65 present within the structure and N
around the periphery. At 24 h p.i,, the p65-positive IB structures were mostly spherical,
becoming larger and more irregularly shaped by 48 h p.i, possibly as a result of
transition into a more gel-like status, as discussed above. A similar pattern of immu-
nostaining and IB morphology was also observed in bRSV-infected MDBK cells analyzed
by CLEM (data not shown).

Coexpression of bRSV N and P proteins induces the formation of IB-like
structures which can sequester p65. In the absence of infection, ectopic coexpression
of many Mononegavirales N and P proteins has been shown to result in the formation
of IB-like structures (24, 26, 28, 30)—a finding which has been linked to their potential
to induce LLPS independently of viral infection. Although there has been broad
discussion that this is related to the presence of intrinsically disordered regions within
the N and P proteins, a definitive functional mechanism for this viral-induced LLPS
remains uncharacterized. In addition, whether these infection-independent IB-like
structures retain all the properties of viral IBs is not entirely clear. For hRSV, it was
shown that IBAGs do not form within these visually orthologous bodies (26); however,
the recruitment of MDA5 and MAVS to IB-like structures, following N and P overex-
pression, was maintained (24). To address similar questions for bRSV IBs and to examine
the related sequestration of p65, Vero cells transiently transfected with plasmids
expressing bRSV N (pN) and bRSV P (pP) were fixed and stained at 24 h posttransfection
and examined by IF. As has been reported previously, the expression of N or P alone did
not lead to the formation of IB-like structures; however, coexpression did, resulting in
the formation of inclusions up to 6.9 um? in area (Fig. 6A). Examination of the
subcellular localization of p65 in this system also confirmed that the N- and P-induced
inclusions were proficient in sequestering p65, independent of viral replication, with a

FIG 5 Legend (Continued)

(CLEM) of confocal microscopy immunostaining and TEM showing bRSV IBs. Vero cells infected with bRSV at an MOI
of 1 were fixed at 24 or 48 h p.i,, stained with antibodies against RSV N (green) and NF-«B p65 (red) and nuclei
stained with DAPI. Following confocal imaging, cells were fixed in glutaraldehyde, sectioned, and visualized by
TEM. Confocal (left) and TEM (middle) images of the same cells were overlaid (right) as CLEM images.
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pattern of expression mirroring that seen in infected cells (Fig. 6A, inset zoom and
fluorescent line of interest analysis).

To examine the mechanism of p65 recruitment to, and sequestration within, the
bRSV IB, we next investigated whether there was evidence for direct protein-protein
interactions between this protein and N or P. Endogenous p65 or p65 expressed from
a plasmid (pP65) were immunoprecipitated from bRSV-infected or mock-infected 293T
cells (at 24 h p.i.) using an anti-p65 antibody. When these immunoprecipitates were
analyzed by Western blot, both bRSV N and P were found to coimmunoprecipitate
(co-IP) with endogenous or overexpressed p65 in infected cell lysates, providing
evidence of direct interactions being maintained postlysis (Fig. 6B). Experiments with
beads alone did show a small amount of co-IP N protein; however, this amount was
markedly lower than that in the p65 antibody experiment and may be background
signal which we believe may be the consequence of the high levels of N protein in
infected cells at 24 h p.i. In summary, our results indicate that p65 recruitment into
bRSV IBs is maintained even in IB-like structures formed after N and P overexpression.
Furthermore, the recruitment of p65 to IBs is likely due to specific interactions with the
N and/or P proteins. Since RSV N and P are known to interact and yet the IB does not
form without both proteins being expressed together, it is technically challenging to
define the true binding partner, either N or P. As a result, more detailed characterization
of this interaction is required to elucidate the mechanism of p65 sequestration.

The sequestration of the NF-kB subunit p65 to cytoplasmic IBs is a conserved
mechanism of orthopneumovirus immunomodulation. Having established struc-
tural and functional similarity between bRSV and hRSV IBs, we finally examined the
regulation and subcellular localization of the NF-kB subunit p65 in hRSV-infected cells.
Beginning with the NF-«B luciferase reporter assay, we uncovered a pattern of signaling
inhibition similar to bRSV. Infection with hRSV in the presence of the NF-«B reporter did
not lead to robust activation compared with mock-infected cells, highlighting a lack of
activation of this pathway in infected cells (Fig. 7A, black bars). Again, similar to bRSV,
infected 293T cells (24 h with hRSV) which were stimulated for 6 h with hTNF-« induced
significantly less NF-kB transactivation, compared with equivalently treated mock-
infected cells (Fig. 7A, gray bars). This finding correlated well with an examination, by
IF, of hRSV replication in Vero cells, with and without hTNF-« treatment, where again
we did not observe significant levels of p65 nuclear translocation (Fig. 7B). Indeed, as
observed in bRSV-infected cells, p65 was recruited into intracytoplasmic puncta. These
puncta were subsequently shown to be synonymous with viral IBs (Fig. 7C) in a set of
experiments which also confirmed that IB formation and the recruitment of p65 is host
cell independent. bRSV- or hRSV-infected MDBK (bovine) or Hep2 (human) cells dem-
onstrated the presence of p65-containing IBs in all scenarios, highlighting that the
mechanisms underpinning RSV IB formation, and the sequestration of p65 to these
bodies, are likely highly conserved (Fig. 7C). We concluded this examination of host-
range specificity with a more physiologically relevant model of the human bronchial
epithelium, BEAS-2B cells, which are derived from normal human tissues taken follow-
ing autopsy of noncancerous individuals, identifying again the formation of IBs and
sequestration of p65, regardless of RSV species. Finally, we confirmed that IB-like
structures formed by ectopic hRSV N and P coexpression recruited p65 to their core
(Fig. 7D). Taken together, these data indicate that the formation of IBs during viral
replication, together with the sequestration of the transcription factor NF-kB subunit
p65 to these bodies, is a common feature of orthopneumoviruses.

DISCUSSION

Recognition of viral pathogen-associated molecular patterns (PAMPs) by RIG-I or
MDAS5 can lead to activation of NF-«B transcription factors through the IKK complex or
IRFs through TBK-1/IKKe (9, 11, 48). Activation of these innate responses is essential for
inducing a robust adaptive response, first to clear viral infections and second to elicit
the establishment of a memory response (4, 48). However, in vivo, the various immune-
evasion strategies employed by RSV combine to generate only a short-lived response
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FIG 7 The sequestration of the NF-kB subunit p65 to cytoplasmic IBs is a conserved mechanism of orthopneumovirus
immunomodulation. (A) 293T cells were mock-infected or infected with hRSV at an MOI of 1. At 6 h p.i., cells were
transfected with 100-ng NF-kB FLuc reporter and 10-ng TK-renilla luciferase and incubated at 37°C. At 18 h p.t., cells
were left untreated or stimulated for 16 h with 20 ng/ml hTNF-a. Cells were then lysed and analyzed for firefly and
renilla luciferase activities. Graph depicts means * SD of three replicates from the same experiment. Statistical
significance determined by ANOVA as described in the Materials and Methods; ****, P < 0.0001. (B) Vero cells mock
infected or infected with hRSV at an MOI of 1 for 24 h were left untreated or stimulated with 20 ng/ml hTNF-« for
30 min. Cells were then fixed and immunostained with anti-RSV F (green) or anti-NF-«B p65 (red) antibodies. Cell

(Continued on next page)
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(4,19, 20, 23, 48). For instance, there is strong evidence that the downregulation of key
signaling molecules by the NS proteins suppresses IRF3 activation and type | IFN
induction (17-20, 22, 23), although interestingly, we did see significant IRF3 nuclear
translocation in our infected cells. As a key innate immune pathway, NF-«B signaling is
often a target for viral antagonism; however, to date, RSV modulation of its activation
has remained less well defined. Although RSV lacking the SH gene was shown to
enhance NF-«B activation, the exact mechanisms employed are unclear (14, 15, 49, 50).
To address this, we monitored NF-kB p65 activation in RSV-infected cells at multiple
steps in the signaling pathway, namely, IkBa degradation, p65 phosphorylation (at
Ser536), p65 nuclear translocation, and more broadly NF-«B transactivation. We present
a novel mechanism of immune evasion wherein RSV infection results in the seques-
tration of the NF-kB subunit p65 into viral inclusion bodies (Fig. 3B), a process which is
independent of the known RSV immunomodulatory proteins NS1, NS2, and SH (Fig. 3F)
and was confirmed in BEAS-2B bronchial epithelial cells for both hRSV and bRSV. The
possibility that there is mechanistic redundancy between the RSV NS1, NS2, and SH
accessory proteins cannot however be excluded at this time. We also demonstrate that
as a result, activation of NF-«B p65 is suppressed in infected cells, even with exogenous
TNF-a stimulation (Fig. 1). Although small IBs were observed as early as 6 h p.i. (=2.5
um?2), they did not colocalize with detectable levels of p65 (Fig. 3E). This may reflect a
technical limitation of our IF or alternatively that IBs need to grow in size before they
can begin to sequester p65. It remains to be determined if p65 is actively recruited to
IBs by viral proteins or if its sequestration is a result of the IB’s position in the cell and
that it captures p65 by an indirect mechanism, perhaps involving trafficking. In addi-
tion, it is currently not clear what proportion of the IB-sequestered p65 is IkBa
associated, the elucidation of which might explain the partial protection of IkBa from
degradation seen following TNF-« treatment (Fig. 1D, mock versus bRSV +TNF-a).
Interestingly, the lack of p65 activation prior to IB formation and p65 aggregation
highlights that RSV may employ additional mechanisms for NF-«B inhibition which
remain uncharacterized. Other groups have reported more robust activation of NF-«B
in response to RSV infection (7, 51, 52) which could indicate that the cell line and viral
strain play a role in RSV-mediated NF-«B activation. This being said, the sequestration
of p65 appears to be an orthopneumovirus-conserved strategy active in physiologically
relevant cells, such as BEAS-2Bs. From a wider perspective, this mechanism of immu-
nomodulation might be a common strategy utilized by RSV and other viruses that
induce IB formation. MAVS and MDA5 were similarly both found to be recruited into
RSV IBs as a mechanism of suppressing IFN signaling (24). Similarly, p38 MAPK and OGT
sequestration into RSV IBs suppressed MAPK-activated protein kinase 2 signaling and
stress granule formation, respectively, enhancing virus replication (25). Whether viruses
such as Ebola, Nipah, or rabies adopt similar mechanisms of immunomodulation
remains to be determined.

From a mechanistic perspective, our results also showed that the N and P proteins
are essential for the formation of bRSV IBs. As has been reported for rabies (28) and
measles (30) viruses, ectopic expression of these proteins resulted in the formation of
IB-like structures (Fig. 6A and 7D). They were mostly spherical and, at 24 h posttrans-
fection, measured up to 6.9 um? which is considerably less than that of the conven-
tional IBs observed in infected cells. We hypothesize that both pseudo-IBs and viral IBs
form by biomolecular condensation but that their maturation into larger structures is

FIG 7 Legend (Continued)

nuclei were stained with DAPI (blue) and images obtained using a Leica TCS SP5 confocal microscope. Graphs show
line fluorescent intensity profiles along the indicated white lines. (C) MDBK, Hep2, and BEAS-2B cells were infected
with b/hRSV for 24 h, fixed, and immunostained for RSV N (green) or NF-kB p65 (red). (D) Vero cells were
cotransfected with equimolar concentrations of plasmids expressing hRSV N (pN) and/or P (pP) proteins as
indicated. Following 24 h of incubation, cells were fixed and stained with anti-RSV N (green/red) and anti-RSV P
(green) or anti-NF-kB p65 (red) antibodies. Cell nuclei were stained with DAPI (blue) and confocal analysis
performed. The bottom image shows a higher magnification of the boxed area, and the graph shows the

fluorescent intensity profiles along the indicated white line.
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dependent on other factors present only in infected cells. That these pseudo-IBs could
also recruit p65 suggested a direct interaction between p65 and RSV N or P, which we
confirmed by co-IP (Fig. 6B). Interestingly, our IF data were somewhat contradictory,
with the staining patterns and line intensity profiles showing p65 concentrated in the
middle of IBs with N and P at the periphery, separating the IB contents from the
cytoplasm. It is possible that the exchange of biomolecules across the boundary, e.g.,
during the sequestration of p65, may require transient N or P interactions. Intriguingly,
Lifland et al. also suggested that MAVS and MDAS are recruited into IBs by interacting
with N and P in a macromolecular complex (24). We propose that this recruitment may
involve low-affinity interactions with N and/or P and that maintenance within the IB is
enhanced by the same physicochemical properties of the IBs which enable them to
induce LLPS, namely, macromolecule-macromolecule interactions. The RSV P protein
has been shown to bind and recruit M2-1 to IBs, potentially through intrinsically
disordered regions within P that allow it to form multiple interactions (53). Although
further work is required to identify the exact mechanism of p65, MAVS, and MDA5
recruitment into IBs, we postulate that the physicochemical properties of these proteins
may also be an important factor. Of note, in order to definitively identify the bRSV IBs
as liquid organelles, fluorescence recovery after photobleaching (FRAP) experiments
could be performed to assess the acquisition of tagged N or P over time. In addition,
the fusion and fission of these organelles could be monitored in real time. Both of these
experimental approaches are areas of continued investigation in our laboratory; how-
ever, the dissolution of the smaller IBs in response to hypotonic shock still provides
strong evidence for the LLPS nature of these structures (Fig. 5B). The stability of larger
IBs to extended periods of hypotonic shock was surprising—a finding we attribute to
the larger IBs gaining hydrogel- or even aggregate-like status. This might also explain
the loss of their spherical nature, as the biophysical constraints on this organelle might
be relaxed by this transition.

Electron micrograph analysis of our RSV IBs showed greater electron density in the
IBs than in the cytoplasm, a characteristic of biomolecular condensates (Fig. 5A). These
data also highlighted the structural complexity of the phase-separated structure.
Although we observed some association with the ER and RER, RSV IBs were not
membrane bound, unlike rabies virus negri bodies which acquire a membrane bound-
ary later in infection, presumably derived from the ER (28, 39). Interestingly, our CLEM
analysis confirmed previous IF data from the field that the IB boundary is surrounded
by N protein (Fig. 5D). A debate remains in the field as to whether this is an artifact of
disrupted antibody epitope accessibility to N since GFP-tagged N proteins were shown
to have a diffuse pattern throughout the IB (24); however, we would only note that we
used an antibody developed in-house for this staining. Nevertheless, the presence of
viral RNA-associated proteins N, P, and M2-1 in IBs (Fig. 3B and 4C) strongly suggested
the presence of RNA replication and transcription within these structures. Building on
previous work for hRSV and rabies virus (26, 39), we used 5EU incorporation to confirm
RNA synthesis in the IBs (Fig. 4A and B). Using fluorescence in situ hybridization (FISH)
experiments, Rincheval et al. showed that genomic RNA colocalized with the hRSV N
and P proteins at the periphery, while viral mMRNA was found to concentrate in IBAGs,
transient sites of mRNA storage (26). Our data showed the formation of similar
structures, confirming IBAGs are found in multiple orthopneumoviruses; however, there
was no conclusive colocalization with p65. However, this sequestered cellular protein
did localize to distinct intra-IB bodies (Fig. 4B and C), raising the intriguing possibility
that multiple microdomains exist within what is, by TEM, an apparently uniform
granular biomolecular condensate.

In summary, our data show that RSV IBs are highly ordered structures performing
multiple roles in the virus life cycle, including the compartmentalization of virus
replication and transcription and the sequestration of cellular proteins involved in the
antiviral response. This mechanistic characterization is potentially applicable to other
negative-sense RNA viruses that have been shown to form IBs during replication.
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MATERIALS AND METHODS

Cells and viruses. All cells were cultured at 37°C in a 5% CO, atmosphere. Madin-Darby bovine
kidney (MDBK), Vero (monkey kidney epithelial), 293T (human embryonic kidney), and Hep-2 (human
epithelial type 2) cells were obtained from the Pirbright Institute Central Services Unit and maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal calf
serum (FCS; TCS Biologicals), sodium pyruvate (Gibco), and penicillin and streptomycin (Sigma). Beas-2B
(human bronchial epithelial) cells (ATCC) were cultured in LHC basal medium (ThermoFisher) supple-
mented with 10% FCS, penicillin, and streptomycin.

Wild-type recombinant bRSV (rbRSV) and deletion mutant rbRSVs ASH, ANS1, ANS2, and ANS1/2
were produced by reverse genetics from rbRSV strain A51908 variant Atue51908 (GenBank accession no.
AF092942) (18, 40, 54). They were propagated in Vero cells and hRSV subtype A (A2 strain) grown in
Hep-2 cells. All viruses were further purified from total cell lysates using polyethylene glycol (molecular
weight, 8,000) precipitation and discontinuous sucrose gradient centrifugation.

Plasmids and transfections. All viral gene sequences were derived from bRSV A51908 (GenBank
accession no. NC_038272) and hRSV A2 (GenBank accession no. KT992094). Expression plasmids
(pcDNA3.1) encoding codon-optimized N genes at Kpnl-BamHI sites referred to as pN were purchased
from Bio Basic Inc. Full-length P genes were amplified by reverse transcriptase PCR using gene-specific
primers and Superscript Il reverse transcriptase (Invitrogen). They were then cloned into pcDNA3.1 at
Kpnl-BamHI sites and designated pP. The p65 open reading frame (ORF) was amplified from pcDNA3.1-
HA-p65 (kindly provided by Carlos Maluquer de Motes, University of Surrey), inserted at the Hindlll-
BamHI sites of pcDNA3.1, and designated pP65. All sequences were confirmed by conventional sanger
sequencing. Plasmids were transfected into cells using TransIT-X2 (Geneflow).

Antibodies and drugs. Mouse monoclonal antibodies raised against bRSV F (mAb19), N (mAb89), P
(mAb12), M (mAb105), and M2-1 (mAb91) were previously described (55, 56). The rabbit polyclonal
anti-bRSV SH antibody was purchased from Ingenasa. Rabbit anti-NF-«kB p65 (8242) antibody, rabbit
anti-IRF3 (11904), rabbit anti-phospho-NF-kB p65 (Ser536; 3033), mouse anti-lkBa (4814), and rabbit
anti-GAPDH (5174) were obtained from Cell Signaling Technology (CST). Mouse anti-G3BP-1 was ob-
tained from BD Biosciences. Secondary horseradish peroxidase-linked antibodies were obtained from CST
and Alexa Fluor secondary antibodies from Life Technologies. Recombinant hTNF-a (CST), poly(l:C)
(InvivoGen), sodium arsenite (Sigma), and actinomycin D (Sigma) were purchased from the indicated
suppliers.

Confocal immunofluorescence microscopy. Cells were fixed with 4% paraformaldehyde (PFA;
Sigma) in PBS for 15 min, permeabilized with 0.2% Triton X-100 in PBS for 5 min, and blocked with 0.5%
bovine serum albumin (BSA) (Sigma) in PBS. Cells were then incubated with the indicated primary
antibodies overnight at 4°C. They were then washed and incubated with Alexa Fluor secondary
antibodies (Life Technologies) for 1 h at room temperature. Cells were then washed and mounted with
Vectashield (Vector labs) containing 4’,6-diamidino-2-phenylindole (DAPI) for nuclei staining. Fluores-
cence was imaged on a Leica TCS SP5 confocal microscope using 405-nm, 488-nm, and 568-nm laser lines
for the appropriate dyes and a 63X oil immersion objective.

Quantitation of bRSV-induced p65 puncta and IBs. Mock- or bRSV-infected (at an MOI of 1) MDBK
cells were fixed in 4% PFA (Sigma) at 6, 16, and 24 h p.i. and labeled according to the described
immunofluorescence method. Multiple Z-sections, 0.5 um apart, were taken for each cell, by confocal
microscopy and max intensity Z-stacks of 8 planes made using the Leica LAS AF Lite software.
Quantifications of N- and p65-positive structures were performed using the area region of interest
analysis tool. GraphPad Prism 7 was used to perform parametric one-way analysis of variance (ANOVA)
and Tukey's multiple comparison tests. ImageJ was also used to make 3D projections of 9 images 0.9 um
apart.

Luciferase reporter assay. A total of 2 X 10° 293T cells seeded onto 24-well plates a day prior were
mock infected or infected with bRSV or hRSV at an MOI of 1. A total of 6 h later, cells were cotransfected
with a 100-ng NF-«B FLuc reporter which expresses the firefly luciferase gene under the control of five
NF-«B repeated transcription factor binding sites and 10-ng TK-ren control plasmid (both kindly provided
by Gareth Brady; The University of Dublin) using Transit-X2 (Geneflow). A total of 24 hours later, cells
were stimulated with 20 ng/ml hTNF-« for 16 hours or were left untreated. Cells were then lysed with
reporter lysis buffer (Promega), and lysates were used to determine firefly and renilla luciferase activities
on a Glomax luminometer using the luciferase assay system (Promega) and coeleterazine (Promega),
respectively. Firefly data were normalized to renilla which was used as an internal control of transfection.
GraphPad Prism 7 was used to perform parametric one-way analysis of variance (ANOVA) and Tukey's
multiple comparison tests.

Western blot analysis. Following virus infection and stimulation, growth medium was removed
from cells and cell extracts prepared by lysis in SDS sample buffer (Bio-Rad) supplemented with
B-mercaptoethanol (Sigma), complete mini-EDTA-free protease inhibitors (Roche), and 1 mM sodium
orthovanadate (New England Biolabs). Lysates were then boiled for 5 min and 30 ul resolved by
SDS-PAGE on a 12% polyacrylamide gel and proteins transferred to polyvinylidene difluoride (PVDF)
membranes (ThermoScientific). After being blocked for 1 h with 5% dry semiskimmed milk in 0.1% PBS
Tween 20 (PBS-T), membranes were washed with PBS-T and incubated with primary antibodies overnight
at 4°C. After being washed, the membranes were incubated with the corresponding horseradish
peroxidase-conjugated secondary antibodies (CST). Protein bands were detected using Clarity Western
ECL substrate (Bio-Rad) and imaged with the Bio-Rad ChemiDoc MP imaging system.

5-Ethynyl uridine labeling. Infected cells growing on coverslips were incubated with or without
medium supplemented with 20 pwg/ml actinomycin D (Act D) to inhibit cellular transcription for 1 h. Cells
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were then incubated with medium containing 1 mM 5EU and 20 pg/ml Act D for another hour. Medium
was then washed off and cells fixed in 4% PFA for 15 min. Cells were then washed with PBS and
permeabilized with 0.2% Triton X-100 for 5 min. They were both supplemented with 0.125 U/ml RNase
inhibitor (Promega). Incorporated 5EU was labeled using the Click-IT RNA imaging kit (Invitrogen)
following the manufacturer’s protocol. Following that step, immunofluorescence staining was done as
described above.

Transmission electron microscopy. Cells seeded onto Thermanox coverslips (Thermo Scientific)
were fixed at 24 h and 48 h p.i in phosphate-buffered 2% glutaraldehyde (Agar Scientific) for 1 hour
followed by 1 hour in aqueous 1% osmium tetroxide (Agar Scientific). We performed the following
dehydration steps in an ethanol series: 70% for 30 min, 90% for 15 min, and 100% three times for 10 min.
Then, a transitional step of 10 min in propylene oxide (Agar Scientific) was undertaken before infiltration
with a 50:50 mix of propylene oxide and epoxy resin (Agar Scientific) for 1 hour. After a final infiltration
of 100% epoxy resin for 1 hour, the samples were embedded and polymerized overnight at 60°C. Next,
80-um-thin sections were cut, collected onto copper grids (Agar Scientific), and grid stained using Leica
EM AC20 before being imaged at 100 kV in a FEI Tecnai 12 TEM with a TVIPS F214 digital camera.

Correlative light electron microscopy. Cells seeded onto gridded glass coverslips (MatTek) were
fixed at 24 h and 48 h p.i in 4% PFA (Sigma) and labeled according to the described immunofluorescence
method. Selected grid squares were imaged on a Leica TCS SP8 confocal microscope using 405-nm,
488-nm, and 568-nm laser lines for the appropriate dyes. The cells were then fixed in phosphate-buffered
2% glutaraldehyde (Agar Scientific) for 1 hour followed by 1 hour in aqueous 1% osmium tetroxide (Agar
Scientific). Following 15 min in 3% uranyl acetate (Agar Scientific), the cells were dehydrated in an
ethanol series, as follows: 70% for 30 min, 90% for 15 min, and 100% three times for 10 min. After
infiltration of 100% epoxy resin for 2 hours, the samples were embedded and polymerized overnight at
60°C. The glass coverslips were removed with liquid nitrogen and the appropriate grid squares located.
Next, 80-um-thin sections were cut, collected onto copper grids (Agar Scientific), and grid stained using
a Leica EM AC20 instrument. The specific cells imaged in the confocal were identified and imaged at
100 kV in a FEI Tecnai 12 TEM with a TVIPS F214 digital camera.

Coimmunoprecipitation. A total of 1 X 10> 293T cells cultured overnight in 12-well plates were
transfected with pcDNA3.1-empty vector (pEV) or pcDNA3.1-p65 (pP65) using the TransIT-X2 reagent
(Geneflow). After 24 h, cells were infected with bRSV at an MOI of 1 or mock infected and incubated for
another 24 h. Cells were then lysed on ice with radioimmunoprecipitation assay (RIPA) lysis buffer (EMB
Millipore) and cell debris removed by centrifugation. Cell lysates precleared with protein A-coated
magnetic beads (CST) were incubated with rabbit anti-p65 antibodies overnight at 4°C. Lysates were then
incubated with protein A-coated magnetic beads for 20 min at room temperature with rotation.
Following five washes with PBS-T, immunoprecipitates were eluted with Laemmli sample buffer and
subjected to SDS-PAGE and Western blot analysis as already described.

Ethics statement. This research did not use any primary human or animal tissue. BEAS-2B cells were
procured from ATCC.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, AVI file, 0.3 MB.
SUPPLEMENTAL FILE 2, AVI file, 1.4 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.01 MB.

ACKNOWLEDGMENTS

This work was supported by a UK Research and Innovation (UKRI; www.ukri.org)
Medical Research Council (MRC) New Investigator Research Grant to D.B. (MR/
P021735/1) as well as a UKRI Biotechnology and Biological Sciences Research Council
(BBSRC; www.ukri.org) Institute Strategic Program Grant (ISPG) to The Pirbright Institute
and D.B. (BBS/E/I/00007034 and BBS/E/I/00007030). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manu-
script.

We acknowledge the support of Geraldine Taylor (The Pirbright Institute), Ursula
Buchholz (NIAID, NIH), Karl-Klaus Conzelmann (Max-von-Pettenkofer Institut), Andrew
Broadbent (The Pirbright Institute), Gareth Brady (Trinity College, Dublin, Ireland),
Carlos Maluquer de Motes (University of Surrey), and Helena Maier (The Pirbright
Institute) for the provision of valuable reagents, recombinant viruses, and technical
advice.

F.J. performed all experiments, apart from the EM and CLEM which were performed
by JS. and P.H. E.G. was involved in training FJ. F.J. and D.B. analyzed the data,
designed the experiments, compiled the figures, and wrote the manuscript.

November 2020 Volume 94 Issue 22 e01380-20

Journal of Virology

jviasm.org 19


http://www.ukri.org
http://www.ukri.org
https://jvi.asm.org

Jobe et al.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Hogan AB, Glass K, Moore HC, Anderssen RS. 2016. Exploring the dy-
namics of respiratory syncytial virus (RSV) transmission in children. Theor
Popul Biol 110:78-85. https://doi.org/10.1016/j.tpb.2016.04.003.

. Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE. 2005. Respiratory

syncytial virus infection in elderly and high-risk adults. N Engl J Med
352:1749-1759. https://doi.org/10.1056/NEJMoa043951.

. Habibi MS, Jozwik A, Makris S, Dunning J, Paras A, Mechanisms of Severe

Acute Influenza Consortium Investigators, DeVincenzo JP, de Haan CAM,
Wrammert J, Openshaw PJM, Chiu C. 2015. Impaired antibody-mediated
protection and defective IgA B-cell memory in experimental infection of
adults with respiratory syncytial virus. Am J Respir Crit Care Med 191:
1040-1049. https://doi.org/10.1164/rccm.201412-22560C.

. Guzman E, Taylor G. 2015. Immunology of bovine respiratory syncytial virus

in calves. Mol Immunol 66:48 -56. https://doi.org/10.1016/j.molimm.2014.12
.004.

. Amarasinghe GK, Bao Y, Basler CF, Bavari S, Beer M, Bejerman N, Blasdell

KR, Bochnowski A, Briese T, Bukreyev A, Calisher CH, Chandran K, Collins
PL, Dietzgen RG, Dolnik O, Durrwald R, Dye JM, Easton AJ, Ebihara H,
Fang Q, Formenty P, Fouchier RAM, Ghedin E, Harding RM, Hewson R,
Higgins CM, Hong J, Horie M, James AP, Jiang D, Kobinger GP, Kondo H,
Kurath G, Lamb RA, Lee B, Leroy EM, Li M, Maisner A, Muhlberger E,
Netesov SV, Nowotny N, Patterson JL, Payne SL, Paweska JT, Pearson MN,
Randall RE, Revill PA, Rima BK, Rota P, Rubbenstroth D, Schwellme M,
Smither SJ, Song Q, Stone DM, Takada A, Terregino C, Tesh RB, To-
monaga K, Tordo N, Towner JS, Vasilakis N, Volchknov VE, Wahl-Jensen
V, Walker PJ, Wang B, Wang D, Wang F, Wang L-F, Werren JH, Whitfield
AE, Yan Z, Ye G, Kuhn JH. 2017. Taxonomy of the order Mononegavirales:
update 2017. Arch Virol 162:2493-2504. https://doi.org/10.1007/s00705
-017-3311-7.

. Liu P, Jamaluddin M, Li K, Garofalo RP, Casola A, Brasier AR. 2007.

Retinoic acid-inducible gene | mediates early antiviral response and
Toll-like receptor 3 expression in respiratory syncytial virus-infected
airway epithelial cells. J Virol 81:1401-1411. https://doi.org/10.1128/JVI
.01740-06.

. Yoboua F, Martel A, Duval A, Mukawera E, Grandvaux N. 2010. Respira-

tory syncytial virus-mediated NF-kappa B p65 phosphorylation at serine
536 is dependent on RIG-I, TRAF6, and IKK beta. J Virol 84:7267-7277.
https://doi.org/10.1128/JV1.00142-10.

. Baum A, Garcia-Sastre A. 2010. Induction of type | interferon by RNA

viruses: cellular receptors and their substrates. Amino Acids 38:
1283-1299. https://doi.org/10.1007/s00726-009-0374-0.

. Mitchell S, Vargas J, Hoffmann A. 2016. Signaling via the NFkappaB

system. Wiley Interdiscip Rev Syst Biol Med 8:227-241. https://doi.org/
10.1002/wsbm.1331.

Kanarek N, Ben-Neriah Y. 2012. Regulation of NF-kappaB by ubiquitina-
tion and degradation of the IkappaBs. Immunol Rev 246:77-94. https://
doi.org/10.1111/j.1600-065X.2012.01098 x.

Hemmi H, Takeuchi O, Sato S, Yamamoto M, Kaisho T, Sanjo H, Kawai T,
Hoshino K, Takeda K, Akira S. 2004. The roles of two lkappaB kinase-
related kinases in lipopolysaccharide and double stranded RNA signal-
ing and viral infection. J Exp Med 199:1641-1650. https://doi.org/10
.1084/jem.20040520.

Deng L, Zeng Q, Wang M, Cheng A, Jia R, Chen S, Zhu D, Liu M, Yang Q,
Wu Y, Zhao X, Zhang S, Liu Y, Yu Y, Zhang L, Chen X. 2018. Suppression
of NF-kappaB activity: a viral immune evasion mechanism. Viruses 10:
409. https://doi.org/10.3390/v10080409.

Chiang H-S, Liu HM. 2018. The molecular basis of viral inhibition of IRF-
and STAT-Dependent immune responses. Front Immunol 9:3086.
https://doi.org/10.3389/fimmu.2018.03086.

Pollock N, Taylor G, Jobe F, Guzman E. 2017. Modulation of the
transcription factor NF-kappaB in antigen-presenting cells by bovine
respiratory syncytial virus small hydrophobic protein. J Gen Virol
98:1587-1599. https://doi.org/10.1099/jgv.0.000855.

Taylor G, Wyld S, Valarcher J-F, Guzman E, Thom M, Widdison S, Buch-
holz UJ. 2014. Recombinant bovine respiratory syncytial virus with de-
letion of the SH gene induces increased apoptosis and pro-inflammatory
cytokines in vitro, and is attenuated and induces protective immunity in
calves. J Gen Virol 95:1244-1254. https://doi.org/10.1099/vir.0.064931-0.
Spann KM, Tran KC, Chi B, Rabin RL, Collins PL. 2004. Suppression of the
induction of alpha, beta, and lambda interferons by the NS1 and NS2
proteins of human respiratory syncytial virus in human epithelial cells

November 2020 Volume 94 Issue 22 e01380-20

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Journal of Virology

and macrophages. J Virol 78:4363-4369. https://doi.org/10.1128/jvi.78.8
4363-4369.2004.

. Spann KM, Tran KC, Collins PL. 2005. Effects of nonstructural proteins
NS1 and NS2 of human respiratory syncytial virus on interferon regula-
tory factor 3, NF-kappaB, and proinflammatory cytokines. J Virol 79:
5353-5362. https://doi.org/10.1128/JV1.79.9.5353-5362.2005.

. Schlender J, Bossert B, Buchholz U, Conzelmann KK. 2000. Bovine respi-
ratory syncytial virus nonstructural proteins NS1 and NS2 cooperatively
antagonize alpha/beta interferon-induced antiviral response. J Virol 74:
8234-8242. https://doi.org/10.1128/jvi.74.18.8234-8242.2000.

. Lo MS, Brazas RM, Holtzman MJ. 2005. Respiratory syncytial virus non-

structural proteins NST and NS2 mediate inhibition of Stat2 expression

and alpha/beta interferon responsiveness. J Virol 79:9315-9319. https://
doi.org/10.1128/JVI.79.14.9315-9319.2005.

Ling Z, Tran KC, Teng MN. 2009. Human respiratory syncytial virus

nonstructural protein NS2 antagonizes the activation of beta interferon

transcription by interacting with RIG-I. J Virol 83:3734-3742. https://doi

.org/10.1128/JV1.02434-08.

Boyapalle S, Wong T, Garay J, Teng M, San Juan-Vergara H, Mohapatra S,

Mohapatra S. 2012. Respiratory syncytial virus NS1 protein colocalizes

with mitochondrial antiviral signaling protein MAVS following infection.

PLoS One 7:€29386. https://doi.org/10.1371/journal.pone.0029386.

Goswami R, Majumdar T, Dhar J, Chattopadhyay S, Bandyopadhyay SK,

Verbovetskaya V, Sen GC, Barik S. 2013. Viral degradasome hijacks

mitochondria to suppress innate immunity. Cell Res 23:1025-1042.

https://doi.org/10.1038/cr.2013.98.

Kotelkin A, Belyakov IM, Yang L, Berzofsky JA, Collins PL, Bukreyev A.

2006. The NS2 protein of human respiratory syncytial virus suppresses

the cytotoxic T-cell response as a consequence of suppressing the type

| interferon response. J Virol 80:5958-5967. https://doi.org/10.1128/JVI

.00181-06.

Lifland AW, Jung J, Alonas E, Zurla C, Crowe JE, Jr, Santangelo PJ. 2012.

Human respiratory syncytial virus nucleoprotein and inclusion bodies

antagonize the innate immune response mediated by MDA5 and MAVS.

J Virol 86:8245-8258. https://doi.org/10.1128/JV1.00215-12.

Fricke J, Koo LY, Brown CR, Collins PL. 2013. p38 and OGT sequestration

into viral inclusion bodies in cells infected with human respiratory

syncytial virus suppresses MK2 activities and stress granule assembly. J

Virol 87:1333-1347. https://doi.org/10.1128/JV1.02263-12.

Rincheval V, Lelek M, Gault E, Bouillier C, Sitterlin D, Blouquit-Laye S, Galloux

M, Zimmer C, Eleouet JF, Rameix-Welti MA. 2017. Functional organization of

cytoplasmic inclusion bodies in cells infected by respiratory syncytial virus.

Nat Commun 8:563. https://doi.org/10.1038/s41467-017-00655-9.

Nikolic J, Civas A, Lama Z, Lagaudriere-Gesbert C, Blondel D. 2016. Rabies

virus infection induces the formation of stress granules closely con-

nected to the viral factories. PLoS Pathog 12:e1005942. https://doi.org/
10.1371/journal.ppat.1005942.

Nikolic J, Le Bars R, Lama Z, Scrima N, Lagaudriere-Gesbert C, Gaudin

Y, Blondel D. 2017. Negri bodies are viral factories with properties of

liquid organelles. Nat Commun 8:58. https://doi.org/10.1038/541467

-017-00102-9.

Cifuentes-Mufoz N, Branttie J, Slaughter KB, Dutch RE. 2017. Human

metapneumovirus induces formation of inclusion bodies for efficient

genome replication and transcription. J Virol 91:e01282-17. https://doi

.org/10.1128/JV1.01282-17.

Zhou Y, Su JM, Samuel CE, Ma D. 2019. Measles virus forms inclusion

bodies with properties of liquid organelles. J Virol 93:e€00948-19. https://

doi.org/10.1128/JV1.00948-19.

Garcia J, Garcia-Barreno B, Vivo A, Melero JA. 1993. Cytoplasmic inclu-

sions of respiratory syncytial virus-infected cells: formation of inclusion

bodies in transfected cells that coexpress the nucleoprotein, the phos-
phoprotein, and the 22K protein. Virology 195:243-247. https://doi.org/
10.1006/viro.1993.1366.

Ringel M, Heiner A, Behner L, Halwe S, Sauerhering L, Becker N, Dietzel

E, Sawatsky B, Kolesnikova L, Maisner A. 2019. Nipah virus induces two

inclusion body populations: identification of novel inclusions at the

plasma membrane. PLoS Pathog 15:€1007733. https://doi.org/10.1371/
journal.ppat.1007733.

White JP, Lloyd RE. 2012. Regulation of stress granules in virus systems.

Trends Microbiol 20:175-183. https://doi.org/10.1016/j.tim.2012.02.001.

. Lindquist ME, Lifland AW, Utley TJ, Santangelo PJ, Crowe JE, Jr. 2010.

jviasm.org 20


https://doi.org/10.1016/j.tpb.2016.04.003
https://doi.org/10.1056/NEJMoa043951
https://doi.org/10.1164/rccm.201412-2256OC
https://doi.org/10.1016/j.molimm.2014.12.004
https://doi.org/10.1016/j.molimm.2014.12.004
https://doi.org/10.1007/s00705-017-3311-7
https://doi.org/10.1007/s00705-017-3311-7
https://doi.org/10.1128/JVI.01740-06
https://doi.org/10.1128/JVI.01740-06
https://doi.org/10.1128/JVI.00142-10
https://doi.org/10.1007/s00726-009-0374-0
https://doi.org/10.1002/wsbm.1331
https://doi.org/10.1002/wsbm.1331
https://doi.org/10.1111/j.1600-065X.2012.01098.x
https://doi.org/10.1111/j.1600-065X.2012.01098.x
https://doi.org/10.1084/jem.20040520
https://doi.org/10.1084/jem.20040520
https://doi.org/10.3390/v10080409
https://doi.org/10.3389/fimmu.2018.03086
https://doi.org/10.1099/jgv.0.000855
https://doi.org/10.1099/vir.0.064931-0
https://doi.org/10.1128/jvi.78.8.4363-4369.2004
https://doi.org/10.1128/jvi.78.8.4363-4369.2004
https://doi.org/10.1128/JVI.79.9.5353-5362.2005
https://doi.org/10.1128/jvi.74.18.8234-8242.2000
https://doi.org/10.1128/JVI.79.14.9315-9319.2005
https://doi.org/10.1128/JVI.79.14.9315-9319.2005
https://doi.org/10.1128/JVI.02434-08
https://doi.org/10.1128/JVI.02434-08
https://doi.org/10.1371/journal.pone.0029386
https://doi.org/10.1038/cr.2013.98
https://doi.org/10.1128/JVI.00181-06
https://doi.org/10.1128/JVI.00181-06
https://doi.org/10.1128/JVI.00215-12
https://doi.org/10.1128/JVI.02263-12
https://doi.org/10.1038/s41467-017-00655-9
https://doi.org/10.1371/journal.ppat.1005942
https://doi.org/10.1371/journal.ppat.1005942
https://doi.org/10.1038/s41467-017-00102-9
https://doi.org/10.1038/s41467-017-00102-9
https://doi.org/10.1128/JVI.01282-17
https://doi.org/10.1128/JVI.01282-17
https://doi.org/10.1128/JVI.00948-19
https://doi.org/10.1128/JVI.00948-19
https://doi.org/10.1006/viro.1993.1366
https://doi.org/10.1006/viro.1993.1366
https://doi.org/10.1371/journal.ppat.1007733
https://doi.org/10.1371/journal.ppat.1007733
https://doi.org/10.1016/j.tim.2012.02.001
https://jvi.asm.org

RSV Sequesters NF-«kB into Viral Inclusion Bodies

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Respiratory syncytial virus induces host RNA stress granules to facilitate
viral replication. J Virol 84:12274-12284. https://doi.org/10.1128/JVI
.00260-10.

Hanley LL, McGivern DR, Teng MN, Djang R, Collins PL, Fearns R. 2010.
Roles of the respiratory syncytial virus trailer region: effects of mutations
on genome production and stress granule formation. Virology 406:
241-252. https://doi.org/10.1016/j.virol.2010.07.006.

Lindquist ME, Mainou BA, Dermody TS, Crowe JE, Jr. 2011. Activation of
protein kinase R is required for induction of stress granules by respira-
tory syncytial virus but dispensable for viral replication. Virology 413:
103-110. https://doi.org/10.1016/j.virol.2011.02.009.

Ghildyal R, Mills J, Murray M, Vardaxis N, Meanger J. 2002. Respiratory
syncytial virus matrix protein associates with nucleocapsids in infected
cells. J Gen Virol 83:753-757. https://doi.org/10.1099/0022-1317-83-4
-753.

Shahriari S, Wei KJ, Ghildyal R. 2018. Respiratory syncytial virus matrix
(M) protein interacts with actin in vitro and in cell culture. Viruses 10:535.
https://doi.org/10.3390/v10100535.

Lahaye X, Vidy A, Pomier C, Obiang L, Harper F, Gaudin Y, Blondel D.
2009. Functional characterization of Negri bodies (NBs) in rabies virus-
infected cells: evidence that NBs are sites of viral transcription and
replication. J Virol 83:7948-7958. https://doi.org/10.1128/JVI.00554-09.
Buchholz UJ, Finke S, Conzelmann KK. 1999. Generation of bovine
respiratory syncytial virus (BRSV) from cDNA: BRSV NS2 is not essential
for virus replication in tissue culture, and the human RSV leader region
acts as a functional BRSV genome promoter. J Virol 73:251-259. https://
doi.org/10.1128/JV1.73.1.251-259.1999.

Carromeu C, Simabuco FM, Tamura RE, Farinha Arcieri LE, Ventura AM.
2007. Intracellular localization of human respiratory syncytial virus L
protein. Arch Virol 152:2259-2263. https://doi.org/10.1007/s00705-007
-1048-4.

Alberti S, Gladfelter A, Mittag T. 2019. Considerations and challenges in
studying liquid-liquid phase separation and biomolecular condensates.
Cell 176:419-434. https://doi.org/10.1016/j.cell.2018.12.035.

Murthy AC, Fawzi NL. 2020. The (un)structural biology of biomolecular
liquid-liquid phase separation using NMR spectroscopy. J Biol Chem
295:2375-2384. https://doi.org/10.1074/jbc.REV119.009847.

Mudogo CN, Falke S, Brognaro H, Duszenko M, Betzel C. 2020. Protein
phase separation and determinants of in cell crystallization. Traffic 21:
220-230. https://doi.org/10.1111/tra.12711.

Perez-Pepe M, Fernandez-Alvarez AJ, Boccaccio GL. 2018. Life and work
of stress granules and processing bodies: new insights into their forma-
tion and function. Biochemistry 57:2488-2498. https://doi.org/10.1021/
acs.biochem.8b00025.

November 2020 Volume 94 Issue 22 e01380-20

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

Journal of Virology

Nikolic J, Lagaudriere-Gesbert C, Scrima N, Blondel D, Gaudin Y. 2018.
[Rabies virus factories are formed by liquid-liquid phase separation]. Med Sci
(Paris) 34:203-205. https://doi.org/10.1051/medsci/20183403004.

Shin Y, Berry J, Pannucci N, Haataja MP, Toettcher JE, Brangwynne CP.
2017. Spatiotemporal control of intracellular phase transitions using
light-activated optoDroplets. Cell 168:159-171.e14. https://doi.org/10
.1016/j.cell.2016.11.054.

Sun 'Y, Lopez CB. 2017. The innate immune response to RSV: advances in
our understanding of critical viral and host factors. Vaccine 35:481-488.
https://doi.org/10.1016/j.vaccine.2016.09.030.

Russell RF, McDonald JU, Ivanova M, Zhong Z, Bukreyev A, Tregoning JS.
2015. Partial attenuation of respiratory syncytial virus with a deletion of
a small hydrophobic gene is associated with elevated interleukin-1beta
responses. J Virol 89:8974-8981. https://doi.org/10.1128/JV1.01070-15.
Fuentes S, Tran KC, Luthra P, Teng MN, He B. 2007. Function of the
respiratory syncytial virus small hydrophobic protein. J Virol 81:
8361-8366. https://doi.org/10.1128/JVI.02717-06.

Bitko V, Garmon NE, Cao T, Estrada B, Oakes JE, Lausch RN, Barik S. 2004.
Activation of cytokines and NF-kappa B in corneal epithelial cells in-
fected by respiratory syncytial virus: potential relevance in ocular inflam-
mation and respiratory infection. BMC Microbiol 4:28. https://doi.org/10
.1186/1471-2180-4-28.

Carpenter LR, Moy JN, Roebuck KA. 2002. Respiratory syncytial virus and
TNF alpha induction of chemokine gene expression involves differential
activation of Rel A and NF-kappa B1. BMC Infect Dis 2:5. https://doi.org/
10.1186/1471-2334-2-5.

Richard CA, Rincheval V, Lassoued S, Fix J, Cardone C, Esneau C, Nekhai
S, Galloux M, Rameix-Welti MA, Sizun C, Eleouet JF. 2018. RSV hijacks
cellular protein phosphatase 1 to regulate M2-1 phosphorylation and
viral transcription. PLoS Pathog 14:e1006920. https://doi.org/10.1371/
journal.ppat.1006920.

Karger A, Schmidt U, Buchholz UJ. 2001. Recombinant bovine respiratory
syncytial virus with deletions of the G or SH genes: G and F proteins bind
heparin. J Gen Virol 82:631-640. https://doi.org/10.1099/0022-1317-82
-3-631.

Taylor G, Stott EJ, Bew M, Fernie BF, Cote PJ, Collins AP, Hughes M,
Jebbett J. 1984. Monoclonal antibodies protect against respiratory syn-
cytial virus infection in mice. Immunology 52:137-142.

Taylor G, Stott EJ, Furze J, Ford J, Sopp P. 1992. Protective epitopes on
the fusion protein of respiratory syncytial virus recognized by murine
and bovine monoclonal antibodies. J Gen Virol 73:2217-2223. https://
doi.org/10.1099/0022-1317-73-9-2217.

jviasm.org 21


https://doi.org/10.1128/JVI.00260-10
https://doi.org/10.1128/JVI.00260-10
https://doi.org/10.1016/j.virol.2010.07.006
https://doi.org/10.1016/j.virol.2011.02.009
https://doi.org/10.1099/0022-1317-83-4-753
https://doi.org/10.1099/0022-1317-83-4-753
https://doi.org/10.3390/v10100535
https://doi.org/10.1128/JVI.00554-09
https://doi.org/10.1128/JVI.73.1.251-259.1999
https://doi.org/10.1128/JVI.73.1.251-259.1999
https://doi.org/10.1007/s00705-007-1048-4
https://doi.org/10.1007/s00705-007-1048-4
https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.1074/jbc.REV119.009847
https://doi.org/10.1111/tra.12711
https://doi.org/10.1021/acs.biochem.8b00025
https://doi.org/10.1021/acs.biochem.8b00025
https://doi.org/10.1051/medsci/20183403004
https://doi.org/10.1016/j.cell.2016.11.054
https://doi.org/10.1016/j.cell.2016.11.054
https://doi.org/10.1016/j.vaccine.2016.09.030
https://doi.org/10.1128/JVI.01070-15
https://doi.org/10.1128/JVI.02717-06
https://doi.org/10.1186/1471-2180-4-28
https://doi.org/10.1186/1471-2180-4-28
https://doi.org/10.1186/1471-2334-2-5
https://doi.org/10.1186/1471-2334-2-5
https://doi.org/10.1371/journal.ppat.1006920
https://doi.org/10.1371/journal.ppat.1006920
https://doi.org/10.1099/0022-1317-82-3-631
https://doi.org/10.1099/0022-1317-82-3-631
https://doi.org/10.1099/0022-1317-73-9-2217
https://doi.org/10.1099/0022-1317-73-9-2217
https://jvi.asm.org

	eadd62e8-721f-4abe-8b34-92c893a99848.pdf
	RESULTS
	bRSV infection induces IRF3, but not NF-B, nuclear translocation. 
	bRSV replication induces the recruitment of the NF-B subunit p65 into intracytoplasmic bodies distinct from stress granules. 
	The NF-B subunit p65 colocalizes with viral inclusion bodies independently of RSV-encoded immunomodulators. 
	bRSV IBs are sites of RNA replication, but p65 does not specifically colocalize with M2-1 or nascent viral RNA in IBAGs. 
	bRSV IBs are membraneless liquid organelles. 
	Coexpression of bRSV N and P proteins induces the formation of IB-like structures which can sequester p65. 
	The sequestration of the NF-B subunit p65 to cytoplasmic IBs is a conserved mechanism of orthopneumovirus immunomodulation. 

	DISCUSSION
	MATERIALS AND METHODS
	Cells and viruses. 
	Plasmids and transfections. 
	Antibodies and drugs. 
	Confocal immunofluorescence microscopy. 
	Quantitation of bRSV-induced p65 puncta and IBs. 
	Luciferase reporter assay. 
	Western blot analysis. 
	5-Ethynyl uridine labeling. 
	Transmission electron microscopy. 
	Correlative light electron microscopy. 
	Coimmunoprecipitation. 
	Ethics statement. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

	Insert from: "WRAP_Coversheet_Theses_new.pdf"
	http://wrap.warwick.ac.uk/161785


