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Summary

Summary

The putative attachment protein G of pneumonia virus of mice (PVM), a member of the Pneumoviruses,
is an important virulence factor with so far ambiguous function in a virus-cell as well as in virus-host
context. The sequence of the corresponding G gene is characterized by significant heterogeneity
between and even within strains, affecting the gene and possibly the protein structure. This accounts in
particular for the PVM strain J3666 for which two differing G gene organizations have been described:
a polymorphism in nucleotide 65 of the G gene results in the presence of an upstream open reading
frame (UORF) that precedes the main ORF in frame (Gusss665A) or extension of the major G ORF for 18
codons (Guses665U). Therefore, this study was designed to analyse the impact of the sequence variations
in the respective G genes of PVM strains J3666 and the reference strain 15 on protein expression,

replication and virulence.

First, the controversy regarding the consensus sequence of PVM J3666 was resolved. The analysis of
45 distinct cloned fragments showed that the strain separated into two distinct virus populations defined
by the sequence and structure of the G gene. This division was further supported by nucleotide
polymorphisms in the neighbouring M and SH genes. Sequential passage of this mixed strain in the cell
line standardly used for propagation of virus stocks resulted in selection for the Gissss65A-containing
population in one of two experiments pointing towards a moderate replicative advantage. The
replacement of the G gene of the recombinant PVM 15 with Gsss665A or Gisess65U, respectively, using
a reverse genetic approach indicated that the presence of UORF within the Gussss65A significantly
reduced the expression of the main G ORF on translational level while the potential extension of the
ORF in Gi3s6665U increased G protein expression. In comparison, the effect of the G gene-structure on
virus replication was inconsistent and dependent on cell line and type. While the presence of uUORF
correlated with a replication advantage in the standardly used BHK-21 cells and primary murine
embryonic fibroblasts, replication in the murine macrophage cell line RAW 264.7 did not. In comparison,
the Guisees65U variant was not associated with any effect on replication in cultured cells at all.
Nonetheless, in-vivo analysis of the recombinant viruses associated the Gizee665U gene variant, and
hence an increased G expression, with higher virulence whereas the G3s6665A gene, and therefore an

impaired G expression, conferred an attenuated phenotype to the virus.

To extend the study to other G gene organizations, a recombinant PVM expressing a G protein without
the cytoplasmic domain and for comparison a G-deletion mutant, both known to be attenuated in vivo,
were studied. Not noticed before, this structure of the G gene was associated with a 75% reduction in
G protein expression and a significant attenuation of replication in macrophage-like cells. This
attenuation was even more prominent for the virus lacking G. Taking into consideration the higher
reduction in G protein levels compared to the Gissss65A variant indicates that a threshold amount of G

is required for efficient replication in these cells.

In conclusion, the results gathered indicated that the expression levels of the G protein were modulated
by the sequence of the 5’ untranslated region of the gene. At the same time the G protein levels

modulated the virulence of PVM.
v



Zussammenfassung

Zusammenfassung

Das mutmalliche ,attachment® Protein G des Pneumonievirus der Maus (PVM), einem Mitglied des
Genus Pneumovirus, ist ein bedeutender Virulenzfaktor, mit allerdings noch nicht vollstandig
verstandener Funktion. Dabei zeichnet sich die Sequenz des G-Gens durch Nukleotid-Polymorphismen
und damit verbundenen Variationen in der Genorganisation und mdglicherweise der Proteinstruktur
sowohl zwischen als auch innerhalb von PVYM-Stdmmen aus. Insbesondere fir den PVM-Stamm J3666
wurden zwei verschiedene Organisationen des G-Gens beschrieben: ein Polymorphismus des
Nukleotids 65 des G-Genes erzeugt einen neuen ,upstream Open reading frame* (UORF), der dem
eigentlichen G-ORF vorausgeht (Gi3se665A), oder fihrt zu einer Verlangerung des eigentlichen G-ORF
von G um 18 Kodons (Gusss665U). Ziel dieser Studie war es deshalb, die Auswirkung dieser
Sequenzvariabilitaten der fur PVM J3666 beschriebenen G-Gene im Vergleich zu dem des
Referenzstamms PVM 15 bezilglich Proteinexpression, der Virusreplikation und der Virulenz zu

untersuchen.

Als erstes wurden die beschriebenen Sequenzunterschiede bezlglich des PVM-Stamms J3666
untersucht. Die Analyse von 45 verschiedenen klonierten Fragmenten von PVM J3666 zeigte, dass es
sich bei diesem Stamm eigentlich um zwei separate Viruspopulationen handelt, die sich durch die
Sequenz und Struktur des G-Genes definieren lassen. Diese Unterscheidung wird durch weitere
Nukleotid-Polymorphismen in den benachbarten Genen, M und SH, gestarkt. Sequenzielle
Passagierung dieses gemischten Stammes in der standardmaRig zur Virusanzucht verwendeten BHK-
21-Zelllinie resultierte in einem von zwei Experimenten in der Selektion der Gissss65A-Population, das
ein Hinweis auf einen moderaten Replikationsvorteil darstellt. Der Austausch des G-Gens des
Referenzstamms PVM 15 durch Gussss65A oder Gassss65U mithilfe der Reversen Genetik, zeigte, dass
der uORF innerhalb von Gi3ess65A zu einer deutlich reduzierten Expression des eigentlichen G-ORF
fuhrt. Andererseits flihrte die potenzielle Verlangerung des ORF in Gizsss65U zu einer im gleichen Mal3e
erhdhten Expression des G-Proteins. Dagegen war der Einfluss der G-Genorganisation auf die
Virusvermehrung in Zellkultur in Abhangigkeit von Zelllinie und Zelltyp inkonsistent. Wahrend ein uORF
mit einem Replikationsvorteil in BHK-21-Zellen und primaren murinen embryonen Fibroblasten
korrelierte, war dies in der murinen Makrophagen-Zelllinie RAW 264.7 nicht zu beobachten. Im
Vergleich dazu konnte die Gassss65U-Variante nicht mit einem Einfluss auf die Virusvermehrung in
Verbindung gebracht werden. Nichtsdestotrotz, konnte die Gissss65U-Variante, und damit eine erhéhte
Expression von G, mit einer gesteigerten Virulenz assoziiert werden, wahrend die Gisses65A-Variante,

d. h. eine verringerte G-Expression zur Attenuierung des Virus fiihrte.

Die Untersuchungen wurden auf weitere G-Genstrukturen, d.h. ein rekombinantes PVM, rPVM-Gt, das
ein N-terminal verkirztes G-Protein exprimiert, ausgeweitet. Zum Vergleich wurde eine
Deletionsmutante des kompletten G-Gens, rPVM-AG, mit einbezogen. Von beiden Viren war bereits
bekannt, dass sie in vivo attenuiert sind. Die Organisation des Gt-Gens war mit einer um 75 %
verringerten Expression des entsprechenden Proteins assoziiert, was zuvor nicht beobachtet worden
war. Zugleich zeigte rPVM-Gt eine deutliche Attenuierung der Replikation in RAW 264.7-Zellen und
primaren Mausmakrophagen, die von der G-Deletionsmutante noch tbertroffen wurde. Die im Vergleich
Y



Zussammenfassung

zu der Gisees65A-Variante deutlich hohere Reduktion der G-Expression dieser beiden G-Mutanten in
Betracht ziehend, scheint dies darauf hinzuweisen, dass eine bestimmte Mindestexpression von G fir

eine effiziente Virusvermehrung in diesen Zellen benétigt wird.

Zusammenfassend deuten die erhaltenen Ergebnisse darauf hin, dass die Expression des G-Proteins
durch die jeweiligen 5 nicht-translatierte Region des Gens moduliert wird, was einen neuen
Mechanismus fiir Negativstrang-RNA-Viren darstellt. Zugleich moduliert die Expressionsrate von G die

Virulenz von PVM.

vi
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1. Introduction

1. Introduction

The family Paramyxoviridae is subdivided into the subfamilies Pneumovirinae and Paramyxovirinae.
These subfamilies differ in size, genome organization, nucleocapsid content, and arrangement of the
glycoproteins on mature virions. The Pneumovirinae is further divided into the genera Pneumovirus and
Metapneumovirus. The members of genus Pneumovirus contain two additional non-structural genes
and the attachment protein gene, G, is not adjacent to the polymerase gene as for those in genus

Metapneumovirus (King et al., 2012).

The type species of the genus Pneumovirus is the human respiratory syncytial virus (RSV), a major
cause of acute lower respiratory tract infections in infants and children worldwide and more recently
identified as an important pathogen in immunocompromised adults (Walsh, 2011). Unfortunately, RSV
has no suitable laboratory animal model that mimics the natural infection, as a result many aspects of
the viral life cycle have not been studied in the host-pathogen context (Bem et al., 2011). The pneumonia
virus of mice (PVM) is a natural pathogen of mice that shares many features with RSV such as genomic
arrangement and functionally homologous genes. Therefore, PVM has been proposed to be a suitable
surrogate model to study the pathogenicity and immunological properties of RSV in a natural host-
pathogen context (as reviewed by Easton et al., 2006; Dyer et al., 2012), however, there are gaps in our

understanding of the virus.

One of the main antigenic proteins of the RSV is the G protein, a type-Il glycoprotein that has been
suggested to be the main attachment protein. It is also used for classification of strains and subgroups
due to its high sequence divergence (Anderson et al., 1985; Mufson et al., 1985; Johnson et al., 1987).
This protein has been implicated in immune evasion and modulation but the main function is yet to be
determined (reviewed by Collins, 2011). The RSV G gene is structurally similar to the PVM G gene but

contains a shorter open reading frame (Easton et al., 2006).

Three strains of PVM, J3666, 15 and Y, have been described in the literature. The complete nucleotide
sequences of the genome of PVM J3666 and the two substrains of PVM 15 as well as the patrtial
sequence of PVM Y have been determined. Phylogenetic analysis of the sequences indicated that these
PVM strains contain different G gene arrangement (Dyer et al., 2012). Furthermore, the specific
polymorphism responsible for the variation in pathogenesis between the virulent and avirulent substrains

of PVM 15 was mapped to the sequence composition of their G genes (Krempl et al., 2007).

Therefore, this project was designed to understand the effects of the polymorphisms in the structure of
the PVM G on gene expression, replication, and virulence as a step to further our understanding of

function of the G glycoprotein in the pneumoviruses.



1. Introduction

1.1  The pneumonia virus of mice

PVM was isolated from healthy Swiss mice when nasopharyngeal washings from patients with non-
influenza diseases were serially passaged in mouse lungs. It was later understood that the
pneumotropic virus was not from the passaged human suspension but a latent pathogen of the mouse
lungs that gained virulence during the serial passaging in lungs of mice (Horsfall and Hahn, 1939;
Horsfall and Hahn, 1940). Today, PVM is now recognized as one of the several pathogens of laboratory
rodent colonies, where it causes apparent infections in rodents, especially mice and rats. The
mechanism of the virus spread in these colonies are yet to be resolved as infected mice are mostly
unable to transmit the virus to uninfected mice placed in the same litter (Horsfall and Hahn, 1940;
Horsfall and Curnen, 1946; Zenner and Regnault, 2000). This is unlike RSV infections that are easily

transmittable through close contact.

Natural PVM infections have been reported in athymic mice used as sentinel mice (Richter et al., 1988;
Weir et al., 1988; Miyata et al., 1995) as well as in other rodents such as hamster and rats (Miyata et
al., 1995); and non-rodents such as dogs, rabbits, cats and hedge dog (Miyata et al., 1993; Renshaw et
al., 2010; Glineur et al., 2014; Madarame et al., 2014). Also, several studies have reported PVM-specific
antibodies in sera from different sources, including humans (Horsfall and Hahn, 1940; Horsfall and
Curnen, 1946; Pringle and Eglin, 1986; Miyata et al., 1993; Zenner and Regnault, 2000). However, a
more detailed approach showed that PVM is probably not a human pathogen due to the high replication
restriction of recombinant PVM in the lungs of African green monkeys and rhesus macaques, and
absence of seroconversion in these animals. The study also found that the human sera do not react
specifically with any PVM protein (Brock et al., 2012).

1.2 Genomic organization

1.2.1 The PVM particle

PVM is a single-stranded, non-segmented, enveloped, and pleomorphic RNA virus that replicates
primarily in the cytoplasm of infected cells like RSV. Unlike RSV, PVM has been suggested to cause
agglutination of the red blood cells, which appears to be a special feature of its G glycoprotein (Ling and
Pringle, 1989). Nonetheless, PVM and RSV share similar genomic arrangement of their genes,
replication pattern, reduced stability at elevated temperature and high susceptibility to ether treatment
(Easton et al., 2006; Dyer et al., 2012).

Compans and colleagues using virus purified from BHK-21 cells showed that PVM virions occur as
spheres or filaments and sometimes as pleomorphic particles within an envelope that is host-derived.
The envelope are covered with virus-specific glycoprotein spikes as shown in Figure 1 (Compans et al.,
1967). Later, Berthiaume and colleagues (Berthiaume et al., 1974) confirmed these observations using
virus particles purified from Vero cells and further showed that the filamentous form was the most

prevalent. The spikes on PVM virions were more tightly packed with only a distance of 6 nm as against
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1. Introduction

10 nm between spikes found on RSV virions that were mostly spherical. However, the size,
arrangement, and morphological appearance of the nucleocapsids of RSV and PVM within the envelope

were very comparable (Berthiaume et al., 1974).

Envelope mv Nucleocapsid
' F glycoprotein N protein
I SH glycoprotein P protein
I G glycoprotein L protein
® @ |/ protein M2-1 potein
Viral RNA

— Lipid bilayer

Figure 1. Graphic representation of idealized PVM particle.

The homo-oligomers of the viral glycoprotein spikes, the nucleocapsid, the lipid bilayer, and the
matrix protein are shown. The diagram is not drawn to scale nor does it depict the exact spatial
arrangement. The image was adapted from the chapter: Respiratory syncytial virus and
metapneumovirus in volume one of the 5th edition of Field’s virology edited by Knipe and Howley
(Collins and Crowe, 2006).

1.2.2 PVM genome organization

PVM has the typical linear genome of non-segmented negative-stranded RNA viruses, with a size
ranging from 14,885 to 14,887 base pairs. The genes are arranged in the genome as shown in Figure
2 (Krempl et al., 2005; Thorpe and Easton, 2005). Many of PVM proteins are assumed to be analogous

to those of RSV (Chambers et al., 1990).

leNSINS2 N P M_SH G F M2 L. .
—ITH H H HEHEH H_ W~
43 8 4 11 7 2 2 17 56 9 91 nt
410 571 1219 907 931 396 1333 1662 875 6332 nt
133 156 393  295/137 92/114* 537 176/98 2040 aa
257 396/414*

Key: I Gene startsignal 1 Gene end signal 1 Gene

Figure 2: Linear representation of the genome of pneumonia virus of mice.

Genes are shown as rectangles, with the shaded bars at each end representing the gene-start and gene-
end transcription signals. The length of the leader (le) and trailer (tr) regions in nucleotides (nt) is shown
at ends of the genome with the underlined numbers. The length (in nt) of the intergenic sequences
between the genes is shown below them with the first row of numbers; the length of each gene (in nt) and
the respective number of amino acids (aa) are shown below in the second and third rows, respectively.
The P and M2 genes contain two open reading frames (ORF) within their genes and two possible ORF
length described for the SH and G genes are shown and indicated by asterick. The image was adapted
from the chapter respiratory syncytial virus and metapneumovirus in the volume one of the 5th edition of
Field’s virology edited by Knipe and Howley (Collins and Crowe, 2006).
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At the 3’ and 5’ ends of the genomic RNA are the leader and trailer regions, respectively, which are not
transcribed into MRNA. The leader sequence encodes signals for replication and transcription of the
viral RNA whereas the trailer signal is only involved in replication. The 10 genes between the leader and
trailer regions are spaced by a non-conserved intergenic sequences (IGS) ranging from 2 to 56 nt
(Chambers et al., 1991; Krempl et al., 2005). In a RSV minigenome system, IGS were found not to play
a role in regulation of gene expression (Kuo et al., 1996a) and by analogy, PVM IGS are also thought

not to affect gene expression.

There are gene-start (GS) and gene-end (GE) signals at the 3’ and 5’ ends of each gene to guide the
virus-encoded polymerase to initiate and terminate transcription, respectively. In addition, the U tract
sequence in the gene end signal ensures the polyadenation of the nascent mRNA (Collins, 2011). The
arrangement of the genes is believed to reflect the amount of each gene product required, since
transcription of virus genes occurs in a gradient-like manner, with genes at the 3’ end of the genome
being more transcribed than those at the 5’ end. The linear map of the PVM genome shown in Figure 2
like those of RSV includes the two non-structural proteins: NS1 and NS2 that are rarely found in purified
particles. However, certain differences have been reported between the genome of RSV and PVM. PVM
P gene unlike its counterpart in RSV contains at least two major open reading frames, P-ORF1 and P-
ORF 2 (Barr et al., 1994). In addition, the M2 and L genes of PVM do not overlap as in the human or
bovine RSV (Krempl et al., 2005; Thorpe and Easton, 2005).

1.3 The PVM proteins

The PVM NS1 and NS2 are the most abundant transcribed mRNAs due to their proximity to the 3’ end
of the genome (Chambers et al., 1990). These proteins have been implicated in inhibition of interferon-
I and-lll responses (Buchholz et al., 2009; Heinze et al., 2011). In addition to interferon antagonism,
RSV NS1 protein was associated with inhibition of transcription and RNA replication in a minigenome
system (Atreya et al., 1998). The replication-dependent attenuation of recombinant RSV lacking NS2
gene in both upper and lower respiratory tracts of chimpanzees also suggested a possible role for the

NS2 protein in virus replication (Whitehead et al., 1999).

The morphological appearance of the nucleocapsid complex of pneumoviruses differs from the other
members of the Paramyxoviridae (Berthiaume et al., 1974). The PVM nucleocapsid complex consists
of the genomic RNA, nucleoprotein N, phosphoprotein P, large protein L and M2-1 protein. The M2-1
protein is not found in other genera within the subfamily Paramyxovirinae and as such is not present
within their nucleocapsid complex (reviewed in Easton et al., 2006). The RNA-dependent RNA
polymerase (RdRp) consisting of the L and P is required for transcription and replication of the virus
genome. In RSV, the viral RNA is always encapsidated by the N protein and bound to the RdRp via its
interaction with the P protein (as reviewed by Collins, 2011). Like in RSV, this interaction between PVM
P and N proteins appeared to involve both the carboxyl and the amino termini of the PVM P protein
(Easton et al., 2006). By analogy to M2-1 and M2-2 proteins of RSV, the PVM M2-1 protein is required
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for generation of full-length transcripts of all genes and generation of viable virus while the shift between
replication and transcription of the genomic RNA is controlled by the M2-2 protein (Ahmadian et al.,
2005). During replication, the RSV nucleocapsid complex is found within the cytoplasmic inclusion, from
where the complex interacts with the matrix protein via the M2-1 protein. Once bound to the M, the
nucleocapsid complex is transported to the cell surface for packaging into the newly formed host-derived
envelope containing the glycoproteins (Ghildyal et al., 2006).

The PVM M protein shares about 42% homology to its counterpart in RSV and less to those found in
the Metapneumovirus (Easton and Chambers, 1997). Nevertheless, hydropathy profiles and function of
the M genes of several genera from different virus families of the non-segmented negative-strand RNA
virus seemed to be comparable (Latiff et al., 2004). The M protein of other paramyxoviruses appears to
be the major determinant of virion morphology (Curran and Kolakofsky, 1999). The RSV M protein is
usually found lining the inner wall of the virus envelope as shown in Figure 1 (Marty et al., 2004) and is
required for formation of RSV particle (Teng and Collins, 1998; Mitra et al., 2012). RSV M protein is
thought to transverse into the nucleus to shut-off host protein synthesis during the early phase of RSV
infection (Ghildyal et al., 2003; Ghildyal et al., 2009). During RSV particle assembly, the M protein is
assumed to inactivate the transcriptase activity in preparation for assembly (reviewed by Ghildyal et al.,
2006) and subsequently brings the nucleocapsid complex within the cytoplasmic inclusion into the newly
formed envelope (Ghildyal et al., 2002; Li et al., 2008). Furthermore, the RSV M protein has been shown
to interact with the viral glycoproteins that are located within the host-derived envelope (Henderson et
al., 2002; Ghildyal et al., 2005a; Shaikh et al., 2012).

PVM expresses three glycoproteins on its surface: the fusion protein F, the attachment protein G, and
the small hydrophobic protein SH. These glycoproteins are responsible for many of the important
functions of the viruses such as receptor binding, immune evasion and generation of neutralizing
antibodies (McLellan et al., 2013). The F glycoprotein directs the fusion of the virus particles with the
host cell membrane, allowing virus entry into the host in a pH independent manner. The F protein is a
type-I single-pass integral membrane protein that is cleaved into two subunits: F1 and Fz, by trans-Golgi
endoproteases from the initial precursor, Fo, that is the primary translational product (Ling and Pringle,
1989b; Chambers et al., 1992). The PVM F protein alone is sufficient to support the entry, replication,
and release of viable viruses in the absence of the G protein (Krempl et al., 2007) as described for other

pneumoviruses (Karger et al., 2001; Teng et al., 2001; Biacchesi et al., 2004).

1.3.1 The small hydrophobic protein, SH

The SH gene has the smallest open reading frame (ORF) that codes for a type-Il integral membrane
glycoprotein. The PVM SH protein ORF is larger than the RSV SH ORF and shorter than the human
metapneumovirus (hMPV) ORF. PVM SH protein contains more potential N-linked glycosylation sites
(4 sites) compared to the RSV SH protein (2 sites) and hMPV SH protein (1 site). Also, the amino- and
carboxy-termini of the PVM SH protein are hydrophobic compared to RSV SH protein with only one

hydrophobic domain at the amino-terminus (Easton and Chambers, 1997).
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The composition of SH gene is divergent between strains of PVM but the molecular size of the SH
protein are somewhat similar. The SH mRNA of PVM strains 15 and Y codes for a polypeptide of 92
amino acids whereas the J3666 SH mRNA can code for a polypeptide of either 92 or 114 amino acids
(Thorpe and Easton, 2005; Genbank acc. No. JQ899033.1). Although, there is no report on the direct
function of the PVM SH in tissue culture or in vivo, it is believed that it is functionally similar to the
homologous proteins found in other pneumoviruses (Easton et al., 2006). The RSV SH protein plays no
role in virus binding to the host cells (Techaarpornkul et al., 2001; Schlender et al., 2003) but appeared
to inhibit TNF-a response in tissue culture (Fuentes et al., 2007). In addition, the SH protein was reported
to function as viroporin (Collins and Mottet, 1993; Triantafilou et al., 2013) and to affect plaque formation
in a cell line-dependent manner (Bukreyev et al., 1997) as well as inhibition of syncytia formation in the
absence of the G protein (Bukreyev et al., 1997; Techaarpornkul et al., 2001). The RSV SH protein
interacts directly with the G glycoprotein but not with the F glycoprotein (Feldman et al., 2001; Low et
al., 2008) while the human metapneumovirus SH and G proteins were reported to work together to
prevent uptake of the virus by dendritic cells in vitro (Le Nouen et al., 2014).

Recombinant RSV deficient for the SH gene was successfully recovered but it was attenuated in the
lower respiratory tract of chimpanzees (Whitehead et al., 1999) and upper respiratory tract of mice
(Bukreyev et al., 1997). Furthermore, the deletion of the SH gene in the avian metapneumovirus
severely affected virus production and immunogenicity (Ling et al., 2008). All these observations
indicated that the SH protein is important for maintaining virulence in animals even though it is

indispensable for replication in tissue culture.

1.3.2 The G glycoprotein

The PVM-G is a mucin-like, type-1l transmembrane glycoprotein (Ling and Pringle, 1989b) analogous to
RSV-G (Wertz et al.,, 1985). The RSV G protein has N-linked and O-linked glycosylation sites,
accounting for 60% of the molecular weight observed on SDS-PAGE gels and for antigenic variation
and immune evasion (Anderson et al., 1985; Mufson et al., 1985; Lambert, 1988; Garcia-Barreno et al.,
1989; Waris, 1991). This glycosylation affected the overall molecular weight in a cell-specific manner
(Garcia-Beato et al.,, 1996; Kwilas et al., 2009). By analogy to the RSV-G protein, the PVM-G
glycoprotein was regarded as the main attachment protein (Ling and Pringle, 1989b). The main receptor
for PVM-G protein is yet to be determined but heparin had been suggested as the possible receptor for
both the human and bovine RSV-G proteins (Levine et al., 1987; Feldman et al., 1999; Karger et al.,
2001). In contrast to the RSV-G protein, PVM-G proteins can also act as viral hemagglutinins (Compans
et al., 1967; Ling and Pringle, 1989b).

The PVM 15 G is synthesised in two glycosylated forms identified as G1 (M ~ 76.4 kDa) and G2 (M ~
62 kDa), the G1 form is thought to be the precursor for the G2 variant (Ling and Pringle, 1989b). Both
forms are present in virus particle in contrast to the RSV G with one membrane-anchored form inserted
in the virion and a second secreted form released by infected cells into the culture medium (Hendricks
et al., 1987; Hendricks et al., 1988). The secreted RSV G protein is translated from the second start

codon located within the signal/anchor sequence and then undergoes a post-translational cleavage by
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proteolysis that remove the amino-terminus (Hendricks et al., 1988). Analysis of the antigenic properties
of the secreted and membrane bound RSV-G proteins using panels of monoclonal antibodies found no
difference between both forms of RSV-G glycoproteins (Escribano-Romero et al., 2004). The secreted
form of RSV was assumed to be responsible for evasion of early immune responses in mice (Bukreyev
et al., 2008), modulation of immune responses (Johnson et al., 1998; Arnold et al., 2004; Schwarze,
2004) and prevention of antibody-mediated inhibition of RSV replication in vivo (Bukreyev et al., 2008;
Bukreyev et al., 2012). The deletion of the secreted G protein in recombinant RSV was also reported to

attenuate the virus in mice (Maher et al., 2004).

The G protein of PVM strains identified so far contains between 363 and 414 amino acids due to
variations in the length of their potential cytoplasmic domain (Randhawa et al., 1995; Krempl et al.,
2005). In contrast, the difference in the length of RSV G protein containing between 282 and 321 amino
acids is due to polymorphisms in the ectodomain region (Wertz et al., 1985; Trento et al., 2003; Eshaghi
et al., 2012). The G mRNA of PVM 15/ATCC codes for a protein containing a cytoplasmic domain of 35
amino acids while the cytoplasmic domain is truncated in the avirulent variant of PVYM 15/ATCC,
designated PVM 15/Warwick, due to insertion of an extra nucleotide (Randhawa et al., 1995; Krempl
and Collins, 2004). The extra nucleotide caused a frameshift mutation that moved the translation
initiation from the first AUG encompassing the predicted cytoplasmic domain to the downstream AUG
closer to the signal/anchor sequence (Randhawa et al., 1995). Randhawa and colleagues (Randhawa
et al., 1995) also reported a PVM J3666-G mRNA containing an upstream ORF (UORF) coding for a
polypeptide of 12 amino acids before the main G ORF that would be translated into a G protein
comprising of a 35 amino acids cytoplasmic tail as shown for PVM 15/ATCC. This PVM J3666-G mMRNA
is similar to RSV-G mRNA. RSV-G mRNA contains an UORF of 15 amino acids that slightly overlaps
the main G ORF (Wertz et al., 1985). The uORF before the RSV-G ORF somewhat reduces the amount
of the translatable product from the main G ORF but otherwise does not affect its functions in cell culture
(Teng et al., 2001). A second variant of PVM J3666-G gene was described in which the uORF and the
downstream ORF were fused to single ORF by a point mutation that ablated the stop codon of the
UORF, to potentially encode a G protein that contains an extended cytoplasmic domain of 53 amino
acids (Krempl and Collins, 2004). Interestingly, this form of G gene is also found in the only PVM strain,
strain Y, isolated from diseased mice (Weir et al., 1988; Genbank acc. No. JQ899033.1) and those of
the newly isolated canine pneumoviruses, CnPnV, recovered from diseased dog suffering from canine

infectious respiratory disease (Renshaw et al., 2010; Glineur et al., 2013; Decaro et al., 2014).

Currently there is little information on the direct role of cytoplasmic tail of the PVM-G protein. A
recombinant PVM from which the part of the G gene coding for the cytoplasmic domain was deleted
suggested that it is not important for replication in mice or in vitro. However, the replication-independent
attenuation of the virus led the authors to conclude that the cytoplasmic domain is likely a virulence
factor required for intracellular signalling (Krempl et al., 2007). Studies on the role of the cytoplasmic tail
of other type-Il viral glycoproteins: RSV G (Ghildyal et al., 2005b); hemagglutinin-neuraminidase of
parainfluenza virus type 3 and Newcastle disease virus (Spriggs and Collins, 1990; Wilson et al., 1990);

influenza virus A neuraminidase (Garcia-Sastre and Palese, 1995; Zhang et al., 2000) and several other
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glycoproteins have shown that the cytoplasmic tail contributed to intracellular trafficking and the
interaction of fully processed protein with other viral proteins. The absence of the cytoplasmic tail in
influenza virus hemagglutinin glycoproteins affected replication in tissue culture and mice (Garcia-Sastre
and Palese, 1995). Some of these studies also highlighted the importance of the length of the
cytoplasmic tail in its overall function (Spriggs and Collins, 1990; Wilson et al., 1990).

Generally, there is little conservation between the RSV-G and PVM-G (Figure 3) at nucleotide or amino
acids level (Thorpe and Easton, 2005) and their specific antibodies do not cross-react (Brock et al.,
2012). The PVM-G protein appears not to contain either the central conserved domain or the CXC3
motif found between the two mucin-like regions of RSV-G protein (as reviewed by Collins and Graham,
2008). Also, the secreted form of PVM-G protein was not detectable in BHK-21 cells infected with
recombinant PVM expressing the full-length G protein or the truncated G protein without the putative
cytoplasmic domain (Krempl et al., 2007). However, both proteins contain high amount of serine,
threonine, and proline residues (Wertz et al., 1985; Randhawa et al., 1995). The predicted secondary
structure of the PVM-G protein, its location within the virus genome and replication studies in tissue
culture and lungs of infected mice suggested that it should be functionally similar to RSV-G protein (Ling
and Pringle, 1989a; Ling and Pringle, 1989b; Krempl et al., 2007).
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Figure 3: Comparison of the structural features of PVM and RSV G proteins.

Schematic of the RSV-G and PVM-G showing the different parts of the proteins. The cytoplasmic
domain, CT; transmembrane portion, TM; the carboxy-terminus, ED and the corresponding length in
each G protein are shown. The possible N- and O-glycosylation sites predicted with the GlycoEP
(Chauhan et al., 2013) are indicated with N and the small open circles, respectively. The translation
initiation site (MET 48) and the N-terminus of the proteolytically cleaved translation product of the MET
48, that is, the secreted G protein are shown. The positions of other known features for the RSV-G
protein are also indicated. Of note, the heparin-binding domain is located between amino acids 184
and 198. The figures are adopted from (Krempl et al., 2005; Melendi et al., 2011; McLellan et al., 2013)

RSV-G is required for adequate incorporation of the SH protein into the released virus particle (Batonick
and Wertz, 2011); enhancement of fusion activity of the F protein (Techaarpornkul et al., 2001;
Techaarpornkul et al., 2002; Schlender et al., 2003) and generation of protective immune response in
human (Karron et al., 1997). A study on the direct effect of the PVM-G protein on replication and
virulence in mice indicated that the G protein is dispensable in tissue culture but essential in mice as
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described for RSV and other pneumoviruses (Teng et al., 2001; Schmidt et al., 2002; Biacchesi et al.,
2004; Biacchesi et al., 2005; Krempl et al., 2007; Widjojoatmodjo et al., 2010). The PVM glycoprotein G
contains CD4 T cell and CD8 T cell epitopes (Claassen et al., 2007; Walsh et al., 2013). Claassen et al.,
2007 also reported that the CD4 T cell epitope within the PVM-G gene acts in tandem with the CD8 T
cell epitope present within the PVM-P protein to induce protective immunity. Furthermore, the conserved
domains and the secreted form of the RSV G glycoprotein that are yet to be identified in PVM-G have
been implicated in modulation of immune responses during RSV infection such as recruitment of
lymphocytes and leukocytes, determination of type of the T-helper cells to be recruited, inhibition of
innate immunity and immune evasion (Melero et al., 1997; Collins and Graham, 2008). The hMPV-G
protein was reported to inhibit interferon-type-1 and -lll induction (Bao et al., 2008; Bao et al., 2013;
Banos-Lara Mdel et al., 2015). Similarly, in concert with the SH protein, the hMPV-G was shown to
prevent the virus uptake in monocyte-derived dendritic cells leading to poor stimulation of CD4 T cells
(Le Nouen et al., 2014).

1.4  Transcription, replication and pathogenesis of the pneumoviruses

1.4.1 Transcription

Of all Pneumoviruses, transcription is best described for the type-specie RSV. Transcription of the virus
genes starts from the leader region at the 3’ end and progresses towards the 5’ end in a gradient manner
due to the sequential start-stop-restart mechanism of the polymerase (Dickens et al., 1984). Each gene
contains a gene-start (GS) and gene-end (GE) signal that allows the polymerase to properly initiate and
terminate transcription, respectively (Kuo et al., 1996b; Kuo et al., 1997). The transcription of RSV genes
appears to be independent of replication as certain mutations that affect transcription does not affect
replication indicating that these two connected processes are probably independent of each other
(Fearns et al., 1997; Fearns et al., 2000; Fearns et al., 2002; Cartee et al., 2003; Tran et al., 2004).

The RSV GS sequences are well-conserved and contain signals for transcription initiation (Kuo et al.,
1997) while those of RSV GE signal sequences are semi-conserved and contain signal for transcription
termination (Kuo et al., 1997; Moudy et al., 2003). The polymorphisms of the RSV GE sequence affect
termination efficiency of the polymerase, causing production of dicistronic and multicistronic mMRNAs.
This is because the polymerase can only initiate the transcription of a new gene after successful
recognition of the GE signal of the preceding gene (Kuo et al., 1997; Cartee et al., 2003; Moudy et al.,
2003; Tran et al., 2004). Based on the efficiency at which the preceding GE sequences signal the
termination of transcription, Hardy and colleagues (Hardy et al., 1999) classified the junctions between
the RSV genes into three groups: high termination efficiency (SH/G), moderate termination efficiency
(N/P, P/IM, M/SH, SH/G, and G/F) and poor termination efficiency (NS1/NS2, NS2/N, M2/L, and L/trailer).
Using recombinant RSV mutations within the GE signals were shown to regulate only the transcription
of the immediate downstream gene but not the overall mRNA gradient (Tran et al., 2004) in line with
findings from RSV biological isolates (Moudy et al., 2003). The author also reported that increasing or

decreasing the termination efficiency did not affect replication in vitro or in vivo (Tran et al., 2004).
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Another possible regulatory factor is the intergenic sequence (IGS) between the genes, which length
appears not to affect the transcription of a downstream gene in dicistronic plasmids (Kuo et al., 1996a).
Though, certain deletions and mutations in biological isolates were reported to affect transcription of

downstream genes (Moudy et al., 2004).

The sequences of the GS signals in PVM are also relatively conserved whereas those of the GE signals
are semi-conserved (Chambers et al., 1991; Krempl et al., 2005). By analogy to RSV, these signals are
assumed to serve similar functions in PVM. However, analyses of the composition of the GS and GE
signals of RSV, AMPV and PVM indicated that these viruses might have preferential nucleotide usage
at these signals (Kuo et al., 1996b; Edworthy and Easton, 2005; Dibben and Easton, 2007). For
example, nucleotide position 9 of PVM GS signals was very tolerant to any type of mutation while same

position in RSV and APV were intolerant to any kind of mutation.

1.4.2 Replication and pathogenesis

PVM replication occurs primarily in the cytoplasm of the infected cell (Harter and Choppin, 1967), where
the negative-stranded genome is replicated by the virus-encoded RNA-dependent RNA polymerase
(RdRp). Little is known on how the PVM RdRp replicates the genome but it is assumed that the
replication pattern of PVM would follow similar mechanism described for RSV. The RSV RdRp enters
the genome at the leader region and then progresses towards the trailer region to produce the
antigenomic RNA that is tightly encapsidated with N protein and subsequently replicated to produce the

genomic RNA (reviewed in Collins, 2011).

PVM replicates in discrete cycles that takes about 18 — 20 hours in both nucleated and enucleated cells
and does not lead to pronounced cytopathic effects as described for RSV (Berthiaume et al., 1974; Cash
et al.,, 1979). In interferon-competent cell lines such as RAW 264.7 cells, PVM infection leads to
induction of inflammatory cytokines including tumour necrosis factor-a, interferon beta response,
macrophage inflammatory protein la and 3, and macrophage inflammatory peptide-2 allowing ex-vivo
studies of important aspect of PVM pathogenesis (Dyer et al., 2012). In mouse lungs, PVM replicates in
the epithelium and one cycle was calculated to take around 24 - 30 hours to produce a 16-fold increase
in virus titre (Ginsberg and Horsfall, 1951). However, using in situ hybridization assay, PVYM N RNAs
were first detected within the lung alveolar space at about 48 hours postinfection (Cook et al., 1998).
PVM reaches its replication peak between d