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SUMMARY

Human metapneumovirus was discovered in 2001. At the same time, it was also
revealed that this virus had been circulating in the human population for at least 50
years. In the years that followed, an increasing number of research groups began to
publish work on various aspects of HMPV. One of the main concerns was that this
virus was detected in a significant proportion of children below the age of 3 years and
caused respiratory symptoms very similar to its nearest related human pathogen:
human respiratory syncytial virus. Before this study, there had been no large scale
study on the prevalence of HMPV in Singapore. There was also no existing data on the
presence of HBoV, HCoV and HRYV in hospitalized children in Singapore. We screened
five hundred clincial nasopharyngeal samples and found that these four respiratory
viruses are present in significant proportions. This discovery will hopefully lead to more
research interest in the area of respiratory pathogens in children.

There is currently no vaccine available against HMPV. Just like other Paramyxoviruses,
the fusion and attachment proteins were aiready known to provide the basis of virus
infection. By characterizing the fusion and attachment proteins in HMPV, we confirmed
that there was some form of interaction between the two proteins. This information
would be useful for initiating further studies which can elucidate the detailed
mechanism of this interaction which may lead to the development of antiviral strategies
against this pathogen.

One of the new advances in vaccine technology involves the use of virus-like particles
as immunogens. We successfully produced virus-like particles of HMPV in both
mammalian and insect cell lines. Of the two cell lines, the insect cells have the greater
potential for mass production of virus-like particles which can be tested as candidate

vaccines.



Chapter 1 Introduction

1.1 Discovery of an unknown virus

The first study on the human metapneumovirus (HMPV) was published in June 2001
by Dutch scientists van den Hoogen and co-workers (van den Hoogen et al., 2001).
They reported the presence of a new paramyxovirus isolated from nasopharyngeal
aspirates of children. Prior to this study, the only known metapneumovirus was isolated
from turkeys and known as turkey rhinotracheitis virus (TRTV). TRTV was
subsequently renamed avian pneumovirus (APV). Nasopharyngeal aspirates obtained
from 28 children were inoculated into a variety of cell types and after 14 days
incubation, virus morphology was analysed by electron microscopy. The viral RNA was
extracted from the cell culture supernatants, reverse transcribed and then amplified
using primers designed from the genes of known paramyxoviruses. In addition, random
priming polymerase chain reaction (RAP-PCR) was used to amplify fragments of the
unknown viral gene which were then sequenced and compared with available data at
that time. By aligning the new virus gene sequences with human and bovine respiratory
syncytial virus (hRSV and bRSV), and APV subtypes A to D, it was initially proposed
that the virus be classified as a new member of the genus metapneumovirus (Fig 1.1).
After examining retrospective clinical samples, the researchers found seropositive
cases dating back to 1958. Clearly HMPV cannot be considered a new species of
respiratory virus but a newly discovered one. This pioneering work led the way in the
field of HMPV research and generated increased interest in the search for more
undiscovered respiratory viruses. Soon after this work was published, the same
researchers published another article in 2002 detailing the genomic analysis of their
first HMPV isolate 00-1 (also known as NL-1-00) (van den Hoogen et al., 2002). This
added weight to their proposal to classify HMPV as a member of the Metapneumovirus
genus. Two more publications were released in quick succession from Australia

(Nissen et al., 2002) and Canada (Peret et al., 2002). Although these two studies were
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based on a small number of HMPV isolates (3 and 11 respectively), this formed the
beginnings of the three leading research groups that would later spearhead HMPV

research.

1.2 Classification of HMPV

Human metapneumovirus is classified under the family Paramyxoviridae, sub-family
Pneumovirinae, genus Metapneumovirus and species Human metapneumovirus
(International Committee on Taxonomy of Viruses. et al.,, 2006). Another sub-family
Paramyxovirinae contains well known human pathogens like human parainfluenza
viruses types 1, 2, 3 and 4; measles virus, mumps virus and Nipah virus. The human
virus most related to HMPV is hRSV belonging to the neighbouring genus Pneumovirus

(Fig 1.1).

Family Paramyxoviridae

Sub-family Paramyxovirinae Sub-family Pneumovirinae
——Genus Respirovirus —Genus Pneumovirus
e.g. Human parainfluenza virus 1 & 3 e.g. Human respiratory
syncytial virus
— Genus Rubulavirus
e.g. Human parainfluenza virus 2 & 4, —Genus Metapneumovirus
Mumps virus e.g. Human metapneumovirus

—Genus Morbillivirus
e.g. Measles virus

~——Genus Henipavirus
e.g. Nipah virus

Figure 1.1. Classification of the Paramyxoviridae family. Subfamilies Paramyxovirinae and
Pneumovirinae are shown with their respective genera of viruses and examples of known
human pathogens. Viruses not infecting humans are omitted from this figure.

All members of the Paramyxovirus family are characterized by having i) an envelope

derived from the host cell, ii) a non-segmented genome (in contrast to the
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Orthomyxoviruses which have segmented genomes), iii) a fusion protein that is
activated under neutral pH conditions, and iv) negative sense genomic RNA. Within the
genus Metapneumovirus, there is also a group of avian pneumoviruses (APV)
consisting of types A, B, C and D which are closely related to HMPV (Njenga et al.,
2003). This relationship has been further demonstrated by the cross-reaction of
antibodies to the nucleoprotein of HMPV and APV (Alvarez et al., 2004a). A
comparison between the genome of APVc and HMPV is shown in Fig 1.2. A study by
van den Hoogen (van den Hoogen et al.,, 2002) aligned the genes of HMPV proteins
with other Paramyxoviruses to show their similarities (Table 1.1). It can be seen that
while the sizes of N, P and M proteins are very close among the Pneumovirinae
subfamily, the F, M2-1, M2-2 and L proteins are closer in size among the
Metapneumovirus genera. Not surprisingly, there is a lot more heterogeneity between

the sizes of the G and SH proteins which probably hints at their role in antigenic

variation.

N' P M F M2-1 M2-2 SH G L
HMPV 394 294 254 539 187 71 183 236 2005
AfVA 391 278 254 538 186 73 174 301 2004
AFVB 391 279 254 538 186 73 175 414 2004
AFVC 394 294 254 537 184 71 175 252 2005
AFVD _a _fi _i _ﬁ _t _t _« 399 _t
hRSVA 391 241 256 574 194 90 64 298 2165
hRSVB 391 241 256 574 195 20 65 299 2166
bRSV 391 241 256 574 186 20 81 257 2162
PVM 393 295 257 537 176 9% 92 396 2040
Othersc 418-542 22H09 335-393 539-565 -3 =« -< =« 2183-2262

Table 1.1. Comparison of protein sizes of HMPV strain NL-1-00 with other Paramyxoviruses
modified from (van den Hoogen et al., 2002). (a) Sizes are based on the number of amino acid
residues per protein, (b) Sequences for some virus proteins were not available at the time of
publication, (c) The group o f“Others” included parainfluenza virus 2 & 3, Sendai virus, measles
virus, Nipah virus and Newcastle disease virus, (d) These ORFs are absent in viruses of the
“Others” group. HMPV-human metapneumovirus, APV-avian pneumovirus A to D, hRSV-human
respiratory syncytial virus, PVM-pneumonia virus of mice.

In terms of evolutionary relationship, APVc has been found to be closer to HMPV than

the other avian pneumovirus types (Lwamba et al.,, 2005; van den Hoogen et al., 2002).



APVc emerged in the United States in the late 1990s (Seal, 2000). One study,
comparing the SH, G and L genes of HMPV and APVc (Toquin et al.,, 2003), found that
between the two viruses, the amino acid similarities were 26.9%, 20.6% and 73.6%
respectively. An earlier comparison made by Dutch scientists also arrived at a similar
conclusion (Table 1.2) when they calculated that the N, P, M, F, M2-1, M2-2 and L
proteins of APVc had the highest identity with HMPV compared to other
paramyxoviruses. Thus, it has been estimated that HMPV and APVc shared a common

ancestor as recently as 200 years ago (de Graaf et al., 2008).

Na : M F M2-1 M2-2 1
APVA 59 5 78 67 7 2% B
APV B Mo B BT Mo, 7 6263
APVC" 88....... T 84....... 54 " 80"
ARSVA...... oovoo, M. R 38 3 36,0, LI w
hRSVB i 23 3 3 % 19 m
bRSV Il 2 % 3 % 13 4
PYM 5 % 3 % 3 1 5
Othersc 711 49 710 10-18 b b 135

Table 1.2. Comparison of amino acid identity of HMPV strain NL-1-00 with other
Paramyxoviruses modified from (van den Hoogen et al., 2002). (a) Values for G and SH
proteins were not calculated due to difficulties in alignment with other known sequences, (b)
These ORFs are absent in the viruses of the “Others” group, (c) The group of “Others” included
parainfluenza virus 2 & 3, Sendai virus, measles virus, Nipah virus and Newcastle disease virus.
HMPV-human metapneumovirus, APV-avian pneumovirus A to D, hRSV-human respiratory
syncytial virus, bRSV-bovine respiratory syncytial virus, PVM-pneumonia virus of mice. The
dotted rectangle highlights the proteins with highest identity to HMPYV proteins.

Based on the genetic sequencing of HMPYV isolates, early studies divided HMPV into
two main genogroups A and B (Bastien et al., 2003a; Biacchesi et al., 2003; Boivin et
al., 2002; Peiris et al., 2003; Peret et al.,, 2002). This conclusion was drawn by aligning
the HMPV gene sequences: N (Bastien et al.,, 2003a; Ishiguro et al., 2004; Peret et al.,
2002), P (Bastien et al.,, 2003a; Ishiguro et al.,, 2004; Peret et al., 2002), M (Bastien et
al., 2003a; Ishiguro et al., 2004), F (Bastien et al., 2003a; Boivin et al., 2002; Ishiguro

et al.,, 2004; Peiris et al.,, 2003; Peret et al.,, 2002), M2-1/2 (Ishiguro et al., 2004), SH

(Ishiguro et al., 2004), G (Ishiguro et al., 2004; Peret et al., 2004) and L (Peiris et al.,



2003). In 2004, phylogenetic studies on HMPV proposed that the classification of
HMPYV could be further subdivided into A1 and A2, B1 and B2 subgenogroups (van den
Hoogen et al.,, 2004). One of the most thorough phylogenetic studies on the HMPV
genes was conducted by Ishiguro (Ishiguro et al., 2004). They sequenced all the genes
(except the L gene) from seven HMPYV clinical isolates and aligned the sequences with
known HMPV strains. They found that the SH and G genes and their resultant proteins
were the most variable both in terms of length and molecular mass respectively (Table

1.3). All the other genes from N to M2-2 were of consistent length.

N P M F MM M2-2 SH G

nt(aa) MM nt@aa) MM nt(aa) MM nt(aa) MM nt@aa) MM ni(aa) MM nt@aa) MM ni@aa) MM

g L8 85 & %5 T 276 160 %85S4 202 26 82 %R 209 T %8

(394) (294) (254) (539) (187) m (183 (236)

g L5 B85 8% 37 T W6 160 %5 S 22 A6 82 50 N6 60 BT
(392) (29) (254) (539) (187) PD (179 (219)

g L5 86 85 35 5 /M6 160 W5 4 22 26 8 W W 6% 254
(394) (29) (254) (539) (181) PY) (1) (23)

gy LI @6 5 N5 T /6 160 S84 B A2 a6 82 S W4 T %5
(3% (29 (254) (539) (187) m (1) (23%)

Table 1.3. Lengths and molecular masses of HMPV genes and predicted proteins modified from
(Ishiguro et al., 2004). Representative strains from each of the four HMPV genogroups (Al, A2,
B1, B2) are shown, nt-nucleotide length in bases, aa-protein length in amino acid residues (in
brackets), MM-molecular mass in kDa.

Taking the sequence data one step further, Ishiguro and colleagues compared the
amino acid sequences within the four subgenogroups. The results of these can be
seen in Table 1.4. The identity levels ofthe nucleic acid and amino acid sequences
within the groups A and B are 90% or higher. The only exception is the G protein which
has a nucleic acid identity of about 80% and amino acid identity of about 70%.
Generally the sequences of strains within the same group are highly conserved.
However, when comparing sequences between group A and group B strains, it

becomes obvious that there is significantly more variation. Even then, most of the



structural proteins like N, P1M1F, M2-1 and M2-2 are at least 80% similar which could
mean some form of evolutionary selective pressure has kept the sequences fairly
conserved. Once again, there are exceptions like the SH and G nucleic acid (58-67%),
amino acid (33-58%) sequences and the F nucleic acid (60%) sequences, which are
markedly different between the two groups. Despite the differences at the identity level,
the phylogenetic trees, constructed using each set of gene sequences, are still able to
classify the strains into the two groups and 4 subgroups. This demonstrates that the

subgroup classification of HMPV is stable and independent of genes utilised.

%Nucliotidi siquinci %Amino acid sequence
, idintitywithin group- %Nucliotidi siquinci identity within group® %Amino acid siquinci
Protein idintity between groups- identitybetween groups-
GroupA GroupB GroupA Group B
~ 94-100(96) 95-99(96) 86-87(86) 99-100(99)  98-100(99) 95-96(96)
P 92-100(95) 98-99(95) 80-82(81) 94-99(97) 95-99(97) 84-86(85)
1 94-99(97) 95-99(96) 84-86(85) 98-100(99)  99-100(99) 96-97(97)
F §5-100(92) 81-98(87) 551 (60) 98-99(98) 98-99(98) 93-94(94)
M2-1 94-99(97) 94-99(96) 86-87(86) 96-100(98)  97-100(98) 94-95(95)
M2-2 95-10097)  95-100(97) 85-87(86) 95-100097)  97-100(98) 88-90(90)
SH 90-99(94) 88-98(91) 6649(67) §3-99(92) 81-98(88) 5440(58)
6. 7599(82)  78-97(85) 5640(58) 61-99(78)  63-96(75) 31-35(33)

Table 1.4. Comparing the level of identity between HMPV genogroup A and B based on their
nucleotide and amino acid sequences from Ishiguro et.al.(Ishiguro et al., 2004). (a) number
values include calculated averages (in brackets) depending on the number of strains in each
genogroup.

In 2006, Huck and colleagues from Germany proposed a further subdivision of the A2
subgroup into A2a and A2b (Huck et al., 2006a). This was based on the F and N gene
sequences obtained from 287 clinical specimens. The alignment results they produced
showed a clearly demarcated split within the A2 subgroup. Even though this new

proposed subdivision is scientifically sound, few publications by other authors have

attempted to adopt the A2a and A2b nomenclature.



1.3 Genome organization

The first genome analysis of HMPV was completed by the Dutch in 2002 (van den
Hoogen et al.,, 2002). The genome of HMPV consists of eight genes arranged in a
tandem order (Fig 1.2) which codes for 9 proteins spanning a length of approximately
13,300 bases. The 3’ end of the genome contains a short leader sequence of about 50
bases and the 5’ end contains a similar trailer sequence of about (150)100 bases. In
between the open reading frames for each gene, there are short non-coding
sequences which contain the information for synthesis of the 5’ cap and 3’ poly-
adenylated tail of the corresponding mRNA. The M2 gene contains two overlapping

open reading frames and codes the proteins M2-1 and M2-2.

HMPV [13,300bp]
’ N P W SH| 6 j L 5’
3 Pyl N f | 6 i

APVc [14,150bp]

3’ N | P M | m sl & | 1

RSV [15,226bp]

3’ NSL Ns2 N i

Figure 1.2. Gene organization of human metapneumovirus from (Sugrue et al., 2008). Genome
is compared to that of avian pneumovirus C (APVc) and human respiratory syncytial virus
(hRSV). Genes encoding non-structural proteins are yellow, polymerase-associated proteins are
purple, envelope glycoproteins are blue and matrix protein gene is green. There is an overlap of
the reading frames of the M2 and L genes of hRSV (grey shaded area). Gene sizes are
approximately to scale.

Although the HMPV genome is very similar to hRSV, one of the most significant
differences is the absence ofthe NS1 and NS2 genes at the 3’ end. In addition, HMPV
has a different arrangement of the F-M2 and SH-G pair of genes compared to hRSV.
The reading frames for the hRSV M2 and L genes overlap across approximately 60

bases. These are some of the reasons for HMPV being classified under the genus

Metapneumovirus instead of Pneumovirus. However, it is interesting to note that



among the Pneumoviruses, PVM does not have the M2 and L gene overlap (Easton et
al., 2004). HMPV shares the same gene arrangement with that of avian pneumovirus

type C (APVc) (Fig 1.2) (i.e. N-P-M-F-M2-SH-G-L).

(N)ucleoprotein gene has a length of 1185 bases coding for a protein of 394 amino
acids and molecular weight of 43 kDa. The N protein is part of the ribonucleoparticle
(RNP) complex and binds to the viral genomic RNA. This association protects the RNA
from host nuclease action. In other paramyxoviruses like Sendai virus (Egelman et al.,
1989), one N protein is usually associated with 6 nucleotides. However, this number
might vary by 1 to 2 nucleotides between the other paramyxoviruses. The N protein in
hRSV can aggregate to form multimeric structures (Murphy et al., 2003) in solution and
can serve as an initiation point for the assembly of the virus nucleocapsid. The N
terminal of the hRSV N protein has also been shown to interact with the P protein
(Garcia-Barreno et al., 1996) during virus replication. The N protein has also been
found in the soluble fofm in hRSV infected cells (Garcia-Barreno et al., 1996). The

spacer region between the N and P gene is 24 bases in length.

(P)hosphoprotein gene has a length of 885 bases coding for a protein of 294 amino
aéids and molecular weight of 33 kDa. The P protein is also part of the RNP complex
and is associated with both N and L proteins (Horikami et al., 1992). In Sendai virus
(Tarbouriech et al., 2000), the P protein exists as a tetrameric form. The spacer region

between the P and M gene is 33 bases in length.

(M)atrix gene has a length of 765 bases coding for a protein of 254 amino acids and
molecular weight of 28 kDa. The M protein provides a supporting structure for the virus
particle and is located below the virus envelope. Association between the M protein
and the surface glycoproteins of Sendai virus was demonstrated by Sanderson

(Sanderson et al.,, 1993; Sanderson et al., 1994). This provided the basis of virus



budding at the host cell surface. HMPV M proteins are likely to have a similar function.

The spacer region between M and F is 123 bases in length.

(F)usion protein gene has a length of 1620 bases coding for a protein of 539 amino
acids and a predicted molecular weight of 56 kDa. The F protein is a type |
transmembrane protein and is expressed as a precursor molecule which can be
cleaved by a trypsin-like protease to produce a mature form needed for virus-cell fusion
(Schowalter et al., 2006b). A mutant strain of HMPV (Schickii et al., 2005) which had a
serine-proline substitution at residue position 101 within the PRQSR trypsin cleavage
motif was studied. The strain was able to replicate without trypsin but did not show any
change in tissue tropism in hamsters. The F proteins in HMPV have been shown to
possess an integrin binding site which could be used as a motif for cell attachment and
subsequent entry (Cseke et al.,, 2009). Paramyxovirus F proteins fall under the class |
category of fusion proteins. The spacer region between F and M2 is 27-38 bases in

length.

M2 (M2-1 and M2-2) protein gene has lengths of 564 and 216 bases coding for
proteins of 187 (21 kDa) and 71 (8 kDa) amino acids, respectively. The M2-1 protein is
thought to be a transcriptional factor. vln hRSV, the M2-1 protein is associated with the
RNP and its presence in the host cell allows transcription of the entire genome of hRSV
by anti-termination (Fearns and Collins, 1999). The HMPV M2-2 protein has been
shown to affect virus replication by controlling the mutation rate of the viral RNA
polymerase (Buchholz et al., 2005; Schickli et al., 2008). A recent work (Kitagawa et
al., 2010) showed that the presence of M2-2 proteins in HMPV infected celis strongly
inhibited the transcription and replication processes of the virus. They found that M2-2
immunoprecipitated with L protein, suggesting that this interaction could be the point of

regulation for M2-2. The spacer region between M2 and SH is 31 bases in length.
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Small hydrophobic (SH) protein gene has a length of 540 bases coding for a protein of
179 amino acids and predicted molecular weight of 20 kDa. The SH protein is most
likely to be a transmembrane protein similar to that in hRSV. Biacchesi and co-workers
made SH protein-deleted HMPV mutants but could not demonstrate any impairment of
viral reproduction when these mutant viruses were used to challenge hamsters
(Biacchesi et al., 2004) and African green monkeys (Biacchesi et al., 2005). Thus they
concluded that SH protein-deleted HMPV cannot be used as a potential vaccine
candidate. The actual role of HMPV SH protein is yet to be determined although in
related viruses like hRSV, SH protein has been shown to be associated with F and G
proteins in the viral envelope (Feldman et al., 2001) and play a role in cell fusion
(Heminway et al., 1994). Bao (Bao et al., 2008a) found that cell cultures and mice
infected with SH-deleted HMPV mutants had higher levels of expression of nuclear
factor kappa B (NF-kB) dependent genes like (interleukin) IL-6 and IL-8 thereby
enhancing proinflammatory processes. The spacer region between SH and G is 212

bases in length.

(G)lycoprotein gene has a length of about 660 bases coding for a protein of 219 amino
acids and a predicted molecular mass of 24 kDa. The G protein is a type Il
trénsmembrane protein and is thought to play a role in attachment to the host cells (Liu
et al., 2007). In HMPV, as in hRSV, the G protein expressed on the cell surface is
highly glycosylated. This will be discussed in chapter 4. Both N-linked and O-linked
glycans are formed on the G protein causing in the apparent increase in protein size
due to large numbers of O-linked glycan chains. Previous studies have found the G
protein migrating in the 90-100 kDa range (Liu et al., 2007). Biacchesi (Biacchesi et
al., 2005; Biacchesi et al., 2004) found that deleting the G protein from HMPV did not
inhibit its replication in vitro or in vivo. However, G-deleted mutants constructed (Bao et
al., 2008b) were found to produce higher levels of interferons and NF-kB related genes.
They further proved that G protein inhibits the transcription of RIG-1, a known viral

RNA sensor in cells (Hornung et al., 2006; Kawai and Akira, 2008; Pichimair et al.,
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2006) by binding to RIG-1. A difference between hRSV G and HMPV G is that the latter
does not exist in the secreted form (Roberts et al., 1994). The spacer region between

G and L is 189-242 bases.

Large (L) subunit of the RNA-dependent RNA polymerase gene has a length of 6018
bases coding for a protein of 2005 amino acids and molecular mass of 230 kDa. The L
protein, together with N and P proteins form the RNP which is characteristic of
paramyxoviruses (Garcia-Barreno et al., 1996). The L protein is the primary protein
involved in transcription of viral mMRNA as well as 5’ capping and 3’ poly-adenylation. It
is responsible for replication of the virus genome (both negative and positive strands).
Among paramyxoviruses, the L proteins were found to have six conserved domains

which are believed to have different functions (Poch et al., 1990; Sidhu et al., 1993).
1.4 Virus structure

Paramyxoviruses are generally spherical (Fig 1.3) but may also have a pleomorphic or
filamentous shape (Fig 1.4) as seen by electron microscopy.

Diameter of the virus can range from 150 to 300 nm. This is due mainly to the non-rigid
lipid viral envelope derived from the‘host cell membrane. Within the lipid envelope,
transmembrane viral proteins like the fusion (F) protein, attachment (G) protein and
small hydrophobic (SH) protein can be found. These proteins are usually glycosylated
but the type and extent of glycosylation depends on the host cell mechanism. The
matrix (M) protein can be found just inside the envelope and provides a degree of

structure to the virus particle.
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Figure 1.3. Schematic diagram of human metapneumovirus particle, adapted from Boivin. All
the virus proteins are shown except the M2-1 and M2-2 proteins which are thought to be
associated with the RNP replication complex.

The nucleo(N)protein, phospho(P)protein and RNA polymerase(L) form the
transcription and replication mechanism of the virus. The M2-1 and M2-2 proteins are
thought to be involved in regulatory functions and may be associated with the RNP
complex. Most of the current knowledge of HMPV structure was elucidated from

studies on related viruses like hRSV, measles virus and parainfluenza viruses.



Figure 1.4. Electron micrograph of
HMPYV particles using negative
staining taken from (Peret et al.,
2002). Main image shows the
pleomorphic form of HMPV. a)
image ofthe nucleocapsid, b) image
of the rod-shaped form of HMPV.
The thick vertical bars represent a
length of 100nm.

15 ReplicationofHMPV

HMPYV infects the human host via the respiratory tract. Transmission of the virus is by
airborne droplets or aerosol. An infected person coughs, sneezes or comes into
contact with a susceptible person and the virus is passed on at close proximity. This
mode of transmission is very similar to most respiratory viruses: by aerosol or close
contact (Ansari et al.,, 1991). A recent publication (Tollefson et al., 2010) studied the
stability of HMPV particles in the environment. They found that HMPV was very
resistant to freeze-thawing with a loss of viability of less than 1 log10 value after 10
freeze-thaw cycles. This is different from hRSV which loses 2 log10 viability after 5
freeze-thaw cycles (Gupta et al., 1996) . HMPV was also shown to be viable for up to
2-6 hours on non-porous (metal or plastic) surfaces similarto hRSV (Hall et al., 1980) .
This has implications for nosocomial and community transmission of HMPV because
the virus no longer requires an infected host to be in close proximity to a susceptible

host. Fomite transmission requires stricter preventive measures especially in areas of



high human traffic. Upon entering the upper respiratory tract, the virus attaches to the
epithelial cells using the attachment (G) protein which binds to specific host cell
receptors. The fusion (F) protein, which is thought to be in close proximity to the G
protein, then undergoes a conformational change and triggers cell fusion (refer to
section 1.11). This mechanism is known as receptor-mediated fusion. However,
another theory has recently been put forward (Schowalter et al., 2006b) which
suggests that the trigger for F protein fusion in HMPV could be due to low pH. The
mechanism will also be discussed later in section 1.12. When the viral RNA is released
into the host cell cytoplasm (Fig 1.5), the RNP starts to transcribe coding (positive)
strands of mRNA for the various genes starting from N towards L. The mRNAs are 5’
capped and 3' polyadenylated. As the polymerase moves from the 3’ end to the 5' end,
it pauses and restarts at each gene. This linear transcription results in a gradually
decreasing concentration of mRNA from N to L. This translates into decreasing
concentrations of N protein to L protein in the cell cytoplasm. Slowly, the various viral
proteins (N, P, M, L) start to assemble. The transmembrane proteins (F, G, SH) are
transported via the secretory pathway (endoplasmic reticulum and Golgi) to the cell
membrane. At a critical concentration of M2-1 protein witihin the cell, the M2-1 protein
starts to modify the RNP to transcribe full-length coding strands of RNA to serve as
témplates for synthesis of more negative-strand genomic RNA which will be packaged
into new viral capsids. The new viral particles bud out from the cell membrane to infect
neighbouring cells. The Dutch scientists (van den Hoogen et al., 2001) attempted to
infect young turkeys, chickens and macaques with HMPV to determine if HMPV was an
avian transmitted disease or a human originated one. None of the birds showed any
symptoms and no virus replication was detected in them. However, viral nucleic acid
was detected in the macaques, and some of them showed clinical symptoms. They
came to the conclusion that HMPV was a primate-associated virus. Five years later,
another group (Velayudhan et al., 2006) tried to infect groups of young turkeys
separately with the 4 genotypes of HMPV compared with APVc as a control. They

found that all 4 genotypes of HMPV produced short-lived and mild symptoms in the
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turkeys. Viral RNA was also detected by RT-PCR in tissue samples. These results
seem to suggest that the predecessor of HMPV may have crossed from birds to

humans.

Figure 1.5. Life cycle of HMPV- a typical paramyxovirus. (1) A mature virus particle comes into
close proximity with a susceptible host cell. The G protein attaches to specific host cell
receptors and the F protein induces cell fusion by a change in structural conformation. (2) After
fusion of the viral membrane with the host cell membrane, the contents of the viral capsid enter
the cytoplasm. (3) The RNP complex initiates transcription of the negative strand viral RNA
producing (4) positive strand mRNA which code for the various viral proteins. (5) the proteins
are either RNP related, membrane bound, or structural. (6) The membrane bound proteins are
processed via the ER and Golgi and transported to the cell surface where they aggregate with
the M protein and form a new virus capsid. (7) Full length positive-strand RNA is transcribed to
serve as a template for synthesis of (8) new negative-strand genomic RNA. (9) The new
genome assembles with the newly synthesized RNP proteins and moves towards the cell
surface. (10) As a new virus particle forms by budding as the components of the mature virus
gradually assemble. (JJ) The virus is released from the cell surface and is now able to infect a
new host cell.

Other research using animal models (MacPhail et al., 2004) (Hamelin et al., 2005)

(Kuiken et al., 2004) have shown that hamsters, ferrets, cotton rats, BALB/c mice, and



African green monkeys are potentially useful animals to replicate HMPV infection in

humans.
1.6 Worldwide incidence of metapneumovirus

Within a few years after the first discovery of HMPV, the number of reports of HMPV
isolated from clinical samples increased. In continental Europe; HMPV was detected in
France in 2001-2002 (Freymouth et al., 2003) where the prevalence was 6.6%, in Italy
HMPYV prevalence over 3 seasons from 2000-2002 varied from 37 to 7 to 43% (Maggi
et al., 2003) with one-third of the HMPV-positive cases also infected with another
respiratory virus. This study also found HMPV RNA in the blood of 30% of positive
patients. In Austria, a long-term study collected 3576 samples and detected HMPV in
202 (5.6%) of them (Aberle et al., 2010). A study in Ireland found that 2.4% of 171 adult
bronchioalveolar lavage specimens were positive for HMPV (Carr et al., 2005), but
surprisingly, no HMPV was detected in 122 nasal specimens from children. In Spain in
2004, 16.2% of children with respiratory infection below 1 year of age were found to
have HMPV which made it the second most prevalent respiratory virus in children after
hRSV (Ordas et al., 2006). A study across 3 consecutive winter seasons from 2005-
2608 in Greece found about 6% of 380 samples positive for HMPV, with 7 of these
cases being co-infected with influenza A virus (Gioula et al., 2010). The incidence of
HMPV was higher in the younger age groups (under 18 years) compared to influenza
virus. Scandinavian countries also isolated HMPV: 21% of 236 children were found
with HMPV during one winter season in Norway (Dollner et al., 2004), and half were
found to have underlying chronic disease. This was in contrast to a study in Denmark
where only 2.9% of 374 children were HMPV-positive and had mild symptoms
compared to hRSV-infected children (von Linstow et al., 2004). In Finland, 8% of 132
children were HMPV-positive but the study was restricted to those suffering from acute
wheezing (Jartti et al., 2002). In North America, a study in the United States in 2001-

2002 found the prevalence of HMPV at 6.4% with one rare suspected case of
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nosocomial transmission of HMPV (Esper et al., 2003). Another retrospective American
study from 2001-2004 tested 1294 samples and found 34 (2.6%) positive for HMPV
(Gray et al., 2006a) mainly in children below 9 years old. In Canada, a study found
HMPV in 14.8% of 445 specimens in all age groups but a higher rate of hospitalization
incidents for those younger than 5 years and older than 50 years old (Bastien et al.,
2003b). Studies were also done in Latin America. The first study in Mexico (Noyola et
al., 2005) on 558 nasal wash specimens from children under 3 years found 6.1%
infected with HMPV, again making HMPV the second most isolated respiratory virus. A
group in Brazil (da Silva et al., 2008) found 5.6% of 142 specimens positive for HMPV.
A recently published study on 545 samples from Chile had a HMPV detection rate of
10.2% and some of the isolates were classified by phylogenetic analysis into a novel
A3 subgroup (Escobar et al., 2009). In Uruguay, 8% of 217 samples were found
positive for HMPV and sequence data based on the nucleoprotein and attachment
genes detected genotypes A2, B1 and B2 (Pizzorno et al., 2010). A study involving 420
patients from both Peru and Argentina detected HMPV in only 2.3% of the samples
(Gray et al., 2006b). On the other side of the Pacific, a research group in Australia
(Nissen et al., 2002) found evidence of HMPV in 3 patients with respiratory infection as
early as 2002. In New Zealand (Werno et al., 2004), 2-5% of children with bronchiolitis
and pneumonia were infected with HMPV. A serological study in Japan found 72.5% of
a sample population had antibodies against HMPV demonstrating that HMPV had been
- circulating in the Japanese population for quite some time (Ebihara et al., 2003). From
2003-2005, a study in Korea found 7.3% of 381 nasopharyngeal samples from children
positive for HMPV by RT-PCR (Chung et al., 2006). Researchers in Taiwan (Wang et
al., 2006) also found HMPV in children hospitalised for respiratory tract infections but
disease symptoms were mainly mild. The prevalence of HMPV over a one year period
in Hong Kong was 5.5% out of 587 respiratory samples (Peiris et al., 2003). In Hunan
province, China, 6.8% of 661 children with acute respiratory tract infection were
positive for HMPV and over half were co-infected with another respiratory virus like

hRSV (Xiao et al., 2010). Researchers in Thailand worked with the Dutch scientists to
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detect HMPV in 4.2% of 120 children with respiratory disease (Thanasugarn et al.,
2003). In 2010, the presence of HMPV in the Philippines was first reported (Furuse et
al., 2010). However, only two out of 465 samples (0.5%) were positive for HMPV. More
recent studies from countries in the Middle East like Jordan (Kaplan et al., 2006) and
Israel (Regev et al., 2006) have also isolated HMPV from specimens taken from
children. The Israeli study was done on 388 respiratory samples and HMPV was
detected in 10.8% of them with co-infections rarely detected. In Egypt, adults with lower
respiratory tract infection were tested for HMPV (EI Sayed Zaki et al., 2009) and 13.6%
were found positive. In addition, 4.5% were found to be co-infected with Streptococcus
pneumoniae bacteria. In the last three to four years, there have been reports of HMPV
isolated in the African continent. A case controlled study in Kenya found HMPV in 3%
of 759 clinical samples (Berkley et al., 2010) taken from children seen at a district
hospital.

A few long-term studies on HMPV infection have been done. A four year study in
Australia from 2001 to 2004 looking at just over 10,000 samples (Sloots et al., 2006b)
detected HMPV in 7.1% of them. The peak of the HMPV season was from winter to
spring and there was annual change in subgroups in most of the years. A retrospective
study in the United States (Williams et al., 2006b) tested 2,384 samples collected from
1.982 to 2001 and detected HMPV RNA in 5% of the samples. The season was from
December to May and all four subgroups were detected with some years showing
multiple subgroups circulating in the population. A German study from 1996 to 2006
based on a surveillance network for respiratory diseases tested 18,899 samples (Weigl
et al., 2007). An Austrian study on respiratory samples collected between 1987 to 2008
detected HMPV in 5.6% of 3576 samples (Aberle et al., 2010). The researchers found
that one subgroup of HMPV predominates in any one season and the change in
predominant subgroups occurs every one to three years. In addition, they observed
that the peak of HMPV infection shifts from the typical winter-spring months to the
summer months every other year. Another recent study in Sweden on 4,989 samples

collected from 2002 to 2006 detected HMPV in 2.9% of the total (Rafiefard et al.,
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2008). The numbers for HMPV were the highest in March and much more of subgroup
A was detected than subgroup B. In temperate climates, there is a distinctive peak of
HMPV infections during the winter and early spring months. However, in tropical
climates, there is a less pronounced seasonal fluctuation with HMPV infections
generally occurring all year round (Loo et al., 2007). HMPV is clearly a ubiquitous virus
responsible for approximately 5% of respiratory tract infections in the human

population.

1.7 Metapneumovirus in Singapore

So far no study has been performed in Singapore to determine the prevalence of
HMPV in the local population. A study was done between 1999 and 2002 by respiratory
disease physicians at Kandang Kerbau Women’s and Children’s Hospital (KKH) in
Singapore (Goh, 2002) who found that the prevalence of HMPV infection in 287
children seen at the emergency department for asthmatic conditions was 5.2% (15
cases). Despite the restricted cohort, this study gave useful information that HMPV
infection could have a role in the exacerbation of asthma attacks. This has been
observed with other respiratory viruses. Another study done between 2004 and 2005 at
the National University Hospital (Ong ét al., 2007) on an even more restricted cohort of
60 children with asthma and wheezing found 13.3% (8 cases) infected with HMPV. The
most recent study was completed by our group in NTU from 2005 to 2007 based on
nasopharyngeal swabs taken from 500 children admitted to KKH for respiratory
disease. We found the prevalence of HMPV to be 5.8% (29 cases) (Loo et al., 2007).
The presence and distribution of HMPV in Singapore is no different from that found in
other parts of the world. Our group in NTU recently published a review on HMPV in

2008 (Sugrue et al., 2008).
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1.8 Characteristics of HMPV infection

HMPV has been found to cause both lower and upper respiratory tract infection
(Sugrue et al., 2008). Lower respiratory tract infection (LRTI) usually includes
symptoms like wheezing, bronchitis, bronchiolitis and pneumonia and is generally
defined as an infection from the trachea downward into the lungs. Upper respiratory
tract infection (URTI), on the other hand, is an infection of the nose, throat, larynx (e.g.
laryngitis) and upper trachea. URTI can occasionally involve the ear (e.g. otitis media)
and this has been shown to be one of the most commonly associated symptoms of
HMPV infection (Heikkinen et al, 1999; Wiliams et al., 2006a). Other general
symptoms like fever and cough can surface. These symptoms are indistinguishable
from hRSV infection. The incubation period from the initial contact with the virus to
developing full-blown symptoms has been estimated at four to six days (Ebihara et al.,
2004c) which is quite typical of other respiratory viruses. Research on mouse models
have determined that HMPV can persist in the lungs for several weeks despite the
presence of neutralizing antibodies (Alvarez et al., 2004b). This indicates that HMPV is
somehow able to evade the host immune system for a significant length of time. (Liu et
al., 2009) showed that HMPV could actually remain persistent and undetected within
fhe nerve cells in the lungs of BALB/c mice. After treatment with a glucocorticoid
(dexamethasone), the virus was found to be able to reactivate and re-infect respiratory
epithelial cells in close proximity. This new knowledge will have a great impact on
clinical management of HMPV disease. More will be discussed in the following section
on immune response to HMPV (section 1.10). At one end of the spectrum, infected
individuals can be asymptomatic or show very mild symptoms. One study in Italy found
HMPV in 4% of asymptomatic volunteers (Bruno et al., 2009) which suggest that
community spread of HMPV may be due to asymptomatic carriers. Another study by
(Falsey et al., 2006) did not detect any HMPV in a non-infected control group of 158
adults. HMPV infections with potentially more severe outcomes have been reported,

e.g. HMPV-associated encephalitis (Schildgen et al., 2005) and other forms of central
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nervous system infection manifested as febrile seizures (Arnold et al., 2009), both of
which are life-threatening. Patients who are immunocompromised are also susceptible
to serious HMPV infections. In 2003, there was a case report of a fatal infection of
HMPV in a patient after haematopoietic stem cell transplantation (Cane et al., 2003).
Another death was reported of a post-transplant patient in 2006 who had HMPV
infection and rapidly progressing lung cancer (Huck et al., 2006b). However, in the
latter case, the cause of death could not be accorded to HMPV alone even though it
was the only pathogen isolated from bronchoalveolar lavage. One study found
influenza virus and HMPV to be the most common respiratory viruses isolated from
HIV-positive adults receiving anti-retroviral drug therapy (Klein et al., 2010). HMPV and
other respiratory viruses have been detected in a percentage of post-transplant lung
patients (Kumar et al., 2010) and this has been suggested as the cause of organ
rejection. Another study has implicated HMPV in the role of asthma exacerbation
(Williams et al., 2005). The possibility of genogroup A causing more severe disease
than genogroup B was raised by (Vicente et al., 2006) and more recently by (Arnott et
al., 2011), but other groups did not confirm this finding (Debur et al., 2010; Pitoiset et
al., 2010). A recent serological study of a community in Taiwan using an ELISA
platform found 53.2% of preschoolers seronegative, 88.3% of school children
seropositive and 93.7% of aduits seropositive (Huang et al., 2010). Sera from 137
people without respiratory symptoms were tested for HMPV antibodies in Croatia
(Ljubin Sternak et al., 2006) and the highest titers were in children aged 1 to 2 years.
This means that most of the population would have been exposed to HMPV during
their early school-going age and would benefit the most from any sort of vaccination
program. Re-infection has been shown to occur in HMPV by scientists in Canada
(Pelletier et al., 2002) and Japan (Ebihara et al.,, 2004a). This may be a result of
incomplete immune protection which has also been shown in hRSV (Handforth et al.,
2000). However, both cases of re-infection of HMPV were reported in young children
who may be more susceptible due to their less mature immune system. Compared to

hRSV, which usually affects children under two months old, HMPV infection tends to
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occur in slightly older children from three to twelve months in age (Boivin et al., 2003;
Ebihara et al., 2004b; Morrow et al., 2006; Peiris et al., 2003; Williams et al., 2004).
Compared to studies focused on HMPV infection in children, fewer groups looked at
the effect of HMPV infection in the elderly. A retrospective study on some elderly
patients infected with HMPV found that those with underlying conditions are at greater
risk of severe disease and even death (Boivin et al., 2002). Other studies in Japan
(Honda et al., 2006), Canada (Boivin et al., 2007), the United States (Liao et al., 2012;
Louie et al., 2007), Australia (Osbourn et al., 2009) discovered that HMPV outbreaks
are a major cause of morbidity in long-term care facilities which cater to the needs of
elderly persons. Reported fatality rates were as high as 33%. Bosis and colleagues
studied the impact of HMPV disease on children and their families. Their publications
(Bosis et al., 2005; Bosis et al., 2008) concluded that families with HMPV or influenza-
infected children were more prone to fall ill, require more trips to the doctor, require
more anti-pyretic medicines and miss out on school or work. The impact of HMPV on
the economic burden of families is considerable and may be a significant public health

problem.

1.9 Co-infection with other respiratory pathogens

There have been a few reports describing the incidence of co-infections of HMPV and
other common respiratory viruses in patients. One group in the United Kingdom found
that co-infection with HMPV and hRSV led to more severe respiratory disease
(Greensill et al., 2003). The same group of researchers further calculated that co-
infection with HMPV and hRSV would increase the risk of a patient requiring
mechanical ventilation by ten times (Semple et al., 2005). Another group in China
calculated that co-infection of HMPV with another respiratory virus increased the
hospitalization rate (Xiao et al., 2010). In contrast, a few studies did not find any
conclusive link between co-infection and disease severity (Al-Sonboli et al., 2006; Chan

et al., 2003; Mackay et al., 2006). A group in Hong Kong tested patient samples
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collected during the severe acute respiratory syndrome (SARS) outbreak in 2003 and
found that about 12% of 48 the samples were positive for both SARS coronavirus and
HMPV (Chan et al.,, 2003). An Egyptian study found one-third of HMPV infected adults
also had Streptococcus pneumoniae (El Sayed Zaki et al., 2009) but there was no
strong evidence of increased severity of disease. Other factors like genetic disposition

or environmental effects may also contribute to disease severity.

1.10 Immunological responseto HMPVinfection

The effect of HMPV infection on the immune response was studied by a few groups.
(Laham et al., 2004) analysed the cytokines in nasal washes taken from infants with
respiratory symptoms. They compared the level of six cytokines in specimens positive

for influenza virus, hRSV and HMPV (Fig 1.6).
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Figure 1.6. Cytokine levels in respiratory samples of infants adapted from Laham et.al. (Laham
et al., 2004). The infants were infected with either human metapneumovirus (hMPV), human
respiratory syncytial virus (RSV) or influenza virus. TNF-a-tumour necrosis factor alpha, IL-
interleukin. A-1L12, B-TNF-a, C-IL-6, D-IL-1p, E-IL-8, F-IL-10. The vertical bars are the mean
values * standard error ofthe mean (SEM).

(Melendi et al., 2007) performed a follow-up experiment and studied the effect of the

same three viruses on another set of three cytokines (Fig 1.7).
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Figure 1.7. Cytokine levels in respiratory samples of infants modified from Melendi et.al.
(Melendi et al., 2007). The infants were infected with either human metapneumovirus (hMPV),
human respiratory syncytial virus (RSV) or influenza virus. A-IFN-y (interferon gamma), B-IL-4,
C-IL-13. The vertical bars are the mean values + SEM.

The earlier study showed that, compared to hRSV and influenza virus, HMPV has a
rather poor ability to trigger an inflammatory cytokine response. Only similar IL-10
cytokine levels were observed between hRSV and HMPV. This is despite the fact that
both viruses are more related to each other than with influenza virus and that both
viruses cause similar symptoms in infected individuals. The authors suggested that
both hRSV and HMPV cause disease by different mechanisms. In the later study,
HMPV was found to trigger a high IL-13 response compared to IL-4 and IFN-y. The
authors suggested that HMPV causes a shift towards the T-helper type 2 (Th2)
immune response. However, they did not find any association of this Th2 shift with
disease severity. Other research used BALB/c mice as models for human HMPV
infection. (Kolli et al., 2008) found that in HMPV infection, the CD4(+) and CD8(+) cells
are necessary for eradication of the virus in a primary infection but only the CD8(+)
cells are required to protect the mice against a secondary challenge with the same
virus. The mouse model was also used by (Darniot et al., 2009) to study the effect of
age on HMPV infection. It was found that older BALB/c mice produced more IL-4, IL-6
and slightly more CD4(+) cells and this may be the cause of higher mortality of aged
mice than young mice. Another study by (Dinwiddie and Harrod, 2008) found that
HMPV is able to impair the IFN-a signaling pathway in cells by interfering with the
activation of signal transducers and activators of transcription type 1 (STAT1)

phosphorylation. This is very different from the closely related hRSV which uses its

NS1 protein to perform a similar function (Moore et al., 2008). The ability of HMPV to
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activate the expression of retinoic acid inducible gene 1 (RIG-1) and another
associated protein melanoma differentiation associated gene 5 (MDA-5) was shown in
A549 cells (Liao et al., 2008). These two proteins are part of a cytosolic viral sensor
system which recognizes foreign 5’ triphosphate RNA (Hornung et al., 2006; Pichimair
et al., 2006). HMPV G (Bao et al., 2008b) and P (Goutagny et al., 2010) proteins have
been shown to inhibit the action of RIG-1 activity and thereby have the ability to
downregulate the host immune response against itself. According to Bao et. al., the
HMPV G protein binds to RIG-1 and this association interferes with RIG-1-dependant
transcription. Because of this, the downstream activation of antiviral cytokine
transcription factors e.g. NF-kB is hampered. Goutagny et. al. found that only the B1
subgroup phosphoprotein inhibited type 1 IFN response by preventing RIG-1-mediated
sensing of viral 5’-triphosphate RNA. The possible mechanisms for the blocking action
of B1 subgroup P protein include its higher affinity for viral RNA or higher expression

level of B1 subgroup P protein.
1.11  Human metapneumovirus diagnostics

Unlike other paramyxoviruses, HMPV is difficult to grow in cell culture. Isolates of
HMPV have been grown in tMK cells (van den Hoogen et al., 2001), HEp2 cells (Chan
et al., 2003), Vero cells (Biacchesi et al., 2003) and LLC-MK2 cells (Deffrasnes et al.,
2005). However, the cytopathic effects (CPE), if any, can take up to 14 days to show.
Published observations on the CPE by HMPV (Fig 1.8) include formation of hRSV-like

syncytia, rounding up of cells and cellular destruction.
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Figure 1.8. LLC-MK2 cells viewed under an inverted microscope using a 10x objective. (A)
Uninfected cells after 1 week. (B) Cells infected with HMPV after 1 week showing extensive
damage, rounding-up and syncytia formation (arrow).

Even after observing CPE, the follow-up identification test by immunofluorescence
microscopy for the virus would require at least another day’s work. This is certainly a
huge drawback when this method is used in the diagnostic (and research) laboratory
setting. There is no common cell line that offers the best condition for virus growth. In
addition, a typical diagnostic laboratory cannot afford to stock four different cell lines
just to culture one species of virus. On top of these considerations, the lengthy turn-
around-time required to observe CPE in cells means that most patients would most
likely have recovered from a HMPV infection by the time a diagnosis is made. No
surprise then that few diagnostic laboratories are willing to take on culture tests for
HMPV which can cost about S$150-200 per test. A research group in the UK tried
using a less common cell line 16HBE140 to culture HMPV from clinical samples
(Ingram et al., 2006). They found these cells superior to the LLC-MK2 cells used by
many laboratories. HMPV cultured in 16HBE140 cells did not require the addition of
trypsin into the growth media which is a huge advantage. Alternative methods to detect
HMPYV rapidly in clinical settings have been in developed as early as 2003. These
protocols range from conventional end-point reverse-transcription polymerase chain
reaction (RT-PCR) tests (Chan et al, 2003; McAdam et al, 2004) to more
sophisticated real-time RT-PCR methods (Cote et al., 2003; Mackay et al., 2003;

Maertzdorf et al.,, 2004). Antibodies developed for ELISA and immunofluorescence



assay (IFA) (Ebihara et al., 2005; Ishiguro et al., 2005) have also come into use. Tests
based on IFA can be performed in one day, making the results more relevant to patient
management. The cost of each test usually does not amount to more than S$80 (about
the price of a standard bacterial culture with Gram stain). The only initial investment
needed is the purchase of a fluorescence microscope and some plasticware. Many
manufacturers of IFA kits for the detection of HMPV include good control slides which
are very helpful for the less confident medical technologist. The sensitivity of IFA tests
is in the range of 40-80%. This large variation is due to human factors like quality of
specimen collection and technologist experience. Despite some disadvantages, IFA
tests are popular amongst diagnostic laboratories that do not have a sophisticated
setup for RT-PCR-based tests. KKH is currently using an IFA antigen detection kit from
Diagnostic Hybrids Inc, USA which was recently evaluated (Aslanzadeh et al., 2008).
There are few commercial ELISA-based tests for HMPV currently either detecting viral
antigens or host antibodies. ELISA tests for antibodies are especially useful for
screening large numbers of samples, e.g. when trying to determine the level of
seroconversion of a local population (Leung et al., 2005). Some diagnostic laboratories
may prefer to use ELISA if they already have the setup for performing such tests. RT-
PCR-based tests for the detection of HMPV has been increasing because of its
superior sensitivity (>80%) and speciﬁ‘city compared to IFA and culture. RT-PCR tests
can cost between S$80-120 which would be cheaper than culture but more expensive
than IFA. Conventional RT-PCR using a normal thermal cycler and agarose gel
electrophoresis is slowly giving way to real-time RT-PCR using fluorescent dyes and
real-time thermal cyclers. These new instruments can produce results in a few hours
making same-day resuits a reality. Not surprisingly, as more and more cases of HMPV
infection are diagnosed, the demand from physicians for the testing of HMPV has aiso
increased (Aramburo et al., 2011). Diagnostic laboratories now have to consider

including HMPYV detection as part of their repertoire.
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The F protein of HMPV is a type | transmembrane viral fusion protein (Fig 1.9). It is

immunogenic and is synthesized as an inactive precursor molecule FO with a size of

539 amino acids.
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Figure 1.9. Simplified representation of the major domains in the fusion protein of HMPV. The
N- and C- terminals are shown on the left and right of the diagram respectively. Refer to
Chapter 3 for the detailed nucleic acid and amino acid sequences.

The N-terminal contains the signal sequence of the protein which is required for
secretion. It also contains the cleavage site for a trypsin-like protease. The trypsin
cleavage site within the F protein of HMPV is preceded by the proline-arginine-

glutamine-serine-arginine (PRQSR) motif at positions 98-102. This motif is different

from those found in other paramyxoviruses (Fig 1.10).

102
hRSV  ...NNRARRi ELP LSKKRKRRI FL&.
bRSV  ...FSRAKRi GIP MGKKRKRRi HG...
PVM ..KSK-RKKR|] HG...
HMPV __1ENPRQSRi PL...
APVC ...IMSPRKARI  AL...
APVB .. ILSHRKKRi PL...
APVA ..LSSPRRRRi PAL...

Figure 1.10. Cleavage sites for fusion protein of members of the Pneumovirinae subfamily.
Arrows indicate the cleavage sites. The number indicates the amino acid position with respect to
HMPV. hRSV-human respiratory syncytial virus, bRSV-bovine respiratory syncytial virus, PVM-
pneumonia virus of mice, HMPV-human metapneumovirus, APV A/B/C-avian pneumovirus type

A/B/C.

Most of the viruses in the Pneumovirinae family have several basic amino acids

(arginine, lysine) which can be cleaved by the enzyme furin which is quite ubiquitous.



HMPV and APVC cleavage sites are only susceptible to trypsin-like enzymes which

probably restricts their infectivity to certain cell types.
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PIV5 TAAVALVKANENAAATLNLKNATQKTNAAVADWQATQSLGTAVQAVQDHINSVVSPAITAAN
NDV TAASALIQANQNAANILRLKESITATIEAVHEVTDGLSQLAVAVGKMQQFVNDQFNNTAQELD

Measles TAGIALHQSMLNSQAIDNLRASLETTNQAITEATRQAGQEMILAVQGVQDY INNELIPSMNQLS
Nipah  TAGVALYEAMKNADNINKLKSSIESTNEAWKLQE TAEKTVYVLTALQDYINTNLVPTIDKIS
Sendai TAGIALAEAREAKRDIAL IKESMTKTHKSIELLQNAVGEQILALKTLQDFVNDEIKPAISELG
RSV ASGTAVSKVLHLEGEVNKIKSALLSTNKAWSLSNGVSVLTSKVLDLKNY IDKQLLPI'VNKQS
HMPV TAGVAITAKTIRLEGEVTAITKNALKTTNEAVSTLGNGVRVLATAVRELKDFVSKNLTRAINKNK

435 Heptad repeat B (HRB) 477
PI1V5 KLESSQILSIDPLDISQNLAAVNKSLSDALQHLAQSDTYLSAI
NDV SIQDSQVIVTGNLDISTELGNVNNSISNALDKLEESNSKLDKV

Measles DL— GPPISLERLDVGTNLGNAITAKLEDAKELLESSDQILRSM
Nipah GIAIGPPVFTDKVDISSQISSMNQSLQQSKDY IKEAQRLLDTV
Sendai NLTVGPAIAIRPVDISLNLADATNFLQDSKAELEKARMLSEV
RSV I INFYDPLVFPSDEFDASISQVNEKINQS LAFIRKSDELLHHV
HMPV VSSSFDP IKFPEDQFNVALDQVFENITENSQALVDQSNRILSSA

Figure 1.11. Alignment of the heptad repeat A (top) and B (bottom) regions of a few
paramyxoviruses from (Lamb et al., 2006). Identical amino acid residues are highlighted in red.
Similar residues are highlighted in yellow. Numbers indicate the amino acid positions with
reference to PIV5. PIV5-parainfluenza virus 5, NDV-Newcastle disease virus, RSV-human
respiratory syncytial virus, HMPV-human metapneumovirus.

Within the fusion protein, there are 2 heptad repeat domains (HRA and HRB) which are
fairly conserved within the paramyxovirus family (Fig 1.11) and a fusion peptide which
have a role in host invasion (Russell and Luque, 2006). The transmembrane region is
located near the C-terminal. The F protein of HMPV was found to be fairly conserved
among the various genogroups (Biacchesi et al.,, 2003; Boivin et al., 2004; Galiano et
al., 2006; Yang et al.,, 2009). The F gene nucleotide sequences between HMPV
genogroups A and B have an identity of approximately 84-94% and those within the
same genogroup can have as high as 96-98% identity. The amino acid sequences
between genogroups A and B share about 94-96% identity and can be >99% identical
within the same genogroup. The hydropathy plot for the F protein is shown below (Fig

1.12).



»00 200 300 400 500
Amino acid position

Figure 1.12. Kyte and Doolittle hydropathy plot for the F protein of HMPV. Hydrophobic regions
are plotted above the zero horizontal axis. Hydrophilic regions are plotted below the zero
horizontal axis. The horizontal scale indicates the amino acid positions of the proteins. The
proposed transmembrane domain (approximately positions 490 to 520) corresponds to the area
of high hydrophobicity. The cytoplasmic tail is from position 520 to the end. The external domain
is from position 0 to 490. The hydrophobic fusion peptide corresponds to positions 100 to 120.

(Schowalter et al.,, 2006b; Schowalter et al.,, 2009) suggested that both low pH and
trypsin cleavage are essential for the cell fusion activity of F protein. However this was
disputed by (Herfst et al., 2008) who found that low pH induced fusion in HMPV was
not universal but due to a substitution of the glutamate residue by glycine at position
294 of the F protein. (Schowalter et al.,, 2009) later clarified that some strains of HMPV
may have their fusion activity enhanced by low pH and that the effect of endocytosis
inhibitors (Bafilomycin Al, concanamycin A, monensin, dynasore) on the efficiency of
HMPYV infection point to endocytosis as a possible mechanism for HMPV entry. hRSV

was also shown to use clathrin-mediated endocytosis as a method of cell entry

(Gutierrez-Ortega et al.,, 2008; Kolokoltsov et al.,, 2007).
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Figure 1.13. Western blot of HMPV F and G proteins adapted from (Schowalter et al., 2006b).
(A) Treatment of F and G proteins with enzyme peptide N-glycosidase F (PNGaseF) which
removed N-linked glycan chains from the protein. No visible change is noticed in the G protein.
The F protein size is reduced by approximately 10 kDa which is consistent with the removal of
three N-linked glycan chains from the protein. (B) The action of trypsin on the total and surface
expressed F and G proteins of HMPV. Trypsin does not cleave the G protein at all. There is a
small proportion of F total and surface protein cleaved by trypsin as shown by the smaller
product F1 FOindicates the uncleaved F protein.

(Schowalter et al., 2006b) used PNGaseF to remove all the N-linked glycan chains
from the F protein of HMPV (strain CAN97-83) (see Fig 1.13A). They confirmed that all
three N-linked glycan sites are utilized. They also studied the effect of removing the
three N-linked glycosylation sites on the cell fusion function of the F protein. When
each ofthe three asparagine residues (at positions 57, 172 and 353) were individually
point mutated to alanine, it was observed that the mutation at position 353 reduced cell
fusion activity the most whereas the mutation at position 57 reduced cell fusion activity
the least. They observed that like other paramyxovirus fusion proteins (Russell and
Luque, 2006), the inactive FO protein of HMPV needs to be cleaved into its active
components F1 and F2. They demonstrated the action of trypsin on the total and
surface expressed uncleaved F protein (Fig 1.13 B). (Shirogane et al.,, 2008) managed
to propagate HMPV efficiently in Vero cells which constitutively express the serine
protease TMPRSS2. Another study attempted to eliminate the dependence of F
protein-mediated fusion on trypsin by creating trypsin-independent F mutants
(Biacchesi et al.,, 2006) but found this did not increase virus replication in animal

models. It is possible that the HMPV F protein utilizes similar mechanisms for cell entry



as other paramyxoviruses like hRSV which have been well studied (Colman and
Lawrence, 2003; Lamb et al., 2006; Russell and Luque, 2006) and referred to as

receptor-mediated fusion.

Figure 1.14. Suggested mechanism of paramyxovirus fusion protein action (Jardetzky and
Lamb, 2004). (a) The pre-fusion protein generally exists as a trimer in metastable conformation
with the transmembrane domain (purple) inserted into the virus envelope. The heptad repeats A
(orange) and B (pink) are also shown. The F protein would have been cleaved by a protease to
enable proper folding and exposure of the fusion peptide (red), (b) Binding to a host cell
receptor by the attachment protein triggers a conformational change in the fusion protein trimer
which results in the fusion peptide inserting into the host membrane, (c) Multiple trimers are
required to activate the membrane fusion process, (d) The trimers start to fold to a lower energy
state and pulls the two lipid membranes towards each other, (e) The two sets of heptad repeats
come together forming a restricted hemifusion stalk that allows the lipids in the outer leaflets of
the membranes to mix. (f) The folding process is completed forming the most stable form of the
fusion protein,with the fusion peptide and transmembrane domain anti-parallel to each other.
Only stages (a) and (f) have been observed by crystallography, but the other stages are
supported by biochemical data.

Receptor-mediated fusion takes place when the virus is in close proximity to a
susceptible host cell. The attachment protein (G) first binds to a cell surface receptor.
The mechanism of the action of the G protein is not well understood but probably
involves a conformational change in the protein after receptor binding which in turn
activates the fusion (F) protein. Thermal energy is also required for fusion. The virus-
host cell fusion process (Fig 1.14) is a complex one which consists of several steps.
These include: dimpling, lipid stalk formation, hemifusion, transient pore formation and
pore enlargement. Since the fusion of two distinct lipid bilayer membranes does not

spontaneously occur in nature, the F protein is required to bring about this via



conformational changes. The F protein exists as a trimer under natural conditions.
Cleavage of FO into F1 and F2 are necessary for the subsequent steps. Other well-
studied type |viral fusion proteins are the haemaglutinnin (HA) protein from influenza A
virus, the gp4l protein from HIV, the S protein from SARS coronavirus and the GP
protein of Ebola virus. The pre-fusion form of the F protein (Fig 1.14 a) has been
demonstrated in parainfluenza virus 5 (PIV5) by (Yin et al.,, 2006). The shape of the
pre-fusion protein is similar to a mushroom where the stalk is formed by HRB and the
transmembrane domain anchors the protein in the lipid membrane. The globular
structure is formed by the folded domains of HRA, fusion peptide and the F2fragment.
At this point the fusion peptide is folded inwards within the globular structure. Slight
refolding is triggered by the attachment of the G protein to the surface receptor. The
next stage is the formation ofthe pre-hairpin intermediate (Fig 1.14 b) where the coils
of HRA form a triple coiled structure to project the now exposed fusion peptide into the

host cell membrane.
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Figure 1.15. A proposed model of the various energy states ofthe paramyxovirus fusion protein
adapted from (Russell et al., 2003). A) The four steps of membrane fusion. FP-fusion peptide,
HRA-heptad repeat A, HRB-heptad repeat B, HN-haemagglutinnin neuraminidase, F1 and F2-
fusion protein, 6HB-six helical bundle. B) The graph of the energy states of the various fusion
intermediates.



The final conformation ofthe fusion protein is the post-fusion (fusogenic) form (Fig 1.14
f) where the triple coils of HRA and HRB fold towards each other. This action moves
the fusion protein into the lowest energy state. A diagram of the various energy states
of the trimeric fusion protein is shown in Fig 1.15. The HRB triple coils slot into the
grooves formed by the triple coils of HRA to form the six helical bundle (6HB). This
6HB structure was resolved in parainfluenza virus 3 (PIV3) (Yin et al., 2005) and
Newcastle disease virus (NDV) (Chen et al., 2001). Both groups of researchers
managed to purify soluble forms of the cleaved F protein and found that they
spontaneously folded into the post-fusion form. It is possible that the metastable pre-
fusion form could be held in place by the presence of the transmembrane region and
serve as a source of potential energy which can be released during the folding process

(Bissonnette et al.,, 2009; Waning et al., 2004).

The G protein of HMPV is a type Il transmembrane protein. It has a transmembrane
region nearthe N-terminal (Fig 1.16). The G protein is similar in structure to the mucin-
like proteins which are a highly glycosylated group of proteins produced by epithelial

cells.
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Figure 1.16. Simplified representation of the major domains in the attachment protein of HMPV.
N- and C-terminals are shown on the left and right ofthe diagram respectively. Refer to Chapter
3 for detailed nucleic acid and amino acid sequence.
The nucleotide sequences of G genes are highly variable (Bastien et al., 2004;
Biacchesi et al., 2003; Galiano et al., 2006; Peret et al., 2004) with identity between A

and B genogroups of only 45-79% compared to 74-100% within the same genogroup.

The amino acid sequences between genogroups A and B have only 31-67% identity



compared to 91-100% within the same genogroup. The earliest work to study the
characteristics of the G protein was by (Peret et al.,, 2004). They analysed the G
proteins of 25 HMPYV isolates and compared them according to their genogroup. The
isolates belonging to genogroup A had G proteins that were about 219 amino acid
residues in length. G proteins belonging to genogroup B were about 236 residues in
length. Althought the nucleic acid and amino acid sequences between genogroups
were clearly different, the Kyte and Doolittle (Kyte and Doolittle, 1982) hydrophobicity
profiles (Fig 1.17) turned out very similar, especially the position ofthe transmembrane
domain. This suggests that despite the differences in sequence identity and length, the
G proteins of both HMPV subgroups probably have the same functional role. It was
also determined that the variation of the G protein is not significantly due to repeated
passage of the virus through cell culture. (Bastien et al., 2004) compared both

subgroups ofHMPV G protein byWestern blot(Fig 1.18).

20 40 60 80 100 120 140 160 180 200 220

Amino acid position

Figure 1.17. Kyte and Doolittle hydropathy plots for the G proteins of HMPV subgroups A and B
adapted from (Peret et al., 2004). Hydrophobic regions are plotted above the horizontal axes.
Hydrophilic regions are plotted below the horizontal axes. The horizontal scale indicates the
amino acid positions of the proteins. The proposed transmembrane domain (approximately
positions 30 to 55) corresponds to the area of high hydrophobicity. The cytoplasmic tail is from
position 0 to 30. The external domain is from position 55 onwards.



The G protein from the A genogroup produced a different pattern on Western blot from
the G from the B genogroup (Bastien et al., 2004) which seems to indicate that the
glycosylation characteristics between genogroup A and B are very different (Fig 1.18).
Both G proteins were noted to run at a much larger size than the expected 25-27 kDa.
The subgroup A protein exhibits a protein smear between 60-80 kDa and another
product at 50 kDa. The subgroup B protein shows a protein smear between 45-60 kDa.
(Schowalter et al., 2006b) also analysed the G protein of Canadian HMPV strain CAN
97-83 which belongs to the A subgroup. They found that the G protein expressed on
the cell surface showed a smear of size 60-70 kDa and a minor band at 45 kDa (Fig

1.13 B). This profile is similar to that observed in Fig 1.18.

0

Figure 1.18. The Western blot detection of HMPV G from both subgroup A and B. Photograph
modified from (Bastien et al., 2004). a) CAN99-81 is a subgroup A HMPV. b) CAN99-80 is a
subgroup B HMPV. The protein size markers on the left are shown in kDa.

The G protein was found to be heavily glycosylated in its mature form due to the
presence of N-linked and O-linked sugars (Liu et al., 2007). The same group of
scientists also performed deglycosylation experiments and found that the smear
observed at about 90 kDa in HMPV G protein is due to the presence of O-linked
glycans, whereas the smaller species on Western blot were due to various N-linked
glycosylated forms of G protein. A study using deletion mutants of G protein resulted in
reduced virus replication in hamsters (Biacchesi et al., 2004) but also suggested that

the F protein and not the G protein was an essential component of virus replication.



Another work suggested that the G protein interacts with glycosaminoglycans as part of
their attachment strategy (Thammawat et al., 2008). The authors found that the HMPV
G protein interacts with heparin and treatment of HEp-2 cells with soluble heparin
reduces the infectivity of HMPV. This heparin-binding phenomenon has been observed
in experiments involving the closely-related hRSV (Feldman et al., 1999; Shields et al.,
2003). (Wyde et al., 2004) experimented with heparin as a potential anti-viral against
HMPV and noted that it had similar activity against hRSV but not against parainfluenza
virus type 3 nor measles virus. Few detailed structural studies on paramyxovirus
attachment proteins have been performed. One of them involved the haemagglutinnin-
neuraminidase (HN) protein of PIV5 by (Yuan et al., 2005). They found that the HN
protein exists in the form of a tetramer and that the N-terminal stalk was essential for
maintaining this tetrameric structure. Changes in the C-terminal domain of the HN
protein after receptor binding may be the trigger or signal for the F protein to initiate
fusion. This may serve as a model for HMPV G protein binding action. HMPV F and G
protein interaction has not been studied but this could prove useful in understanding

the mechanism of HMPV entry into host cells.
1.13  Glycosylation of virus proteins in mammalian and insect cells

Some proteins encoded by virus genomes are found on the surface of the viral
envelope. Examples of these are the F and G proteins of HMPV. The mature form of
these envelope proteins are usually glycosylated to varying degrees. Glycosylation
refers to sugar molecules or {:hains covalently bound to certain amino acid residues.
Viral envelope proteins undergo two major types of glycosylation: N-linked (reviewed
by (Elbein, 1991) and O-linked glycosylation (reviewed by (Van den Steen et al., 1998).
N-linked glycosylation occurs at the asparagine residues which are part of an
asparagine-X-serine/threonine (N-X-S/T) motif (refer to Fig 1.19). HMPV F has three of
these N-X-S/T motifs: N57 in the F2 fragment, N172 and N353 in the F1 fragment.

There are generally three varieties of N-linked glycosylation side chains in mammalian
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cell systems: the immature (high mannose), mature (complex) or hybrid type, and

these are usually indicative ofthe different levels of processing.
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Figure 1.19. lllustration ofthe process of N-linked glycosylation of proteins in mammalian cells.
The ER is the location of the start of synthesis. This begins when the first N-glycan chain is
linked to a lipid-based molecule (dolichol phosphate) found within the membrane ofthe ER. The
addition of the first N-glycan chain of 5 mannose and 2 N-acetylglucosamine molecules
(Man5GIcNAc2) occurs on the cytosolic side of the ER. The N-glycan chain then flips into the
lumen of the ER where the size of the N-glycan chain is gradually increased to the
Glc3Man9GIcNAc2 precursor form. The precursor form is then transferred to an appropriate
asparagine residue in the growing polypeptide chain by an oligosaccharyl transferase enzyme.
The glucose molecules are gradually removed by glucosidases in the ER as the synthesis of the
protein is completed and transits from the ER to the Golgi. Once the glucose molecules are
removed, the N-glycan chain is considered to be the high mannose form. Within the cis-Golgi,
mannosidase enzymes further trim the N-glycan chain to leave a shorter intermediate
(Man5GIcNAc?2) form. A transfer of a single N-acetylglucosamine molecule to the al-3 branch
mannose chain results in a hybrid (GIcNAcMan5GIcNAc2) form. The hybrid and high mannose
N-glycans are susceptible to cleavage by endoglycosidase H (EndoH). In the medial Golgi,
additional trimming and processing ofthe N-glycan chain results in the core Man3GIcNAc2 that
can possess 2-4 chains of N-acetylglucosamine. The N-glycan chain is now in the complex
form. Finally in the trans-Golgi, additional molecules of galactose (Gal) or N-
acetylgalactosamine (GalNAc) and sialic acid are added to the chains. Occasionally, fucose
sugars are added to the N-glycan chain at the first N-acetylglucosamine residue.

Initiation of N-linked glycosylation takes place in the endoplasmic reticulum (ER) when
a precursor complex of 3 glucose, 9 mannose and 2 N-acetylglucosamine molecules

(Glc3Man9GIcNAc?2) are linked to an asparagine residue.



Figure 1.20. lllustration of the differences in the N-linked glycosylation pathways of insect and
mammalian cells (Shi and Jarvis, 2007). The formation of high mannose and hybrid chains have
been shown together with the associated enzymes. The square box indicates the
GIcNAcMan3GIcNAc2(zal-6Fucose) intermediate. Insect cells produce N-acetyl
glucosaminidase which trims the terminal GlcNac leaving the Man3GIcNAc2(Fucose) structure
known as paucimannose. A second fucose molecule may be added to the al-3 site of the first
GIcNAc molecule. Mammalian cells, on the other hand, add another GIcNAc via N-
acetylglucoaminyl transferase Il to produce the first complex N-glycan chain. Subsequent
enzymatic additions of galactose (Gal) or N-acetyl galactosamine (GalNAc) followed by terminal
sialic acid molecules complete the N-glycosylation pathway.



Cleavage of the 3 glucose mo{ecules results in the high mannose form. As the protein
transits from the endoplasmic reticulum to the Golgi, sequential cleavage of mannose
molecules and addition of galactose (or N-acetylgalactosamine) and sialic acid
molecules to the sugar chains results in a large complex molecule. The final
glycosylated protein which appears on the surface of the viral envelope is usually made
up of 2-4 mature sugar chains. Generally these N-linked side chains are about 2-3 kDa
in molecular weight and can contribute to the apparent shift in size of the protein. N-
linked glycan chains have been shown to play a role in the proper folding of the protein
molecule (Parodi, 2000). Experiments based on proteins with defective N-glycans do
not pass through the secretory pathway.Within the insect cells, the process of N-linked
glycosylation is slightly different (refer to Fig 1.20). The initiation and processing of the
N-glycan chain is identical to that in mammalian cells up to the point of the hybrid
MansGIcNAc, and GIcNAcMansGIlcNAc, intermediates. It is after this intermediate
stage that the mammalian and insect processing pathways diverge. Insect N-glycan
chains will undergo trimming by N-acetyl glucosamidase to produce paucimannose
structures. The most common form of O-linked glycosylation occurs at serine or
threonine residues. Sometimes these modifications are referred to as mucin-type
glycosylations because they are thought to be responsible for the formation of mucus-
like glycoprotein layers (also known as mucoproteins or mucopolysaccharides)
covering the outside of some eukaryotic cells. These mucins are known to protect the
protein chain from degradation by proteases. Other studies have demonstrated that
mucins are also important in protecting the virus from the host immune system
(Rawling and Melero, 2007; Sugrue, 2007).

These are generally formed by an N-acetylgalatosamine linked to a serine or threonine
residue in the Golgi which in turn is bonded to a combination of galactose, N-

acetylglucosamine or sialic acid molecules in a sequential reaction (see Fig 1.21).
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Figure 1.21. lllustration of the 8 possible core structures for O-glycan chains (Jensen et al.,
2010). Linkages not indicated by “a” are “P” linkages. The linkage position and numbering can
be referred to the icon in the lower left corner. Gal-galactose, GalNAc-N acetylgalactosamine,
GIcNAc-N acetylglucosamine.

O-linked glycosylations, unlike the N-linked variety, are highly variable. They generally
do not give rise to predictable sugar chain composition and this can result in a myriad
of glycoprotein forms. Even though a single O-glycan chain has a molecular mass of
less than 1 kDa, the sheer number of possible sites for O-linked side chains in a
transmembrane protein can result in a shift in size from 10-100 kDa. The G protein in
HMPV has between 4-6 possible sites for N-linked glycans but approximately 10-12
times the number of O-linked sites (estimated by the number of serine and threonine

residues in the protein).

1.14 Baculovirus and its derived expression system

Baculovirus belong to the baculoviridae family of insect viruses which naturally infect
larvae of the lepidopteran (butterfly and moth) order of insects. Baculoviruses are
divided into 3 main genera (Fig 1.22). Genus A viruses are also known as nuclear
polyhedrosis viruses (NPV). Genus B viruses are also known as granulosis viruses
(GV). Genus C viruses are also known as the non-occluded viruses. The NPV are

further divided into 2 main groups known as the singly-enveloped nuclear polyhedrosis



viruses (SNPV) and multiply-enveloped nuclear polyhedrosis viruses (MNPV). SNPVs
only have one viral capsid per virion unlike MNPVs which can have multiple viral

capsids per virion.

Family Baculoviridae

Genus A Genus B
Nuclear polyhedrosis viruses Granulosis viruses
(NPV) (GV)

Singly envelaped NPV (SNPV) Genus C

Non-occlusion viruses

Multiply enveloped NPV (MNPV)

Figure 1.22. Classification of the Baculoviridae family of viruses and its three
genera.

The virus used in this study is derived from the Autographa californica (alfalfa looper)
multiply-enveloped nuclear polyhedrosis virus (AcMNPV). The size of the virus capsid
ranges from 30-50 nm. The virus genome is composed of circular double-stranded
DNA which is approximately 130 kb long. The virus life cycle is divided into 2 main
phases (Fig 1.23): the occluded virus (OV) and the budded virus (BV) phases. These 2
' phases are also known as primary and secondary infection. The BV form of the virus
consists of the viral DNA encased in a capsid which is surrounded by a lipid envelope
derived from the host cell. The lipid envelope contains the GP64 protein which is
known to be involved in fusion with uninfected cells (Monsma et al., 1996) via
attachment to cell surface receptors (Westenberg et al., 2007). Once the BV fuses with
the new cell membrane, it is endocytosed. Cellular endosomes fuse with the BV
endosome under acidic conditions to release the viral capsid into the cytoplasm. The
viral capsid moves into the nucleus where the viral DNA is released and transcription
initiates. Within the nucleus, replication of the virus occurs and this produces more viral
capsids which exit the nucleus and bud out from the cell membrane to form progeny

BV particles. The OV form of the virus contains the same basic BV form enclosed in a
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polyhedron (PH) matrix. This matrix is resistant to environmental stress like heat and
light allows the OV particle to remain on plant leaves for extended periods of time until
other insect larvae ingest the OV forms found on the leaves. In the insect gut, the OV
form loses the polyhedron matrix due to the alkaline lysis, thus releasing the occlusion
derived virions (ODV). The ODV fuse with the columnar epithelial cells and release the
viral capsid into the cytoplasm. The viral capsids can either proceed to the nucleus for
viral replication or be transported to the basal side of the cell membrane to bud out into
BV forms. The infected cells in the insect midgut do not develop OV forms. In the early
stage of infection (0-12 hours), there is increasing cell activity as the virus prepares for
replication as the growth and division of the cell rapidly ceases. The BV forms can be
detected from 6-36 hours post-infection. This is known as the late stage of infection.
During this stage, the cell nuclei can be seen to be enlarged. The OV forms start to
appear from 24 hours onwards only during the very late stage of secondary infection. it
is during this stage that the cells start to die and lyse. Upon cell lysis, the accumulated
OV forms are released into the environment.

Cell lines from Spodoptera frugiperda (fall armyworm) can be used to grow and amplify
the virus particles. Two common variants of these cell lines are Sf9 and Sf21. These
cells can be grown as adherent cells in standard tissue culture flasks or as a
suspension in shaking flasks. They have a round shape with a distinctive clear halo
surrounding the cell when viewed under a microscope. Another cell line is from
Trichoplusia nii (alfalfa looper), usually known as High Five cells. These cells are
usually used for high level of protein expression and can only be grown adhered to
tissue culture flasks. These cells have polygonal shape like some mammalian cell

lines.
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Figure 1.23. lllustration of baculovirus life-cycle from Fields Virology (Fields et al.,, 2007). Both
primary infection (B) and secondary infection (A) processes are shown. The primary infection
begins with the OV form of the virus in the midgut and this occurs when the insect larvae ingest
the OV particle. The secondary infection begins with the BV form and is a result of cell-to-cell
spread of the virus in culture or non-gut cells of insects.

Some of the genes in AcMNPV are non-essential for infection and replication in host
cells. Two of these genes: the polyhedron (PH) gene and pl0 protein gene can be
replaced with foreign gene sequences of various proteins of interest to allow the
recombinant expression of proteins driven by the strong PH and pl0 gene promoters
(Condreay and Kost, 2007). A major advantage of using baculovirus expression
systems is that they are extremely safe since there is no possibility that humans can be
infected by baculovirus. In addition, protein expressed in baculovirus can undergo post-
translational modification wunlike in prokaryotic systems which do not modify
recombinant expressed proteins. However, some of the post-translational
modifications, like N-linked glycosylation, which occur in baculovirus are somewhat
different from that in mammalian cells. This has already been discussed in the previous

section.



1.15 Development of anti-virals, vaccines and virus-like particles

There is a need to develope vaccines against HMPV because of the impact of HMPV
infection on wvulnerable groups like the young, the elderly and the
immunocompromised. Early attempts at producing a vaccine used the strategy of
immunizing cotton rats (Yim et al., 2007) and macaques (de Swart et al., 2007) with
formalin-inactivated virus. Unfortunately, in both instances, the animals pre-exposed to
formalin-inactivated virus developed serious secondary hypersensitivity reactions when
challenged subsequently with the same live virus which resulted in significant
respiratory tissue damage. These cotton rats developed pneumonitis and alveolitis.
These macaques developed tracheo-bronchitis and alveolitis. The results of these
experiments ruled out the use of formalin-inactivated virus for human use. In the 1960s,
similarly prepared vaccines for hRSV and measles virus resulted in severe puimonary
disease (Fulginiti et al., 1967) and the death of two children (Kim et al., 1969) due to a
similar hypersensitivity reaction. Experiments on cotton rats with formalin-inactivated
parainfluenza 3 virus also triggered hypersensitivity (Ottolini et al., 2000). Other
alternative strategies for vaccine production were studied. Live, attenuated vaccines
(reviewed by (Buchholz et al., 2006) involving the deletion of G, M2-2 protein or
substitution of the P protein have been tested with promising results. Another option is
the production of a chimeric protein from parainfluenza 3 virus and HMPV F protein
which has been shown to work well in animals (Tang et al., 2005). Ryder and
colleagues studied the possibility of using the secreted ectodomain of HMPV G protein
as vaccine in cotton rats (Ryder et al., 2010) but concluded that even though there
were high levels of antibodies produced against HMPV G, they were not protective
against repeat virus challenge. (Deffrasnes et al., 2008b) screened over 200 synthetic
molecules and shortlisted two siRNA molecules which showed good activity in
inhibiting HMPV replication. One siRNA molecule targets the N protein mRNA while the
other targets the P protein mRNA. These two siRNA molecules seemed to work even if

there were one or two mismaiches in the sequences. (Miller et al., 2007) attempted to
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construct peptide inhibitors against the heptad repeat regions of the HMPV F protein.
They made analogues to the heptad repeat regions A and B which had high thermal
stability and could bind to the virus heptad repeats to prevent the natural formation of
the six helical bundle ofthe virus fusion protein thereby preventing virus-host cell fusion
(Fig 1.24). (Deffrasnes et al.,, 2008a) also constructed peptide inhibitors to the heptad
repeat regions and found one of their molecules to be highly effective at reducing viral

loads in the lungs oftest animals.
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Figure 1.24. lllustration ofthe action ofthe fusion protein of HMPV in the absence and presence
of fusion inhibitors from (Miller et al., 2007). (A) The normal process of virus-host cell fusion
triggered by the fusion protein. The fusion peptide extends into the host cell membrane followed
by the conformational change in the fusion protein which results in the overlapping of the two
heptad repeat regions (HRA,HRB) to form the coiled coil structure to bring about the fusion of
the virus and host cell membranes. (B) The presence of synthetic HRA peptides can interfere
with this process by (1) forming a trimer and competitively binding the HRB region or (2)
displacing the normal HRA and preventing the fusion peptide insertion.

(Wyde et al., 2003) experimented with ribavirin (a licensed anti-viral compound used to
treat serious hRSV infections), immune globulin designed for intravenous use (i.v.IG)
and palivizumab (humanized monoclonal antibody against hRSV) against hRSV and

HMPV in tissue culture cells. Both ribavarin and i.v.IG were able to reduce hRSV and



HMPV titres equally. However, ribavarin is known to have many side-effects which may
outweigh its beneficial uses (NLM, 2010). (Hamelin et al., 2006) also tested the effect
of ribavirin and glucocorticoid on HMPV-infected BALB/c mice. They found that ribavirin
was effective in reducing the viral load and inflammation in the mice whereas
glucocorticoid was only effective in reducing inflammation. Another compound known
as NMSO3 was tested on tissue culture cells infected with HMPV (Wyde et al., 2004).
This compound was previously found to be effective at inhibiting hRSV-infected cotton
rats and tissue culture cells (Kimura et al., 2000). NMSO3 was able to inhibit replication
in HMPV-infected cells specifically during the virus attachment and penetration phases.
This observation is interesting considering that a later work by (Kimura et al., 2004)
found that NMSO3-resistant hRSV strains carried mutations in the G protein implying
that the mechanism of action of NMSO3 may be the interference of host-virus

interaction.

Virus-like particles (VLPs) are artificially synthesised virus shells lacking the genes
within the viral capsid. The complexity of the live virus will have an impact on the
complexity of synthesis (Noad and Roy, 2003). Non-enveloped viruses are the least
complex because they usually only require one or two major capsid proteins to form a
viral capsid structure. VLPs of enveloped viruses are more challenging to produce
because they contain additional transmembrane proteins in the envelope. In
paramyxoviruses, VLPs can be produced by the transfection of 3-4 plasmids into a
permissive cell line. The plasmids are expression vectors compatible to the cells used
and fused with a viral protein gene which is known to be essential for viral capsid
synthesis. The viral protein genes transfected normally include those for the
nucleoprotein, matrix protein and fusion and/or attachment protein. VLPs have been
made from parainfluenza 1 virus (Coronel et al., 1999) using nucleoprotein and matrix
protein; from simian virus 5 (SV5) (Schmitt et al., 2002) and Newcastle disease virus
(NDV) (Pantua et al, 2006) wusing nucleoprotein, matrix protein,

haemagglutinnin/neuraminidase protein and fusion protein; from Nipah virus (NiV)
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(Patch et al., 2007) using nucleoprotein, matrix protein, fusion protein and attachment
protein. Other than the work on NDV, all the other three virus proteins were expressed
in HEK 293T cells using the pCAGGS vector. Since VLPs do not contain any viral
genomic information, they are non-infectious, yet have been shown to elicit very good
immune responses via the cellular and humoral pathways (Tacket et al., 2003) and
have been demonstrated to be more immunogenic than monomeric proteins
(Tamminen et al., 2012). In addition, VLPs can be applied to vaccine production
(Madhan et al., 2010), virus structural studies, replication mechanisms and drug
delivery mechanisms. So far, the only baculovirus-derived VLP vaccine approved for
human use is the the Cervarix vaccine (Harro et al., 2001) against human
papillomaviruses. It is a relatively simple VLP vaccine consisting of one structural viral
protein and it remains to be seen if more complex VLPs can be applied just as

successfully.

1.16  Aims of this research project

The aims of this research project are:

1) To determine the prevalence of HMPV in Singapore children admitted to
hospital for respiratory symptoms and to screen patient specimens for the
presence of other newly discovered or less commonly detected respiratory
viruses.

2) To study the interaction between the fusion and attachment proteins of selected
clinical HMPV isolates by expressing the proteins in tissue culture cells and to
assess the role of certain domains of the fusion and attachment proteins by
mutation studies.

3) Compare the characteristics of expressed HMPV fusion and attachment

proteins in insect cells to those of mammalian cells.
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4) To investigate the possibility of producing virus-like particles in both mammalian
and insect tissue culture cells with the intention to applying them to the

production of vaccines for humans or antibodies for routine diagnostic use.
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Chapter 2. Materials and Methods

21 Collection and screening of clinical specimens

2.1.1 Ethics approval for the use of patient specimens

Prior to the commencement of the research project, written approval of the Institutional
Review Board (IRB) of KKH was sought for the collection of 200 patient specimens for
screening for HMPV. This figure was later revised upwards to 500 patient specimens.
The IRB is responsible for overseeing the ethical aspects of research done in KKH. In
order to receive IRB approval, the main condition which needed to be met was that
specimens had to be anonymised and given a unique identifier, and therefore cannot
be used to trace any information about the original patient. The IRB approval number is

EC/043/2004.

2.1.2 Collection of specimens

Clinical specimens used for the study were derived from nasopharyngeal swabs
(Copan, ltaly). These swabs (Fig 2.1) consist of a thin aluminium shaft with a Dacron
tip which can be transported in a sponge soaked in virus maintenance media
containing the antibiotic gentamicin and the antifungal amphotericin B. The swab must
be gently inserted into the nostril and slowly pushed inward until the tip contacts the
inner wall of the nasopharynx. The swab must be left for a few seconds, or rotated
gently, then slowly withdrawn and placed into the transport tube. Specimens for this
study were collected by the ward staff and dispatched to the microbiology laboratory for

routine screening of respiratory viruses.
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Figure 2.1. Nasopharyngeal swab used for obtaining samples from patients.

2.1.3 Screening for common respiratory viruses

Upon arrival in the laboratory, the nasopharyngeal swabs were vortexed in a capped
15 ml tube containing 0.5 ml of phosphate-buffered saline (PBS) to dislodge the
nasopharyngeal cells. The resulting cell suspension was then applied to a Teflon-
coated 12-well slide for air-drying in a biosafety cabinet followed by fixing in cold
acetone. The fixed cells were then air dried and overlaid with a commercial screening
reagent (D3 Ultra Respiratory Virus Screening Kit, Chemicon-Millipore, USA) for the
detection of antigens of 7 common respiratory viruses: hRSV, influenza A and B virus,
parainfluenza 1, 2 and 3 virus and adenoviruses. The slides with reagents were
incubated at 37°C for 15 minutes in a humid container. After incubation, the slides were
washed in a shaking tray of PBS for 5 minutes. After washing, the slides were air-dried
again before mounting with buffered glycerol and a coverslip. The slides were
examined under a fluorescence microscope (Leica DMLB, Leica, Germany) with a
FITC filter. Specimens which showed a positive result for the presence of any of the 7
respiratory viruses would contain “apple-green” fluorescent cells (Fig 2.2) under light of
wavelength 480 nm. The positive sample can next be tested against individual antibody

reagents to confirm the identity ofthe viral pathogen.

Figure 2.2. Photograph of clinical

sample positive for influenza B. The t %
nasopharyngeal cells were stained with f
specific antibodies for influenza B.



2.2 Nucleic acid detection of other respiratory viruses

2.2.1 Extraction of viral nucleic acids from specimens

The starting material for nucleic acid extraction was 140 pl of the nasopharyngeal cell
suspension in PBS. The Viral RNA Mini Kit (Qiagen, Germany) was used according to
the manufacturer’s instructions. Briefly, the volume of cell suspension was mixed with
560 ul of AVL buffer in a microcentrifuge tube and incubated at room temperature for
10 minutes. Next, 560 ul of absolute ethanol was added to the tube and the entire
solution was spun through a column to bind the nucleic acids. The column was then
washed by spinning through consecutively with 500 ul of two wash buffers (AW1 and
AW?2). After a final spin-dry at maximum speed, the nucleic acids were eluted with 60 pl

of RNase-free water. The nucleic acid extracts were stored at -80°C until ready for use.

2.2.2 Detection of human metapneumovirus

Detection of human metapneumvirus RNA was carried out by real-time RT-PCR based
on the protocol by (Maertzdorf et al., 2004). The amplification target was the
' nucleoprotein (N) gene of HMPV and this was determined to be a consensus region
within the 2 main serogroups and 4 subserogroups. The reagents were from the
OneStep RT-PCR kit (Qiagen, Germany) and prepared according to the manufacturer's
instructions. The amplification reactions were run on a RotorGene 3000 instrument
(Corbett Research, Australia). The amplification conditions and primer/probe

sequences are shown below:

Forward primer, NLN-F: 5’-cat ata agc atg cta tat taa aag agt ctc-3’

Reverse primer NLN-R: 5'-cct att tct gca gea tat ttg taa tca g-3’

Probe, NLN-P: FAM 5'-tgy aat gat gag ggt gtc act gcg gtt g-3' TAMRA
Reverse transcription 50°C for 30 min

Initial denaturation 95°C for 15 min

Denaturation 95°Cfor20 s }

Annealing/extension 60°C for60 s }45 cycles, detection at FAM
channel
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Samples that showed the characteristic amplification curve were regarded as positive

for HMPV and the cycle threshold (Ct) values were recorded.

2.2.3 Detection of human bocavirus

The RNA extracts were also screened for the presence of human bocavirus (HBoV)
according to the protocol by (Sloots et al., 2006a) which used conventional PCR
followed by agarose gel electrophoresis to target part of the NS1 gene of HBoV (see
primers and conditions below). Platinum Taq DNA polymerase Kit (Invitrogen, USA)
was used. Amplified DNA fragments (290 bases) from HBoV-positive samples were
purified and extracted (refer to section 2.3.2) and confirmed by sequencing using the
same primers for PCR (Tan et al., 2009b).

Forward primer, HBoV(01.2: 5'-tat ggc caa ggc aat cgt cca ag-3’
Reverse primer, HBoV02.2: 5’-gcc geg tga aca tga gaa aca ga-3'

Reverse transcription 50°C for 20 min

Initial denaturation 95°C for 15 min

Denaturation 94°Cfor20s }
Annealing 56°Cfor20s 145 cycles
Extension 72°C for30 s ]

2.2.4 Detection of human coronavirus

Detection of human coronavirus (HCoV) was performed by SYBR-green real-time RT-
PCR according to (Escutenaire et al., 2007) which targets the orf 1b region of HCoV.
The SYBR-Green RT-PCR kit (BioRad, USA) was used in conjunction with the i-Cycler
(BioRad, USA). Only samples which showed the characteristic amplification curve and
a melting temperature (Tm) of between 75.5°C and 80.8°C were classified as positive
for HCoV. Amplified DNA fragments (179 bases) from HCoV-positive samples were
purified by agarose gel extraction (refer section 2.3.2) and confirmed by sequencing

using the same primers for PCR (Tan et al., 2009b).
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Forward primer, 11-FW: 5’-tga tga tgs ngt tgt ntg yta yaa-3’
Reverse primer, 13-RV: 5’-gca twg trt gyt gng arc ara att c-3’

Reverse transcription 50°C for 40 min
Initial denaturation 95°C for 5 min
Denaturation 94°C for40 s }
Annealing 50°C for40 s 150 cycles
Extension 72°Cfor40 s ]
Melt curve analysis 95°C for 1 min

55°C for45s

0.5°C increments to 95°C

2.2.5 Detection of human rhinovirus

Detection of human rhinovirus (HRV) was carried out by RT-PCR according to the
method by (Hayden et al., 2003). The target is the 5’ untranscribed region of the virus
genome. A combination of Superscript reverse transcriptase/Platinum Taq (Invitrogen,
USA) reagent was used and the reaction was performed on a LightCycler instrument
(Roche Diagnosticsr, Germany). Serotyping of the various HRV isolates was based on a

previous publication (Tan et al., 2009a).

23 Analysis of amplified viral genes

2.3.1  Amplification of HMPV genes

The nucleoprotein (N), phosphoprotein (P), matrix (M) protein, fusion (F) protein and
attachment (G) protein of all HMPV isolates were subjected to RT-PCR using the
OneStep RT-PCR kit (Qiagen, Germany) protocol with touch-down modification and
primers designed to target the coding regions of the N, M, P and F genes of HMPV
strain JPS03-240 (GenBank AY530095), and with G gene primers published by

(Ludewick et al., 2005). The primer sequences are shown in Table 2.1:
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N hmtpNS5F hmtpN1237R
gene | 5'-gcg cgg atc cat gtc tct tca agg gat t-3' 5’-gcg cgg atc ctt act cat aat cat it gac t-3'
P hmtp1209JAPPF hmtp2093JAPPR
gene | 5'-atg teg tic cct gaa gga aaa gat att ¢-3’ 5'-tta aac tac ata att aag tgg taa at-3’
M hmtp2126JAPMF hmtp2890JAPMR
gene | 5'-aig gag tcc tat ctg gta gac a-3’ 5'-tta tot gga ctt cag cac ata {c-3’
F hmtp3103JAPFF hmtp4632JAPFR
gene | 5'-atg tct tgg aaa gtg gtg atc at-3' 5'-cta act gtg cgg tat gaa gcc-3’
G hmtpGunivF hmtpGunivR
| gene | 5'-gag aac att cgr rer ata gay atg-3’ 5'-aga tag aca tir aca gig gat tca-3'

Table 2.1. The forward and reverse primers used for the amplification of HMPV N, P, M, F and
G genes.

Reverse transcription 50°C for 30 min

Initial denaturation 95°C for 15 min

Denaturation 95°Cfor20 s }
Annealing 65°C (-0.5°C per cycle)for 20 s 130 cycles
Extension 72°Cfor 90 s ]

Final Extension 72°C for 10 min

The total volume (50 pl) of the reaction mixes were run on a 1% agarose gel at 120V
for 30-45 min. The amplified gene fragments were then excised and gel-purified as
described below (section 2.3.2). The purified PCR products were then quantitated

using a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc, USA).

2.3.2 Agarose gel electrophoresis and DNA extraction

DNA was separated on a 1% (w/v) agarose gel (BioRad, USA) in 1x TBE buffer (1%
Base Pte Ltd). About 2-3ul of 0.1% ethidium bromide (BioRad, USA) was added into
the agarose solution before casting. The gels were run at 120 V for 30 min. The DNA
bands were viewed on a UV Transilluminator (Syngene, UK). If a DNA band needed to
be purified from the gel, it was excised and extracted with a QlAquick Gel Extraction Kit

(Qiagen, Germany) according to the manufacturer’s instructions.

2.3.3 Gene sequencing

The reagent BigDye Terminator v3.1 ready reaction mix (Applied Biosystems, USA)

was used to sequence the amplified viral genes. According to the manufacturer’s
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recommendation, between 5-20 ng (for products of length 500-1000 bases) or 10-40 ng
(for products of length 1000-2000 bases) of purified PCR product were used as
sequencing templates. The reaction mix was prepared as follows : 4 pl BigDye
Terminator v3.1 ready reaction mix, 2 pl of a 10 yM primer (forward or reverse)
solution, 1-4 pl of quantitated, purified PCR product and nuclease-free water to final
volume of 10 pl. The reaction mix was loaded into the PCR machine and run with the

condition as follows:

Initial denaturation 96°C for 1 min

Denaturation 96°C for 10 s }
Annealing 50°Cfor5s 125 cycles
Extension 60°C for 4 min |

The samples were then sent to for sequencing analysis.

2.3.4 Sequence alignment

Once the gene sequences were returned from the sequencing companies, they were
visually checked using BioEdit Sequence Alignment Editor (Hall, 1999). The forward
and reverse sequences were then compared (reverse sequences were first reverse-
complemented using the website http://www.bioinformatics.org/sms/rev_comp.html).
Once the forward and reverse sequences were matched, they were aligned with known
reference sequences from GenBank. Sequences from avian pneumovirus type ¢
(APVc) were used as outgroups. The alignments were performed by ClustalX v2.0.12
software (Larkin et al., 2007). After alignment, the same software was used to plot a
neighbour-joining tree (using 1000 bootstrap replicates). This same method was also
used to compare amino acid sequences translated from the gene sequences using a

web-based DNA/RNA translator program (http://www.fr33.net/translator.php).
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2.3.5 Plotting phylogenetic trees

The neighbour-joining tree was visualised using MEGA 4 software (Tamura et al,,
2007). The phylogenetic trees were formatted to the standard rectangular tree with the
APVc gene outgroup at the extreme end of the tree. The final image was then saved in

TIFF format.

2.3.6 Submission of the gene sequences

The sequences from the HMPV, HBoV, HCoV and HRYV isolates were collated and
submitted to GenBank. Either the program Sequin or Bankit was used for submission

and can be obtained from the GenBank website (www.ncbi.nim.nih.gov/genbank).

24 Construction of mammalian expression vectors

2.4.1 Initial cloning of virus gene PCR products

The N gene of SIN05-NTU70, M and P genes of SIN0O5-NTU84, F gene of SINO6-
NTU271 and G genes of both SIN06¥NTU271 (GA) and SIN06-NTU272 (GB) were
chosen for cloning into a PCR cloning vector for further studies. Approximately 100 ng
of PCR product was ligated to 50 ng of the pDrive cloning vector (Qiagen, USA) at 4-
16°C for 30 min according to the manufacturer’s instructions. A total of 2 pl of the
ligation mix was added to 50 pl of ice-thawed EZ competent cells (Qiagen, USA) and
held on ice for 5 min before heat-shock in a 42°C water bath for 30 s, after which the
cells were returned into ice for 2 min. Subsequently, 250 ul of SOC media was added
to the cells and 50-100 pl of the mixture was spread on pre-warmed Luria-Bertani (LB)
agar (Difco Laboratories, USA) containing ampicillin (MP Biomedicals Inc, USA), IPTG

(100p! of 0.1M, Fermentas, EU) and X-Gal (250pul of 40mg/ml, Fermentas, EU). The
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plates were incubated at 37°C overnight and the white colonies were selected for

screening by PCR. The remaining ligation mix was stored at -20°C for future use.

2.4.2 Cloning of virus genes

2.4.2.1Vacci

nia T7 vector (pcDNA3.1(-))

The F and GA genes from SINO6-NTU271 and the GB gene from SINO6-NTU272 were

amplified from the pDrive vector construct (refer to 2.4.1) using specifically designed

primers (Table 2.2). The forward primer included a recognition sequence for the Xhol

[CTCGAG] restriction enzyme (Promega Corp, USA) and the reverse primer included a

recognition sequence for EcoR| [GAATTC] restriction enzyme (Promega Corp, USA).

The amplification was performed with the Expand High Fidelity PCR system (Roche

Applied Sciences, USA) with touch-down modification as shown below:

F NTU271Fforwardmod NTU271Freversemyc

5'-gc ctc gag gtt atg gct tgg aaa-3’ | 5'-gc gaa ttc cta cag atc cic ttc tga gat gag tit
ttg tic act gtg cgg tat gaa gecc-3’

GA G271pcDNA31F G271pcDNA31flagR
5'-gc ctc gag acc atg gct cit caa | 5'-gc gaa tic cta tit atc gtc atc gic tit gta atc
ggg att tc-3’ tat tgt tgg tgt get ggt-3°

GB NTU272GpcDNAF NTU272GpcDNAflagR
5’-gc ctc gag acc atg gaa gta aga | 5'-gc gaa ttc cta ttt atc gtc atc gtc tit gta atc
gtg gag-3' act act tgg aga aga tgt-3'

Screening/ | T7proffor pcDNA3.1rev

sequencing | 5'-taa tac gac tca cta tag gg-3' 5'-tag aag gca cag tcg agg-3’

Table 2.2. Primers for cloning of F, GA and GB genes into pcDNA3.1(-) together with the
primers used for PCR screening and sequencing of clones.

Reverse transcription

Initial denatu
Denaturation
Annealing
Extension

Final Extension

ration
95°C for20 s

65°C (-0.5°C per cycle)for 20 s

68°C for80 s

50°C for 30 min
95°C for 15 min

68°C for 10 min

}
130 cycles

]
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codon codon

5'-GCCTCGAGRNf' IAATTCGC-3'

Figure 2.3. Construction of recombinant expression plasmid containing SINO6-NTU271 F and G
protein genes and SINO6-NTU272 G protein gene in pcDNA3.1(-) using Xho\ and EcoRi
restriction sites. Epitope tag is either cmyc for F or FLAG for GA and GB. Curved arrows
indicate the location ofthe forward and reverse primers for PCR screening and sequencing.

The cloned F gene was designed with a cmyc [EQKLISEEDL] tag at the C-terminal
whereas the cloned GA and GB genes were designed with a FLAG [DYKDDDDK] tag
at the C-terminal (Fig 2.3). The amplified gene products were digested overnight at
37°C with EcoRI and Xhol simultaneously in 1X Buffer H and 1X BSA (Promega Corp,
USA) as was the pcDNA3.1(-) plasmid (Invitrogen, USA). After restriction digestion, the
plasmid, F and GA/B genes were purified using QIAquick Gel Extraction kit (Qiagen,
Germany) and eluted into 30pl water. The plasmid and digested F and GA/B inserts
were ligated overnight at 16°C using T4 DNA ligase (Roche Applied Sciences, USA).
The ligation mix was added into a tube of either DH5a or TOPIO chemical competent
cells (Invitrogen, USA) and left on ice for 30 min followed by heat shock at 42°C for 30
s, then put back on ice for 2 min. The cells were then shaken at 37°C for 1 hour in 250
pi SOC medium (Invitrogen, USA) before plating on pre-warmed LB agar (Difco
Laboratories, USA) plates containing 100 pg/ml ampicillin (MP Inc, USA). After

overnight incubation at 37°C, colonies on plates were screened by PCR using primers



targeting the insert and flanking regions of the pcDNA3.1(-) plasmid (refer to 2.4.4).
Expected amplified product was the size of insert plus 200 bp of forward and reverse

flanking regions.

2.4.2.2 Chicken beta-actin promoter vector (pCAGGS)

The F and GA protein genes from SIN06-NTU271 and the GB protein gene from
SINO6-NTU272 were amplified from their respective recombinant pcDNA3.1(-)
plasmids using specifically designed primers (Table 2.3). The forward primer included a
recognition sequence for the Kpnl [CCTAGG] restriction enzyme and the reverse
primer included a recognition sequence for Xhol [CTCGAG] restriction enzyme. As in

the earlier section 2.4.2.1, the F gene was designed with a cmyc tag and the GA and

GB genes were designed with a FLAG tag at the C-terminal (Fig 2.4).

F F271pCAGGf F271pCAGGmycR
5'-gc ggt acc git atg get tgg aaa | 5'-gc cic gag cta cag atc cic tc iga gat gag tit
gtg gtg-3’ ttg ttc act gtg cgg tat gaa gcc-3’
GA G271pCAGGT NTU271GpCAGGsFLAGr
5’-gc ggt acc atg gag gtg aaa gta- | 5'-gc¢ cic gag cta tit atc gtc atc gic tit gta atc
3 tat tgt tgg tgt got ggt-3’
GB NTU272GpCAGGSf NTU272GpCAGGSFLAGr
5’-gc ggt acc atg gaa gta aga gtg | 5’-gc¢ ctc gag cta ttt atc gtc atc gtc ttt gta atc
gag-3’ act act tgg aga aga tgt-3’
M M84pCAGGf M84pCAGGr
5'-gc ggt acc att atg gag tcc tat | 5’-gc ctc gag tta tct gga ctt cag cac-3’
ctg-3’
N N70pCAGGf NTU70pCAGGsNmycR
5’-gc ggt acc atg gct cit caa ggg | 5'-cgc ctc gag cta cag atc cic ttc tga gat gag
att-3’ ttt ttg ttc ctc ata atc att ttg act gtc-3’
Screening/ | pCAGGSfor2 pCAGGSrev
sequencing | §'-tag cta gag cct cig cta ac-3’ 5’-cag aag tca gat gct caa g-3’

Table 2.3. Primers for cloning of F, GA and GB genes into pCAGGS together with the primers
used for PCR screening and sequencing of clones.
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Figure 2.4. Construction of recombinant expression plasmid containing SINO6-NTU271 F and G
protein genes and SINO6-NTU272 G protein gene in pCAGGS using Kpn\ and Xho\ restriction
sites. Epitope tag is either cmyc for F or FLAG for GA and GB. Curved arrows indicate the
location ofthe forward and reverse primers for PCR screening and sequencing.

The PCR, post-PCR purification and ligation protocols are the same as that used for
pcDNA3.1(-) recombinants (referto 2.4.2.1). Restriction digestion of PCR products with
Kpnl and Xhol had to be performed sequentially overnight at 37°C in Buffer J and
Buffer D1 respectively (both containing 1X BSA, Promega Corp, USA) as with the
pCAGGS plasmid. After restriction digestion, the plasmid, F and GA/B genes were
purified using QIAquick Gel Extraction kit (Qiagen, Germany) and eluted into 30 pl
water. After ligation, the transformation, colony screening, plasmid purification and
checking of sequences were identical to the protocols in the previous section 2.4.2.1,
with the exception of using the insert flanking primers for pCAGGS recombinant

plasmids (Table 2.3).



2.4.3 Construction of truncated virus genes

Truncated forms of HMPV F and GA proteins were constructed by using primers that

eliminate the cytoplasmic tail of the protein (Facr and GAacr) or both the

transmembrane
GAxtm NTU271pCAGGsGfwd-TM NTU271GpCAGGsFLAGr
5'-cgc ggt acc atg gac tac aca ata | (see Table 2.3)
caa aaa ac caca-3’
GApcr NTU271pCAGGsGfwd-CY NTU271GpCAGGSsFLAGr
5’-cgc ggt acc atg gta atc ctc ata | (see Table 2.3)
gga ata act aca-3’
Farm F271pCAGGf NTU271pCAGGsFmyc-TM
(See Table 2.3) 5'-cgc ctc gag cta cag atc cic tic tga gat gag ttt
ttg tic gcc agt gtt cec tit cte tge-3'
Facr F271pCAGGf NTU271pCAGGsFmyc-CY
(See Table 2.3) 5’-cgc ctc gag cta cag alc cic tic tga gat gag tit
ttg ttc gat tat aat gaa gat gct-3’
F515 F271pCAGGf NTU271pCAGGSF515
(See Table 2.3) §'-ccg ctc gag cta cag atc cic tic tga gat gag ttt
ttg ttc ctt gat tat aat gaa gat-3’
F516 F271pCAGGf NTU271pCAGGSF516
(See Table 2.3) 5’-ccg ctc gag cta cag atc cic tic tga gat gag ttt
1tg ttc ttt ctt gat tat aat gaa-3’
F517 F271pCAGGS NTU271pCAGGSF517
(See Table 2.3) 5'-ccg ctc gag cta cag atc ctc tic tga gat gag ttt
ttg ttc tgt tit ctt gat tat aat-3'
F518 F271pCAGGf NTU271pCAGGSF518
(See Table 2.3) 5'-ccg cte gag cta cag aic cic tic tga gat gag it
ttg ttc ctt tgt tit ctt gat tat-3
F519 F271pCAGGf NTU271pCAGGSF519
(See Table 2.3) 5'-cgc ctc gag cta cag atc cte tic tga gat gag ftt
g ttc tit ctt {gt it ctt-3'
F524 F271pCAGGE NTU271pCAGGSF524
(See Table 2.3) 5'-cgc ctc gag cta cag atc cic ttc tga gat gag ttt
ttg ttc agg tgc ccc cgt tgg-3'
F529 F271pCAGGf NTU271pCAGGSF529
(See Table 2.3) 5'-cgc ctc gag cta cag atc ctc Hc tga gat gag it
ttg ttc acc act cag ctc tgg-3'
F534 F271pCAGGf NTU271pCAGGSF534
{See Table 2.3) 5'-cgc cic gag cta cag atc cic tic tga gat gag {tt

ttg ttc gec att att tgt gac-3'

Table 2.4. Primers for cloning of F and GA mutant or truncated genes into pCAGGS. The
primers used for PCR screening and sequencing are the same as those in Table 2.3.

region and cytoplasmic tail (Fatm and GAarum). In addition, eight F protein constructs

were made which had various lengths of the cytoplasmic tail region truncated (F515,

F516, F517, F518, F519, F524, F529, F534). All F protein mutants were created with a

cmyc tag while all GA protein mutants were created with a FLAG tag at their C-terminal
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just like the wild-type proteins. The method of plasmid construction was the same as

that in the previous section (2.4.2.2).

244 Screening of clones by PCR

Colonies derived from pDrive vector showed blue and white differentiation. The white
colonies were picked with a sterile 10ul pipette tip and inoculated into 20yl of sterile
water. One blue colony was always selected as a negative control. Colonies derived
from pcDNA3.1(-) or pCAGGS vectors all appeared white and between 4-10 were
picked for screening each time. The colony screening PCR was done using the specific
primers mentioned in Tables 2.3 and 2.4. The PCR reaction mix (Invitrogen, USA) was
prepared as follows: 1 pl of 10X PCR buffer, 1 pl of 2 mM dNTP, 0.3 pl of 50 mM
MgCl,, 0.2 pl of 10 mM forward primer, 0.2 pl of 10 mM reverse primer, 0.1 ul Platinum
Taq polymerase, 2.2 pl of nuclease free water and 5 pl of cell suspension. The cycling

conditions are shown below:

Initial denaturation 95°C for 3 min

Denaturation 95°Cfor20s }
Annealing 50°C for 20 s } 25 cycles
Extension 72°C for90 s ]

Final extension 72°C for 5 min

Primers for PCR screening of pDrive pIésmids:
Forward (M13, -20) 5'-gta aaa cga cgg cca gt-3'
Reverse (M13, -24) 5'-gga aac agc tat gac cat g-3'

If the colony screen was positive, the remainder of the cell suspension was added to 5

ml of LB ampicillin broth and shaken overnight at 37°C.

2.4.5 Extracting the plasmids

The 5 ml of overnight bacterial suspension was divided into two portions. About 4.6 ml

of the suspension was used to extract the recombinant plasmid using the QlAprep Spin
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Miniprep kit (Qiagen, Germany) according to the manufacturer’s instructions. The final

plasmid solution was quantitated by a NanoDrop spectrophotometer.
2.46 Confirming the plasmid sequence

The plasmid stock was checked by restriction digest with the same enzymes used for
cloning and by sequencing with the screening primers. The 2 expected restriction
fragments should consist of one of the same length as the cloned gene and the other of
the same length as the vector. The sequencing result should show no mutations
compared to the original gene. Once the sequence was determined to be correct, the

recombinant plasmid was used for transfection.
2.4.7 Storage of clones

The remaining 0.4 ml of the turbid bacterial suspension was mixed with 0.1 ml sterile
glycerol (Sigma-Aldrich, USA) to make a stock for freezing at -80°C. This stock could

be used to generate more plasmids, if necessary.
" 25 Analysis of protein expression in mammalian cells
2.5.1 Growing and maintaining mammalian cells

HEK 293T, HEp-2 and Vero cells were maintained and propagated with
DMEM+GIutaMAX (Life Technologies, USA) supplemented with 10% v/v fetal bovine
serum (Life Technologies, USA), penicillin 100 Ul/ml and streptomycin 100 pg/ml (Life
Technologies, USA). The.cells were kept in tissue culture flasks (Corning or Nunc,
USA) and subcultured when the cells reached approximately 90% confluency. When
subculturing, the cells were first rinsed with sterile PBS pH 7.2, then incubated with a

small volume of Trypsin-EDTA 0.25% (w/v) until the cells could be dislodged by
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tapping. Fresh DMEM+GlutaMAX media with supplements was added to neutralise the
trypsin. A small proportion of the cells was transferred to a new flask with fresh media.
The cells were incubated at 37°C with 5% CO,. To calculate the cell density, a
haemocytometer (Heinz Herenz GmbH, Germany) was used. Trypan Blue stain

(Sigma-Aldrich, USA) was used to distinguish the viable cells while counting.

2.5.2 Transfection of cells

When seeding plates or dishes with mammalian or insect cells, a general guide was
used to calculate the optimal seeding density (Table 2.5). There were slight variations
in the exact number between the various cell lines depending on the size of the cell

and the growth rate.

Well type/size Seeding density (cells/well) | Confluent density
(cellsiwell)

96-well plate 2.5x10° 1x10°

24-well plate 5x10* 2x10°

12-well plate 1x10° 4x10°

6-well plate/35mm dish | 3 x 10° 1.2 x 10°

60mm dish 8 x 10° 3.2x10°

Table 2.5. A summary of the various plates and dishes used for growing cell lines and their
respective recommended seeding densities and confluent densities.

2.5.2.1 Using pcDNA3.1(-) plasmids

Cells at almost confluent density (Table 2.5) were infected with modified vaccinia virus
Ankara strain (MVA-T7) (Wyatt et al., 1995) containing the T7 bacteriophage RNA
polymerase gene at a multiplicity of infection (MOI) value of 1. The MVA-T7 was
allowed to infect for 1 hour at 37°C. The media was then changed to antibiotic-free
media. TransIT-LT1 reagent (Mirus Bio LLC, USA) was used to transfect the
recombinant plasmids into the cells. Cells were incubated at 37°C for 24 hours before

harvesting and dissolving in Laemmli or Denaturing buffer (see 2.5.3).

2.5.2.2 Using pCAGGS plasmids
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Cells at almost confluent density (refer Table 2.5) were transfected in antibiotic-free
media using Lipofectamine 2000 (Invitrogen, USA) for the recombinant pCAGGS
plasmids according to the manufacturer's instructions. Transfected cells were
incubated at 37°C for 48 hours before harvesting and dissolving in Laemmli buffer or

Denaturing buffer (see 2.5.3).

2.5.3 Harvesting cells for Western blot

Media was removed completely and the cells were washed with 1x PBS. Between 50-
100u! of 1x Laemmli or Denaturing buffer was applied on the cells sufficient enough to
cover the dishes or plates surface. The cells were then scraped and collected in a
microcentrifuge tube. The lysates were heated at 100°C for 10 min before being
sonicated (2x 5 s pulses on a Vibra-cell sonicator, Sonics & Materials Inc, USA) to
shear genomic DNA. After that, the lysates were boiled again for 3 min. The lysates
were then loaded on SDS-PAGE gel. An alternative method to sonication was used
when the lysate contained radioisotopes. The genomic DNA was sheared by repeated

pumping using a syringe and a fine gauge needle.

254 SDS-PAGE and Western blotting

SDS-PAGE gels were cast in a cassette (BioRad, USA) with an appropriate percentage
(usually 10%) of acrylamide. After the gels had set, they were loaded into the SDS-
PAGE Tank (BioRad, USA) and filled with 1x SDS-PAGE running buffer. Samples in 1x
Laemmli buffer were then loaded into the wells together with a protein size marker
(BioRad, USA). Samples were run at 200 V for 45-60 min. The Immobilon-P membrane
(Millipore, USA) was activated by soaking in methanol for a few minutes before being
used for Western blot. Care was taken that the orientation of the gel and the membrane

was correct. The gel should face the cathode (black terminal) and the membrane
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should face the anode (red/white terminal). 1x transfer buffer was used to fill the gel
tank and the transfer process was run at 100 V for 60 min. After the transfer, the
membrane was blocked with 5% skim milk overnight before probing with antibodies the
next day (refer to Table 5 below for antibodies). Membranes were washed twice with
PBS-Tween (0.05% Tween 20) before probing with each primary and secondary
antibody at room temperature and before signal detection. Detection of secondary
antibodies was done using ECL chemiluminescence reagent (GE Healthcare, USA).
The treated membrane was then exposed to X-ray film (Fuji Photo Film Co Ltd, Japan)

from 30 s up to 1 hour. Films were developed in a Kodak Developer.

2.5.5 Glycosylation analysis of proteins

To study the action of enzymatic digestion of PNGase F (Peptide:N-glycosidase F,
New England Biolabs, USA) and Endo H (Endoglycosidase H, New England Biolabs,
USA) on the expressed F and G proteins, a portion of the harvested cells were lysed in
Denaturing buffer (0.5% SDS and 40 mM DTT; New England Biolabs, USA) and
heated at 100°C for 10 min. The lysates were incubated overnight in the presence of
PNGase F with 1% NP-40 and 1x G7 buffer (50 mM sodium phosphate pH 7.5, New
England Biolabs, USA) and Endo H with 1x G5 buffer (50mM sodium citrate pH 3.5,
New England Biolabs, USA) according to the manufacturer's instructions at 37°C
overnight. PNGase F cleaves almost all N-linked sugar side chains from proteins. Endo
H cleaves immature sugar side chains (primarily high mannose or hybrid chains) from

proteins.

2.5.6 Biotin labelling of cell surface proteins

Using the same protocol as 2.5.2, once the cells were transfected for 24 or 48 hours
(depending on cell type and expression plasmid used), they were rinsed in PBS pH 8

before incubating in a 0.5 mg/ml solution of EZ-Link Sulfo-NHS-LC-LC-Biotin (Pierce
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Biotechnology, USA). This compound labels amine groups (e.g. lysine residues on the
extracellular surface) because of its hydrophilic nature. After surface labeling, the cells
were rinsed with PBS pH 8 and lysed with RIPA buffer (1% NP-40, 1 mM EDTA, 0.1%
SDS, 2 mM PMSF). The lysate was then spun at maximum speed in a microcentrifuge
for 10 min. Some of the lysate was incubated overnight at 4°C with the appropriate
antibody in binding buffer (0.5% NP-40, 1 mM EDTA, 0.25% BSA, 2 mM lysine). After
binding, Protein A-Sepharose (Sigma-Aldrich, USA) was added to bind the antibodies
by gentle agitation at 4°C for 90 min. After 90 min, the Protein A-Sepharose was spun
down and washed twice with a low salt buffer (1X PBS, 1 mM EDTA, 1% Triton-X-100)
before being treated with Laemmli buffer or Denaturing buffer (see 2.5.3) and heated at

100°C for 10 min before loading onto an SDS-PAGE gel.

2.5.7 Chemical crosslinking of proteins

The cells were transfected and incubated as described in the previous section 2.5.2.
The cells were then treated with Dithiobis[succinimidylpropionate] (DSP, Pierce
Biotechnology, USA) in DMSO at a varying concentrations (e.g. 0 mM, 0.1 mM, 0.5 mM
and 1 mM) for 1 hour. This compound also labels amine groups (e.g. lysine residues)
but is membrane permeable due to its hydrophobic nature. DSP treatment can be done
with or without surface protein labelling with biotin. After labelling, the cells were rinsed

with PBS, lysed with RIPA buffer and processed as in 2.5.3.

2.5.8 Radiolabeling of proteins

2.5.8.1 Labeling with *H-glucosamine

The pCAGGS recombinant F and GA/B plasmids were transfected into Vero and Hep2

cells in 60-mm dishes (Hep2 cells adhere better to dishes) in the same way as 293T

cells as described above in section 2.5.2.2. At 4-6 hours post-transfection, the media
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was changed and the cells left overnight at 37°C. The next day, the media was
changed to glucose-free DMEM (Invitrogen, USA) containing 200 uCi/dish tritium-
labeled glucosamine hydrochloride D-[6-*H(N)]- (Perkin Elmer, USA). The cells were
further incubated for 8 hours and harvested as in surface labeling experiments (section
2.5.3). Once the lysates were harvested and run on SDS-PAGE, the gel was fixed in
10% acetic acid for 10 min, soaked in NAMP100 Amplify (GE Healthcare, USA) for 20
min and vacuum-dried onto a blotting paper for 1 hour. The dried gels were then
attached to cassettes and exposed to pre-flashed X-ray film for durations ranging from

1 day to a few months.

2.5.8.2 Labeling with **S-methionine and cysteine

HEp-2 cells were transfected with pCAGGS plasmids as described in section 2.5.2.2.
Approximately 8-12 hours post-transfection, the media was changed to DMEM without
methionine and cysteine (Invitrogen, USA) and 100 uCi/ml of EasyTag Expres®s
protein labeling mix (Perkin-Elmer, USA). The cell proteins were labelled for 24 hours
before harvesting. The subsequent procedures were the same as the previous section

258.1.

2.5.9 Light microscopy

Cell cultures were monitored and analysed using a standard inverted light microscope

(Leica, Germany). Cells could be viewed and photographed through a 10X or 20X

objective using an attached digital camera (Olympus, Japan).

2.5.10 Immunofluorescence microscopy

Various HMPV proteins (including F, GA/B, M, N) were singly expressed or co-

expressed in Hep2 cells or Vero cells seeded at 60-80% confluency onto 10-12 mm
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glass coverslips in 24-well plates. LLC-MK2 cells were infected with the clinical HMPV
strain for 7 days before fixing. The transfections were performed in the same manner
as in 2.5.2.2, incubated at 37°C for 16-24 hours before the cells were washed twice
with PBS and fixed with a cold methanol:acetone (1:1) mixture for 15 minutes. After
fixing, the cells were probed with the respective anti-myc, anti-FLAG or anti-6His
antibody at 1:100 dilution in PBS (anti-M and anti-F58 antibodies were used neat), then
washed twice again with PBS and probed with anti-mouse fluorescein isothiocynate
(FITC) conjugate (an alternative to FITC known as Alexa Fluor 488 was also used) at
1:100 dilution or anti-rabbit Alexa Fluor 555 conjugate at 1:1000 dilution in PBS. Both
primary and secondary antibodies were incubated at room temperature for 1 hour. After
incubating with the secondary antibodies, the coverslips were finally washed twice with
PBS before mounting. The coverslips were then mounted on a clean glass slide by
inverting the cell-attached surface over a drop of glycerol-based mounting media
(Dakocytomation Fluorescence Mounting Medium, Dako, USA) and sealing with nail
varnish. The slides were observed under an immunofluorescence microscope using a
20X and 100X objective (Nikon Eclipse 80i, Japan). Images were captured by
QCapture Pro software (QImaging, USA). Colours were artificially added to the images

according to the actual fluorophore colours.

2.5.11 Confocal microscopy

The same coverslips which were prepared for immunofluorescence microscopy could
also be viewed under a Zeiss 510 laser scanning confocal microscope (Carl Zeiss
GmbH, Germany). Image sections of 8 to 12 slices of the fluorescent cells at 100X
magnification were captured and these were compiled to produce an image of
distribution of the various proteins stained by the fluorophores in the HEp-2 and Vero
cell types. Coefficient of co-localisation, overlap (Manders) coefficient and Pearson’s
correlation coefficient were calculated by the Zen 2007 software (Carl Zeiss GmbH,

Germany).
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2.5.12 Ultracentrifugation of proteins in sucrose gradient

Separation of expressed HMPV F and G proteins was also achieved by
ultracentrifugation (150,000g, 4°C for 18 hours) on a continuous 5-30% sucrose
gradient using a Himac CP90WX preparative ultracentrifuge (Hitachi Koki, Japan) with
a P40ST rotor. The various sucrose solutions were prepared in PBS+1% Triton-X-100.
After centrifugation, the gradient was harvested into about 12 fractions of 1 ml each in
a microcentrifuge tube. A sample of each fraction was mixed with 5x Laemmli buffer
and analysed by SDS-PAGE. Some of the fractions were immunoprecipitated with the
various antibodies depending on which proteins were to be isolated. Proteins
crosslinked by DSP and/or surface-labeled with biotin (e.g. co-expressed F and GA/B

proteins) were also studied using this method.

2.5.13 Flow cytometry analysis of surface protein expression

Surface expression of GA protein alone and GA plus F protein was analysed by flow
cytometry. The primary reason for this was that the FLAG tag on the GA protein is
located at the C-terminal and is exposéd on the extracellular surface and therefore
could easily be detected by anti-FLAG antibodies. HEp-2, Vero E6 and 293T cells were
transfected (as in 2.5.2.2) and incubated for 24 hours at 37°C. Cells were then
dislodged and harvested by washing with PBS+1 mM EDTA. The harvested cells were
centrifuged at 1000g for 5 min and washed with PBS+1% FBS. The cell density was
adjusted to 1x107 per ml. 50 pl of the cell suspension was mixed with 50 pl of rabbit
anti-FLAG antibody (diluted 1:100 with PBS+3% BSA) and incubated for 30 min on ice.
After that, the cells were centrifuged at 1000g for 5 min and washed twice with
PBS+1% FBS. 100 ul anti-rabbit FITC conjugate (diluted to 1:100 with PBS+3% BSA)
was added to the cell pellet and incubated for 30 min on ice in the dark. Finally, the

cells were washed twice with PBS+1% FBS and resuspended in a total of 200 pl of
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PBS+1% FBS. The cells were passed through a FACScalibur instrument (BioRad,

USA) for analysis. Graphs were plotted using the instrument software.

2.6 Maintaining and handling insect cells

2.6.1 Growing and maintaining insect cells

Two types of insect cell lines were used in this study. One was the Sf9 cell line derived
from Spodoptera frugiperda (fall armyworm) and the other was the HighFive cell line
derived from Trichoplusia nii (cabbage looper). The Sf9 cells were generally used for
growing the recombinant viruses and plaque titering. The HighFive cells were used for
protein expression work. Both cell types were maintained in Sf-900 Il Serum free
medium (SFM) supplemented with 10% v/v Fetal Calf Serum (Life Technologies, USA),
penicillin 100 Ul/ml and streptomycin 100 yg/ml (Life Technologies, USA). The cells
were grown in tissue culture flasks (Corning or Nunc, USA) and subcultured when the
cells reached approximately 90% confluency. When subculturing, the cells were either
dislodged by gentle spraying of the media or with a cell scraper. A small quantity of old
cells was introduced into a new flask with fresh supplemented SFM. The cells were
then incubated at 28°C. If the cells need to be counted before seeding, a

haemocytometer was used (as described in section 2.5.1).

2.6.2 Cryopreserving insect cells

Insect cells can be stored in liquid nitrogen for long periods. Cryovials (Nunc, USA)
were filled with 1 ml of approximately 1x10° or 1x10 cells in SFM. Between 7.5-10% of
DMSO was added to the media to protect the cells from freeze-thaw damage.
Recovery of these frozen cells can be achieved by thawing to room temperature

followed by centrifuging the cells (1000g) for a few minutes and replacing the media
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with fresh supplemented SFM. The cells can then be transferred to a flask for

incubation.

2.6.3 Plaque purification and titering of virus

Sf9 cells were used for plaque purification to isolate the correct virus clone expressing
the proteins of interest. The Sf9 cells were seeded in 6-well plates to achieve 50%
confluency. The cells were left to attach to the plate surface for 1 hour. Starting from
the neat P2 virus, serial ten-fold dilutions were made and 0.1ml of each dilution was
used to infect a single well. The dilutions used were from 10 to 107. The diluted
viruses were left to infect for 1 hour. During the infection time, a 1% agarose overlay
was made by mixing a 1:4 volume of 4% low melting point agarose and 1xSFM 900
with 10% FBS and antibiotics, respectively. After the infection time, the cells were
rinsed with 1xPBS and gently layered with the 1% agarose overlay and left to solidify.
The 6-well plate was left at 28°C for up to 2 weeks and checked for plaque formation.
The plaques were counted and the virus titre was calculated based on the following
formula:

Virus titre (PFU/ml) = number of plaques
Dilution factor x inoculum volume (ml)

When the virus clones needed to be selected, a pipette tip (100 ul) was attached to a
pipette and used to punch a hole in the middle of a plaque colony. The agarose gel
plug picked up by the pipette tip was then dispensed into a microcentrifuge tube
containing SFM 900 and mixed well. Several agarose gel plugs were picked and used
to infect Sf9 cells. Each of the purified viruses was tested by harvesting the cells 2 days
post-infection and dissolving in 1xLaemmli buffer before running on SDS-PAGE.

Western blot was performed to confirm the correct protein expression.
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2.6.4 Infecting insect cells

When the insect cells reached the desired density in a flask, plate or dish; they were
infected with virus by adding the appropriate volume of prepared virus stock solution.
The multiplicity of infection (MOI) is defined as the ratio of viruses to cells under
experimental conditions and this was calculated from the values of virus titre and cell
density. There was no need to remove the existing media. The container was rocked
gently every 15-20 min for 1 hour to evenly distribute the virus inoculum. The cells were

left in 28°C for up to 3 days.

2.7 Construction of insect expression vectors

2.7.1 Amplification of target virus genes

The HMPV proteiné (F, FDTM, GA, M and N) were cloned into baculovirus vectors for

expression in insect cells. The primers are shown in Table 2.6 below.

F Derived from pcDNA3.1(-) vector Derived from pcDNA3.1(-) vector
Fatm NTU271Fforwardmod NTU271pFBDFmyc-TM
5'-gc ctc gag gtt atg gct tgg aaa-3’ 5'-cgc ggt acc cta cag atc cic tic tga gat
gag ttt ttg ttc gcc agt gtt ccc ttt cte tge-3'
GA G271pENTRf G271pENTRflagr
5'-cacc atg gag gtg aaa gta gag-3' 5'-cta ttt atc gtc atc gtc ttt gta atc tat tgt tgg
tgt gct ggt-3’
M hmpv-M-for(1-1) NTU84pFBDMrev
5'-gc ctc gag acc atg gag tcc tat ctg gta | 5'-cgc ggt acc cta tct gga ctt cag cac ata
ac-3' tc-3'
N hmpv-N-forward(1-7) hmpv-N-reverse(1-8)
5’-cacc atg gct ctt caa ggg att ¢-3’ 5'-gaa tcc ctt gaa gag cca ggg tga agg gct
cc-3'

Table 2.6. Primers for cloning of F, Farm, GA, M and N genes into baculovirus vectors. The
“cacc” bases required for the pENTR vectors (GA and N) are underlined.

The F protein was derived from the pcDNA3.1(-)/F-myc recombinant plasmid (refer to
section 2.4.2.1) and thus there was no need to perform any PCR amplification. The GA
and N protein genes were amplified from their respective pDrive vectors (refer to

section 2.4.1) using primers targeting the GA and N genes respectively, but with 4
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nucleotides (CACC) added to the 5" end of the forward primer to allow the PCR product
to integrate into a Gateway pENTR directional TOPO vector (Invitrogen, USA).
According to the manufacturer’s instructions, the PCR products must be blunt-ended
and can be produced by a proofreading DNA polymerase. A recombination reaction
occurs via a topoisomerase enzyme resulting in a pENTR vector with the gene of
interest. The difference between the pENTR vectors of GA and N genes was that the
GA vector has a FLAG tag and stop codon integrated into the gene. The FdTM and M
protein genes were amplified from their respective pDrive vectors (refer to sections
2.4.1) using the primers shown. A slight modification was the alteration of the restriction

site at the 3’ end from EcoRlI to Kpnl.

2.7.2 Cloning of target genes

2.7.2.1 Constructing the F-myc baculovirus vector

The HMPV F gene was amplified from the pcDNA3.1(-)/F-myc vector by culturing up
the E.coli stock in LB ampicillin broth overnight and extracting the plasmid by QlAprep
Spin Miniprep Kit (Qiagen, Germany). The purified plasmid was digested with Xhol and

Kpnl. The vector, pFastBacDual (Fig. 2'.5, Invitrogen, USA) was also digested with the

same enzymes.
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Stop Start
codon codon

3-CGGGATCC  CTTAAGTAH epitopelagl NRGAGCTC-5'

Mutftiple cloning Lg_ @ ? ?i g % Q‘] g)_

site 2

Murtiple cloning site 1 |
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Figure 2.5. Construction of recombinant expression plasmid containing SINO6-NTU271 F
protein gene using Xho\ and Kpn\ restriction sites. Epitope tag is myc. The Tn7L/R regions mark
the location of the recombination zone with the baculovirus genome. There are 2 multiple
cloning sites in this vector and each is controlled by a strong promoter i.e. p10 (10kDa protein)
gene and polyhedrin gene (pH).

Once the insert and vector were ligated (refer to section 2.4.2.1), the recombinant
pFastBacDual/F-myc plasmid was transformed into E. coli DH10Bac (Invitrogen, USA)
containing a baculovirus shuttle vector (bacmid). Recombination took place via the
transposon elements Tn7R/L on the pFastBacDual plasmid and the attTn7 site on the
bacmid. The resulting recombinant bacmid containing F-myc gene (bac-F) was purified
according to the manufacturer’s instructions. A small quantity of purified bac-F was

checked by PCR using the F gene-specific primers. The cloning scheme is shown in

Fig. 2.6.
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Figure 2.6. A schematic diagram of the workflow for cloning HMPV genes into baculovirus
shuttle vector by transposon-activated recombination. This image was modified from the Bac-to-
Bac Baculovirus Expression System instruction manual (Invitrogen, USA). The helper plasmid in
the DH10Bac cell provides the Tn7 transposition function. Bac-F, bac-FAT™M and bac-M were
constructed using this method.

2.7.2.2 Constructing the M and FATMmyc baculovirus vectors

The HMPV M and FATM genes were amplified by PCR from the pDrive plasmids. Using
the primers in Table 2.6, the two protein genes were amplified and digested with Xho\
and Kpnl. The subsequent steps were similar to the previous method for F-myc (refer
to 2.7.2.1). The recombinant baculovirus genes are referred to as bac-M and bac-FATM
The bac-M and bac-FAIMwas checked by PCR in the same way as the bac-F in the

previous section 2.6.2.1.



The HMPV GA and N genes which were previously cloned into pENTR vectors were
mixed with a linear baculovirus genome (Fig. 2.7, BaculoDirect C-terminal DNA,
Invitrogen, USA) and recombined according to the manufacturer’s instructions.

pll_,‘ ~---— Regionofrecombination-----

AANENHEE N -— = *amammé&%.

Start Stop \
codon codon N
\
i 1 s _ \
ccc TT CACC ATGNNNNNNNNNN TAA  AaceoT

GGGAAGTGG TACNNNNNNNNNN  a~ATT TTC CCA

&

att L1

AThJ>ttL2

| PENTR/SD/D-TOPO
pUCori| 2601bp

AAAA A NN Kanamycin

Figure 2.7. An illustration of the pENTR TOPO directional cloning vector (modified from
Invitrogen, USA) and its area of recombination with a Baculodirect vector. The pENTR vector is
shown containing an insert with the 5’ “CACC” sequence, a tag (optional) and a stop codon
(optional). The attL1/2 and attR1/2 sites are the recombination sites. The pH arrow indicates the
location and direction of the strong polyhedrin gene promoter. The baculovirus linear DNA is the
fragment containing the attR1 to 6xHis (5’ to 3’) coding regions. The arrows at the pH and V5
region are primer locations for PCR screening.

The GA gene which had a FLAG tag and a stop codon in the reverse primer coded for
a GA protein with a FLAG tag. The N gene which has neither tag nor stop codon in the
reverse primer coded for a N-6His fusion protein. Once the recombination took place,
the recombinant baculovirus genomes (bac-GA and bac-N) were readyfortransfection.
A small quantity of purified bac-GA and bac-N was checked by PCR using the gene-
specific primers or the polyhedron (5'-aaa tga taa cca tct cgc-3’) and V5 (5'-acc gag

gag agg gtt agg gat-3’) primer pair. The cloning scheme is shown in Fig. 2.8.



Generate a Gateway*
entry clone containing
your gene of interest

pENTR BaculoOirect' bnear ONA

Perform an LR reaction between the
entry ckene and the BaculoDirect™
Linear DNA to aenerate recombinant
bacuk>virus DNA.

Screen recombinant Baculowrus
DNAby PCR

Reeombnant Bacubvirus DNA
Figure 2.8. A schematic diagram of the workflow for cloning HMPV genes into pENTR entry
vector followed by topoisomerase recombination. This image was modified from the
BaculoDirect Baculovirus Expression System instruction manual (Invitrogen, USA). Bac-GA,
and bac-N were constructed using this method.

2.7.3 Storageofclones

Once the clones for the bacmids were confirmed by PCR and Western blot, the E. coli
cells containing the constructs (pFasBacDual or pENTR) and the purified bacmid

solutions can be stored at -80°C for future use.

2.7.4 Transfection of bacmids or recombinant baculovirus DNA

The recombinant baculovirus genes (bac-F, bac-GA, bac-M, bac-N and baC—FATM were
transfected into Sf9 cells using CellFECTIN reagent (Invitrogen, USA) according to the
manufacturer’s instructions in 6-well plates. Once the transfection is completed, viral
replication takes place like an actual virus infection. For the first 2-3 days post-infection,
the budded virus was extruded into the culture medium. The medium was harvested 3
days post-infection and used to infect fresh Sf9 cells in 6-well plates to produce the first
generation progeny virus (P1). A second generation progeny virus (P2) was prepared
in the same way. Subsequently, the P2 virus could be be used for plaque purification to

obtain the correct clones.



2.7.5 Preparing virus stocks

Once the virus clones were purified by plaque purification (see section 2.6.3), the virus
stocks could be prepared by propagating the virus in flasks until the P2 or P3
generation. The media was then harvested into a 15 ml tube. A second round of virus
plaque assay was performed in the same way as for plaque purification. However, this
time, the virus titre was calculated based on the number of plaques formed (see 2.6.3
for formula). The virus titre is necessary for the calculation of MOI.

The virus titres for the various virus stocks were determined to be:

Bac-F: 4.0x10” PFU/mI Bac-GA: 1.65x10” PFU/mI

Bac-M: 1.5x107 PFU/mi Bac-N: 6.6x10” PFU/ml Bac-Famm: 1x107 PFU/mI.

2.8 Analysis of protein expression in insect cells

Most of the methods used for the analysis of protein expression in insect cells were
identical to those used for mammalian expressed proteins. Two main exceptions were
the time-course experiment, which determines the optimal time of incubation for best

expression, and the MOI experiment which determines the optimal MOI to be used.

2.8.1 Harvesting insect cells for Western blot

After the cells were incubated for 2 days, they were harvested by either gentle spraying
of the media or with a cell scraper. The cells were centrifuged at 3000g to remove the
supernatant and 1x Laemmli buffer was added. The cells were then heated at 100°C
for 10 min and sonicated. The Western blot protocols were identical to theose

described in section 2.5.3.
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2.8.2 Time-course experiment

The time-course experiment was carried out by infecting Sf9 and HighFive cells at
M.O.I=1 and incubating the cells for 1, 2 and 3 days. Western blot was used to

determine the incubation time which produced the best expression levels.

2.8.3 Determining optimal multiplicity of infection (MOI)

The MOI experiment was also carried out by infecting Sf9 and HighFive cells. This
time, the number of days before harvesting was set according to the results from the
time-course experiment. Cells were infected at MOI values of 1, 5 and 10. Western blot

was performed to determine the optimal MOI to be used.

2.8.4 Immunofluorescence and confocal microscopy

Cells were seeded on coverslips (refer to 2.5.10) for 1 hour and infected with the
various bacmids for 1 hour. The cells were then left overnight at 28°C. The next day,
the cells were fixed with methanol/acetone (1:1) and stained according to the methods
in section 2.5.10. Confocal microscopy was also performed in the same way as in

section 2.5.11.

2.8.5 Western blot analysis

Western blot was performed on harvested insect cells in a similar way to section 2.5.4.

The glycosylation analysis of insect cell-expressed proteins was also carried out in the

same way as in section 2.5.5.
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2.8.6 Radiolabeling of proteins

The HMPV proteins expressed by insect cells were analysed by radiolabeling with S.
After 24 hours post-infection in a 60 mm dish, the media was replaced with methionine
and cysteine-free SF-900 Il SFM (Invitrogen, USA). Radiolabelling with **S was
performed by adding the isotope at the concentration of 100 uCi/dish. The cells were

harvested and subsequently subjected to SDS-PAGE.

29 Virus-like particle analysis

2.9.1 Labeling cells with gold particles

Cells expressing HMPV proteins were prepared in the same way as for
immunofluorescence microscopy. After overnight infection, the cells were fixed with
0.1% glutaraldehyde in PBS overnight at room temperature. The next day, the cells
were washed 3 times with PBS, the primary anti-FLAG antibodies were added (1:100)
and incubated for 4 hours at room temperature. The coverslips were washed 3 times
with PBS and incubated with a secondary anti-rabbit antibody conjugated to colloidal
gold (10 nm) particles (Sigma-Aldrich, USA) for 4 hours at room temperature. After
washing 3 times with PBS, the cells were placed in a final fixative of 2.5%
glutaraldehyde overnight at room temperature. The coverslips were then subjected to

critical point drying and carbon-coated.

2.9.2 Field emission scanning electron microscopy

Viewing of the samples was performed on a JSM 7000 series field emission
scanning electron microscope (FE-SEM) (JEOL, Japan) at 5 kV. Images were

taken at various magnifications ranging from 20,000x to 100,000x. Both
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secondary electron image (to show topology) and backscatter image (to show the
gold particles) were collected and these could be superimposed into a combined

image.

2.9.3 Removing VLP filaments from the cell surface

The mechanical shearing method was performed by douncing the cell suspension in a
1 ml dounce homogenizer for 40 times. The freeze-thaw method was performed by
dipping the cell suspension into an ethanol-dry ice mixture until the liquid was frozen,
then quickly immersing the frozen cells into a 37°C water bath until the suspension

thawed. Three cycles of freeze-thaw were used.

2.9.4 Ultracentrifugation of virus-like particles

The protocol for ultracentrifugation of VLPs was the same as that for the F and G
protein studies except for a few conditions. All ultracentrifuging was performed at
200,000g at 4°C. The discontinuous sucrose gradient was prepared by layering three
solutions of 20%, 50% and 60% sucrose. Discontinuous gradients were centrifuged for
1 hour. Continuous sucrose gradients were prepared by layering solutions of 10% to
60% in 5 % intervals and left to equilibrate overnight before use. Continuous gradients
were centrifuged for 18 hours. All sucrose solutions were prepared in TEN (10 mM

Tris-Cl pH 8, 0.1 mM EDTA, 100 mM NaCl) buffer.

2.10 Reagent List

2.10.1  General Reagents

All general reagents used in this experiment were of analytical grade obtained from

Sigma Adrich, Becton-Dickinson, Bio-Rad, Invitrogen, USB Corp., QIAGEN, unless
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otherwise stated. For work where sterility was required, all of the reagents were either
autoclaved at 121 °C for 20 min or filter-sterlilised through a 0.22 ym membrane.
(Nalgene). Primers and probes for amplification were synthesised by either 1*' Base,
Singapore, AIT Biotech, Singapore or Proligo Singapore. Sequencing reactions were

sent to either 1% Base or AIT Biotech, Singapore.

2.10.2 Cells and virus

HMPYV clinical strain A174, DSO, Singapore
HEK (human embryonic kidney) 293T ATCC CRL11268, USA
Vero (African green monkey kidney) E6 ATCC CRL1586, USA
HEp-2 (human laryngeal carcinoma) ATCC CCL23, USA
LLC-MK2 (Rhesus monkey kidney) ATCC CCL7.1, USA

Sf 9 (Spodoptera frugiperda, fall armyworm) Invitrogen, USA #11496
High Five (Trichopulsia nii, cabbage looper) Invitrogen, USA #B855
Max Efficiency DH10Bac chemical competent cells Invitrogen, USA #10361
Max Efficiency DH5a chemical competent cells Invitrogen, USA #18258
One Shot TOP10 chemical competent cells Invitrogen, USA #C4040
EZ competent cells (from PCR cloning plus kit) Qiagen, USA #231224

2.10.3 Antibodies

Mouse anti-cmyc monoclonal antibody, 1:100 (immunofluorescense assay),
1:5000 (Western blot) Cell Signaling Technology, USA #2276

Rabbit anti-FLAG polyclonal antibody, 1:100 (immunofluorescence assay),
1:5000 (Western blot) Sigma-Aldrich, USA #F7245

Mouse anti-6His monoclonal antibody,
1:5000 (Western blot) GE Healthcare (Amersham), USA#27-4710-01

Mouse anti-M (HMPV) protein monoclonal antibody, neat (Western blot
and immunofluorescence assay)  Hybridoma clone #8A11,#3F8

Mouse anti-F (HMPV) protein monocloncal antibody, neat (Western blot
and immunofluorescence assay) Gift from G. Toms, #F58
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Mouse anti-F (hRSV) protein monoclonal antibody, neat (western blot

and immunofluorescence assay) Commercial source

Goat anti-mouse IgG peroxidase conjugate, 1:10,000 (Western blot)
Sigma-Aldrich, USA #A4416

Goat anti-rabbit IgG peroxidase conjugate, 1:10,000 (Western blot)
Sigma Aldrich, USA #A0545

Goat anti-mouse IgG fluorescein conjugate 1:100 (immunofluorescence assay)
Sigma-Aldrich, USA #AP124F

Goat anti-rabbit IgG fluorescein conjugate 1:100 (immunofluorescence assay)
Sigma-Aldrich, USA #AP307F

Goat anti-rabbit 1gG Alexa Fluor 555 conjugate 1:1000 (immunofluorescence assay)
Invitrogen, USA #A21428

Goat anti-mouse lgG Alexa Fluor 488 conjugate 1:100 (immunofluorescence assay)
Invitrogen, USA #A11001

2.10.4 Immunofluorescence reagents

Methanol:acetone, 1:1 Fisher Scientific, USA #1.00014.2500
(purchased separately) and 1.106009.2500
Paraformaldehyde ICN Biochemicals, Inc.

10X Phosphate-buffered saline pH 7.2 1st Base, Singapore #2041

2.10.5 Commercial kits

QlAamp Viral RNA Mini Kit Qiagen, Germany #52906
QIAquick Gel Extraction Kit Qiqgen, Germany #28706
QIAGEN PCR Cloning Plus Kit Qiagen, Germany #231224
QIAGEN OneStep RT-PCR Kit Qiagen, Germany #210212
QIlAprep Spin Miniprep Kit Qiagen, Germany #27106
HiSpeed Plasmid Midi Kit Qiagen, Germany #12643
Platinum Tag DNA Polymerase Invitrogen, USA #10966

Platinum Taq DNA Polymerase High Fidelity Invitrogen, USA #11304
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PENTR/SD/D-TOPO Cloning Kit

Invitrogen, USA #K242020

2.10.6 Cloning vector and E. coli growth media

pDrive (QIAGEN PCR Cloning Plus Kit)
pcDNA 3.1 (-)

pCAGGS

pFastBac Dual

pENTR/SD/D-TOPO

LB (Luria-Bertani) Broth, Miller

LB (Luria-Bertani) Agar, Miller

LB plate for blue/white colony screening

Ampicillin sodium salt
SOC Medium

2.10.7 Mammalian cell culture media

Cell Propagation Medium

Transfection medium

Dulbecco’s modified Eagle medium+
GlutaMAX, 1X high glucose
Heat-inactivated foetal bovine serum
Phosphate buffered saline pH 7.2, 1X
Penicillin-Streptomycin 100X (10,000 1U
Penicillin and 10,000 pg Streptomycin)

Qiagen, Germany .#231224

Invitrogen, USA #V79520

Gift from C.C. Broder

Invitrogen, USA #10712

Invitrogen, USA #K242020

LB powder containing 100 pg/ml ampicillin
in 1 L water (Becton-Dickinson, Difco, USA
#244620)

LB broth plus 1% agarose and 100 ug/ml
ampicillin (Becton-Dickinson, Difco, USA
#244520)

100 pl of 0.1 M IPTG (Fermentas, EU) and
250 pl of 40 mg/ml X-Gal (Fermentas, EU)
were spread on the plate and incubated in
37°C for 1 hour. Plates were prepared
fresh.

Fluka, Switzerland #10044

Invitrogen, USA #15544034

DMEM+GlutaMAX(Gibco, USA)
supplemented with 10% (v/v) fetal bovine
serum (Gibco, USA) and Penicillin 100
Ul/ml and Streptomycin 100 pg/ml (Gibco,
USA)

DMEM+GIlutaMAX(Gibco, USA)
supplemented with 10% (v/v) fetal bovine
serum (Gibco, USA)

Invitrogen, USA #10569
Invitrogen, USA #10500
Invitrogen, USA #20012

PAA Laboratories #P11-010
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Trypsin-EDTA 0.25% 1X Invitrogen, USA #25200
Trypsin TCPK(L-1-tosylamido-2-phenylethyl
chloromethyl ketone)-treated Worthington, USA

2.10.8 Insect cell culture media

Cell propagation medium SF-900 Il SFM (serum-free medium)
(Invitrogen, USA) supplemented with 10%
(viv) Fetal Calf Serum (Gibco, USA) and
Penicillin 100 Ul/ml and Streptomycin 100
pg/ml (Gibco, USA)

Cell overlay medium 9 ml of SF-900 Il SFM (serum-free
medium) (Invitrogen, USA) supplemented
with 10% (v/v) Fetal Calf Serum (Gibco,
USA) and Penicilin 100 Ul/ml and
Streptomycin 100 ug/ml (Gibco, USA)

3 ml of 4% (w/v) low melting point (LMP)
agarose (BioRad, USA) in deionised

water.
SF-900 Il serum free medium (SFM) 1X Invitrogen, USA #10902
Heat-inactivated fetal bovine serum Invitrogen, USA #10500
Penicillin-Streptomycin 100X (10,000 IU Penicillin and
10,000 pg Streptomycin) PAA Laboratories #P11-010
Phosphate-buffered saline pH 7.2, 1X Invitrogen, USA #20012
2.10.9 DNA Analysis
1x TBE (Tris-Borate-EDTA) 100 ml of 10x TBE dissolved in 900 ml of

deionised water to make 1 L of 1x TBE
stock (1st Base, Singapore).

0.1% Ethidium Bromide 10 mg of Ethidium Bromide (BioRad, USA)
dissolved in 10 ml of water.

1% Agarose gel 0.5 g of Agarose (Fermentas, EU) in 50 ml
of 1x TBE.

2.10.10 Protein Analysis by SDS-PAGE

15% Resolving Gel 1980 ul of 30% Acrylamide/Bis solution
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12% Resolving Gel

10% Resolving Gel

4% Stacking Gel

Laemmli buffer 5x

(37.5:1, 2.6% C) (BioRad, USA #161-
0158)

960 pl water

1000 pl Tris-Cl pH 8.8 (Promega, USA
#H5135)

40 pl 10% SDS (sodium dodecyl sulphate)
(BioRad, USA #161-0302)

40 pl 10% APS (ammonium persulfate)
(Promega, USA #V3131)

4 yl TEMED (N,N,N,N-tetra methyl
ethylenediamine) (BioRad, USA #161-
0800)

1.6 ml of 30% Bis-Acrylamide (C : N = 1:29.9)

1.4 ml H20

1 ml Tris-Cl pH 8.8

60 pl 10% SDS

60 ul 10% APS

6 ui TEMED

1.6 ml of 30% Bis-Acrylamide (C : N =
1:29.9)

1.4 ml H20

1 ml Tris-Cl pH 8.8

60 pl 10% SDS

60 pi 10% APS

6 ul TEMED

266 pl of 30% Bis-Acrylamide (C : N =
1:29.9)

1333 ul H20

375 pl Tris-Cl pH 6.8

15 ul 10% SDS

15 pl 10% APS

1.5 yl TEMED

31.25 ml 1M Tris-HCI pH 6.8

10 g SDS

25 ml Glycerol

750 pl Bromophenol Blue (2%) in ethanol
5 ml 2-mercaptoethanol

Add ddH20 to 100 ml
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Laemmli buffer 1x

2-mercaptoethanol

Isopropanol

2.10.11 Western blotting

SDS-PAGE Running Buffer (1x)

Transfer Buffer (1x)

1X PBS+0.05% Tween-20 (PBST)

5% (w/v) skimmed milk blocking solution
Methanol

Ethanol

Glacial acetic acid

10% Tween-20 (v/v) in water

Dissolve Laemmli buffer (5x) in deionised
water

in 1:5 ratio.

(Merck, USA #8.05740.0250)

(Merck, USA #1.09634.2500)

57.6 g Glycine (BioRad, USA)

12 g Tris base (Sigma-Aldrich, USA)

4 g SDS (BioRad, USA)

Add deionised waterto 4 L

3.03 g Tris base (BioRad, USA #161-
0719)

14.41 g glycine (BioRad, USA #161-0718)
200 ml methanol (Fisher Scientific, USA)
Deionised waterto 1 L

100 ml of 10x PBS, 5 ml of 10% Tween-
20,

made up to 1 L with deionised water

1 g skimmed milk powder in 20 m| PBST
(Fisher Scientific, USA #1.106009.2500)
(Merck, Germany #1.00983.2500)

(Merck Germany #1.00063.2500)
(Amresco, USA #0777)
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Chapter 3 Epidemiology of Respiratory Viruses in

Singapore Children

Respiratory viruses are a major cause of morbidity in children worldwide. Even in
developed countries like Singapore, preschool and school-going children frequently
suffer from the effects of respiratory virus infection. Parents of ill children are more
likely to bring them to a doctor compared to sick adults who may choose to self-
medicate or allow the illness to run its course. Kandang Kerbau Women's and
Children’s Hospital (KKH) is the main paediatric hospital in Singapore which has more
than 800 beds and boasts a wide range of medical specialities under one roof from
neonatology to adolescent medicine, from oncology to infectious diseases, from
endocrinology to reconstructive surgery. The children’'s emergency department sees
more than 300-400 cases a day but not all patients require admission into hospital. The
specimens collected for this study were from patients admitted to KKH for various
respiratory-related symptoms. These include fever, cough, rhinitis, bronchiolitis,
bronchitis, pneumonia, exacerbation of asthma, wheezing, pharyngitis, laryngitis and
others. Samples were taken from the nasopharynx of patients which would give the
best yield of cells infected by viruses. The laboratory in KKH uses a commercial kit to
detect the presence of virus antigens in nasopharyngeal cells. This kit can only detect
common viruses like influenza A/B virus, parainfluenza virus 1/2/3, hRSV and
adenovirus. Although these viruses have been in the human population for many years,
there are emerging viruses and “old” viruses which can also cause respiratory disease.
One of the recently discovered viruses is human bocavirus (HBoV) which was
discovered in human respiratory tissue in 2007 (Allander et al., 2005). In addition to
HBoV, human coronavirus (HCoV) and human rhinovirus (HRV) which have been
known for years to infect humans do not have readily available commercial reagents
which can be used for detection in clinical samples. HRV is especially difficult because

there are a large number of serotypes (about a hundred), making it very challenging to
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design an assay which detects all serotypes. HMPV, HBoV, HCoV and HRV would
require the use of PCR technology for detection. Even though the sensitivity of PCR is
generally higher than that of antigen detection, it is expected that samples from
symptomatic patients should still contain sufficient quantities of viral antigens to provide

reliable results.

The aim of this chapter was to document the prevalence of respiratory viruses in
Singapore children admitted to KKH for a variety of respiratory symptoms. Although the
main focus of this study was HMPV, we took the opportunity to screen the patient
specimens for some of the lesser known viruses. This would not only enable us to
obtain clinical HMPV material with which to study the viral proteins, but also give us a
more complete picture of the type of viruses which cause respiratory infections in

children in Singapore.

3.1 The current situation in common respiratory virus infections

The results of the screening tests for the respiratory viruses are shown in Table 3.1.
The nomenclature used for the clinical samples is SINyy-NTUxxx where “yy" denotes
the last two digits of the year of isolation and “xxx” denotes a sequential sample
number from 1 to 500 (refer to Appendix A for the complete sample list). It is important
to note that the diagnosis indicated may not be the final one and the presence of a
pathogen does not imply that it is the cause of the illness. Out of the 500 samples
tested by the commercial immunofluorescence microscopy kit, the largest number of
samples were positive for hRSV. This was detected in 59 samples (11.8%). Other
viruses included parainfluenza 3 virus which was detected in 8 (1.6%) samples,
influenza A virus and parainfluenza 1 virus both of which were detected in 4 (0.8%)
samples, influenza B virus which was detected in 2 (0.4%) samples and adenovirus
which was only found in 1 (0.2%) sample. Many studies have shown that hRSV is one

of the most commonly isolated viruses in children. Freymuth (Freymuth et al., 2006)
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detected hRSV in 43.6% of 263 children with respiratory disease. In addition, they
found 8.8% infected with influenza viruses, 3.2% infected with parainfluenza viruses
and 2.3% infected with adenoviruses. Templeton (Templeton et al., 2004) detected
hRSV in 18.4% of 358 clinical specimens. They also tested the specimens for influenza
A/B and parainfluenza viruses 1/2/3/4. These other viruses were only found in 1-2% of
the specimens. Lee (Lee et al., 2007a) detected hRSV in about 12.6% of 103 samples
and also detected between 1-5% of other respiratory viruses like influenza A/B,
parainfluenza 1/3/4, and adenoviruses. Kuypers (Kuypers et al., 2006) tested 1138
clinical samples for common respiratory viruses. A combination of fluorescence
microscopy and nucleic acid amplification tests detected hRSV in 20.8% of the
samples, influenza A virus in 10.1%, parainfluenza viruses and adenoviruses in 1-4%.
Based on the commercial kit used in our study, only 15.6% of the (78/500) samples
tested positive for any of the seven common respiratory viruses listed in Table 3.1. Our
positive detection rates are very similar to those from the four above-mentioned
studies. There were no cases of multiple infections within the seven different viruses.
This relatively poor detection rate is typical of immunofluorescence microscopy-based
assays which have been shown to have sensitivities between 30-80% (Freymuth et al.,
2006; Kuypers et al., 2006; Lee et al., 2007a; Templeton et al., 2004) compared to
nucleic acid amplification-based assays like PCR. The reason for this large variation is
mostly due to human factors like the technical skill and fluorescence interpretation of
the medical technologist in the hospital laboratory. Improved skills and interpretation
ability can only be achieved over years of experience. Not surprisingly, the use of
recently developed but non-commercial PCR techniques detected another 27.2%
(136/500) samples positive for other respiratory viruses not examined by the

commerciai kit.
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No. of Positives |% Positive

Respiratory syncytial virus 59 11.8
Influenza A virus 4 0.8
Influenza B virus 2 0.4
Parainfluenza 1 virus 4 0.8
Parainfluenza 2 virus 0 0
Parainfluenza 3 virus 8 1.6
Adenovirus 1 0.2
*Metapneumovirus 29 5.8
*Bocavirus 40 8.0
*Coronavirus 3 0.6
*Rhinovirus 64 12.8
Total (n=500) 214 42.8

Table 3.1. Results of the combined respiratory virus screening tests. The first seven viruses
were detected by the commercial immunofluorescence microscopy kit using standard hospital
protocols. The last four viruses (denoted by *) were detected by (reverse-transcription and)
polymerase chain reaction depending on the type of nucleic acid in the virus.

Among these, there were 19 cases of dual infections. Nucleic acid amplification
methods are less affected by the skill of the individual medical technologist (although a
clear understanding of proper PCR workflow is necessary to prevent potentially
disastrous amplicon contamination of the entire work area) and are gaining popularity

as the method of choice in the modern diagnostic laboratory.

3.2 Human metapneumovirus isolates

A total of 29 samples were found to be positive for the presence of HMPV which
translates to a prevalence of 5.8%. Of these 29 samples, none were found to have co-
infection with other respiratory viruses. The presence of HMPV RNA in the clinical

samples was determined by a published real-time RT-PCR protocol by (Maertzdorf et
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al., 2004) and uses the technology of the dual-labeled fluorescent probe (see Fig 3.1).
The probe is an oligonucleotide which is complementary to the PCR target region
between the forward and reverse primers. The 5'-end of the probe is labeled with a 6-
carboxyfluorecein (6-FAM) molecule and the 3'-end is labeled with a Black Hole
Quencher 1 (BHQ-1) molecule. The 6-FAM molecule absorbs light at wavelength 492
nm and emits light at wavelength 517 nm. The BHQ-1 molecule absorbs light between
480-580 nm. If a light source about 492 nm is emitted, the 6-FAM molecule absorbs
and re-emits 517 nm light waves. The nearby BHQ-1 molecule absorbs the light
resulting in very low or no fluorescence. During the extension phase, the Taq DNA
polymerase extends the nucleotides from the primers until it reaches the dual-labeled

probe.

a Denature

Figure 3.1. lllustration of the dual-labeled probe detection system for real-time polymerase chain
reaction (adapted from (Koch, 2004)). The first step is denaturation where the primers and
probe are not hybridized to the target DNA molecule. The second step is annealing where the
primers and probe hybridise to the target DNA molecule. In the first two steps the proximity of
the reporter (e.g. 6-FAM) and the quencher (e.g. BHQ-1) molecules results in little or no
fluorescence. The third step is extension where the Tag DNA polymerase displaces the probe
thereby releasing the reporter molecule to emit a second wavelength detectable by the
instrument. R-reporter molecule, Q-quencher molecule, hv-incident light close to the absorption
wavelength ofthe reporter molecule.



The 5-3’ exonuclease domain ofthe Tag DNA polymerase then cleaves the probe from
the 5'-end to the 3'-end as it displaces and replaces the probe with a complementary
DNA sequence. This releases the 6-FAM and BHQ-1 molecules into the solution.
When the 6-FAM molecule is not in close proximity to the BHQ-1 molecule, any emitted
fluorescence from the 6-FAM molecule will not be quenched and can be detected by
the PCR instrument. The PCR instrument plots the graph of raw fluorescence versus
cycle number. This graph is used to deduce the samples with positive amplification of
HMPVY RNA. The level of fluorescence in the reaction tube is proportional to the
amount of free 6-FAM molecules which is proportional to the quantity of amplificons
overthe entire PCR run. The doubling ofamplification products during PCR produces a
sigmoidal curve (Fig 3.2). Negative samples do not show any increase in fluorescence.
The instrument software then converts the graph of fluorescence versus cycle number
to a graph of log fluorescence versus cycle number (Fig 3.3). This second graph is
used to determine the cycle threshold (Ct) value that is usually within the exponential
phase of the curve and can be used to estimate the starting amount of target (HMPV)
RNA in the sample. Since a greater amount of starting RNA in the sample will result in
a more rapid increase in PCR amplicons, the Ct value is therefore inversely

proportional to the starting amount oftarget (HMPV) RNA.

Figure 3.2. Real-time RT-PCR graph offluorescence versus cycle number. Arrows A, B
and C show 3 specimens positive for HMPV due to the increase in fluorescence levels. All
the other specimens are negative as shown by the horizontal lines.
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Figure 3.3. Real-time RT-PCR graph of log fluorescence versus cycle number (adapted
from (Sugrue et al., 2008)). The dotted line shows the fluorescence level set as the
threshold for positive amplification. Arrows A, B and C indicate 3 specimens positive for
HMPV with Ct values of 20.9, 24.6 and 32.6 respectively.

The results for the screening of the 500 clinical samples, part of which have been
published (Loo et al., 2007), are detailed in Appendix A. Of the total number of HMPV
positive samples, 11 (37.9%) of the patients had infections of the upper respiratory
tract [10 URTI, 1 pharyngitis], 9 (48.2%) had infections of the lower respirtory tract [2
chest infection, 3 bronchitis, 3 bronchiolitis, 1 pneumonia], 5 had asthmatic/wheezing
conditions and the remaining 4 (13.8%) had either fits or fever. There was no
predominant symptom among the patients with HMPV infection. Table 3.2 below shows
the details of the HMPV isolates including their specimen number, diagnosis, HMPV

genogroup and presence (if any) of other respiratory viruses in the same specimen.



Specimen Age Diagnosis PCR  HMPV | Specimen  Age Diagnosis PCR  HMPV

number group indicated Ct geno number group indicated Ct geno
value group value  group

SINO5- 1-3 Bronchiolitis  24.6 A2 SINO0S6- 3-10 URTI 21.9 B2

NTU14 NTU272

SINO5- 1-3 Febrile fit 348 A2 SINOB- 1-3 URTI 220 B2

NTU29 NTU273

SINO5- <1 URTI 26.6 A2 SINOB- 3-10 URTI 238 B2

NTU50 NTU277

SINO5- 1-3 Bronchiolitis 349 A2 SIN06- 1-3 Bronchitis 264 A2

NTU51 NTU289

SINO5- 1-3 Pharyngitis 243 A2 SINO6- 1-3 Chest 204 A2

NTUS52 NTU384 infection

SINO5- <1 Infantile 184 A2 SINO6- 3-10  Asthma 196 B2

NTU70 pyrexia NTU398

SINO5- <1 URTI 287 A2 SINQ7- 3-10  Acute 315 A2

NTU84 NTU401 bronchitis

SIN05- 1-3 Bronchiolitis 31.9 A2 SINO7- 3-10  URTI 199 A2

NTU101 NTU423

SINO5- 1-3 Pneumonia 315 Az SINO7- 3-10  Asthma 29.0 A2

NTU102 NTU442

SINO5- 1-3 URTI 213 B2 SINO7- 3-10 URTI 208 B

NTU135 NTU461

SINO6- <1 Wheezing 241 A2 SINO7- 3-10 Fever 246 A2

NTU187 NTU480

SINOB- <1 Asthma 26.0 Bt SINO7- 3-10  URTI 326 A2

NTU217 NTU481

SINO6- 1-3 URTI 299 B2 SINO7- 3-10  Febrile fit 350 ND

NTU224 | NTU489

SINQO6- 1-3 Acute 238 A2 SINO7- 3-10  Asthma 241 A2

NTU232 bronchitis NTU485

SINO6- >10 Chest 194 A2

NTU271 infection

Table 3.2. All 28 HMPYV clinical isolates. The specimen number is abbreviated from the original
SiNyy-NTUxxx format to show the running sample number only. The age group, clinical
diagnosis, genogroup classification and co-infection viruses (if any) are also included in the
table. Genogroup classification derived from P gene sequence analysis. ND-not determined.

Among the HMPV isolates, the first gene to be sequenced was the P gene. All the P
genes from the clinical isolates were successfully amplified and sequenced except for
isolate number SINO7-NTU489. The most probable reason for this was the low starting

amount of target HMPV RNA in the clinical sample as indicated by the Ct value for the

real-time RT-PCR which was 35.0. This was the highest value among the positive
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HMPV isolates and suggests that the amount of starting HMPV RNA in that sample
was close to the limit of detection for the test method. This observation is in agreement
with similar test protocols employed by the Department of Pathology and Laboratory
Medicine in KKH. Almost the entire P gene (884 bases) of the 28 remaining HMPV
isolates were sequenced. The 21 sequences used in the 2007 publication (Loo et al.,
2007) were submitted to GenBank under the accession numbers EF409351 to
EF409371. Only the first 182 nucleotides of the P gene were used for the actual
sequence analysis based on an earlier publication by (Mackay et al., 2004) The
authors concluded that the sequence information obtained from the first 182 bases was
sufficient to properly classify the four subgenogroups of HMPV. Our own phylogenetic
analyses revealed that 20 isolates were assigned to the A2 subgenogroup, 6 to the B2
subgenogroup and 2 to the B1 subgenogroup. None of the HMPV isolates belong to
the A1 subgenogroup. The phylogenetic trees of P (Fig 3.4), F (Fig 3.5), G (Fig 3.6), N
(Fig 3.7) and M (Fig 3.8) genes are shown in the subsequent pages. Not all the N, M, F
and G genes from the clinical strains of HMPV were amplified successfully. There were
only 2 sequences of N genes (GenBank JQ309641 to JQ309642), 28 sequences of P
genes (GenBank EF409351 to EF409371, JQ309666 to JQ309672), 23 sequences of
M genes (GenBank JQ309643 to JQ309665), 16 sequences of F genes (GenBank
EF397618 to EF397633) and 10 sequences of G genes (GenBank JQ309673 to
JQ309682). This could have been due to factors such as minor variations in the PCR
target region, sub-optimal reaction conditions or low numbers of target RNA in the
clinical material. Despite having sequenced less than the expected number of HMPV
genes, the results of the 4 phylogenetic trees clearly show that the genogrouping
pattern is consistent among the different genes used for phylogenetic analysis. This
observation is consistent with the fact that the HMPV genome is non-fragmented and
not liable to re-assort like orthomyxoviruses (Kaverin, 2010). It is, therefore, unlikely
that the genogrouping pattern of the HMPV isolates will be different based on different
gene sequences. Based on the information from Table 3.2, there was no apparent

difference in severity between the patients infected with HMPV genogroup A or B. Only
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one sample (SIN05-NTU102) was obtained from a patient diagnosed with pneumonia
which is the most severe condition in this group. HMPV genogroup A2 was isolated
from this patient. However, this single severe case of HMPV A2 infection is not
sufficient to be congruent with the observation by (Vicente et al., 2006). None of the
patients infected with HMPV genogroup B had severe symptoms but again, there is
unsufficient data to draw any conclusions. Since none of the HMPV positive samples
were correspondingly infected with another respiratory virus, no conclusion about the
increased severity of HMPV co-infection can be reached in this study. Infection of
children with HMPV seems to be evenly spread throughout the different age groups but
seldom occurs in those above 10 years old. The more severe conditions appear to
manifest in children in the 1-3 year-old age group but this requires the analysis of a

larger number of positive cases.
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Figure 3.4. Phylogenetic relationship of P gene sequences of 28 HMPYV isolates. Canadian
strains [CAN97-82 GenBank AY145250, CAN97-83 GenBank AY297749, CAN98-75 GenBank
AY297748, CAN98-79 GenBank AY145248, CAN-99-81 GenBank AY145249] are indicated by
(). Dutch strains [NL-1-99 GenBank AY525843, NL-1-00 GenBank AF371337] are indicated by
(+). Japanese strains [JPS02-76 GenBank AY530089, JPS03-180 GenBank AY530092, JPS03-
187 GenBank AY530093, JPS03-240 GenBank AY530095] are indicated by (). HMPV
isolates from this study are designated as SINyy-NTUxxx where “yy” is the year of isolation,
“xxx” is the specimen number, SIN and NTU are abbreviations for Singapore and Nanyang
Technological University respectively. Avian pneumovirus C (APVC) [GenBank AY590688] is
used as an outgroup. Al, A2, Bl and B2 indicate the HMPV genogroups.
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Figure 3.5. Phylogenetic tree of successfully sequenced HMPV F genes. Canadian strains are
indicated by prefix CAN [CAN97-82 GenBank AY145295, CAN97-83 GenBank AY297749,
CAN98-75 GenBank AY297748, CAN98-79 GenBank AY145293, CAN-99-81 GenBank
AY145294]. Dutch strains are indicated by prefix NL [NL-1-94 GenBank AY304362, NL-1-99
GenBank AY525843, NL-1-00 GenBank AF371337, NL-17-00 GenBank AY304360]. Japanese
strains are indicated by prefix JPS [JPS02-76 GenBank AY530089, JPS03-180 GenBank
AY530092, JPS03-187 GenBank AY530093, JPS03-240 GenBank AY530095]. HMPYV isolates
from this study are written as SINyy-NTUxxx as explained under Fig 3.4. Avian pneumovirus
type C (APVC) [GenBank AY590688] is used as an outgroup. A1, A2, B1 and B2 indicate the
HMPV genogroups.
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Figure 3.6. Phylogenetic tree of successfully sequenced HMPV G genes. Canadian strains are
indicated by prefix CAN [CAN97-83 GenBank AY297749, CAN98-75 GenBank AY297748].
Dutch strains are indicated by prefix NL [NL-1-99 GenBank AY525843, NL-1-00 GenBank
AF371337]. The Japanese strain is indicated by prefix JPS [JPS03-240 GenBank AY530095].
HMPV isolates from this study are written as SINyy-NTUxxx as explained under Fig 3.4. Avian
pneumovirus type C (APVC) [GenBank AY590688] is used as an outgroup. A1, A2, B1 and B2
indicate the HMPV genogroups.
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Figure 3.7. Phylogenetic tree of successfully sequenced HMPV N genes. Canadian strains are
indicated by prefix CAN [CAN97-83 GenBank AY297749, CAN98-75 GenBank AY297748].
Dutch strains are indicated by prefix NL [NL-1-99 GenBank AY525843, NL-1-00 GenBank
AF371337]. Japanese strains are indicated by prefix JPS [JPS03-240 GenBank AY530095].
HMPV isolates from this study are written as SINyy-NTUxxx as explained under Fig 3.4. Avian
pneumovirus type C (APVC) [GenBank AY590688] is used as an outgroup. A1, A2, B1 and B2
indicate the HMPV genogroups.
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Figure 3.8. Phylogenetic tree of successfully sequenced HMPV M genes. Canadian strains are
indicated by prefix CAN [CAN97-83 GenBank AY297749, CAN98-75 GenBank AY297748].
Dutch strains are indicated by prefix NL [NL-1-99 GenBank AY525843, NL-1-00 GenBank
AF371337]. Japanese strains are indicated by prefix JPS [JPS03-240 GenBank AY530093].
HMPV isolates from this study are written as SINyy-NTUxxx as explained under Fig 3.4. Avian
pneumovirus type C (APVC) [GenBank AY590688] is used as an outgroup. A1, A2, B1 and B2
indicate the HMPV genogroups.
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The detailed alignment of the amino acid sequence of F protein from isolate SINO6-
NTUZ271 is shown in Fig 3.9. The detailed alignments of the amino acid sequences of
GA protein from isolate SIN0O6-NTU271 and GB protein from isolate SINO6-NTU272 are
shown in Fig 3.10. Both sets of alignments were obtained by comparison against
published sequences of F and G proteins of isolates derived from Canada [CAN97-83
GenBank AY297749, CAN98-75 GenBank AY297748], Japan [JPS03-240 GenBank
AY530095] and the Netherlands [NL-1-99 GenBank AY525843, NL-1-00 GenBank
AF371337]. These two alignments provided the groundwork for the protein expression
work in the next chapter.

The F protein of SINO6-NTU271 was aligned with known F protein sequences from
representatives of the four genogroups including NL-1-99 (genogroup B1), NL-1-00
(genogroup A1), CAN98-75 (genogroup B2), CAN-97-83 (genogroup A2) and JPS03-
240 (genogroup A2). Some of the motifs in the F protein of SINO-NTU271 were
identified by comparing with the known sequences. These included the signal
sequence [MSWKVVIIFSLLITPQHG] which is known to facilitate the processing of the
protein via the endoplasmic reticulum and Golgi; the cleavage location of a trypsin-like
protease [PRQSR] which converts the inactive Fy precursor molecule into the active F,
and Fy disulphide bond-linked molecule; the fusion peptide
[FVLGAIALGVATAAAVTAGV] which is exposed after cleavage by the trypsin-like
protease; the heptad repeats A
[TAGVAIAKTIRLESEVTAIKNALKTTNEAVSTLGNGVRVLATAVRELKDFVSKNLTRAIN
KNK] and B [VSSSFDPIKFPEDQFNVALDQVFENIENSQALVDQSNRILSSA] which
are important for the folding and fusion activity of the F protein and the transmembrane
region of the protein [IIVIILIAVLGSSMILVSIFIIl]. Finally, the three N-linked
glycosylation sites were identified by the N-X-S/T motif. It was confirmed that the F
proteins of all the genogroups were fairly conserved and greater than 90% identical.
The F protein of SINO6-NTU271 had a c-myc peptide [EQKLISEEDL] added to the C-

terminal to facilitate detection by immunoblotting and immunofluorescence. Since the F
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proteins of HMPV are quite conserved, the F protein from SIN0O6-NTU271 was used in
the subsequent protein expression experiments.

The G proteins of SIN0O6-NTU271 and SINO6-NTU272 were aligned with G protein
sequences from representatives of the four main genogroups including NL-1-99
(genogroup B1), NL-1-00 (genogroup A1), CAN98-75 (genogroup B2), CAN-97-83
(genogroup A2) and JPS03-240 (genogroup A2). Some of the motifs in the G proteins
of SINO6-NTU271 and SIN06-NTU272 were identified by comparing with the known
sequences. These included the transmembrane domain [LILIGXXXXSXALNXXLII] and
the various potential N-linked glycosylation sites [N-X-S/T]. The G proteins of both A
and B genogroups were highly variable and shared less than 50% identity between
genogroups. The G proteins of SINO6-NTU271 and SINO6-NTU272 had a FLAG
peptide [DYKDDDDK] added to their C-terminal to facilitate detection by
immunoblotting and immunofluorescence. The significant differences between the G
proteins of the A and B genogroups prompted the use of both GA protein from SINO6-

NTU271 and GB protein from SINO6-NTU272 for protein expression experiments.

33 Human bocavirus isolates

The prevalence of HBoV was found to be 8% (40/500) (Table 3.3). Of these 40 positive
samples, 13 (32.5%) were detected in patients with upper respiratory tract infections
[10 URTI, 3 laryngotracheobronchitis] while 14 (35%) were detected in patients with
lower respiratory tract infections [3 bronchitis, 6 bronchiolitis, 4 pneumonia, 1 chronic
lung disease], 6 (15%) had asthma and the remaining 7 (17.5%) were diagnosed with a
variety of clinical conditions ranging from fever to gastritis to leukaemia. In addition, a
total of 17 (42.5%) of the HBoV isolates were found in association with another
respiratory virus in the same sample. Six isolates contained both HBoV and hRSV, 8
had both HBoV and HRV, 1 sample had both HBoV and parainfluenza 1 virus and 2

samples had both HBoV and parainfluenza 3 virus.
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Specimen Age Diagnosis Other Specimen Age Diagnosis Other

number group indicated  viruses number group indicated viruses
present present

SINO05- 1-3 URTI - SINO6- 1-3 pneumonia  P3

NTU12 NTU268

SINO5- <1 Febrile fit - SINO6- 3-10  asthma -

NTU22 NTU275

SINO5- <1 Bronchiolitis - SIN06- 1-3 bronchitis P3

NTU46 NTU290

SINO05- 1-3 Herpangina - SIN06- 1-3 ALTB P1

NTU79 NTU325

SINO5- 3-10  Asthma - SINO6- <1 URTI -

NTU8B6 NTU328

SINO5- <1 Pneumonia - SINO6- 1-3 URTI hRSV

NTU104 NTU353

SINO5- 1-3 ? - SINO6- 3-10  bronchitis -

NTU150 NTU371

SIN06- 1-3 bronchiolitis  hRSV SINO6- >10 URTI -

NTU159 NTU374

SIN06- 1-3 CLD hRSV SINOB- 1-3 Asthma -

NTU165 NTU375

SIN06- 1-3 URTI - SINO6- 1-3 Bronchiolitis -

NTU167 NTU399

SINO6- 3-10  Asthma - SINO7- <1 URTI HRV

NTU193 NTU421

SINO6- <1 URTI hRSV SINO7- 1-3 Croup -

NTU194 NTU427

SIN06- 1-3 Acute - SINO7- 3-10 7 hRSV

NTU195 bronchiolitis NTU430

SINO6- 1-3 bronchiolits  HRV SINO7- <1 Bronchiolitis -

NTU218 NTU432

SIN06- <1 URTI HRV SINO7- 3-10  ALL HRV

NTU234 NTU441

SINO6- <1 Croup - SINO7- 3-10  asthma HRV

NTU243 NTU470

SINO6- 3-10  Pneumonia - SINO7- 1-3 URTI -

NTU246 NTU494

SINO6- <1 Infantile - SINO7- >10 Bronchitis -

NTU250 pyrexia NTU496

SINO6- <1 URTI hRSV SINO7- >10 pneumonia  HRV

NTU258 NTU497

SINO6- >10 asthma HRV SINQ7- 3-10  gastritis HRV

NTU263 NTU500

Table 3.3. All 40 HBoV clinical isolates. The specimen number is abbreviated from the original
SINyy-NTUxxx format to show the running sample number only. The age groups, clinical
diagnosis and other viruses co-infected are also included in the table. (-)-no co-infection with
other respiratory viruses determined.
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Based on the age group information, most of the patients with HBoV are below 10
years old. In terms of severity, there does not appear to be a particular age group that
is more vulnerable because patients with pneumonia or bronchiolitis come from all age
groups. A recent publication by (Martin et al., 2010) found that HBoV could be detected
for up to 75 days in children. This kind of prolonged shedding of virus is unusual among
respiratory viruses, whereas it is more commonly observed in viruses causing
gastroenteritis. It is also interesting to note that some recently discovered strains of
HBoV (namely HBoV2, HBoV3 and HBoV4) have been known to cause gastroenteritis
(Arthur et al., 2009; Chow et al., 2010; Kapoor et al., 2010) in adults and children. One
report of HBoV isolated from urine was documented (Pozo et al., 2007) but hardly any
conclusion can be drawn due to the very low incidence. Martin and co-workers also
found that the presence of HBoV among children with (59%) and without (44%)
symptoms were not significantly different. This implies a high level of asymptomatic
carriage of HBoV. However, this finding is in contrast to the work by (Garcia-Garcia et
al., 2008) who observed a significant difference in prevalence of HBoV between
symptomatic (17%) and asymptomatic (5%) subjects. Sequence analysis of HBoV
isolates using the partial NS1 gene showed that HBoV isolates from Singapore were
highly similar to those found worldwide as shown below (Fig 3.11). Out of the 40 HBoV
strains detected, 23 were found to have identical partial NS1 sequences. The
sequences were submitted to GenBank under the accession numbers EU014167 to

EU014206.
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KR-MN1114 Korea

st2 Sweden

CHSD10 USA

KR-MNO484 Korea
SINOB-NTU1B5
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Figure 3.11. Phylogenetic relationship of the partial NS1 gene region for HBoV. *SINO5-NTU-12
is the representative strain for a cluster of 24 isolates, comprising of specimen numbers SIN0O5-
NTU- 12, 22, 46, 79, 86, 150; SINO6-NTU-159, 167, 218, 243, 250, 258, 263, 268, 275, 290,
325, 328, 371, 374; and SINO7-NTU-421, 427 and 500, with 100% sequence similarity at the
nucleotide level. Other HBoV strains are indicated by their countries of origin. Other bocaviruses
are included in the tree as outgroups. HBoV isolates from this study are written as SINyy-
NTUxxx as explained under Fig 3.4.

34 Human coronavirus isolates

HCoV was detected in only 3 samples (Table 3.4). After sequencing the partial orf 1b

(replicase polyprotein gene) target fragment and aligning with known HCoV sequences,
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1 isolate from a patient with bronchitis was identified as human coronavirus OC43. The
other 2 isolates were identified as human coronavirus NL63. Both patients had
laryngotracheobronchitis (also known as croup). This observation is in agreement with
the findings of (van der Hoek et al., 2005), (Han et al., 2007) and (Wu et al., 2008).
However HCoV NL63 was prevalent at higher rates in all three studies (5.2%, 1.7%
and 1.3%, respectively). Our positive rate for HCoV NL63 was only 0.4% (2/500).
Despite the small number of local HCoV NL63 isolates, the observed symptoms for
both patients combined with results of other publications indicate that HCoV NL63 is
one of the causative agents of croup in young children. None of the 3 patients had co-
infection with other respiratory viruses. The results of this study have been published

together with findings on bocavirus in Singapore (Tan et al., 2009b).

Specimen  Age group Diagnosis HCoV Other

number indicated strain viruses
present

SINO8- <1 ALTB NL63 -

NTU211

SIN0B- 1-3 Bronchitis 0C43 -

NTU295

SIN06- <1 ALTB NL63 -

NTU395

Table 3.4. All 3 HCoV clinical isolates. The specimen number is abbreviated from the original
SINyy-NTUxxx format to show the running sample number only. The age group, clinical
diagnosis, subtype information and other viruses co-infected are also included in the table. (-)-
no co-infection with other respiratory viruses determined.

Sequence analysis of HCoV isolates showed that the 2 HCoV NL63 isolates are similar
to those from the Netherlands. The HCoV OC43 isolate is similar to the ATCC VR759
strain (Fig 3.12). The coronavirus sequences have been submitted to GenBank under
accession numbers EU370700 to EU370702. Other strains of human coronaviruses
previously published that were included in the sequence comparison were isolated
from Australia, Germany, Hong Kong, Italy, Japan, Netherlands and USA (including the
American Type Culture Collection or ATCC). Other coronaviruses used for the

comparison were two strains of SARS coronavirus (CoV), one bovine coronavirus
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(BCoV), one porcine epidemic diarrhea virus (PEDV), and transmissible gastroenterius

virus (TGEV) which infects pigs.

| SARS-CoV Tor2 Canada
| SARS-CoV Sin3408L Singapore

{j——-—-—— PEDV-CV777 Switzerland
TGEVpPurdue-115 France

] SINOB-NTU211 4
SINO7-NTU395 4

—— HCoV NL Netherlands
HCoV NLB3 Netherlands

HCoV OC43 ATCC VR759
SINOB-NTU295 <

Ll BCoV Quebec Canada
HCoV HKU1 genotypeA Hong Kong

HCoV 228E Germany

HCoV HKU1 N18 genotypeA Hong Kong
HC oV HKU1 N16 genotypeC Hong Kong

HCoV HKU1 NATO74 USA

HCoV HKU1 QP1DL04/0001 Australia
HCoV HKU1 QP1DL04/0022 Australia
HCoV HKU1 N15 genotypeB Hong Kong

HCoV NL63 SND/NLE3/103-2089 Japan
HCoV NL63 SND/NLE3/03-0163 Japan
HCoV NLB3 GD4NLB3/1151 Australia

HCoV NLb3 QO4NLBE3/6063 Australia

o1 HCoV NLB3 INMIZ Italy

Figure 3.12. Phylogenetic analysis of the partial orf 1b region of HCoV isolates. The fragment
length is approximately 100bp. The local isolates are highlighted with arrows and numbered
SIN06-NTU211, 295 and SINO7-NTU395 according to the scheme explained in Fig 3.4. Other
published human coronavirus strain sequences are indicated next to their country of origin:
Australia [QO04NL63/1151 GenBank AY600446, QO04NL63/6063 GenBank AY600443,
QP1DL04/0001 GenBank DQ190472, QP1DL04/0022 GenBank DQ206693], Germany [229E
GenBank AF304460], Hong Kong [HKU1 N15 genotypeB GenBank DQ415911, HKU1 N16
genotypeC GenBank DQ415912, HKU1 N18 genotypeA DQ415914, HKU1 genotypeA
GenBank AY597011], ltaly [NL63 INMIZ GenBank EUQ30685], Japan [SND/NL63/103-0163
GenBank AY662694, SND/NL63/103-2089 GenBank AY662698], Netherlands [NL GenBank
AY518894, NL63 GenBank AY567487], USA [HKU1 NATO74 GenBank EF077277], ATCC
[OC43 VR759 GenBank AY391777]. Other coronavirus sequences are SARS coronavirus
(CoV) [Canada Tor2 GenBank AY274119, Singapore Sin3408L GenBank AY559097], bovine
coronavirus (BCoV) [Canada Quebec GenBank AF220295], porcine epidemic diarrhea virus
(PEDV) [Switzerland CV777 GenBank AF353511], transmissible gastroenteritis virus (TGEV)
[France Purdue-115 Z34093].
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3.5 Human rhinovirus isolates

Human rhinovirus was detected in 64 samples giving a prevalence of 12.8% (Table
3.5). Of these, 19 isolates (29.6%) were from patients with lower respiratory tract
infections [4 bronchitis, 11 bronchiolitis, 2 pneumonia and 2 chest infections], 17
(26.6%) isolates were from patients with upper respiratory tract infections, 11 (17.2%)
isolates were from patients with asthma and 7 (10.9%) isolates were from patients with
fits or fever. The remaining 10 isolates were from patients with gastritis, vomiting,
leukaemia or other undefined symptoms. Among the 64 samples positive for HRV, 10
(15.6%) were detected together with other respiratory viruses [2 with hRSV, 8 with
HBoV]. Two isolates SIN0O6-NTU263 and SIN06-NTU391 were found to belong to the
newly discovered human rhinovirus group C (HRV-C) (Lamson et al., 2006). One
patient with HRV-C had asthma while another had bronchiolitis. An earlier study in
Hong Kong found 76% of patients with HRV-C had asthma (Lau et al., 2007). A Thai
study also found HRV-C in a high proportion of children with asthma and wheezing
(Linsuwanon et al., 2009). The significance of HRV-C in the local population cannot be
determined until a wider study can be conducted using a larger population pool. Based
on the age group information, most of the patients infected with HRV are under the age
of 3 but the younger children may not necessarily have the more severe symptoms like
pneumonia or bronchiolitis. Sequences for 58 of the 64 rhinovirus isolates were
submitted to GenBank (GenBank accession nos. FJ645771-FJ645828). Out of the 64
HRV-positive samples detected, 47 (73.4%) belong to HRV-A, 9 (14.1%) belong to
HRV-B and 2 (3.1%) belong to HRV-C (Fig 3.13). Six of the HRV isolates (SINO5-
NTU121, SIN06-NTU316, SIN0O6-NTU372, SINO6-NTU382, SINO7-NTU439 and SINO7-
NTU500) could not be subtyped due to low viral load in the samples. Hence, no

sequence data were available for these 6 samples.
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Specimen  Age Diagnosis HRV  Other Specimen  Age Diagnosis HRV  Other

number group indicated group viruses | number group indicated group  viruses
present present

SINO5- 1-3 Bronchiolitis A - SIN06- 1-3 URTI Nd -

NTU35 NTU316

SINO5- 3-10 URTI A - SIN06- 3-10 ? B -

NTU58 NTU324

SINO5- 3-10 ?aspergillosi A - SIN06- <1 URTI A -

NTU62 ] NTU334

SINO5- 3-10 Asthma A - SIN06- <1 URTI A -

NTU74 NTU336

SINO5- 1-3 Infection A - SIN06- 3-10 Asthma A -

NTU91 NTU341

SINOS- 1-3 Acute A - SINO6- 1-3 URTI B -

NTU107 bronchiolitis NTU348

SINO5- 3-10 ? Nd - SIN06- 3-10 URTI B -

NTU121 NTU352

SINO5- 1-3 Bronchiolitis A - SINO6- 3-10 URTI A -

NTU129 NTU354

SINO5- <1 Bronchiolitis A - SINO6- <1 URTI Nd -

NTU144 NTU372

SINO6- 3-10 Bronchitis A - SINO6- <1 Overfeedin A -

NTU173 NTU380 g

SIN06- <1 Bronchitis A hRSV SINO6- <1 Gastritis A -

NTU177 NTU381

SINO6- 1-3 URTI A - SINO6- <1 Infantile Nd -

NTU179 NTU382 pyrexia

SIN06- <1 URTI A - SINO6- <1 Bronchioliti C -

NTU188 NTU391 s

SINO6- <1 Vomiting A - SINO6- <1 Bronchioliti A -

NTU(1 96 NTU397 s

SIN06- <1 URTI A - SINO7- <1 Bronchioliti A -

NTU201 NTU404 s

SINO6- 1-3 Chest A - SINO7- 1-3 Bronchitis A -

NTU205 infection NTU405

SINO6- 1-3 Afebrile fit A - SINO7- <1 NNP A -

NTU213 NTU412

SINO6- 1-3 bronchiolitis A HBoV SINO7- 3-10 URTI B -

NTU218 NTU416

SINO6- 1-3 pneumonia A hRSV SINO7- <1 URTI A HBoV

NTU220 NTU421
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Specimen Age Diagnosis HRV  Other Specimen  Age Diagnosis HRV Other

number group indicated group viruses | number group indicated group viruses
present present

SINOB- <1 URTI A HBoV SINQO7- 3-10  Bronchiolits A -

NTU234 NTU425

SINO6- >10 Asthma B - SINO7- 3-10  Asthma A -

NTU241 NTU436

SINO6- <1 bronchiolitis A - SINO7- 1-3 Asthma Nd -

NTU245 NTU439

SING8- 3-10 URTI A - SiNO7- 310  ALL A HBoV

NTU252 NTU441

SINO6- >10 Asthma A - SINO7- <1 NNP A -

NTU257 NTU454

SINO6- <1 URT! B - SINO7- 1-3 Bronchitis A -

NTU260 NTU458

SINO6- >10 Asthma C HBoV SINO7- 1-3 Kawasaki B -

NTU263 NTU463

SIN0B- <1 Fever A - SINO7- 3-10  Asthma A HBoV

NTU278 NTU470

SINOB- 3-10 Gastritis B - SINO7- 3-10  Asthma A -

NTU281 NTU471

SINOB- <1 Whooping A - SINO7- 1-3 Fever A -

NTU301 cough NTU478

SIN0B- 1-3 Bronchioliti A - SINO7- 3-10  Asthma A -

NTU302 s NTU486

SINOB- 1-3 Asthma A - SINO7- >10 Pneumonia B HBoV

NTU304 NTU497

SINO6- 1-3 Febrile fit A - SINO7- 3-10  Gastritis Nd HBoV

NTU308 NTU500

Table 3.5. All 64 HRV clinical isolates. The specimen number is abbreviated from the original
SINyy-NTUxxx format to show the running sample number only. The age groups, clinical
diagnosis, subtype information and other viruses co-infected are also included in the table. Nd —
subtype could not be determined, (-}-no co-infection with other respiratory viruses determined.
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Fig 3.13. Phylogenetic relationship between rhinovirus isolates. The 5’ non-coding region of the
virus isolates were used for sequence comparison. Local isolates are denoted by SINyy-

NTUxxx where *

‘vy”" is the year of isolation and “xxx” is the sample number. Isolates with the

prefix RV and numbers are the various serotypes with sequences obtained from (Lee et al.,
2007b). Strains within group A are highlighted by [A]. Strains within group B are highlighted by
[e]. Strains within group C are highlighted by [m]. Isolates within the large oval area have
diverged from group A.
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There was no apparent correlation between the severity of the respiratory disease and
the HRV group infecting a patient. However, both patients who had pneumonia with
HRV were also co-infected with another respiratory virus. Sample SIN06-NTU220 was
found to contain both HRV-A and hRSV. Sample SIN07-NTU497 was found to contain
both HRV-B and HBoV. The significance of these two cases of co-infection is

uncertain.

3.6 Patterns of metapneumovirus, bocavirus, coronavirus and rhinovirus infections

From this study of 500 patient specimens, it is clear that HRV, HBoV and HMPV
represent the most (12.8%), third (8%) and fourth (5.8%) frequent viruses detected in
paediatric patients with respiratory infection, compared to hRSV which was the second
most detected virus (11.8%). The most prevalent subgenogroup of HMPV was A2
followed by B2 and B1. This pattern is also observed in other parts of the world and the
same genogrouping could be observed regardless of which gene (N, P, M, F or G) was
used for phylogenetic analysis. The number of HCoV isolates was relatively low
compared to HMPV and HBoV, and no distinct subtype was predominant. However,
unlike HMPV and HCoV, HBoV appeared to show a high degree of genetic
conservation, with most global isolates sharing greater than 90% similarity in the NS1
gene. This may be due to the fact that HBoV is a DNA virus. DNA replication usually
has higher fidelity than RNA replication which is prone to high rates of mutation
originating from the viral RNA polymerase. The role of HBoV in human disease is still
unclear. With the discovery of new HBoV types, more evidence for the association of
HBoV and human disease may be uncovered. For many years, HRV has been known
to be a cause of the common cold. The large number of serotypes has been a huge
obstacle in the development of a vaccine and suitable diagnostic tests. Greater interest

in the study of HRV may lead to better treatment and detection options.
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3.7 Chapter Summary

Almost every diagnostic laboratory in Singapore which can perform tests for respiratory
virus antigens depends on the use of commercial kits. Such kits can usually detect
common viruses such as influenza virus A and B, parainfluenza viruses 1, 2 and 3,
hRSV and adenoviruses. Before 2008, reagents which could detect newly discovered
viruses like HMPV and HBoV were not available for routine diagnostic use. Despite the
fact that the existence of HRV and HCoV has been known for decades, their circulation
in the local paediatric population was largely ignored by physicians. As awareness and
interest in newly discovered respiratory viruses HMPV and HBoV grows, we can expect
an increasing demand for such reagents for routine diagnostics. This will lead to better
understanding of their prevalence and impact in the human population. A similar effect
is likely to occur with regards to HRV and HCoV. Hopefully, this will occur as more
studies based on community and hospital virus infections demonstrate that a higher
proportion of respiratory virus infections are due to these previously overlooked viruses
and that viable management options for these viral infections become available as a
result of more intensive research. Information regarding the seasonality of virus
isolates cannot be accurately determined because the samples were not collected

continuously throughout the year.
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Chapter 4 Study of Human Metapneumovirus Fusion and
Attachment Proteins Cloned from Clinical

Isolates

Being a member of the Paramyxoviridae family of viruses, HMPV depends on its viral
envelope glycoproteins for cell-to-cell transmission. The fusion (F) and attachment (G)
proteins are thought to have their own distinctive roles in the virus to cell fusion
process. The association between the F and G proteins of the closely related hRSV on
the surface cells have been shown by (Low et al., 2008). It has been suggested that
hRSV cell-to-cell transmission begins with the G protein-mediated attachment to cell
surface receptors (Levine et al., 1987). This is followed by the induced changes in the
conformation of the F protein which then facilitates membrane fusion (Colman and
Lawrence, 2003; Dutch et al., 2000). It is hypothesized that HMPV uses a similar
mechanism for cell-to-cell transmission. In order to understand this mechanism, the F
and G proteins of HMPV were chosen for further experimentation. Earlier work
published on HMPV F and G proteins have primarily dealt with the individual proteins.
Of the two proteins, the F protein is the more conserved (refer to Table 1.4 and Fig.3.9)
with 94% similarity in the amino acid‘ sequences between A and B genogroups. This
could reflect a greater evolutionary pressure to maintain the structure of the F protein
for proper functioning during virus infection. The G protein, on the other hand, is the
most variable amongst all the HMPV proteins (refer to Table 1.4 and Fig. 3.10) with
only 33% similarity between the amino acid sequences of A and B genogroups. This
may be due to evasion of host recognition. Therefore, to ensure a more complete study
of F-G protein interaction, one F protein from clinical isolate SINO6-NTU271
(genogroup A2) was chosen for the study, together with two different G proteins from
clinical isolates SINO6-NTU271 (genogroup A2) and SIN06-NTU272 (genogroup B2).
This was a strategy to determine if the significant differences between the two G

proteins would result in contrasting levels of interaction with F. The two G proteins from
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SINO6-NTU271 and SIN06-NTU272 were designated GA and GB, respectively. Since
there were no readily available anti-F or anti-G antibodies, the genes for F, GA and GB
were expressed with peptide tags. The F protein was tagged with c-myc peptide
(EQKLISEEDL) and the GA/B proteins were tagged with a FLAG peptide
(DYKDDDDK). Two mammalian expression systems were tested. The first was the
modified vaccinia virus-driven expression system which can produce large quantities of
protein but requires infection of the cells with a foreign virus. The second is a chicken
beta-actin promoter driven expression system which is more representative of a

mammalian protein expression system.

In this chapter, the aim was to characterize HMPV F and GA/B proteins expressed both
singly and co-expressed in the same cells. Attempts were made to analyse the co-
expressed proteins by various means, including chemical crosslinking reagents,
confocal microscopy and sucrose gradient ultracentrifugation. The role of the
cytoplasmic tails and transmembrane regions of the proteins were also studied with

respect to the interaction between F and GA/B proteins.

4.1 Expression of F and G proteins using a vaccinia-driven expression system

4.1.1 Total protein expression

Using the MVA-T7 and pCDNA 3.1(-) system, expression of F proteins alone (Fig 4.1,
lanes 1 to 3) and with GA protein (Fig 4.1, lanes 4 to 6) in Vero E6 cells are shown.
The F protein shows a band at about 55 kDa (Fss) and another prominent band at
about 145 kDa (F145) which could possibly be a multimeric form of F. When treated with
PNGaseF and EndoH most of the F protein is converted to the 51 kDa (Fs;) form which
suggests the presence of immature N-linked glycosylated forms of the F protein within
the cell. When co-transfected with GA protein and treated with PNGaseF and EndoH,

the F protein shows similar digest patterns.
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Figure 4.1. Expression of F (lanes 1to 3) and F+GA (lanes 4 to 6) in Vero E6 cells probed with
anti-myc antibody. (-)-Non enzyme treated, F-PNGaseF treated, H-EndoH treated. The various
F protein forms are shown with their respective sizes in kDa.

When the GA protein was expressed alone in Vero E6 cells (Fig 4.2, lanes 1 to 3),
there were two distinct bands at 40 kDa (GA40) and 75 kDa (GA75). There was also the
appearance of a smear from 110 to 180 kDa. There was a slight reduction in the size of
the GA40 and GA75 bands after treatment with PNGaseF and EndoH, suggesting the

presence of N-linked glycosylated sugars.

GA GA+F

A A

-250 kDa
-150 kDa

-100 kDa
-75 kDa

-50 kDa

-37 kDa
-25 kDa

1 2 3 4 5 6
Figure 4.2. Expression of GA (lanes 1to 3) and GA+F (lanes 4 to 6) in Vero E6 cells probed
with anti-FLAG antibody. (-)-Non enzyme treated, F-PNGaseF treated, H-EndoH treated. The
various GA protein forms are shown with their respective sizes in kDa. GAs-GA smear from 80-
ISO kDa.



However, the GA protein smear (GAs) was not affected by the enzyme treatments
suggesting the presence of O-linked glycosylated sugars.The size of GA was much
larger than the expected size of 24-25kDa. A factor which can alter the migration rate
may be the presence of O-linked side chains. When GA was co-transfected with F (Fig
4.2, lanes 4 to 6), GA appeared as band sizes of GAy» and GA;s, and two additional
bands at approximately 120 kDa (GA12) and 170 kDa (GA170). The four GA bands in
lanes 4 to 6 of Fig 4.2 were apparently not affected by treatment with PNGaseF and
EndoH which reinforces the suggestion that the GA protein is mainly O-linked
glycosylated. The presence of F protein seemed to cause the GA protein to form
distinct species of O-linked glycans instead of a heterogeneous smear. This could be
due to the interaction of F with GA which may result in a conformational change in GA

giving rise to differential or preferential glycosylation products.
4.1.2 Surface protein expression

Results for the surface expression of F alone (Fig 4.3) and in combination with GA (Fig
4.4, lanes 1 to 3) or GB (Fig 4.4, lanes 4 to 6) are shown below. The F protein present
on the surface of Vero E6 cells is the mature N-linked 65 kDa form (Fgs) characterized
| by its resistance to EndoH treatment (Fig 4.3, lane 3) but its digestion by PNGaseF (Fig
4.3, lane 2) into the smaller 58 kDa form (Fsg). The co-transfection with either GA (Fig
4.4, lanes 1 to 3) or GB (Fig 4.4, lanes 4 to 6) did not alter the characteristics of F

protein.
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Figure 4.3. Surface expression of F protein in Vero E6 cells analysed by immunoprecipitation of
biotin-labeled protein with anti-myc antibody. (-)-Non enzyme treated, F-PNGaseF treated, H-
EndoH treated. The various F protein forms are shown with their respective sizes in kDa.
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Figure 4.4. Surface expression of F+GA (lanes 1to 3) and F+GB (lanes 4 to 6) proteins in Vero
E6 cells analysed by immunoprecipitation of biotin-labeled protein with anti-myc antibody. (-)-
Non enzyme treated, F-PNGaseF treated, H-EndoH treated. The various F protein forms are
shown with their respective sizes in kDa.

Results for the surface expression of GA alone (Fig 4.5, lanes 1 to 3) and co-
transfected with F (Fig 4.5, lanes 4 to 6); and GB alone (Fig 4.6, lanes 1to 3) and co-
transfected with F (Fig 4.6, lanes 4 to 6) are shown below. Surface-expressed GA
showed two main species with sizes of 60 kDa (GA60) and 120 kDa (GAIX) and a faint
smear between the two bands. These two species were resistant to treatment with

PNGaseF and EndoH (Fig 4.5, lanes 2 and 3). When co-transfected with F protein, the

GA protein appeared as two different yet distinct 70 kDa (GA7) and 170 kDa (GAIN)



forms (Fig 4.5, lanes 4 to 6). The GAI1M bands represent a possible oligomeric form of
GAT70. This is analogous to the GA® and GAI1X forms seen in the singly transfected
cells (Fig 4.5 lanes 1 and 3). Co-expression of F with GA appeared to cause a shift in
the size of GA. The GAMand GA1M species were also resistant to both PNGaseF and
EndoH digestion.

Surface expressed GB (Fig 4.6, lanes 1 to 3) appeared as a smear from 50 kDa to 80
kDa (GB5080) and was resistant to EndoH treatment (Fig 4.6, lane 3), but showed a
slight downward shift in size when treated with PNGaseF (Fig 4.6, lane 2). When co-
transfected with F (Fig 4.6, lanes 4 to 6), a single band at about 80 kDa (GB80) was
observed, which was also resistant to both PNGaseF and EndoH digestion (Fig 4.6,

lanes 2 and 3).

GA GA+F
r \ t A
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Figure 4.5. Surface expression of GA (lanes 1to 3) and GA+F (lanes 4 to 6) in Vero E6 cells
analysed by immunoprecipitation of biotin-labeled protein with anti-FLAG antibody. (-)-Non
enzyme treated, F-PNGaseF treated, H-EndoH treated. The various GA protein forms are
shown with their respective sizes in kDa.
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Figure 4.6. Surface expression of GB (lanes 1 to 3) and GB+F (lanes 4 to 6) in Vero EG6 cells
analysed by immunoprecipitation of biotin-labeled protein with anti-FLAG antibody. (-)-Non
enzyme treated, F-PNGaseF treated, H-EndoH treated. The various GB protein forms are
shown with their respective sizes in kDa.

4.1.3 Summary of F and G expression using MVA-T7/pcDNA 3.1(-) system

Using the MVA-T7 expression system with pCDNA3.1(-), the F protein was found to
exist mainly as an immature form (F55 within the Vero E6 cells and as a mature
glycosylated form (F65) expressed on the surface of the cells. Co-transfection with GA
or GB protein did not alter the processing of the F protein which primarily contains N-
linked sugar chains. There were differences between the GA and GB protein
glycosylation patterns. The GA protein mainly contains O-linked sugar chains because
treatment with PNGaseF and EndoH had little effect on it. The GB protein, on the other
hand, may have a few significant N-linked sugar chains in addition to the O-linked
sugars. This could be inferred by the slight reduction in size of the GB protein upon
treatment with PNGaseF (Fig 4.6, lane 2). When both GA and GB proteins were co-
expressed with F on the cell surface, there was a shift in the expression of GA and GB
towards a single species (GAM and GB& in Fig. 4.5 and 4.6 respectively). This
suggests that the presence of the F protein on the host cell surface can cause the GA
or GB proteins to preferentially adopt one particular conformation. The vaccinia-driven

expression system was used as a pilot study for F and G expression. It was



subsequently decided that the pCAGGS mammalian expression system (refer to next

section 4.2) would be more representative of a human virus infection.

4.2 Expression of F and G proteins using a mammalian expression system

4.2.1 Total protein expression

Using the pCAGGS vector expression system, the F, GA and GB proteins were
expressed singly and in combination in 293T cells. The expression of F protein alone
(Fig 4.7, lanes 1 to 3) showed a major band at 60 kDa (F60) and another prominent
band at about 145 kDa (F145 which probably represented the multimeric form of F
protein. When treated with PNGaseF (lane 2) and EndoH (lane 3), most of the F&0
protein was converted to a size of 51 kDa (F51)1indicating cleavage of immature N-
linked sugar chains. This is comparable to the vaccinia-driven expression system in
Fig.4.1. This suggests the presence of immature forms of the F protein in the cell.
However, when F was co-expressed with GA protein (Fig 4.7, lanes 4 to 6) and treated
with PNGaseF (lane 5) and EndoH (lane 6), the F60 protein shows little resistance to

EndoH digestion suggesting that the FBform of F protein is still an immature form.
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Figure 4.7. Expression of F (lanes 1to 3) and F+GA (lanes 4to 6) in 293T cells probed with
anti-myc antibody. (-)-Non enzyme treated, F-PNGaseF treated, H-EndoH treated. Thevarious
F protein forms are shown with their respective sizes in kDa.



The immunoblot of the GA protein alone (Fig 4.8, lanes 1 to 3) showed a smear from
75 to 150 kDa. This smearing effect was a result of O-linked sugars and was not
affected by digestion with PNGaseF (lane2) or EndoH (lane 3). When GA was co-
transfected with F (Fig 4.8, lanes 4 to 6), GA appeared as a large molecular species of
about 170 kDa (GA17/0). GAIM was also not affected by treatment with PNGaseF (lane
5) and EndoH (lane 6), again suggesting that the GA170 protein is predominantly O-

linked glycosylated.
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Figure 4.8. Expression of GA (lanes 1to 3) and GA+F (lanes 4 to 6) in 293T cells probed with
anti-FLAG antibody. (-)-Non enzyme treated, F-PNGaseF treated, H-EndoH treated. GAs-G
protein smear from 75-150 kDa. The various GA protein forms are shown with the respective
sizes in kDa.

As with the co-expression of F+GA, the co-expression of F+GB (Fig 4.9, lanes 4 to 6)
showed a very similar pattern of the F6 and F5L proteins. There was also the presence
of the multimeric form of F (F1451 indicating a relatively low impact of GB co-

transfection on the expression of F protein.
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Figure 4.9. Expression of F (lanes 1to 3) and F+GB (lanes 4 to 6) in 293T cells probed with
anti-myc antibody. (-)-Non enzyme treated, F-PNGaseF treated, H-EndoH treated. The various
F protein forms are shown with their respective sizes in kDa.

By comparison, when GB was co-expressed without F (Fig 4.10, lanes 1 to 3) and with
F (Fig 4.10, lanes 4 to 6), GB was shown to be sensitive to PNGaseF (lanes 2 and 5)
and EndoH treatment (lanes 3 and 6) with the appearance of a 40 kDa form of GB
(GB40) after enzyme treatment. This suggests that GB may possibly be modified by N-
linked glycosylation. Another species of GB appeared as a smear from 50 to 80 kDa
and this species was not significantly affected by PNGaseF and EndoH treatment
either in the presence or absence of F protein was most likely due to O-linked

glycosylation.

GB

Figure 4.10. Expression of GB (lanes 1to 3) and GB+F (lanes 4 to 6) in 293T cells probed with
anti-FLAG antibody. (-)-Non enzyme treated, F-PNGaseF treated, H-EndoH treated. The
various GB protein forms are shown with their respective sizes in kDa.



Results for the surface expression of F alone (Fig 4.11, lanes 1 to 3) and F+GA in
combination (Fig 4.11, lanes 4 to 6) are shown below. The F protein present on the
surface of 293T cells (Fig 4.11, lane 1) was primarily the mature triple N-link
glycosylated, 65 kDa form (F65). Treatment with PNGaseF reduced the F65 protein to a
58 kDa form (F58). EndoH had no effect on F6b reflecting the mature state of the N-

linked sugar chains.
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Figure 4.11. Surface expression of F (lanes 1 to 3) and F+GA (lanes 4 to 6) in 293T cells
analysed by immunoprecipitation of biotin-labeled protein with anti-myc antibody. (-)-Non
enzyme treated, F-PNGaseF treated, H-EndoH treated. The various F protein forms are shown
with their respective sizes in kDa.

The presence of GA did not alter the processing of F protein significantly (Fig 4.11,
lane 4) since the F protein still maintained the same size and digest pattern. When GA
was expressed alone (Fig 4.12, lanes 1to 3), it showed 2 forms of surface-expressed
GA with sizes 60 kDa and 120 kDa (GAB0, GA1X). When co-expressed with F protein
(lanes 4 to 6), the same two GA species shifted upwards in size (GA70, Gi70). This
phenomenon was the same as that observed in the vaccinia-driven expression system
(refer to Fig. 4.5). The smearing effect seen when GA was treated with PNGaseF
(lanes 2 and 5) appeared to suggest that the N-linked sugars in GA have a role in

forming distinct molecular sizes ofthe protein.
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Figure 4.12. Surface expression of GA (lanes 1 to 3) and GA+F (lanes 4 to 6) in 293T cells
analysed by immunoprecipitation of biotin-labeled protein with anti-FLAG antibody. (-)-Non
enzyme treated, F-PNGaseF treated, H-EndoH treated. The various GA protein forms are
shown with their respective sizes in kDa.

Results for the surface expression of F alone (Fig 4.13, lanes 1 to 3) and F+GB (Fig
4.13, lanes 4 to 6) in combination are shown below. As with F+GA (Fig 4.11), the
presence of GB co-expressed with F (Fig 4.13) did not have much impact on F protein
processing (Fig 4.13, lanes 4 to 6). Of interest is the faint trace of GB40 present in the

co-transfected F+GB cells (Fig 4.13, lanes 5 and 6).

F+GB
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Figure 4.13. Surface expression of F (lanes 1 to 3) and F+GB (lanes 4 to 6) in 293T cells
analysed by immunoprecipitation of biotin-labeled protein with anti-myc antibody. (-)-Non
enzyme treated, F-PNGaseF treated, H-EndoH treated. The various forms of F and GB proteins
shown with their respective sizes in kDa.

In Figure 4.14, we can observe that like GA (Fig 4.12), GB tends to shift to a larger

molecular weight form when co-expressed with F. This is could be seen by the



reduction in the GB40form (Fig 4.14, lanes 2 and 3) but increase in GB5S smear (Fig

4.14, lanes 5 and 6).

Figure 4.14. Surface expression of GB (lanes 1 to 3) and GB+F (lanes 4 to 6) in 293T cells
analysed by immunoprecipitation of biotin-labeled protein with anti-FLAG antibody. (-)-Non
enzyme treated, F-PNGaseF treated, H-EndoH treated. The various GB protein forms shown
with their respective sizes in kDa.

As observed in Figure 4.13, when F is co-expressed with GB, a faint trace of GB4 was
observed after immunoprecipitating with anti-myc antibody and treatment with
PNGaseF or EndoH. This is indicative of a close association between F and GB
proteins on the surface of 293T cells. In addition, there is also a possibility that there is
a similar interaction between F and GA proteins, although there was no conclusive
evidence of this by immunoprecipitation. This interaction will be discussed in the later

section.

4.2.3 Radiolabeling of F and G proteins

The analysis of tritium-labeled F, GA, and F+GA proteins expressed in Vero E6 cells
using the vaccinia-driven system (Fig 4.15) is shown below. Bearing in mind that the
tritium label is attached to the sugar (glucosamine) molecules, only glycosylated F and
GA proteins would be detected. The F6 protein band (Fig 4.15, lane 1) was

comparable to that seen in non-radiolabeled surface expressed F6& protein (Fig 4.3



lane 1). Likewise, GA protein showed 2 species (Fig 4.15, lane 2) GA® and GAI1XD
similar to that seen in non-radiolabeled surface expressed GA proteins (Fig 4.5, lane
1). When F was co-expressed with GA, the F65 species was not altered (Fig 4.15, lane
3). This was comparable to the F6 in non-radiolabeled surface expression (Fig 4.4,
lane 1). When GA was co-expressed with F, the larger molecular weight GA12 form
(Fig 4.15, lane 4) predominated. This was different from the GA pattern seen in non-
radiolabeled surface expression (Fig 4.5, lane 4). This implies that the higher molecular

weight GA1Mspecies is more N-linked glycosylated in the presence of F.

F GA F+GA
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Figure 4.15. Radiolabeled single F, single GA and co-transfected F+GA in Vero EG6 cells. Lanes
1 and 3 were immunoprecipitated with anti-myc antibody and lanes 2 and 4 were
immunoprecipitated with anti-FLAG antibody.

F, GA and GB were expressed in HEp2 cells and labeled with tritiated glucosamine
(Fig 4.16). The F protein was mainly in the form ofthe FE& monomerjust as observed in
the non-radiolabeled experiment (Fig. 4.11, lane 1). When co-expressed with either GA
(Fig. 4.16, lane 5) or GB (Fig.4.16, lane 8), the F65 protein was unchanged compared to
the singly expressed F6& protein (Fig 4.16, lane 1). The GA protein showed a similar
size shift (Fig 4.16, lanes 3 and 4) in the presence of F protein as observed in non-
radiolabeled surface expression using 293T cells (Fig 4.12, lanes 1 and 4). The GB
protein showed a smear from 50-80 kDa but also displayed an increased
predominance ofa larger sized form closerto the 80 kDa size (Fig 4.16, lanes 6 and 7)

when co-expressed with F protein.
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Figure 4.16. Radiolabeled single F, single GA/GB and co-expressed F+GA/GB in Hep2 cells. Ft
- F protein treated with 0.5pg/ml trypsin for 2 hours at 37°C. Lanes 1, 2, 5 and 8 were
immunoprecipitated with anti-myc antibody. Lanes 3, 4, 6 and 7 were immunoprecipitated with
anti-FLAG antibody. “*” indicate the GAB and GAIX proteins. “**” indicate the GAT and GA1D
proteins. Other protein bands are shown with their corresponding sizes in kDa.

There was no trace of the GB40 protein species. This is to be expected since GB40 only
appeared when GB was treated with PNGaseF, and is therefore unglycosylated. The
unglycosylated form of GB40 would not have been labeled with tritiated glucosamine.
Another experiment performed was the action of trypsin on F protein. The 65 kDa F&
(FO) protein (Fig 4.16, lane 1) was cleaved by trypsin (Fig 4.16, lane 2) into its 2
subunits F® (F1) and F13 (F2 with sizes of approximately 52 kDa and 13 kDa,
respectively. This demonstrates that the fully glycosylated and expressed F& protein is
functional and can be expected to behave predictably like the naturally produced viral

fusion protein.

4.2.4 Crosslinking of F and G proteins

Immunoprecipitation ofthe surface-expressed and crosslinked F+GA proteins with anti-
myc antibodies (Fig 4.17, lanes 1to 4) demonstrated an increasing amount of GA (both
GAT and GA170) species detected on the membrane in proportion to an increase in
DSP concentration. Where no DSP was added (Fig 4.17, lane 1), the F6& protein band

was observed. As the concentration of DSP was increased (Fig 4.17, lanes 2 to 4), the



2 bands of GAM and GAIM increased in intensity. When the immunoprecipitated
lysates were probed with anti-myc antibodies (Fig 4.17, lanes 5 to 8), the FG6S protein
and higher molecular weight F145 protein were detected in all lanes 5 to 8. This
confirmed the presence of F protein in the lysates. When the immunoprecipitated
lysates were probed with anti-FLAG antibodies (Fig 4.17, lanes 9 to 12), only the larger
GAI1M protein was detected in lanes 10 to 12 but not lane 9 which had no DSP added.

This confirmed the presence of GA protein crosslinked to F protein in the lysates.

P~ anti-myc

Figure 4.17. Crosslinking of F and GA in 293T cells. (Lanes 1-4) Immunoprecipitation of the cell
lysate using anti-myc antibody to detect F protein. (Lanes 5-8) Immunoblot of lysate using anti-
myc antibody. (Lanes 9-12) Immunoblot oflysate using anti-FLAG antibody. Numbers above the
photos indicate DSP crosslinker concentrations in mM.

Immunoprecipitation ofthe surface-expressed and crosslinked F+GA proteins with anti-
FLAG antibodies (Fig 4.18, lanes 1 to 4) only showed the presence of the 2 bands
(GAT and GA170) of the GA protein. It is likely that the presence of F protein on the
membrane was obscured by the high signal intensity of the GA proteins. When the
immunoprecipitated lysates were probed with anti-myc antibodies (Fig 4.18, lanes 5 to
8), the higher molecular weight F145 protein was detected in lanes with DSP added (Fig
4.18, lanes 6 to 8). This confirmed the presence of F protein crosslinked to GA protein
in the lysates. When the immunoprecipitated lysates were probed with anti-FLAG
antibodies (Fig 4.18, lanes 9 to 12), only the higher GAIM protein was detected in all
four lanes 9 to 12. The lower molecular weight GA70 protein is barely visible in lane 12.

This confirms the presence of GA in the lysates.
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Figure 4.18. Crosslinking of F and GA in 293T cells. (Lanes 1-4) Immunoprecipitation ofthe cell
lysate using anti-FLAG antibody to detect GA protein. (Lanes 5-8) Immunoblot of lysate using
anti-myc antibody. (Lanes 9-12) Immunoblot of lysate using anti-FLAG antibody. Numbers
above the photos indicate DSP crosslinker concentrations in mM.
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Figure 4.19. Crosslinking of F only in 293T cells. Immunoprecipitation of the cell lysate using
anti-myc antibody to detect F protein (lanes 1 to 4). Immunoblot of lysate using anti-myc
antibody, (lanes 5 to 8). Immunoblot of lysate using anti-FLAG antibody (lanes 9 to 12).
Numbers above the photos indicate crosslinker concentrations in mM.

In order to exclude the possibility of the anti-myc antibody cross-reacting with the GA
protein and the anti-FLAG antibody cross-reacting with the F protein, a control
experiment was set up. 293T cells expressing only the F (Fig 4.19) or GA (Fig 4.20)

proteins were crosslinked using the same concentration range of DSP (0, 0.1, 0.5, 1.0

mM).
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Figure 4.20. Crosslinking of GA in 293T cells. Immunoprecipitation ofthe cell lysate using anti-
FLAG antibody to detect GA protein (lanes 1 to 4). Immunoblot of lysate using anti-FLAG
antibody, (lanes 5 to 8). Immunoblot of lysate using anti-myc antibody (lanes 9 to 12). The
bands of size 50 kDa in lanes 9 to 12 are due to the immunoglobulin heavy chain. Numbers
above the photos indicate crosslinker concentrations in mM.



Crosslinking of F protein alone in 293T cells showed the two species Fgs and F145 ON
the cell surface (Fig 4.19, lanes 1 to 4). This was confirmed by the immunoblot with
anti-myc antibody (Fig 4.19, lanes 5 to 8). Crosslinking of GA protein alone in 293T
cells showed two species GAg, and GA;5 on the cell surface (Fig 4.20, lanes 1 to 4).
This was confirmed by the immunoblot with anti-FLAG antibody (Fig 4.20, lanes 5 to 8).
From the two control experiments using F and GA alone, we can see that there is an
optimal concentration of DSP crosslinker within 0.1 to 0.5 mM DSP. Higher
concentrations of DSP can result in the formation of large molecular weight aggregates
which are not useful for studying protein interactions. These experiments also confirm
that the two antibodies used are specific to the target proteins and show insignificant

cross-reactivity (Fig 4.19 lanes 9 to 12 and Fig 4.20, lanes 5 to 8).

4.2.5 Sucrose gradient ultracentrifugation of F and G proteins

The fractions collected from ultracentrifugation in a continuous 5-30% sucrose gradient
were analysed by Western blot (Fig 4.21 to 4.26). The first photo image (Fig 4.21)
shows the immunoblot of the singly expressed F protein after centrifuging through the
sucrose gradient. The Fgs species was detected from fractions 2 to 9 and showed
peaks at fractions 4 and 5. The Fq4s species was detected from fractions 4 to 12 and
also showed peaks at fractions 4 and 5. A similar experiment using singly expressed
GA protein (Fig 4.22) after centrifuging through the sucrose gradient is also shown. In
this instance, only the high molecular weight GA47, form was seen in fractions 2 to 4

but peaking at fraction 3.

137



145 Figure 4.21. Western blot
of all 12 fractions of F in a
sucrose gradient probed

65 with anti-myc.

GAi170
Figure 4.22. Western

blot of all 12 fractions of
GA in a sucrose gradient
probed with anti-FLAG.

The immunoblot of co-expressed F+GA protein centrifuged through the sucrose
gradient is shown in Figures 4.23 and 4.24. The membrane probed with anti-myc
antibody (Fig 4.23) detected the F65 and F145 proteins from fractions 2 to 5, which
peaked at fractions 2 and 3. The membrane probed with anti-FLAG antibody (Fig 4.24)
detected the GAIM protein from fractions 2 to 5, which also peaked at fractions 2 and 3.
This suggests an association of F and GA which resulted in the two proteins migrating
down the gradient at the same rate. After F and GA were co-transfected followed by
addition of DSP crosslinker, the proteins were centrifuged through the same continuous
sucrose gradient. Probing the fractions with anti-myc antibody (Fig 4.25) showed the
F65 form in fractions 3 and 4, and the F145form in fractions 3 to 8. Probing the fractions

with anti-FLAG antibody (Fig. 4.26) showed the GA1M protein in fractions 2 to 8.



Figure 4.23. Western blot of
the first 8 fractions of F+GA in
a sucrose gradient probed with
anti-myc. Fractions 9-12 did
not show any detectable levels
of protein.

Figure 4.24. Western blot
of the first 8 fractions of
F+GA in a sucrose gradient
probed with anti-FLAG.
Fractions 9-12 did not show
any detectable levels of
protein.

There was co-migration ofthe F and GA proteins from fractions 3 to 8. This observation
is similar to the previous experiment without DSP crosslinker (Fig 4.23 and 4.24),
except that the F145 form of F protein was more predominant from fraction 4 onwards

when crosslinkerwas applied.

Figure 4.25. Western blot of
the first 8 fractions of
crosslinked F+GA in a
sucrose gradient probed with
anti-myc.

Figure 4.26. Western blot of
the first 8 fractions of
crosslinked F+GA ina
sucrose gradient probed with
anti-FLAG.



The appearance of GAi7 in fraction 2 may be due to the presence of un-crosslinked

GA protein.

4.2.6 Microscopy analysis of F and G expression

Images of HEp-2 cells under confocal immunofluorescence microscopy are shown
below (Fig 4.27). The similar patterns offluorescence between F and GA proteins may
be due to co-localisation of the 2 proteins in parts of the cells. From the image (Fig
4.27, FWT), the wild-type F protein can be seen to be well-distributed throughout the cell
except the nucleus. The wild-type GA protein (Fig 4.27, GAW) shows concentrations

around the edge (surface) ofthe cells.
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Figure 4.27. HEp-2 cells expressing wild type (WT) F and GA protein seen by a 100X confocal
objective. F protein is labeled with green dye FITC. GA protein is labeled with red dye Alexa
Fluor 555. When both colours are combined (Merge), the yellow coloured areas (white arrows)
represent co-localisation of F and GA proteins in the cells. The internal (top row) and surface
(bottom row) views of the cells are shown.

The extent of co-localisation of both FWT (FITC) and GAWT (Alexa Fluor 555) protein
expression in the cells was obtained by combining the green channel (FITC) and red

channel (Alexa Fluor 555) to produce a yellow colour which indicates the regions where

both proteins are found together. The yellow colouration was more intense around the



edges of the cell (where the cell membrane is). When a cross-sectional image was
obtained (Fig 4.28), the cell surface showed the greatest amount of yellow colour
demonstrating co-localisation of F and GA on the cell surface. When the Carl Zeiss Zen
2007 (LSM) software was used to calculate the degree of co-localisation, 3 areas on
the cell surface were selected. The average values for correlation R and R2 were

calculated to be 0.81+0.03 and 0.66%0.05, respectively.

Figure 4.28. Same image of
HEp-2 cells expressing F and
GA protein seen in Fig 4.27.
Horizontal (H) and vertical (V)
cross-sectional images are
shown at the top and right
side of the main image
respectively. Surface co-
localisation of F and GA
proteins (arrows A and B) are
highlighted.
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Figure 4.29. Analysis of the co-localisation of wild type FWI and GAwi proteins in HEp-2 cells.
The three areas of co-localisation used for calculations are circled and indicated by arrows (left
image). The surface view of the cells is shown. The scatterplot (right image) generated by the
software shows region 1 (x-axis) representing the distribution of green pixels, region 2 (y-axis)
representing the distribution of red pixels and region 3 representing the co-localisation of green
and red pixels. Calculated values include the weighted co-localisation coefficient of the green
channel "A/CC1), red channel (WCC2) and Pearson’s correlation coefficients (R and R2).



These values strongly suggest co-localisation of Fwi and GAWT proteins on the surface
of the HEp-2 cells (Fig 4.29). Images obtained from both conventional and confocal
microscopy of HEp-2 cells co-transfected with FWT and GAWT proteins suggest that both
proteins associate on the surface and in certain locations within the cells. This is in line
with the observation in the cell expression studies in previous sections which point to a

close association between the FWT and GAWT proteins on the cell surface.

Images of Vero E6 cells under immunofluorescence microscopy are shown below (Fig
4.30). FWT and GAWT proteins show similar fluorescence patterns to those in HEp-2
cells (Fig 4.27). Using the same experimental conditions, Vero E6 cells co-transfected
with Fwi and GAWT proteins were also viewed under a confocal microscope. As seen in
Figure 4.30, the FWT protein is well-distributed throughout the cell except the nucleus
(similar to Fig 4.27). The GAWT protein is more concentrated near the edges of the cell
and around the nucleus. When observing the merged green and red images, the yellow
colouration was more intense around the nucleus ofthe cell and around the cell edges.
A cross-sectional image (Fig 4.31) also demonstrated the presence of FWI and GAWT

on the surface ofVero E6 cells.

GAwr

Figure 4.30. Vero E6 cells expressing wild type Fwr and GAwi protein seen by a 63X confocal
objective. FWT protein is labeled with green dye FITC. GAwi protein is labeled with red dye
Alexa Fluor 555. When both colours are combined (Merge), the yellow coloured areas represent
co-localisation of Fwj and GAwi proteins in the cells. Only the internal view of the cells are
shown.



Figure 4.31. Same image of
Vero E6 cells expressing F
and GA protein seen in Fig
4.30. Horizontal (H) and
vertical (V) cross-sectional
images are shown at the top
and right side of the main
image respectively. Surface
co-localisation of F and GA
proteins (arrows A and B) are
highlighted.
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Figure 4.32. Analysis of the co-localisation ofwild type Fwi and GAwr proteins in Vero E6 cells.
The three areas of co-localisation used for calculations are circled in the left image. The internal
cross-section of the cells is shown. The scatterplot (right image) generated by the software
shows region 1 (x-axis) representing the distribution of green pixels, region 2 (y-axis)
representing the distribution of red pixels and region 3 representing the co-localisation of green
and red pixels. Calculated values include the weighted co-localisation coefficient of the green
channel 0OA/CC1), red channel (WCC2) and Pearson’s correlation coefficients (R and R2).

The Carl Zeiss Zen 2007 (LSM) software was used to calculate the degree of co-
localisation, 3 areas in the cell were selected (Fig 4.32). The average values for
correlation R and R2 were calculated to be 0.75t0.04 and 0.56+0.07, respectively.
These values are similar to those obtained from the HEp-2 transfected cells suggesting

that F and GA generally co-localise when expressed in mammalian cell-lines.



The histograms plotted by the FACScalibur software are shown below (Fig 4.33). Using
the wild type pCAGGS plasmid as a control, it was observed that the fluorescence
intensity shown by the cells expressing only GA protein were almost identical to those
cells expressing both GA and F proteins. The only exception was in 293T cells where
cells expressing only GA protein had slightly higher intensity than those expressing
both F and GA proteins. Generally this experiment showed that the presence of F did

not affect the expression level of GA on the cell surface.

Figure 4.33. Data from FACS analysis of HEp-2, Vero E6 and 293T cells transfected with either
wild type pCAGGS plasmid (purple line), pCAGGS/GA-FLAG plasmid (green line) or
pCAGGS/GA-FLAG+pCAGGS/F-myc plasmids (pink line). The graphs are plotted using cell
counts againstfluorescence intensity (FITC channel).

4.2.8 Images of mammalian cell lines used

Digital images of the various cell lines used are shown to illustrate the effect of

transfection on the cell morphology.



Figure 4.34. Images 0f293T cells
viewed under a 20X objective of an
inverted microscope. Cells shown
are (A) non-transfected, (B)
transfected with Fwr, (C)
transfected with c Awt and (D)
transfected with both Fwt and
GAwj. All images were taken 24
hpi.

The appearance of 293T cells (Fig 4.34) is usually round or star-shaped and are fairly
well-spaced from each other. When the transfection reagent is added together with the
plasmid, the cells started to clump together. Some cells showed signs of rounding-up.

This phenomenon is more pronounced when both F and GA plasmids were transfected

together.

Figure 4.35. Images of HEp-2 cells
viewed under a 20X objective of an
inverted microscope. Cells shown
are (A) non-transfected, (B)
transfected with Fwrt, (C)
transfected with GAWT and (D)
transfected with both FWT and
GAwT- All images were taken 24
hpi.

The shape of HEp-2 cells (Fig 4.35) is usually angular and the cells are regularly
spaced apart. When the transfection reagent was added together with the plasmid,
some of the cells started to deform and others showed signs of rounding-up. Just as in
293T cells, this occurrence was more evident when both F and GA plasmids were co-

transfected.



4.2.9 Summary of F and G expression using pPCAGGS/MCS system

When using the pPCAGGS/MCS expression system, the expression of F protein was not
significantly affected by the presence of GA or GB proteins. The main form of F protein
present on the surface of 293T cells is the 65 kDa monomer, as was earlier observed
in the vaccinia-driven expression system. Similarly with GA and GB expression on the
cell surface, the presence of F had a tendency to shift the size of GA (Fig. 4.12) and
GB (Fig. 4.14) proteins to the larger multimeric form. From the study of the surface
expression of F and GA/B proteins, there were indications of co-precipitation of GA/B
protein when lysates were pulled down with anti-myc antibody which binds only the F
protein (Fig. 4.11 and 4.13). This association was further demonstrated by crosslinking
of F and GA proteins before immunoprecipitation or Western blot and sucrose gradient
analysis. When F and GA were crosslinked, the most predominant forms of the
proteins were the higher molecular weight sizes (refer to Fig. 4.17 and 4.18). This may
be due to F and GA multimers forming a complex on the cell surface as suggested by
(Lamb et al., 2006). Analysis of the F (Fig. 4.21) and GA (Fig. 4.22) proteins singly on a
continuous sucrose gradient showed that the two proteins migrated at different peak
fractions (densities). However, when both proteins were co-expressed with (Fig. 4.25
and 4.26) and without (Fig. 4.23 and 4.24) crosslinking, the results showed that the F
and GA proteins migrated within the same peak fractions. The confocal
immunofluorescence images of F and GA co-transfected cells showed areas of co-
localisation of F and GA proteins within the cell and on the cell surface in HEp-2 cells
(Fig. 4.27 and 4.28), as well as in Vero E6 cells (Fig 4.30 and Fig 4.31). This cell
surface association of F and GA/B proteins in HMPV supports the possibility that the
action of F protein coupled with that of the GA/B protein is necessary for virus infection.
This interaction of F and G proteins has already been demonstrated in a related virus
hRSV (Feldman et al.,, 2001; Heminway et al., 1994; Low et al., 2008). In animals

models, it has been shown that modifying the F protein to become trypsin-independent
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(Biacchesi et al., 2006) does not improve infection rates, whereas G protein deletion
mutants have reduced infectivity (Biacchesi et al., 2004). All these data suggests that F
and G proteins are necessary for infection and are potential targets for antiviral

therapy.

4.3  Expression of F and G protein mutants in mammalian cells
4.3.1 Western blot of cells expressing F and G mutants

F and GA mutants proteins were constructed as described in Methods (2.4.3). A
schematic representation is shown in Fig 4.36. The various abbreviations used for the
proteins are: Fyr, GAwr and GBwr denoting the wild-type F, GA and GB proteins; Facr
and GA,cT denoting the truncated F and GA proteins without the cytoplasmic tail; Farm
and GA,rm denoting the truncated F and GA proteins without the transmembrane
region and cytoplasmic tail. All F proteins and mutants were constructed with a cmyc
fusion tag, whereas all the GA proteins and mutants were constructed with a FLAG
fusion tag. For better differentiation, the wild-type F and GA proteins were denoted by
Fwr and GAwr. These mutant proteins were transfected into 293T cells for 48 hours
aﬁd analysed by Western blot (Fig 4.34, (B)). The two F protein mutants Famw (without
transmembrane and cytoplasmic domain) and Facr (without cytoplasmic domain) have
only one monomeric species unlike the wild-type protein (Fwr) which shows the

monomeric and multimeric forms.
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Figure 4.36. lllustration of the (A) mutant F and GA proteins constructed. “N” and “C” indicate
the location ofthe N-terminal and C-terminal of the proteins. “SS” is the signal sequence, “FP” is
the fusion peptide, “HRA” and “HRB” are the heptad repeats A and B, “TM” is the
transmembrane region, “CT” is the cytoplasmic tail region, “F1” and “F2” are the two F protein
subunits, the inverted arrows indicate the cleavage point of trypsin-like proteases. (B) Western
blot of the various F and GA protein mutants. The GB protein is shown for comparison. The
various species of the F and GA proteins are shown together with their sizes in kDa. The
exposure for FACT was enhanced due to very low signal. GAs-GA smear from 75-150 kDa.

The mutant GAAIM (without transmembrane and cytoplasmic domain) and the GAACT
mutant (without cytoplasmic domain) both have one monomeric form, unlike the wild-

type G protein (GAW) which has a highly glycosylated form observed as a smear.
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Figure 4.37. Glycosylation analysis of the Fwj (A) and FAIM (B) by Western blot. PC-pCAGGS
control plasmid transfected cells, (-)-non treated protein, F-PNGaseF treated protein, H-EndoH
treated protein. The two F proteins were examined in the cellular form, secreted form and
surface-expressed form, [*]-indicates high molecular weight aggregates of FAIM protein. The
various F protein forms are shown with their respective sizes in kDa.

Glycosylation studies were performed on FWT and FATM (Fig 4.37) by treatment with
PNGaseF and EndoH (described in Methods 2.5.5). The wild-type F protein was
present in the cell and on the cell surface but was not secreted into the media. This
was expected since the transmembrane region anchors the protein to the host cell
membrane. On the other hand, the FATM protein was found in the cell and was secreted
into the media but was not present on the cell surface. Thus, the lack of
transmembrane domain means this protein cannot anchor itself in the host cell
membrane but is able to be transported to the cell surface to be secreted. The FACT
protein was not studied because of the very low levels of protein detected (Fig 4.36 B).

The FATM protein was sensitive to PNGaseF suggesting that it is N-link glycosylated but



only the secreted form was resistant to EndoH probably because the secreted form

contains mature N-linked sugars.
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Figure 4.38. Glycosylation analysis of the GAwi (A) and GAAIM (B) by Western blot. PC-
pCAGGS control plasmid transfected cells, (-)-non treated protein, F-PNGaseF treated protein,
H-EndoH treated protein. The two GA proteins were examined in the cellular form, secreted
form and surface-expressed form. GAs-GA smear from 75-150 kDa. The various GA protein
forms are shown with their respective sizes in kDa. Surface expressed GAwi treated with
PNGasF and EndoH can be found in section 4.2.2 (Fig 4.12).

Glycosylation studies were also performed on GAwi and GAATM (Fig 4.38) by treatment
with PNGaseF and EndoH (described in Methods 2.5.5). The wild-type GA protein was
present within the cell and on the cell surface but was not secreted into the media. This
is expected since the transmembrane region anchors the protein to the host cell
membrane. On the other hand, the GAAIM protein was found in the cell but was not
secreted into the media nor present on the cell surface. The transmembrane domain of

the GA protein is not only the region which anchors the protein but seems to have a

role inthe export ofthe protein, unlike the F protein which has a signal sequence at the



N-terminal. The GAAci protein was not studied due to the low levels of expression (Fig

4.36 B).

4.3.2 Confocal immunofluorescence microscopy of cells expressing F and G

combinations

Immunofluorescence images taken using a confocal microscope allowed the study of
the pattern of mutant F and G proteins in HEp-2 cells. As described in Methods (2.4.3),
truncated F and G protein constructs were made and these were co-transfected into

HEp-2 cells according to the scheme shown below:

F wild type combinations G wild type combinations
Fwi + GAfiTM (Fig 4.41, 4.42) FfitTM + GAWT(Fig 4.37,4.38)
FWI + GAACT (Fig 4.43, 4.44) FiCT + cAwT (Fig 4.39, 4.40)
internal
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Figure 4.39. HEp-2 cells expressing wild-type GAwi protein and transmembrane-region deleted
F&TM protein as seen by a 100X confocal objective. F protein is labeled with green dye FITC. GA
protein is labeled with red dye Alexa Fluor 555. When both colours are combined (Merge), the
yellow coloured areas represent co-localisation of F and GA proteins in the cells. The internal
(top row) and surface (bottom row) views of the cells are shown.

When FAIMwas co-transfected with GAwx, the GAWT protein distribution in the cell was

similar to that when co-transfected with FWTI. However, the distribution of FAIM was
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different from FWTI. FAIMwas found throughout the cytoplasm but not at the cell surface
(Fig 4.39). In addition, the values obtained for Pearson’s correlation (Fig 4.40) were

0.39 and 0.16 (R and R2) which are not indicative of co-localisation ofthe two proteins.

Figure 4.40. Analysis of the co-localisation of FAIMand GAwi proteins in HEp-2 cells. The three
areas of co-localisation used for calculations are circled and indicated by arrows (left image).
The internal view of the cell is shown. The scatteplot (right image) generated by the software
shows region 1 (x-axis) representing the distribution of green pixels, region 2 (y-axis)
representing the distribution of red pixels and region 3 representing the co-localisation of green
and red pixels. Calculated values include the weighted co-localisation coefficient of the green
channel (WCC1), red channel (WCC2) and Pearson'’s correlation coefficients (R and R2).

When FaAcT was co-transfected with GAWT, the GAWT protein distribution in the cell was
comparable to that when co-transfected with FWI. The staining pattern observed for
FAacT was different from Fwx. FacT was only distributed around the perinuclear region
(Fig 4.41) and not present on the cell surface. There appeared to be co-localisation of
the GAwi and FAcT proteins within the perinuclear region. In addition, the values
obtained for Pearson’s correlation (Fig 4.42) were 0.76 and 0.58 (R and R2) which was
probably a result ofthe limited co-localisation ofthe two proteins around the nucleus.
When Fwi was co-transfected with GAAIM (Fig 4.43), the distribution of FWI in the cell
was similar to that of FWT co-transfected with GAWT (Fig 4.27). However there was very
little yellow area observed in the merged view and there was almost no trace of GAAM

on the cell surface. Comparing this with the Pearson’s correlation value in Figure 4.44

(R=0.02, R2=0-00), there was clearly zero co-localisation between the two proteins.
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Figure 4.41. HEp-2 cells expressing wild-type GAwi protein and cytoplasmic tail-region deleted
FACT protein as seen by a 100X confocal objective. F protein is labeled with green dye FITC. GA
protein is labeled with red dye Alexa Fluor 555. When both colours are combined (Merge), the
yellow coloured areas represent co-localisation of F and GA proteins in the cells. The internal
(top row) and surface (bottom row) views of the cells are shown. Arrows indicate the areas of
co-localisation around the nucleus.
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Figure 4.42. Analysis of the co-localisation of FACT and GAwi proteins in HEp-2 cells. The three
areas of co-localisation used for calculations are circled and indicated by arrows (left image).
The internal view of the cell is shown. The scatteplot (right image) generated by the software
shows region 1 (x-axis) representing the distribution of green pixels, region 2 (y-axis)
representing the distribution of red pixels and region 3 representing the co-localisation of green
and red pixels. Calculated values include the weighted co-localisation coefficient of the green
channel (WCC1), red channel (WCCZ2) and Pearson'’s correlation coefficients (R and R2).



Figure 4.43. HEp-2 celts expressing wild-type Fwi protein and transmembrane-region deleted
GAAIM protein as seen by a 100X confocal objective. F protein is labeled with green dye FITC.
GA protein is labeled with red dye Alexa Fluor 555. When both colours are combined (Merge),
the yellow coloured areas represent co-localisation of F and GA proteins in the cells. The
internal (top row) and surface (bottom row) views ofthe cells are shown.

Figure 4.44. Analysis of the co-localisation of Fwi and GAAIM proteins in HEp-2 cells. The three
areas of co-localisation used for calculations are circled and indicated by arrows (left image).
The internal view of the cell is shown. The scatteplot (right image) generated by the software
shows region 1 (x-axis) representing the distribution of green pixels, region 2 (y-axis)
representing the distribution of red pixels and region 3 representing the co-localisation of green
and red pixels. Calculated values include the weighted co-localisation coefficient of the green
channel (WCC1), red channel (WCC2) and Pearson’s correlation coefficients (R and R2).

When Fwi was co-transfected with GAACT (Fig 4.45), the distribution of Fwi in the cell
was similar to that of Fwx co-transfected with GAwi (Fig 4.27). The pattern of GAACT

distribution was very similar to that of FWT within the cell and on the surface.
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Figure 4.45. HEp-2 cells expressing wild-type Fwi protein and cytoplasmic tail-region deleted
GAACT protein as seen by a 100X confocal objective. F protein is labeled with green dye FITC.
GA protein is labeled with red dye Alexa Fluor 555. When both colours are combined (Merge),
the yellow coloured areas represent co-localisation of F and GA proteins in the cells. The
internal (top row) and surface (bottom row) views ofthe cells are shown. Arrows indicate areas
of co-localisation around the nucleus.
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Figure 4.46. Analysis of the co-localisation of FWT and GAACT proteins in HEp-2 cells. The three
areas of co-localisation used for calculations are circled and indicated by arrows (left image).
The internal view of the cell is shown. The scatteplot (right image) generated by the software
shows region 1 (x-axis) representing the distribution of green pixels, region 2 (y-axis)
representing the distribution of red pixels and region 3 representing the co-localisation of green
and red pixels. Calculated values include the weighted co-localisation coefficient of the green
channel "MCC1), red channel (WCC2) and Pearson’s correlation coefficients (R and R2).

Large areas of yellow in the merged image (white arrows) show co-localisation around

the nucleus and on the surface. The Pearson’s correlation values for this combination



of proteins (Fig 4.46) are R=0.65 and R?*=0.43. This suggests some degree of co-

localisation although it may not be as high as the combination of Fwr and GAwr.

4.3.3 Immunofluorescence microscopy of cells expressing F cytoplasmic-tail mutants

HEp-2 cells transfected with the various cytoplasmic-tail mutants of F protein (refer to
Methods 2.4.3) were viewed under a fluorescence microscope. These images are
shown in Figure 4.47 on the following page. There is a distinct pattern observed where
the gradual reduction in the length of the cytoplasmic tail results in the increasing
concentration of the mutant F protein around the perinuclear region of the cells
corresponding to the location of the endoplasmic reticulum. The mutant F protein
without a cytoplasmic tail is totally restricted to this region. This seems to imply a need
for the cytoplasmic tail of the normal F protein in its processing to become a mature
membrane-bound viral protein. In addition, the length of the cytoplasmic tail has an
effect on the quantity of the mutant F protein within the cell. This is seen by the
reduction in the fluorescence intensity as the cytoplasmic tail is reduced in length. The
last two lysine residues closest to the transmembrane region (Fig. 4.47, images F514
and F515) seem to have the most significant effect on the processing of the mutant F

protein.
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Figure 4.47. Immunofluorescence images of the various cytoplasmic tail deletion mutants of the
F protein transfected in HEp-2 cells after 18 hours. The numbers indicate the last amino acid
residue. 539 is the wild type and 514 has no cytoplasmic tail. All the F protein constructs have a
myc tag at the C-terminal. TM-transmembrane region,



4.3.4 Western blot of cells expressing F cytoplasmic tail mutants

Western blot analysis was performed on the same F cytoplasmic tail mutant protein
constructs transfected into 293T cells for 48 hours (Fig 4.48). The intensity of the signal
on the membrane was highest in the wild-type protein and gradually decreased until
there was very little signal from the F protein with no cytoplasmic tail (FAci)- This is in
agreement with the observations of the immunofluorescence experiment described in
the previous section. The monomeric form of the F protein was observed between the

54-58 kDa region.
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Figure 4.48. Western blot analysis of F cytoplasmic tail mutants which were probed with the
anti-myc antibody. The numbers indicate the last amino acid residue of the mutant F proteins.
Mock-mock transfected cells, WT-wild-type Fwi protein, ACT-FAci protein without cytoplasmic
tail. The size range ofthe F mutants (Fmu) is approximately 54-58 kDa.

4.3.5 Summary of F and G mutant expression

In the F protein, the cytoplasmic domain plays an important role in the processing and
maturation ofthe protein. A similar observation was made by a group which worked on
hRSV (Oomens et al.,, 2006). The role ofthe cytoplasmic domain in the G protein is not
as clear. Both proteins require their transmembrane region for anchoring to the host
cell membrane but the G protein also requires it for proper processing and positioning
at the host cell surface. This has been shown in hRSV G protein (Lichtenstein et al.,

1996) as well.



4.4.1 Total protein expression

The pCAGGS vector expression system was utilized to express the HMPV M and N
proteins singly in Vero E6 cells. The expression of N protein alone (Fig 4.49, lanes 1
and 2) showed a band at 43 kDa (N43) which is the expected size for the monomeric
form of N protein. The expression of M protein alone (Fig 4.49, lanes 3 and 4) showed
a clear band at 28 kDa (M28) corresponding to the expected size of the monomeric M
protein. In the case of both proteins, there was a greater amount expressed after 2

days post-transfection compared to 1 day post-transfection.
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Figure 4.49. Western blot of N and M expressed in Vero E6 cells. Lanes 1 and 2, pCAGGS/N-
myc expressed after 1 and 2 days, respectively. Lanes 3 and 4, pCAGGS/M expressed after 1
and 2 days, respectively. M and N proteins are shown with their respective sizes in kDa.

4.4.2 Microscopy analysis of M and N protein expression compared to F and GA

Images of Vero E6 cells under immunofluorescence microscopy are shown below (Fig
4.50). The N protein showed even staining throughout the cell except for the nucleus.
The presence of a few inclusion bodies were also seen. The M protein staining pattern
showed a web-like network probably involving cytoskeleton components. The F protein

was also evenly distributed throughout the cell except the nucleus. There was an



accumulation of F protein around the perinuclear region which suggests endoplasmic
reticulum and Golgi processing. The GA protein showed concentrations around the
edge (surface) of the cells and the nucleus. In addition, there were fine filament-like

projections from the cell surface.

Figure 4.50. Immunofluorescence microscopy of Vero E6 cells expressing N, M, F and GA
proteins. Image 1 shows Vero E6 cells transfected with pCAGGS/N-myc. Image 2 shows Vero
E6 cells transfected with pCAGGS/M. Image 3 shows Vero E6 cells transfected with
pCAGGS/F-myc. Image 4 shows Vero E6 cells transfected with pCAGGS/GA-FLAG. Cells
transfected with N and F were stained with primary anti-myc antibody and secondary anti-
mouse FITC conjugated antibody. Cells transfected with M were stained with primary anti-M
antibody and secondary anti-mouse FITC conjugated antibody. Cells transfected with GA were
stained with primary anti-FLAG antibody and secondary anti-rabbit AlexaFluor 555 conjugated
antibody. The cells were observed under a fluorescence microscope and pictures were taken at
100X magnification.

4.4.3 Summary of M and N protein expression

The expressed HMPV M and N proteins in Vero E6 cells were observed in their native
monomeric form without any indication of oligomerisation. This is not unexpected given
that these two proteins are not found on the surface of the host cell or mature virus
particle. The knowledge of the expected size for M and N proteins will be useful when

producing VLPs in chapter 6.



4.5  Chapter summary

Using both the MVA-T7 expression system with pCDNA3.1(-) and the pCAGGS
expression system, the F protein was found to exist as several immature forms within
the transfected cells and as a mature form (Fgs) expressed on the surface of the cells.
Co-transfecting F with GA or GB protein did not alter the processing of the F protein
significantly. The GA and GB proteins tend to form smears with one or two major bands
reflecting a high level of O-linked glycosylation. When co-transfected with F, the GA/B
proteins showed a shift in molecular weight suggesting that the presence of the F
protein can cause the GA or GB proteins to preferentially adopt one particular
conformation. There are differences between the GA and GB protein glycosylation

patterns originating from the divergence of the GA and GB genes.

Protein construct Total expression level Surface expressed Secreted
Fwr(F539) Normal Yes No
Fatm Normal No Yes
FACT(F514) Weak No ND
F534 Normal ND ND
F529 Normal ND ND
F524 Normal ND ND
F519 Normal ND ND
F518 Weak ND ND
F517 Weak ND ND
F516 Weak ND ND
F515 Weak ND ND
GAwT Normal Yes No
GAATw Normal No No
GAxct Weak ND ND
GByr Normal Yes No
M Normal ND ND
N Normal ND ND

Table 4.1. Summary table of protein constructs used in this chapter. Total expression levels are
classified into normal or weak. ND-not determined in mammalian cells.

When F and GA/B were crosslinked, the most predominant forms of the proteins on the
cell surface were of higher molecular mass. This may be due to F and GA multimers
forming a complex on the cell surface as suggested by Lamb (Lamb et al., 2006).
Analysis of co-expressed F and GA proteins by sucrose gradient ultracentrifugation

revealed that both proteins tended to co-migrate in the same few fractions thus
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providing more evidence that there is some form of interaction. This is reinforced by the
immunofluorescence images of F and GA co-transfected cells showing areas of co-
localisation of F and GA protein. This cell surface association of F and G proteins in
HMPV supports the possibility that the combined action of F and G protein is necessary
for virus infection and are therefore potential targets for antiviral therapy. The
association of F and G proteins with host cell proteins should be explored. Both the M
and N proteins are thought to be intracellular. The M protein may be essential for virus
formation given its structural role. Wild-type Fwr, GAwr and GBwy proteins are
expressed strongly in mammalian cells and have been shown to be surface expressed
but not secreted into the media. This is in agreement with their role as viral fusion and
attachment proteins, respectively. Both proteins require their transmembrane region for
anchoring to the host cell membrane and are therefore not found on the cell surface but
Fatm is secreted whereas GAamvm is not. The G protein probably requires the
transmembrane region for proper processing and positioning at the host cell surface
xxx. Both Facr and GAact were not well expressed in cells. The cytoplasmic domain of
the HMPV F protein plays an important role in the processing and maturation of the
protein but the role of the cytoplasmic region in the HMPV G protein has not yet been
confirmed. A more in-depth study of the functions of the cytoplasmic tail domain of

HMPYV F and G proteins should be conéidered for the future.
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Chapter 5 Expressing Human Metapneumovirus Proteins

in Insect Cells

Recombinant baculoviruses are used in many studies to express genes. Since the first
publication in 1983 (Smith et al., 1983), it has become a popular method for expressing
proteins. The usual technique involves replacing the late virus polyhedrin gene with the
gene of interest. Two different promoters (polyhedrin or p10) can be linked to the gene
of interest. These strong promoters are able to produce large quantities of protein
under the appropriate conditions. Other than high expression levels, the strengths of
baculovirus technology are safety (only infects insect cells), post-translational
modification (although not exactly the same as mammalian cells, refer to Fig 1.20) and
ease of scaling up (insect cells can be grown in suspension cultures which can be
applied to bioreactors). In this study, two methods were used to construct recombinant
baculoviruses. The first method was via a shuttle vector and the second was by
Gateway recombinant technology (Invitrogen, USA). The end products were
recombinant baculoviruses for the HMPV F, GA, M, N and Famw proteins. As with all
virus work, the virus titre for each recombinant baculovirus had to be determined so
that the MOI values could be derived. Two specific insect cell lines (Sf9 and HighFive)
were used. Each served a different purpose. The Sf9 cells were used mainly for
cloning, propagating and purifying the recombinant baculoviruses. The HighFive cells
were used for protein expression work. With each cell line, a series of preliminary
experiments was performed including a time-course experiment and MOI experiment.
The preliminary experiments served as a precursor to the VLP work in the following
chapter. The expression and secretion of Fary protein was performed to assess the

feasibility of using it to generate antibodies.

The aim of this chapter is to compare the characteristics of expression of HMPV fusion

and attachment proteins in insect cells to that of mammalian cells. Another objective
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was to compare and confirm the differences in expression levels between the two
insect cell lines Sf9 and HighFive to decide which would be preferable for VLP

production.

51 Baculovirus as an expression platform

5.1.1 Constructed baculovirus-expressed recombinant proteins

A total of 5 constructs were made using the baculovirus expression system. They are
bac-F which expresses the HMPV F protein, bac-GA which expresses the HMPV GA
protein, bac-M which expresses the HMPV M protein, bac-N which expresses the
HMPV N protein and the bac-FATMwhich expresses the HMPV FAIM protein. The use of
wild-type AcMNPV was also employed as controls of viral infection and protein

expression (Fig 5.1).

Figure 5.1. Cells infected with wild-type AcMNPV. Image 1, Sf9 cells infected with AcCMNPV
after 4 days. Image 2, HighFive cells infected with AcMNPV after 3 days. Both images were
viewed using 20X objective on an inverted microscope. The arrows indicate the presence of
refractile bodies called polyhedra in infected cells.

An example of the process of baculovirus vector construction can be demonstrated by
the production of bac-M: The M gene was first amplified using the primers in section
2.7.1, the PCR product was then check on an agarose gel for the correct size

(approximately 700 bases). The band was then purified by gel extraction and

restriction-digested with both Kpn\ and Xho\ overnight (Fig 5.2, lane 3). The baculovirus



vector pFastBacDual (pFBD) was also restriction-digested with the same enzymes (Fig

5.2, lane 1).

pFBD<gyt

Figure 5.2. Restriction digest of pFastBacDual (pFBD) vector and amplified M gene insert. Both
vector and insert were digested overnight with Kpn\ and Xho\. The products were check by
agarose gel electrophoresis (1% agarose) before ligation. Lane 1-digested pFBD vector, lane 2-
molecular size marker, lane 3-digested M gene insert. Size markings are shown in brackets in
kilobases (kb).

After purification of both digested M gene insert and pFastBacDual vector, they were
ligated overnight before being used for transformation. The transformed DH10Bac
E.coli cells were grown on selective media. Colonies were picked and grown in a
selective broth to prepare the baculovirus genomic DNA. After DNA purification, the

presence ofthe insert was confirmed by PCR (Fig 5.3) and agarose gel electrophoresis

before transfection into Sf9 insect cells.

©.7)

Figure 5.3. Confirming the presence of M gene insert in baculovirus vector. M gene was
amplified using the same PCR primers in section 2.7.1 and the products run on 1% agarose gel.
Lane 1-molecular size marker, lane 2-vector only control, lanes 3 and 4-recombinant
baculovirus containing M gene insert (bac-M). Size markings are shown in brackets in kilobases
(kb).



After transfection of Sf9 cells (refer to 2.7.4), the infected cells were incubated for 3

days before harvesting the recombinant bac-M virus from the culture supernatant.

5.1.2 Plaque titration of baculovirus constructs

Plaque assay was used to determine the viral titre for each of the recombinant

baculoviruses expressing HMPV proteins. The virus titre values for each of the

recombinant baculoviruses were: 4.0x107 PFU/mI for bac-F, 1.65x107 PFU/mI for bac-

GA, 7.0x106 PFU/mI for bac-M, 6.6x107 PFU/mI for bac-N and 1.0x107 PFU/mI for bac-

FATM- The wild type AcMNPV was also titred and a value of 4.4x107 PFU/ml was

obtained. The 6-well plates containing the various baculovirus constructs in dilutions

were incubated for up to 2 weeks. Plaques were counted after visualizing with neutral

red stain (Fig 5.4).

Figure 5.4 Plaque titration of recombinant baculovirus in Sf9 cells. An example of a 6-well plate
used to determine the viral titre of a recombinant baculovirus expressing HMPV protein. The
dilution values are shown next to each well. Black arrows indicate the positions of the virus
plagues which appear as clear zones within the lawn of cells.



5.2.1 Time-courseassay

The time-course assay was carried out to determine the optimal number of days of
infection for protein expression. A one to three-day time course study was carried out
with Sf9 cells infected with the baculovirus expressing F (bac-F) and baculovirus

expressing GA (bac-GA).

Figure 5.5. Time course assay using Sf9 cells infected with bac-F and bac-GA protein. Lane 1-
mock infected Sf9 cells. Lanes 2 to 4-Sf9 cells infected with bac-F protein which were harvested
after 1, 2 and 3 days post-infection, respectively. Lane 5-mock infected Sf9 cells. Lanes 6 to 8-
Sf9 cells infected with bac-GA protein which was harvested after 1, 2 and 3 days post-infection
respectively. Lanes 1 to 4 were probed with anti-myc antibodies and lanes 5 to 8 were probed
with anti-FLAG antibodies. The major species of F and GA proteins are shown by the arrows.

Cells were infected at a multiplicity of infection (MOI) of 1 and were harvested after 1, 2
or 3 days. Western blot analysis was performed by probing with the appropriate
antibodies and the results are shown in Fig 5.5. Both F and GA proteins were optimally
expressed after 2 days post-infection since the 3-day expression levels did not show
any significant increase over the 2-day expression levels. The expression of F protein
showed the 2 main species F58 and F145 which are very similar to those observed with
mammalian expression vectors (refer to chapter 4.1 and 4.2). The slightly smaller size
of FB8compared to the FB in mammalian cells could be due to differences in the size of
the N-linked side chains. The GA protein showed a smear from 40-110 kDa, with a

major species of size 110 kDa (G A110).



After determining the optimal incubation time post-infection, the optimal MOI had to be
determined. Sf9 cells were infected with bac-F at MOl of 1, 3 or 5 and with bac-GA at

MOI of 1 or 3. All cells were incubated 2 days post-infection before harvesting.

Figure 5.6. Multiplicity of infection (MOI) assay of Sf9 cells infected with bac-F and bac-GA
proteins. Cells were harvested 2 days post-infection. Lanes 1to 3-Sf9 cells infected with bac-F
at MOI of 1, 3 and 5 respectively. Lanes 4 to 5-Sf9 cells infected with bac-GA at MOI of 1and 3
respectively. Lanes 1to 3 were probed with anti-myc antibodies and lanes 4 to 5 were probed
with anti-FLAG antibodies. The major species of F and GA proteins are shown by the arrows.

Western blot analysis was performed by probing with the appropriate antibodies and
the results are shown above (Fig 5.6). It was observed that for all MOI values used (3
for bac-F and 2 for bac-GA), there was no significant difference in the amount of
protein expressed. Therefore, in the subsequent experiments, the Sf9 cells were

infected with virus at an MOI of 1 and harvested 2 days post-infection.

5.2.3 Determining the specificity of the antibodies

To verify if the bands observed in immunoblotting were indeed specific for the F and

GA protein, wild-type AcMNPV was used to infect Sf9 cells together with bac-F and

bac-GA and probed with anti-myc and anti-FLAG antibodies.



Figure 5.7. Infection of bac-F, bac-GA and wild-type AcCMNPV in Sf9 cells. Lanes 1 to 3 were
probed with primary mouse anti-myc antibody and secondary goat anti-mouse HRP conjugated
antibody. Lanes 4 to 6 were probed with primary rabbit anti-FLAG antibody and secondary goat
anti-rabbit HRP conjugated antibody. Lanes 1 and 4 were harvested from AcMNPV-infected
cells. Lanes 2 and 5 were harvested from bac-F infected cells. Lanes 3 and 6 were harvested
from bac-GA infected cells. The major species of F and GA proteins are shown by the arrows.

From the blots shown in Fig 5.7, it was observed that the anti-myc antibodies were
specific for the F protein only and the anti-FLAG antibodies were specific for the G
protein only. Neither of the antibodies cross-reacted with the wild-type virus or cell
proteins. In this Sf9 cell-line, protein bands for bac-F were observed at 58 kDa (F58)
and 145 kDa (F145 corresponding to the monomeric and multimeric forms of F protein,
respectively. The F proteins are possibly triple N-glycosylated since it was shown to
have 3 possible N-glycosylation sites (Schowalter et al., 2006a). The same molecular
mass was observed in another study with baculovirus-expressed hMPV F protein
(Ishiguro et al., 2005). The G protein appeared as a smear from 40-100 kDa, possibly
due to the high degree of O-linked glycosylation but a distinct band was observed at
about 110 kDa (GA10). The native unglycosylated size of GA protein is predicted to be

about only 24 kDa.



The morphology of the Sf9 cells was studied after infection with bac-F, bac-GA and
wild-type AcCMNPV at an MOI of 1. This was compared with non-infected cells. All the

cells were observed 1 day post-infection (Fig 5.8).

Figure 5.8. Morphology of Sf9 cells after 1 day post-infection. Image 1 shows mock-infected
cells. Image 2 shows wild-type AcMNPV-infected cells. Image 3 shows bac-GA infected cells.
Image 4 shows bac-F infected cells. Cells were observed under an inverted light microscope at
20X magnification. The arrows indicate the process of cell fusion occurring.

Compared to the mock infected cells, the cells that were infected with bac-F and bac-G
appeared enlarged and showed signs of cell fusion (Fig 5.8, arrows). This fusion
process is not likely to be due to the bac-F and bac-GA because cells infected with
wild-type AcMNPV showed fusion characteristics as well although it was less
pronounced. The most likely reason for this phenomenon is the action of baculovirus
fusion protein GP64 which is responsible for cell-to-cell spread of the virus. Cells
infected with bac-F and bac-GA showed more extensive cell damage on day 2 post-

infection (image not shown).



Expression of F and GA proteins was studied using immunofluorescence microscopy
(Fig 5.9). Cells mock-infected and infected with wild-type AcCMNPV served as controls.
After 1 days post-infection at an MOI of 1, the cells were fixed and permeabilised with

methanol:acetone (1:1) priorto staining.

Figure 5.9. Immunofluorescence microscopy of Sf9 cells expressing F and GA proteins. Image 1
shows mock-infected Sf9 cells. Image 2 shows Sf9 cells infected with wild-type AcCMNPV. Image
3 and 4 shows Sf9 cells infected with bac-F and bac-GA respectively. Cells infected with bac-F
were stained with primary anti-myc antibody and secondary anti-mouse FITC conjugated
antibody. Cells infected with bac-GA were stained with primary anti-FLAG antibody and
secondary anti-rabbit FITC conjugated antibody. The mock-infected and AcMNPV infected cells
were stained with both anti-myc and anti-FLAG antibodies followed by anti-mouse FITC and
anti-rabbit FITC conjugated secondary antibodies. The cells were observed under a
fluorescence microscope and pictures were taken at 200X magnification.

Intense fluorescence was observed in the cells infected with bac-F and bac-GA, thus
confirming the expression of recombinant F and GA protein in these cells. This was in
contrast to the mock-infected and AcMNPV-infected cells which only showed
background staining. As a follow-up experiment, the expression of GA protein on the
surface of Sf9 cells was investigated (Fig 5.10). Instead of fixing the cells with
methanol:acetone (1:1), the cells were either fixed without permeabilisation using 4%

PFA and probed with the antibodies or fixed with 4% PFA and permeabilised with 0.1%



saponin before probing with antibodies. This procedure is also able to verify the
orientation of the myc (F) and FLAG (GA) tag of the proteins with respect to the host

cell membrane.

Figure 5.10. Surface expression of bac-F and bac-GA in Sf9 cells observed under
immunofluorescence microscopy. Sf9 cells infected with bac-F were stained with primary anti-
myc antibody and secondary anti-mouse FITC and cells infected with bac-GA were stained with
primary anti-flag antibody and secondary anti-rabbit Alexa Fluor 555. AcMNPV-infected cells
were stained with both anti-myc and anti-flag antibody followed by anti-mouse FITC and anti-
rabbit Alexa Fluor 555 secondary antibodies. The cells were observed under a fluorescence
microscope and pictures were taken at 200X magnification, (images 1 and 4): Cells infected
with AcMNPV, (images 2 and 3): Cells infected with bac-GA, (images 5 and 6): Cells infected
with bac-F. (images 2 and 5): Cells that were only fixed and not permeabilised. (images 1, 3, 4
and 6): Cells that were both fixed and permeabilised.

As expected, recombinant F protein was stained only when the cells were
permeabilised as the myc tag was constructed on the intracellular C-terminus of the
protein. On the other hand, the recombinant GA protein was stained regardless ofthe
addition of 0.1% saponin because the FLAG tag was constructed on the extracellular
C-terminus of the protein. This observation of the GA protein staining without 0.1%

saponin also confirms the presence ofthe GA protein expressed on the cell surface.



Analysis of N-glycosylation in the expressed F and GA proteins were carried out using
PNGase F and Endo H (Fig 5.11). The actions of these two enzymes have been

described in the previous chapter.
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Figure 5.11. N-glycosylation analysis oftotal cell protein in Sf9 cells. Sf9 cells were infected with
bac-F and bac-GA at an M.O.l of 1 and were harvested 2 days post infection. Cells were then
treated with either Endo H or PNGase F enzyme. Cells that were not treated by enzymes
served as controls. (-)- Non-treated cells, F:-PNGase F treated cells, H:-EndoH treated cells.
The major F and G protein species are shown together with their expected sizes in kDa. (*) and
(**) illustrate a slight reduction in size of a GA protein species.

It was observed that both the recombinant F and GA proteins were sensitive to
PNGase F treatment as seen by the reduction in the molecular mass. The size of the F
protein was reduced from 58 kDa to 51 kDa and the GA protein band (*) was slightly
reduced in size (**). The intensity of the GA bands were also much less after PNGase
F treatment. When both proteins were treated with Endo H, there was similar decrease
in the sizes of F and GA, but this time, the intensity of the GA bands remained similar
to the untreated GA protein. In order to determine if PNGase F had modified the GA
protein such that it had aggregated and remained in the stacking gel, a repeat SDS-

PAGE run was performed without the removing the stacking gel for immunoblotting (Fig

5.12).
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Figure 5.12. Observation of GA protein aggregates in stacking gel. (-)- Non-treated cells, F:-
PNGase F treated cells, H:-EndoH treated cells. The position ofthe stacking gel is indicated.

However, no significant amount of protein was observed in the stacking gel. The
reason for the loss of GA protein after PNGase F treatment remains unclear. After
studying the total expressed protein, the expression of F and GA proteins on the
surface of the cell was studied in the same baculovirus-insect cell system (Fig 5.13).
The cells infected with bac-F and bac-GA were harvested 2 days post-infection. Wild-
type AcMNPYV-infected cells served as a control. Proteins on the cell surface were
labeled with biotin and immunoprecipitated using the respective antibodies. As in the
previous chapter, the proteins were bound to protein A-Sepharose and analysed by
SDS-PAGE. The proteins were then probed with streptavidin-HRP conjugate. From the
results in Fig 5.13, it can be concluded that there was a fair amount of non-specific
reaction between the antibodies and other cellular proteins. The bac-F infected cells
produced F proteins ofsize 65 kDa, 110 kDa and 145 kDa. The bands observed at 110
kDa and 145 kDa are possibly multimeric forms ofthe F protein which could either be a
dimeric or trimeric form ,respectively, that is expressed on mammalian cell surfaces.
The bac-GA infected cells revealed the GA proteins of sizes 60 kDa and 110 kDa.
These could be the different types of glycosylated forms of the GA proteins. The 60
kDa band observed for the GA protein was similar to that observed in mammalian

expressed pCAGGS/GA-FLAG in the previous chapter.
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Figure 5.13. Surface expression of F and GA in Sf9 cells. Cells infected with wild type AcCMNPV
(WT), bac-F (F) and bac-GA (GA). Wild-type AcMNPV infected cells served as a control.
Proteins were surface labeled with biotin and immunoprecipitated with with either anti-myc (c)
antibody or anti-FLAG (f) antibody. The immunoprecipitated proteins were analysed by SDS-
PAGE and probed with streptavidin-HRP. The GA species are shown with their corresponding
sizes. (*), (~*) and (***) indicate the F protein monomer (65 kDa) and oligomers (110 kDa,
145 kDa) respectively.

The reason for the much higher mass compared to the predicted mass (24 kDa) could
be attributed to the high proline content accounting for the anomalous migration of
proteins on SDS gels (Wertz et al., 1989). There is less appearance of the smearing
effect compared to that seen in total cell lysates (Fig 5.11) containing GA protein and
this could be due to the lower heterogeneity of the glycosylations on the surface
proteins. The study of surface expressed F and GA proteins in Sf9 cells appears to be
more complex than in mammalian cells and requires more experimental work to obtain

meaningful results.

5.2.7 Summary of F and G expression in Sf9 cells

The expression of HMPV F and GA proteins in Sf9 cells differ from those expressed in
mammalian systems in terms of their size and glycosylation patterns. The expression
of F protein in Sf9 cells was similar to that in mammalian cells where there are primarily
two forms of the protein: a monomeric form and a oligomeric form. The slight difference

in size between the mammalian (60 kDa, Fig 4.7) and insect (58 kDa, Fig 5.11)



expressed F proteins could be due to the difference in the N-linked sugar chains, since
the F protein is almost exclusively modified by N-linked glycosylation. The GA protein is
usually modified by O-glycosylation which can result in a more heterogeneous variety
of protein sizes as observed in mammalian cells but the GA protein in Sf9 cells tends to
form fewer distinct bands, suggesting that perhaps the process of O-glycosylation in

insect cells is less complex.

5.3. Expression of F and GA proteins in HighFive cells

5.3.1 Time-course assay

Another time-course assay was carried out to determine theoptimal number of days of
infection for protein expression. A one to three-day time course study was carried out
with HighFive cells infected with the bac-F and bac-GA. Cells were infected at a
multiplicity of infection (MOI) of 1 and were harvested after 1,2 or 3 days. Western blot
analysis was performed probing with the appropriate antibodies and the results are

shown in Fig 5.14 below.
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Figure 5.14. Time-course assay using HighFive cells infected with bac-F and bac-GA protein.
Lane 1-mock infected HighFive cells. Lanes 2 to 4-HighFive cells infected with bac-F protein
which was harvested after 1, 2 and 3 days post-infection, respectively. Lane 5-mock infected
HighFive cells. Lanes 6 to 8-HighFive cells infected with bac-GA protein which was harvested
after 1, 2 and 3 days post-infection respectively. Lanes 1 to 4 were probed with anti-myc
antibodies and lanes 5 to 8 were probed with anti-FLAG antibodies. The major species of F and
GA proteins are shown by the arrows.



Both F and GA proteins were maximally expressed after 3 days post-infection. The F
protein displayed the 2 main species F5 and F145which were identical in size to those
seen in Sf9 cells and very similar to those observed in mammalian expression vectors
(referto chapter4.1 and 4.2). The GA protein showed a smearfrom 40-110 kDa, with a

major species of size 110 kDa (GA10).

5.3.2 Multiplicity of infection (MOI) assay

After determining the optimal incubation time post-infection, the optimal MOI had to be
determined. HighFive cells were infected singly with bac-F and bac-GA ata MOI of 1,5
orl0. All cells were incubated for 3 days post-infection before harvesting. Western blot
analysis was performed by probing with the appropriate antibodies and the results are
shown (Fig 5.15). It was observed that the optimal MOI for both bac-F and bac-GA
expression is 1. Increasing the MOI did not significantly increase the level of protein
expression. Subsequently, HighFive cells were infected at MOl of 1 and harvested at 3

days post-infection.
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Figure 5.15. Multiplicity of infection (MOI) assay of HighFive cells infected with bac-F and bac-
GA proteins. Cells were harvested 3 days post-infection. Lanes 1 and 5-HighFive cells infected
with wild-type AcCMNPV only. Lanes 2 to 4-HighFive cells infected with bac-F at MOI of 1, 5 and
10 respectively. Lanes 6 to 8-HighFive cells infected with bac-GA at MOI of 1, 5 and 10
respectively. Lanes 1 to 4 were probed with anti-myc antibodies and lanes 5 to 8 were probed
with anti-FLAG antibodies. The major species of F and GA proteins are shown by the arrows.



To verify if the antibodies in immunoblotting were specific for the F and GA protein,
wild-type AcMNPV was used to infect HighFive cells together with bac-F and bac-GA
and probed with anti-myc and anti-FLAG antibodies (Fig 5.16). From the blots, it was
observed that the anti-myc antibodies and the anti-FLAG antibodies were specific for
the F and GA proteins respectively. Neither of the antibodies cross-reacted with the

wild-type virus or cell proteins.
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Figure 5.16. Infection of bac-F, bac-GA and wild-type AcMNPV in HighFive cells. Lanes 1to 3
were probed with primary mouse anti-myc antibody and secondary goat anti-mouse HRP
conjugated antibody. Lanes 4 to 6 were probed with primary rabbit anti-FLAG antibody and
secondary goat anti-rabbit HRP conjugated antibody. Lanes 1 and 4 were harvested from
ACMNPYV infected cells. Lanes 2 and 5 were harvested from bac-F infected cells. Lanes 3 and 6
were harvested from bac-GA infected cells. The major species of F and GA proteins are shown
by the arrows.

In the HighFive cell-line, bac-F and bac-GA produced the same protein species as

noted in the earlier experiments (Fig 5.14 and 5.15). The F and GA proteins expressed

in Sf9 cells were also similar in size (refer to Fig. 5.7).

5.3.4 Morphology of HighFive cells before and after infection

The morphology of the HighFive cells was studied after infection with bac-F, bac-GA

and wild-type AcMNPV at an MOI of 1. This was compared with mock-infected cells. All

the cells were observed at 1 day post-infection (Fig 5.17).



Figure 5.17. Morphology of HighFive cells after 1 day post-infection. Image 1 shows mock-
infected cells. Image 2 shows wild-type AcMNPV-infected cells. Image 3 shows bac-F infected
cells. Image 4 shows bac-GA infected cells. Cells were observed under an inverted light
microscope at 20X magnification. The arrows indicate enlarged cells which have been infected
with the bac-F or bac-GA viruses.

Similar to the Sf9 cells, the HighFive cells also exhibited the enlarged appearance
when infected with both bac-F and bac-GA, with bac-GA infected cells showing a
slightly greater degree of damage. The infected cells, including those infected with the
wild-type AcMNPYV, also had the tendency to fuse and clump. Cells infected with bac-F
and bac-GA showed more extensive cell damage on days 2 and 3 post-infection

(images not shown).

5.3.5 Immunofluorescence microscopy of infected HighFive cells

Expression of F and GA proteins in HighFive cells was studied using
immunofluorescence microscopy (Fig 5.18). Cells mock-infected and infected with wild-
type AcCMNPV served as controls. After 1 day post-infection at an MOI of 1, the cells

were fixed and permeabilised with methanol:acetone (1:1) priorto staining.
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Figure 5.18. Immunofluorescence microscopy of HighFive cells expressing bac-F and bac-GA
proteins. Image 1 shows mock-infected HighFive cells. Image 2 shows HighFive cells infected
with wild-type AcMNPV. Image 3 and 4 shows HighFive cells infected with bac-F and bac-GA,
respectively. Cells infected with bac-F were stained with primary anti-myc antibody and
secondary anti-mouse FITC conjugated antibody. Cells infected with bac-GA were stained with
primary anti-FLAG antibody and secondary anti-rabbit FITC conjugated antibody. The mock
infected and AcMNPYV infected cells were stained with both anti-myc and anti-FLAG antibodies
followed by anti-mouse FITC and anti-rabbit FITC conjugated secondary antibodies. The cells
were observed under a fluorescence microscope and pictures were taken at 200X
magnification.

Intense fluorescence was observed in the cells infected with bac-F and bac-GA thus
confirming the expression of recombinant F and GA protein in these cells. This was in

contrast to the mock infected and AcMNPV infected cells which only showed

background staining.

5.3.6 Comparison of the expression levels of Sf9 and HighFive cells

To verify which insect cell line has a higher level of protein expression, a comparative
experiment was performed using bac-F and bac-GA in both cell lines. The same cell
density of Sf9 and HighFive cells were infected with bac-F and bac-GA at MOI of 1.

The cells were harvested after 2 days and analysed on SDS-PAGE (Fig 5.19, below).
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Figure 5.19. Western blot comparison of F and GA proteins expressed in Sf9 and HighFive
cells. Cells from both cell lines were harvested at 2 days post-infection (MOI=1) and probed with
the respective primary and secondary antibodies. The film used was exposed for 1 minute
before developing. Lane 1- Sf9 cells infected with bac-F, lane 2- HighFive cells infected with
bac-F, lane 3- Sf9 cells infected with bac-GA, lane 4- HighFive cells infected with bac-GA. The
main F and GA protein species are shown with their respective sizes in kDa.

It was observed that even at 2 days post-infection, HighFive cells showed higher levels
of protein expression compared to the Sf9 cells. This characteristic of HighFive cells
would be exploited in subsequent experiments for HMPV protein expression in insect

cells and forthe generation ofvirus-like particles.

5.3.7 Study of F and GA glycosylation

Analysis of N-glycosylation in the expressed F and GA proteins from HighFive cells
were carried out using PNGase F and Endo H (Fig 5.20). The actions of these two
enzymes have been described previously. It was observed that both recombinant F
and GA proteins were sensitive to PNGaseF treatment, as seen by appearance of a
smear probably due to O-linked sugar chains. The reduction of the F protein bands to a
faint smear by PNGaseF is unusual and was not noted in any other cell line. It may be
possible that the removal ofthe N-linked sugars in F and GA resulted in degradation of
the proteins but this requires further investigation. The GA proteins around 110 kDa
were also reduced to a smear with a loss in total protein after treatment with PNGaseF.

When both proteins were treated with Endo H, there was no significant alteration of the



sizes of F and GA, suggesting that the N-linked sugar modifications on F and GA

proteins were mature.
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Figure 5.20. N-glycosylation analysis of total cell protein in HighFive cells. HighFive cells were
infected with bac-F and bac-GA at an M.O.I of 1 and were harvested 3 days post-infection. Cells
were then treated with either Endo H or PNGase F enzyme. Cells that were not treated with
enzymes served as controls. (-)- Non-treated cells, F:-PNGase F treated cells, H:-EndoH
treated cells. The major F and G protein species are shown together with their expected sizes in
kDa.

After studying the total expressed proteins, the expression of F and GA proteins on the
cell surface was studied (image not shown). However, as with expression in Sf9 cells,
the antibodies were not very specific for the tagged recombinant proteins and there
appeared to be some low level of cross-reaction between the anti-myc/anti-FLAG

antibodies and the cellular proteins.

5.3.8 Summary of F and G expression in HighFive cells

The baculovirus-insect cell system has many advantages over mammalian and

bacterial expression systems (Invitrogen). Having a limited host range, they are firstly

non-pathogenic to mammals and plants, thus making it safe for humans use. It is also

easy to scale-up with high levels of protein expression and, most importantly, the insect

cell is able to carry out mammalian-like post-translational modifications like

glycosylations. However, one drawback ofthis system could be the slight difference in



glycosylation. O-glycosylation in insects cells has been shown to be less diversified,
resulting in shorter and less complex sugar chains (Lopez et al., 1999). Insect cell lines
have also been shown to be unable to produce complex, terminally sialylated N-
glycans but give rise to paucimannosidic N-glycans instead (Harrison and Jarvis, 2006:
Kulakosky et al., 1998). However, to overcome this limitation, there have been efforts
by various groups to engineer the insect cells such that they produce mammalianized
recombinant glycoproteins (Harrison and Jarvis, 2006). Few studies have been done
with HMPV proteins being expressed in a baculovirus system (Endo et al., 2008;
Ishiguro et al., 2005; Liu et al., 2010). This is a unique study where expression and
glycosylation studies of HMPV F and GA proteins have been performed and compared
in two different insect cell lines, Spodoptera frugiperda (Sf9) and Trichoplusia nii

(HighFive).

54 Expression of M, N and F,y proteins in Sf9 and HighFive cells

Three other baculovirus constructs were made in addition to bac-F and bac-GA. Bac-M
and bac-N were designed to investigate the formation of HMPV virus-like particles in an
insect cell system. Bac-Farw was used to study the possible production of secreted F
brotein for downstream applications like antibody production and molecular structural

studies.

5.4.1 Time-course assays

Additional time-course assays were carried for bac-M, bac-N and bac-Fmy infection in
Sf9 (Fig 5.21) and HighFive (Fig 5.22) cells at intervals of one to three-days. Cells were
infected at a MOI of 1 and were harvested after 1, 2 or 3 days. Westem blot analysis
was performed probing with the appropriate antibodies and the results are shown

below.

183



«w Y

-250 kDa- -250 kDa-
-150 kDa- -150 kDa-
. -100 kDa- -100 kDa-
-75 kDa- -75 kDa-
«- F
50 kDa- -50 kDa- . . . 53ATM
NQT-*
-37 kDa- -37 kDa-
n28 ") N _ -
-25 KkOa- -25 kDa-

Figure 5.21. Time-course assay using Sf9 cells infected with bac-N, bac-M and bac-FATM Lanes
1,5,9-mock infected Sf9 cells. Lanes 2 to 4-Sf9 cells infected with bac-N which was harvested
after 1, 2 and 3 days post-infection. Lane 6 to 8-Sf9 cells infected with bac-M which was
harvested after 1,2 and 3 days post-infection. Lanes 10 to 12-Sf9 cells infected with bac-FAM
which was harvested after 1, 2 and 3 days post-infection. Lanes 1 to 4 were probed with anti-
6His antibodies, lanes 5 to 8 were probed with anti-M antibodies and lanes 9 to 12 were probed
with anti-myc antibodies. The major species of M, N and FAIM proteins are shown by the arrows
with their sizes in kDa. (*) indicates high molecular weight FAIMspecies.

Comparing the expression levels of the three proteins in Sf9 and HighFive cells, the
HighFive cells consistently showed greater levels of protein expression than Sf9 cells.
This confirms the earlier observation in 5.3.6 with bac-F and bac-GA. The most
remarkable difference was found using bac-N in both cell lines. The presence of N
protein in Sf9 was almost undetectable at 3 days post-infection, whereas in HighFive

cells there was a large amount produced only after 2 days of incubation.
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Figure 5.22. Time-course assay using HighFive cells infected with bac-N, bac-M and bac-FATM
Lanes 1,5,9-mock infected HighFive cells. Lanes 2 to 4-HighFive cells infected with bac-N which
was harvested after 1, 2 and 3 days post-infection. Lane 6 to 8-HighFive cells infected with bac-
M which was harvested after 1,2 and 3 days post-infection. Lanes 10 to 12-HighFive cells
infected with bac-FAIMwhich was harvested after 1, 2 and 3 days post-infection. Lanes 1to 4
were probed with anti-6His antibodies, lanes 5 to 8 were probed with anti-M antibodies and
lanes 9 to 12 were probed with anti-myc antibodies. The major species of M, N and FATM
proteins are shown by the arrows with their sizes in kDa.



The presence ofa band (single in HighFive, double in Sf9) of protein of 130-140 kDa in
the wild-type infected cells appeared to be a cross-reaction of some viral or cellular
protein with the anti-6His antibody. A high molecular mass protein in the bac-FATM
infected Sf9 cells (Fig 5.22, lane 12) is likely to be aggregated proteins. A small 25 kDa
product (Fig 5.22, lane 4) in bac-N infected HighFive cells could be due to breakdown
of the N protein due to cellular proteases release by cell lysis after 3 days. Bac-N also
produced high molecular weight products which could be aggregates after 2 days post-

infection.

5.4.2 Multiplicity of infection assays

Additional MOI assays were carried for bac-M, bac-N and bac-FAMinfection in Sf9 (Fig
5.23) and HighFive (Fig 5.24) cells. Cells were incubated for 2 days for Sf9 cells or 3
days for HighFive cells. Western blot analysis was performed by probing with the

appropriate antibodies and the results are shown below.
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Figure 5.23. MOI assay using Sf9 cells infected with bac-N, bac-M and bac-FATM. Lanes 1,5,9-
mock-infected Sf9 cells. Lanes 2 to 4-Sf9 cells infected with bac-N at MOI of 1, 5 and 10. Lane 6
to 8-9 Sf9 cells infected with bac-M at MOI of 1, 5 and 10. Lanes 10to 12-Sf9 cells infected with
bac-FAIMat MOI of 1, 5 and 10. Lanes 1to 4 were probed with anti-6His antibodies, lanes 5to 8
were probed with anti-M antibodies and lanes 9 to 12 were probed with anti-myc antibodies.
Cells were harvested 2 days post-infection. The major species of M, N and FAIM proteins are
shown by the arrows with their sizes in kDa.
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Figure 1.24. MOI assay using HighFive cells infected with bac-N, bac-M and bac-FAIM Lanes
1,5,9-mock-infected HighFive cells. Lanes 2 to 4-HighFive cells infected with bac-N at MOI of 1,
5 and 10. Lane 6 to 8-HighFive cells infected with bac-M at MOI of 1, 5 and 10. Lanes 10 to 12-
HighFive cells infected with bac-FATMat MOI of 1, 5 and 10. Lanes 1to 4 were probed with anti-
6His antibodies, lanes 5 to 8 were probed with anti-M antibodies and lanes 9 to 12 were probed
with anti-myc antibodies. The major species of M, N and FAIM proteins are shown by the arrows
with their sizes in kDa. (*)- highlights the high molecular weight aggregates of FATMprotein.

Results for the MOI assay were similar to those of bac-F and bac-GA expressed
proteins. The increase in MOl beyond the value of 1 did not offer any advantage in
terms of increased protein production. In the case of bac-FATM the increase of MOI to
10 in HighFive cells resulted in an entirely opposite effect where the level of protein
was drastically reduced. This could be due to increased breakdown by intracellular

proteases from excessive cell lysis.

5.4.3 Morphology of cells after infection

The morphology ofthe HighFive cells was studied after infection with bac-M, bac-N and
bac-FATM at an MOI of 1 (Fig 5.25). This was compared with non-infected cells and
those infected with wild-type AcMNPV. All the cells were observed 2 days post-

infection. Sf9 cells were not studied.



Figure 5.25. Morphology of HighFive cells after 1 day post-infection. Image 1 shows wild-type
AcMNPV-infected cells. Image 2 shows bac-M infected cells. Image 3 shows bac-N infected
cells. Image 4 shows bac-FAIM infected cells. Cells were observed under an inverted light
microscope at 20X magnification. The arrows indicate enlarged cells which have been infected
with the bac-M, bac-N or bac-FAIMviruses.

As with the bac-F and bac-GA infected HighFive cells, these cells also exhibited the
enlarged appearance when infected with bac-M, bac-N and bac-FATM The infected

cells were observed to fuse and clump together.

5.4.4 Immunofluorescence microscopy of infected cells

Expression of M, N and FAIM proteins in HighFive cells was studied using
immunofluorescence microscopy (Fig 5.26). Cells infected with wild-type AcMNPV
served as a control. After 1 day post-infection at an MOI of 1, the cells were fixed and
permeabilised with methanol:acetone (1:1) prior to staining. Intense fluorescence was
observed in the cells infected with bac-M, bac-N and bac-FATM thus confirming the
expression of the three recombinant proteins in these cells. This was in comparison to
the AcMNPV-infected cells which only showed background staining. The cells infected
with bac-M showed the characteristic staining pattern similar to mammalian cells
transfected with pCAGGS/M plasmid (refer to section 4.4.2) where the appearance of

“web-like” strands were seen in the cell cytoplasm.



Figure 5.26. Immunofluorescence microscopy of HighFive cells expressing M, N and FATM
proteins. Image 1 shows HighFive cells infected with wild-type AcMNPV. Image 2 shows
HighFive cells infected with bac-M. Image 3 shows HighFive cells infected with bac-N. Image 4
shows HighFive cells infected with bac-FATM Cells infected with bac-FATM were stained with
primary anti-myc antibody and secondary anti-mouse FITC conjugated antibody. Cells infected
with bac-N were stained with primary anti-6His antibody and secondary anti-mouse FITC
conjugated antibody. Cells infected with bac-M were stained with primary anti-M antibody and
secondary anti-mouse FITC conjugated antibody. The mock infected and AcMNPV infected
cells were stained with anti-myc, anti-6His and anti-M antibodies followed by anti-mouse FITC
conjugated secondary antibodies. The cells were observed under a fluorescence microscope
and pictures were taken at 100X magnification.

The staining pattern for bac-N was quite even throughout the cytoplasm but there were
a few scattered inclusion bodies. When the HighFive cells were infected with bac-FATM,

the expressed protein was observed around the cell nucleus.

5.45 Summary of M, N and FATM expression in Sf9 and HighFive cells

The expression of HMPV M, HMPV N and HMPV FAIM proteins in insect cells produced
proteins of the expected sizes. HMPV M was observed as a single 28 kDa band
indicating that the protein exists in the monomeric form. HMPV N was observed
predominantly as a 43 kDa band but also formed smaller molecular mass products and
large molecular mass aggregates as the infection time increased. The smaller products

could be due to the breakdown of the N protein in the cells, whereas the large



aggregates could be the result of oligomerisation. HMPV Fary was observed as a 53
kDa band in both Sf9 and HighFive cells. However there was no evidence of a
multimeric form of Faqy in the insect cell systems but the Fry in HighFive cells did form

high molecular mass aggregates (Fig. 5.24).

5.5 Chapter summary

The expression of HMPV F and GA proteins in Sf9 and HighFive cells differed from
those expressed in mammalian systems in terms of their size and glycosylation
patterns. The expression of F protein in Sf9 and HighFive cells was similar to that in
mammalian cells, i.e. there were primarily two forms of the protein: a monomeric form
and a multimeric form. However, a slight difference in protein sizes was observed. The
pCAGGS expressed F monomer was about 60 kDa in cell lysates, compared to 58 kDa
in insect cells. The GA protein is usually modified by O-glycosylation which can result
in @ more heterogeneous variety of protein sizes as seen in mammalian cells. GA
protein in Sf9 and HighFive cells showed similar band sizes. Both cell lines produced a
GA11 protein species with little trace of lower molecular mass species. HighFive cells
showed good potential for the production of VLPs due to their naturally higher
ei(pression level.

The HMPV Famv protein expressed by HighFive cells is a potential candidate for the
production of antibodies. The fact that the protein is soluble and secreted into the cell
culture medium allows it to be easily purified for inoculation into animals. This avenue
should be explored because of the possibility to generate antibodies for diagnostics

and research.
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Chapter 6 Assembling Human Metapneumovirus Virus-
Like Particles in Both Mammalian and Insect

Cells

Part of the work from the previous two chapters was in preparation for the attempt to
produce and characterize VLPs in both the mammalian cell lines and the insect cell
lines. The four HMPV proteins F, GA, M and N were selected for co-expression in
HighFive and 293T cells. The selection was based on a previous publication by (Patch
et al., 2007) who made VLPs from Nipah virus F, G, N and M proteins. The VLPs were
analysed by immunofluorescence microscopy, continuous/discontinuous sucrose
gradient centrifugation and electron microscopy. Similar to a hRSV infection, the HMPV
VLPs produced by the mammalian and insect cells are not released from the cell
surface. Therefore, we had to evaluate two methods for removing the viruses from the
cell surface. One method is treatment of the cells by rapid freeze-thawing. The other is
treatment of the cells by mechanical shearing. Vero E6 cells were used for microscopy
work in place of 293T cells due to their flatter shape and better adhesion on glass

coverslips.

The purpose of the work described in this chapter is to produce and characterize VLPs

from mammalian and insect cell lines.

6.1 Immunofluorescence microscopy of cells expressing N, M, F and GA proteins

6.1.1 HighFive cells

HighFive cells on coverslips were infected with bac-F, bac-GA, bac-M and bac-N
simultaneously and fixed after 24 hours with methanol:acetone (1:1). Another set of

cells was infected with wild-type AcCMNPV as negative controls. The cells were stained
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with a combination of antibodies: anti-myc+anti-FLAG to stain the F and GA proteins
(Fig 6.1); anti-M+antiFLAG to stain the M and GA proteins (Fig 6.2); anti-6His+anti-

FLAG to stain the N and GA proteins (Fig 6.3).

Figure 6.1. Immunofluorescence microscopy of HighFive cells infected with bac-F, bac-GA, bac-
M, bac-N and stained with the appropriate antibodies to show the presence of (A) F protein and
(B) GA protein viewed under a 100X objective. The presence of filament-like projections from
the cell surface are highlighted by the white arrows.

Figure 6.2. Immunofluorescence microscopy of HighFive cells infected with bac-F, bac-GA, bac-
M, bac-N and stained with the appropriate antibodies to show the presence of (A) M protein and
(B) GA protein viewed under a 100X objective. The presence of filament-like projections from
the cell surface are highlighted by the white arrows.



Figure 6.3. Immunofluorescence microscopy of HighFive cells infected with bac-F, bac-GA, bac-
M, bac-N and stained with the appropriate antibodies to show the presence of (A) N protein and
(B) GA protein viewed under a 100X objective. The presence of filament-like projections from
the cell surface are highlighted by the white arrows.

The co-staining of F and GA proteins (Fig 6.1) showed similar staining distribution

especially around the nucleus and near the cell surface. This was also observed in

images of HEp-2 cells expressing the HMPV F and GA proteins (refer to 4.2.6). In the

images of co-stained M and GA proteins (Fig 6.2), the staining locations of both

proteins seemed to overlap around the cell nucleus. When both N and GA proteins

were stained together (Fig 6.3), the two expressed proteins were not as closely located

within the cell. In all three staining combinations, it was observed that the GA protein

forms filament-like structures especially around the periphery of the cells. This may

possibly be the formation ofvirus filaments as was observed by (Jeffree et al.,, 2003).

Confocal microscopy was performed on HighFive cells expressing all four proteins but

stained for GA and M proteins (Fig 6.4). The cross-sectional views of the HighFive cell

clearly show the location of the GA protein along the cell surface and forming filament-

like structures. There is a small degree of colocalisation of the M and GA proteins. This

was seen as the yellow regions ofthe cell due to the overlap of red (GA) and green (M)

channels.



Figure 6.4. Confocal
immunofluorescence
microscopy of HighFive cell
infected with bac-F, bac-GA,
bac-M, bac-N and stained with
the appropriate antibodies to
show the presence of M
protein (green channel) and
GA (red channel) protein
viewed under 100X objective.
Horizontal (H) and vertical (V)
cross-sectional images are
shown at the top and right side
of the main image respectively.
The presence offilament-like
projections from the cell
surface are highlighted by the
white arrows.

Taking into consideration the fact that the F and GA proteins colocalise in cells co-
expressing both proteins, we can infer that there is a possible role for the F, GA and M
proteins in VLP formation. This hypothesis would be further strengthened by electron
microscopy images and sucrose gradient ultracentrifugation results presented

subsequently.

6.1.2 Vero E6 cells

Vero E6 cells on coverslips were transfected with pCAGGS/F-myc, pCAGGS/GA-
FLAG, pCAGGS/M and pCAGGS/N-myc simultaneously and fixed after 24 hours with
methanol:acetone (1:1). Another set of cells was infected with wild-type pCAGGS
plasmid as negative control. The cells were stained with a combination of antibodies:
anti-myc+anti-FLAG to stain the F+N and GA proteins (Fig 6.5); anti-M+antiFLAG to

stain the M and GA proteins (Fig 6.6).



Figure 6.5. Immunofluorescence microscopy of Vero E6 cells transfected with pCAGGS/F-myc,
pCAGGS/GA-FLAG, pCAGGS/M, pCAGGS/N-myc and stained with the appropriate antibodies
to show the presence of (A) F+N proteins and (B) GA protein. The presence of filament-like
projections from the cell surface are highlighted by the white arrows.

Figure 6.6. Immunofluorescence microscopy of Vero E6 cells infected with pCAGGS/F-myc,
pCAGGS/GA-FLAG, pCAGGS/M, pCAGGS/N-myc and stained with the appropriate antibodies
to show the presence of (A) M protein and (B) GA protein. The presence of filament-like
projections from the cell surface are highlighted by the white arrows.

The cells co-stained to visualize F+N and GA proteins (Fig 6.5) showed similar patterns
around the nucleus which suggest protein accumulation and processing in the
endoplasmic reticulum. This pattern is similar to that observed in HighFive cells stained
to visualize the HMPV F and HMPV GA proteins (Fig 6.1). In the images of co-stained
M and GA proteins (Fig 6.6), both proteins were located around the perinuclear region.
Again, this pattern was previously observed in HighFive cells stained for the HMPV M
and HMPV GA proteins (Fig 6.2). As with the HighFive cells expressing the four

proteins, the formation of filament-like structures was noted in the Vero E6 cells. After



analyzing this set of results, it was decided that VLPs could be generated by

expressing all four proteins in HighFive orVero E6 cells.

Figure 6.7. Comparison ofcells infected by HMPV and hRSV. Immunofluorescence microscopy
images of (A) LLC-MK2 cells infected with HMPV after 7 days, (B) HEp-2 cells infected with
hRSV after 2 days. HMPV was probed with primary anti-F58 antibody and hRSV was probed
with primary anti-F antibody. Anti-mouse FITC was used for both viruses. The arrows show the
location offilaments from the cell surface.

In order to comfirm the appearance of the filament-like projections in infected cells, a
simple experiment staining HMPV and hRSV infected cells was performed (Fig. 6.7).
LLC-MK2 cells were infected with clinical HMPV strain A174 for 7 days. HEp-2 cells
were infected with hRSV strain A2 for 2 days. Both sets of cells were stained for their
respective viral F proteins. The presence of viral filaments was clearly visible further
suggesting that VLPs could be present in the filaments. As another control experiment,
a batch of Vero E6 cells was co-transfected with pCAGGS/F-myc, pCAGGS/GAACT-
FLAG (truncated GA protein without cytoplasmic tail) and pCAGGS/M. The cells were
fixed and stained after overnight incubation as described above. The results (Fig. 6.8
and 6.9) show that the lack of the cytoplasmic tail region in the GA protein has severely
affected the ability to produce filament-like structures. The N protein was omitted from

this experiment when it was confirmed that it was not involved in VLP formation (see

6.2.2).



Figure 6.8. Immunofluorescence microscopy of Vero cells transfected with pCAGGS/F-myc,
pCAGGS/GAACT-FLAG, pCAGGS/M, and stained with the appropriate antibodies to show the
presence of (A) F proteins and (B) GAACT protein. No filament-like projections from the cell
surface were observed.

A

Figure 6.9. Immunofluorescence microscopy of Vero cells infected with pCAGGS/F-myc,
pCAGGS/GAACT-FLAG, pCAGGS/M and stained with the appropriate antibodies to show the
presence of (A) M protein and (B) GAACT protein. No filament-like projections from the cell
surface were observed.

6.2 Expression of N, M, F and GA proteins in HighFive cells

6.2.1 Determining the optimal method of harvesting virus-like particles

The four proteins from HMPV were selected for co-expression in HighFive cells based
on the work by (Patch et al.,, 2007). They had found that cells expressing F, G, M and N
proteins from Nipah virus were able to generate virus-like particles (VLPs). For the
HMPYV proteins; bac-F, bac-GA, bac-M and bac-N were already expressed singly in Sf9

and HighFive cells (refer to Chapter 5). Since the expression levels in HighFive cells



were found to be superior to Sf9 cells (Refer to 5.3.6), HighFive cells were chosen for
this follow-up study and infected with all four baculovirus constructs at MOI of 1. At 3
days post-infection, cells were harvested togetherwith the culture media and treated by
freeze-thawing 3 times using dry ice-ethanol and 37°C waterbath or mixing with a
dounce homogenizer (refer to Methods 2.9.3). The two treatment methods were used
to shear off the viral-like filaments from cell surface. After low speed centrifugation
(2,500 g, 10 min) the cell pellet was put aside and the supernatant was centrifuged at
high speed (200,000 g, 1 hour). The resulting pellet and supernatant were analysed by
SDS-PAGE (Fig 6.10) and probed with anti-FLAG and anti-M to determine the

presence ofthe GA and M proteins respectively in the various fractions.
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Figure 6.10. HighFive cells infected with bac-F, bac-GA, bac-M and bac-N. Cells and media
were harvested 3 days post-infection. After treatment, cells were centrifuged at low speed
(2,500 g) and the supernatant was removed and centrifuged at high speed (200,000 g). The
resulting pellet (p) was run on SDS-PAGE with the supernatant (s) to determine the presence of
the GA and M proteins. The protein species are shown with their sizes in kDa. N- non-treated
cells and media, D-cells and media dounced 40 times in a homogenizer, FT-cells and media
freeze-thawed 3 times.

Based on the immunoblotting results, the GA protein was detected in the pelleted
fraction after freeze-thaw treatment and douncing but not in the supernatant fractions.
When the cells were untreated, there was no GA protein either in the supernatant or
pellet confirming that the protein was still part of the cells. The M protein, on the other
hand, was detected in every pellet and supernatant fraction including the non-treated
cells. This seems to indicate that the M protein is not only secreted into the media but

is also present in the pellet. Both douncing and freeze-thaw methods can effectively
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remove virus-like filaments from the cell surface but the freeze-thawing method was

selected for its slightly better yield.

6.2.2 Preliminary analysis of virus-like particles

A follow-up experiment was performed with HighFive cells infected with the four
baculovirus constructs. The cells were prepared in a similar way as above and freeze-
thawed to obtain virus-like filaments. This time, the initial cell pellet from the low speed

centrifugation was included in the SDS-PAGE analysis (Fig 6.11).
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Figure 6.11. Western blot analysis of HighFive cells infected with bac-F, bac-GA, bac-M and
bac-N. The cells were harvested 3 days post-infection and treated as the previous experiment in
Fig 6.10. The 3 fractions analysed were L-cell material after low speed centrifugation. S-media
supernatant after high speed centrifugation. P-virus pellet obtained after high speed
centrifugation. Each of the four proteins was detected by their respective antibody. The major
protein species are shown with their sizes in kDa.

Looking at the immunoblotting results, it is clear that all four proteins were detected in
the cellular material. This was not unexpected since the proteins were shown to be
expressed in the cells previously (refer to 5.3 and 5.4). However, the N protein was not
detected in any other fraction than the cellular fraction. This strongly suggests that the
N protein is perhaps not essential for VLP formation in HMPV. The other three proteins
F, GA and M were detected in the high-speed centrifuge pellet and thus would most
likely be involved in VLP formation. The F5 and GALO proteins were of the expected
sizes in HighFive cells. Another interesting point is that the M protein was found in the

supernatant fraction after high-speed centrifugation. This provided additional evidence



(also refer to Fig 6.10) that the M protein might be secreted into the media under

normal conditions.

6.2.3 Concentration ofvirus-like particles by ultracentrifugation

In order to concentrate the VLPs from HighFive cells, the technique of
ultracentrifugation was employed. Firstly, the four proteins were expressed in HighFive
cells, harvested and treated by the freeze-thaw method. The cell suspension was then
centrifuged at low speed (refer 6.2.1). The supernatant was purified through a 10%
sucrose cushion, the resulting pellet was loaded onto a discontinuous gradient of 20-
50-60% sucrose (refer to Methods 2.9.4) and centrifuged for 1 hour at 200,000g. After

centrifugation, three fractions were collected at the density interfaces (Fig 6.12).
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Figure 6.12. Photograph of an ultracentrifuge
tube containing the VLPs from HighFive cells in
a discontinuous sucrose gradient after spinning
N"— B at 200,000g for 1 hour at 4°C. The fractions

collected were: A-the top ofthe gradient, B-the
interface between 20% and 50% sucrose, C-
the interface between 50% and 60% sucrose.
Approximately 500 pl was collected from each
fraction.

The three fractions were run on SDS-PAGE and probed with each of the respective
antibodies to detect each ofthe four proteins (Fig 6.13). There was no protein detected
in the last fraction. There were smaller proportions of GA and M proteins detected in
the top fraction which could be due to the free proteins in the solution. The F, GA and

M proteins were detected in the middle fraction.



Figure 6.13. Western blot analysis of HighFive cells infected with bac-F, bac-GA, bac-M and
bac-N after ultracentrifugation. The cells were harvested 3 days post-infection and treated with
the freeze-thaw method (refer 6.2.1). After low-speed centrifugation, the supernatant was
centrifuged through a 10% sucrose cushion and the resulting pellet was centrifuged through a
discontinuous 20-50-60% sucrose gradient. Three fractions were harvested and analysed on
SDS-PAGE: 1st-fraction (A) at the top of the gradient, 2nd-fraction (B) at the 20-50% interface,
3rd-fraction (C) at the 50-60% interface. Each of the four proteins was detected by their
respective antibody (anti-myc for F, anti-FLAG for GA, anti-6His for N, anti-M for M). The major
protein species are shown with their sizes in kDa.

The middle fraction, which is at the interface of the 20% and 50% sucrose solutions,
corresponds to the expected density of virus particles (Pantua et al., 2006; Patch et al.,
2007; Weng et al.,, 2011). This confirms the earlier experiments that F, GA and M are
necessary for VLP formation. There was no signal from the N protein in any of the

fractions, demonstrating that it was most likely not a component of HMPV VLPs.

6.3 Expression of N, M, F and GA proteins in 293T cells

6.3.1 Concentration of virus-like particles by ultracentrifugation

As with the expression of HMPV N, M, F, and GA in HighFive cells; the presence of
VLPs was also investigated in mammalian cells. For this phase of experiments, 293T
cells were used. These cells were co-tranfected with the four plasmid constructs:
pCAGGS/F-myc, pCAGGS/GA-FLAG, pCAGGS/M and pCAGGS/N-myc. The cells

were harvested 2 days post-transfection and treated the same way as the HighFive



Figure 6.14. Photograph ofan ultracentrifuge
tube containing VLPs from 293T cells in a
discontinuous sucrose gradient after spinning
at 200,000g for 1 hour at 4°C. The fractions

1B collected were: A-the top of the gradient, B-the
interface between 20% and 50% sucrose, C-
the interface between 50% and 60% sucrose.
Approximately 500 pl was collected from each
fraction.

The same three fractions from the discontinuous sucrose gradient (Fig 6.14) were
subjected to SDS-PAGE and probed with each of the respective antibodies to detect
the four proteins (Fig 6.15). There were no significant amounts ofthe proteins detected
in the first and last fractions of the sucrose gradient. As seen previously in HighFive
cells (Fig 6.10), the N protein was not detected in any of the gradient fractions but in

the cell lysate.
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Figure 6.15. Western blot analysis of 293T cells transfected with pCAGGS/F-myec,
pCAGGS/GA-FLAG, pCAGGS/M and pCAGGS/N-myc after ultracentrifugation. The cells were
harvested 2 days post-transfection and treated with the freeze-thaw method. After low speed
centrifugation, the supernatant was spun through a 10% sucrose cushion and the resulting
pellet was spun through a discontinuous 20-50-60% sucrose gradient. Three fractions were
harvested and analysed on SDS-PAGE: 1st-fraction at the top ofthe gradient, 2nd-fraction at
the 20-50% interface, 3rd-fraction at the 50-60% interface. L- lysate of the cell pellet after low
speed centrifugation. Each of the four proteins was detected by their respective antibody (anti-
myc for F and N, anti-FLAG for GA, anti-M for M). The major protein species are shown with
their sizes in kDa.

The F, GA and M proteins were all concentrated within the 20-50% sucrose interface.

This result is in agreement with the HighFive cell expression system. The only
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differences were the F6and GAIM proteins were of the expected sizes in 293T cells. In
order to further refine the results from the discontinuous sucrose gradient, another
analysis was performed using a continuous sucrose gradient instead. The results from
the continuous sucrose gradient analysis are shown in Fig 6.16. A total of 12 fractions
were harvested and they ranged from the lowest density at the top of the gradient to
the highest density at the bottom of the gradient. A small aliquot of each fraction was
analysed by SDS-PAGE. Three sets of gels were run and each was probed with a
different antibody (anti-cmyc, anti-FLAG, anti-M). Both the F protein and GA protein
were detected mainly in fractions 5 to 7. On the other hand, the M protein was mainly

detected in fractions 6 to 8.
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Figure 6.16. Western blot analysis of continuous sucrose gradient fractions from 293T
expressed HMPV proteins. 293T cells were transfected with pCAGGS/F-myc, pCAGGS/GA-
FLAG and pCAGGS/M and harvested 2 days post-transfection. (A) Fractions probed with anti-
myc antibodies, (B) fractions probed with anti-FLAG antibodies, (C) fractions probed with anti-M
antibodies. Fractions 1to 12 are from the lowest (10%) to highest (60%) density.



In addition to the peak fractions, the M protein was also detected in smaller quantities

from fractions 2 to 10. This is unlike the F and GA proteins which were also observed in

small amounts in fractions 4 to 10. A possible explanation could be that the non-VLP-

associated form of M protein has a lower density compared to non-VLP-associated

forms of the F and GA proteins.

6.4 Analysis of virus-like particles by electron microscopy

In order to investigate the formation of filaments and their possible role in VLP

production, we utilized a method previously published by (Jeffree et al., 2003)

involving field emission scanning electron microscope (FE-SEM). Vero E6 cells

were mock-transfected and co-transfected with pCAGGS/F-myc, pCAGGS/GA-

FLAG and pCAGGS/M.
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Figure 6.17. Images of Vero E6 cells mock-transfected (mock) and transfected with F+GA+M
(FGM) viewed under field emission scanning electron microscope (FE-SEM) using a
combination of secondary electron imaging and backscatter electron imaging at 5 kV. Cells
were viewed under (A) 20,000X and (B) 70,000X magnification. (C) A magnified view of the
F+GA+M transfected cells at 100,000X shows the presence of gold particles (white spots) in
the filaments protruding from the cell surface. The backscatter (BkSc) image shows the
location of the gold particles. The secondary image (Sec) shows the general morphology of
the filaments with spherical projections along the surface. An approximate gold particle
density calculation is shown.



After overnight transfection, both sets of cells were immunostained with anti-
FLAG primary antibodies and anti-rabbit secondary antibodies conjugated with
colloidal gold as described in Methods 2.9.1. The cells were viewed under FE-
SEM at magnifications from 20,000X to 100,000X using both secondary electron
images and backscatter electron images to distinguish the presence of the gold
particles on the surface of the cell (Fig. 6.17A, B, C). We found a significantly
(p<0.001) higher concentration of gold particles present in filaments protruding
from the triple plasmid transfected cells compared to the mock-transfected cells.
In addition, the position of the gold particles in the triple transfected cells
appeared to co-localise with the spherical protrusions on the filament surface.
This observation is similar to the work by (Jeffree et al., 2003) who were able to
observe the presence and distribution of hRSV G protein in viral filaments
produced from hRSV-infected Vero cells. The presence of G proteins within the
filaments of F+GA+M co-transfected cells confirmed the role of GA in VLP

formation.

6.5 Chapter summary

The formation of HMPV VLPs in mammalian cells requires the presence of F, G and M
proteins and occurs concurrently with filament formation similar to observations in
hRSV infection. These filaments are likely to be involved in the cell-to-cell spread of
HMPV. Comparing the VLPs produced by HighFive and 293T cells, the HighFive-
produced VLPs appear to be good candidates for vaccines since the production can be
scaled-up to large quantities in a relatively short period of time. Even though
baculoviruses can successfully infect a wide range of host cells, they do not replicate in
mammalian cells because most of the regulatory genes cannot be transcribed in these
cells (Ghosh et al., 2002). Therefore, baculovirus vectors avoid potential pitfalls due to
possible pre-existing immunity against the vector. Another advantage of baculovirus

vectors is their natural ability to stimulate the adaptive immune response such that the
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use of adjuvants may not be necessary (Hervas-Stubbs et al., 2007), hence simplifying
the process of vaccine development. Baculovirus vectors can be designed to contain
multiple genes for co-expression, thus giving them an edge over other vaccine delivery
systems. However, noting the difference between the GA and GB proteins of HMPV,
there would be a need to study the protectiveness of using a GA protein-based VLP
vaccine against a GB virus infection and vice versa. Perhaps a combination vaccine

using both GA and GB-based VLPs could be considered.
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Conclusions

The human metapneumovirus is a significant cause of childhood respiratory infection
and its worldwide prevalence has sparked interest in research on this pathogen. In
Singapore, it has been established that HMPV is responsible for about 5% of
respiratory infections in children. Although there has not been any fatality attributed to
HMPV infection locally, there have been reports elsewhere of deaths due to HMPV
primarily among immunocompromised individuals. Thus, the virus remains one of the
important pathogens that should be diagnosed in a medical laboratory. Apart from
HMPV, the emergence of newer viruses, for example, HBoV remind us that there are
more undiscovered viruses which may pose a threat in the future. Recently, there have
been reports of new strains of HBoV which cause gastroenteritis (Chow et al., 2010).
Combined with this threat, there are also a number of previously ignored respiratory
viruses which have proven to have greater impact on human population health than
expected. A good example of this is rhinovirus which is how being accepted as the
main cause of asthma exacerbation (Proud, 2011). Another genus of lesser known
respiratory viruses is HCoV which comprise a mix of “old” species (HCoV-229E, HCoV-
0C43) and “new” species (HCoV-NL63, HCoV-HKU-1, SARS-CoV) (Wevers and van
der Hoek, 2009). The SARS-CoV outbreak in 2003 changed the previously held
perception of HCoV infections as being associated with low mortality rates and of little
significance. In order to better understand the pattern of respiratory virus infections in
children in Singapore, a long-term study spanning at least a year should be initiated to
screen a statistically significant cohort of clinical specimens. Such a study can provide
information on any seasonal variation of HMPV genogroups and other respiratory
viruses. It can also increase the likelihood of identifying previously undiscovered
viruses in the local population. Other than screening samples from sick children,
additional screening of samples from asymptomatic and/or adult populations may yield

clues as to the existence of HMPV during the “low” virus seasons.
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The key strategy for virus entry among Paramyxoviruses is the combined action of the
fusion and attachment glycoproteins (Lamb et al., 2006). In this study, the F and G
glycoproteins of HMPV have been shown to be associated on the surface of
transfected cells. The two proteins were found to form high molecular weight protein
complexes, via crosslinking methods, which resemble similar structures in other
Paramyxoviruses responsible for membrane fusion. The exact mechanism of F and G
protein interaction in HMPYV is still unknown. A similar interaction between hRSV F and
G proteins was elucidated by (Low et al., 2008). Newcastle disease virus (Gravel and
Morrison, 2003) and parainfluenza virus (Yao et al., 1997) F and HN proteins have also
been demonstrated to interact with each other. Further study is needed to understand
this phenomenon better. The role of the small hydrophobic protein in the virus life-cycle
is poorly understood and deserves more research work. Alternatively, the interaction of
the HMPV surface glycoproteins with host cell surface receptors could also be
determined. Additional knowledge in this area will have implications in antiviral therapy,
e.g. designing fusion protein inhibitors or attachment protein inhibitors. A soluble,
truncated and secreted fusion protein produced in HighFive cells shows promise as an
antigen. This protein can be purified before inoculating into animals for antibody
generation. Antibodies against the soluble F protein have potential applications in
diagnostic kits.

There is strong suggestion that the role of the F protein cytoplasmic tail domain is
involved in the processing and maturation of the F protein. Subsequent work could be
carried out with the truncated cytoplasmic tail fusion proteins to find out why the amino
acid residues in the cytoplasmic region of the fusion protein that are close to the
transmembrane region seem to affect the processing of the protein more severely than
the other residues. The cytoplasmic tail domain of the hRSV F protein was found to be
important in intracellular localization (Oomens et al., 2006). Other studies using simian
virus 5 (Waning et al., 2004) have shown that the cytoplasmic tail domain is involved in
the signaling process in F protein action. In measles virus, the truncation of the H

protein was found to reduce the F-mediated cell fusion (Moll et al., 2002). Initial
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mutation experiments using the G protein of HMPV appear to suggest that this protein
is the driving force behind the formation of virus filaments which facilitate cell-to-cell
transmission of virus. The loss of the cytoplasmic region of the attachment protein
hampers the formation of filaments produced from the surface of transfected cells. This
research angle should be pursued in the future.

Virus-like particles were created by co-expressing HMPV F, G and M proteins in
HighFive insect cells and human 293T cells. The presence of virus-like particles was
confirmed by various experimental methods including Western blotting, sucrose
gradient ultracentrifugation, confocal and electron microscopy. Unexpectedly, the N
protein was found to be non-essential for the formation of VLPs unlike some other
Paramyxoviruses. Some examples include parainfluenza 1 virus (Coronel et al., 1999),
simian virus 5 (Schmitt et al., 2002), Newcastle disease virus (Pantua et al., 2006) and
avian pneumovirus (Weng et al.,, 2011); all of which require the N protein for VLP
formation. However, there are examples of Paramyxoviruses that do not require the N
protein for VLP formation e.g. Nipah virus (Patch et al., 2007) and measles virus (Pohl
et al., 2007). Cells expressing F, G, and M proteins were observed to form filaments
protruding from the cell surface. This is similar to the filaments occurring in HMPV and
hRSV infected cells. These filaments are thought to be involved in the cell-to-cell
spread of hRSV and HMPV. As a follow up, various methods for purifying the virus-like
particles (e.g. chromatography or centrifugation) should be evaluated. Obtaining
purified VLPs would be the first step in the process of testing the VLPs as a vaccine
candidate. Although both HighFive and 293T cells can effectively produce VLPs, the
HighFive-produced VLPs would be a better candidate for vaccines due to a number of
factors: (i) Insect cells can be grown in suspension and serum-free media which allows
VLP production to be scaled-up to large quantities in a relatively short period of time.
(i) Even though baculoviruses can successfully infect a wide range of mammalian host
cells, they do not replicate in mammalian cells because most of the virus regulatory
genes are cannot be transcribed in these cells (Ghosh et al., 2002). This allows

baculovirus vectors to avoid potential problems due to pre-existing immunity against
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the vector. (iii) Another advantage of baculovirus vectors is their natural ability to
stimulate the adaptive immune response, such that the use of adjuvants may not be
necessary (Hervas-Stubbs et al., 2007), hence simplifying the process of vaccine
development. (iv) Baculovirus vectors can be designed to contain multiple genes for
co-expression and thus providing them an edge over other vaccine delivery systems.
Whatever VLP vaccine is produced, there will be a need to have a rigorous testing
program in the pre-clinical phase. Of main concern will be the previous experiences
with the testing of formalin-inactivated virus vaccines using animal models for hRSV
(De Swart et al., 2002; Kim et al., 1969) and HMPV (de Swart et al., 2007; Yim et al.,
2007). Given the success of the HPV vaccine Cervarix based on baculovirus-generated
VLPs, there is a very good potential for the development of a similar vaccine for HMPV

in the future.
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Appendix A

Screening results for clinical nasopharyngeal samples

HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
1 1-3 fever 2005
2 <1 bronchiolitis 2005 hRSV
3 3-10 pneumonia 2005
4 <1 pneumonia 2005
5 <1 bronchiolitis 2005
6 3-10 URTI 2005
7 <1 NNP 2005
8 <1 fever 2005 hRSV
9 <1 NNP 2005
10 <1 poor feeding 2005
11 1-3 Kawasaki disease | 2005
12 1-3 URTI 2005 pos
13 1-3 bronchiolitis 2005

Pos
14 1-3 bronchiolitis 2005 (24.6)
15 3-10 rhinitis 2005
16 >10 ? 2005
17 3-10 bronchiolitis 2005
18 3-10 infection 2005
19 1-3 viral fever 2005 PIV3
20 <1 poor feeding 2005
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
21 1-3 febrile fit 2005
22 <1 febrile fit 2005 pos
23 3-10 URTI 2005
24 <1 bronchiolitis 2005 hRSV
25 1-3 prolonged fever 2005
26 <1 URTI 2005
27 <1 infantile pyrexia 2005
28 1-3 fever 2005
Pos
29 1-3 febrile fit 2005 (34.8)
30 <1 infantile pyrexia 2005
31 3-10 bronchiolitis 2005
32 3-10 URTI 2005 FA
33 3-10 NNP 2005
34 1-3 CLD 2005 hRS8V
35 1-3 bronchiolitis 2005 pos
36 <1 bronchiolitis 2005
37 1-3 pneumonia 2005
38 3-10 asthma 2005
39 1-3 bronchiolitis 2005
40 1-3 acute bronchiolitis | 2005
41 3-10 URT!I 2005
42 <1 URTI 2005 hRSV
43 1-3 chest infection 2005
44 <1 ?chickenpox 2005
45 <1 bronchiolitis 2005
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
46 <1 bronchiolitis 2005 pos
47 1-3 pneumonia 2005
48 >10 ? 2005
49 1-3 febrile fit 2005 FA
Pos
50 <1 URTI 2005 (26.6)
Pos
51 1-3 bronchiolitis 2005 (34.9)
Pos
52 1-3 pharyngitis 2005 (24.3)
53 3-10 seizure 2005
54 <1 URTI 2005 hRSV
55 <1 infantile pyrexia 2005 hRSV
56 <1 NNP 2005
57 1-3 ALTB 2005 PIV1
58 3-10 URTI 2005 pos
59 1-1 febrile fit 2005 FB
60 3-10 fever 2005
61 <1 febrile fit 2005
62 3-10 ?aspergillosis 2005 pos
63 1-3 seizure 2005
64 1-3 ?dengue 2005
65 1-3 Kawasaki disease | 2005
66 1-3 bronchiolitis 2005
67 1-3 URTI 2005
68 1-3 bronchitis 2005
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
69 3-10 bronchitis 2005
<1 Pos
70 infantile pyrexia 2005 (18.4)
71 1-3 acute gastritis 2005
72 3-10 gastritis 2005
73 <1 bronchiolitis 2005 hRSV
74 3-10 asthma 2005 pos
75 <1 pharyngitis 2005
76 1-3 bronchitis 2005
77 1-3 URTI 2005
78 <1 fever 2005
79 1-3 herpangina 2005 pos
80 3-10 pneumonia 2005
81 1-3 pneumonia 2005
82 3-10 bronchiolitis . 2005 hRSV
83 1-3 fever 2005
Pos
84 <1 URTI 2005 (28.7)
85 3-10 pneumonia 2005
86 3-10 asthma 2005 pos
87 1-3 bronchiolitis 2005
88 >10 fever 2005
89 1-3 bronchitis 2005
90 1-3 seizure 2005
91 1-3 infection 2005 pos
92 <1 herpangina 2005
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
93 <1 URTI 2005
94 <1 bronchiolitis 2005
95 3-10 ?dengue 2005
96 3-10 bronchitis 2005 hRSV
97 1-3 fever 2005
98 1-3 ? 2005
99 1-3 pneumonia 2005
100 1-3 SCID 2005 PIV1
Pos
101 1-3 bronchiolitis 2005 (31.9)
Pos
102 1-3 pneumonia 2005 (31.5)
103 <1 Kawasaki disease | 2005
104 <1 pneumonia 2005 pos
105 1-3 chest infection 2005
106 1-3 ALTB 2005 PIV1
107 1-3 acute bronchiolitis | 2005 pos
108 3-10 pneumonia 2005
109 <1 URTI 2005
110 3-10 bronchitis 2005
111 1-3 bronchitis 2005
112 1-3 febrile fit 2005
113 >10 seizure 2005
Broncho
114 1-3 pneumonia 2005
115 3-10 URTI 2005
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
116 1-3 infection 2005
117 1-3 URTI 2005
118 <1 poor feeding 2005
119 3-10 gastritis 2005
120 1-3 fever 2005
121 3-10 ? 2005 pos
122 1-3 URTI 2005
123 <1 choking 2005
124 <1 pharyngitis 2005
125 1-3 asthma 2005
126 1-3 bronchitis 2005
127 <1 NNP 2005
128 <1 febrile fit 2005
129 1-3 bronchiolitis 2005 pos
130 3-10 asthma 2005
131 <1 fever 2005
132 <1 infantile pyrexia 2005
133 3-10 fever 2005
134 3-10 asthma 2005

Pos
135 1-3 URTI 2005 (21.3)
136 1-3 Fever 2005
137 3-10 Kawasaki disease | 2005
138 1-3 Bronchiolitis 2005
139 <1 Meningitis 2005
140 <1 URTI 2005
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HMPV HCoV | HBoV | HRV

Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
141 <1 ? 2005
142 3-10 URTI 2005
143 <1 Gastritis 2005
144 <1 Bronchiolitis 2005 pos
145 <1 URTI 2005
146 3-10 URTI 2005
147 <1 febrile fit 2005

Broncho
148 1-3 pneumonia 2005
149 3-10 ? 2005
150 1-3 ? 2005 pos
151 <1 fever 2006
152 <1 fever 2006
1563 <1 RSV exposure 2006
154 <1 RSV exposure 2006
155 <1 fever 2006
156 <1 RSV exposure 2006
157 <1 URTI 2006
158 <1 gastritis 2006
159 1-3 Bronchiolitis 2006 hRSV pos
160 <1 CLD 2006
161 3-10 Gastritis 2006
162 3-10 Fever 2006
163 1-3 Pneumonia 2006 hRSV
164 3-10 Kawasaki disease | 2006
165 1-3 CLD 2006 hRSV pos
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | {C1) PCR PCR
166 1-3 wheezing 2006
167 1-3 URTI 2006 pos
168 1-3 asthma 2006
169 <1 NNP 2006
170 3-10 URTI 2006
171 <1 bronchiolitis 2006 hR3V
172 3-10 febrile fit 2006
173 3-10 bronchitis 2006 pos
174 <1 gastritis 2006
175 <1 bronchiolitis 2006
176 <1 fever 2006
177 <1 bronchitis 2006 hR8V pos
178 3-10 cerebral abscess | 2006
179 1-3 URT] 2006 pos
180 <1 URTI 2006
181 1-3 bronchitis 2006 hRSV
182 <1 URTI 2006
183 1-3 bronchiglitis 2006
184 >10 gastritis 2006
185 3-10 URTI 2006 | hRSV
186 3-10 seizure 2006
Pos
187 <1 wheezing 2006 (24.1)
188 <1 URTI 2006 pos
189 3-10 gastritis 2006 hRSV
190 3-10 seizure 2006 hRSV
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HMPV HCoV [ HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
191 3-10 ? 2006
192 3-10 URTI 2006
193 3-10 asthma 2006 pos
194 <1 URTI 2006 hRSV pos
195 1-3 acute bronchiolitis | 2006 pos
196 <1 vomitting 2006 pos
Broncho
197 3-10 pneumonia 2006 hRSV
198 <1 pneumonia 2006
199 1-3 URTI 2006
200 <1 gastritis 2006
201 <1 URTI 2006 pos
202 <1 poor feeding 2006
203 <1 infantile pyrexia 2006
204 <1 NNP 2006 hRSV
205 1-3 chest infection 2006 pos
206 3-10 bronchitis 2006 hRSV
207 <1 fever 2006
208 3-10 gastritis 2006
209 1-3 fever 2006
210 <1 bronchiolitis 2006
211 <1 ALTB 2006 pos
212 1-3 asthma 2006 hRSV
213 1-3 afebrile fit 2006 pos
214 <1 bronchiolitis 2006 hRSV
215 <1 bronchitis 2006 hRSV
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
216 <1 bronchiolitis 2006
Pos
217 <1 asthma 2006 (26.0)
218 1-3 bronchiolitis 2006 pos pos
219 3-10 asthma 2006
220 1-3 pneumonia 2006 hRSV pos
221 3-10 asthma 2006
222 <1 URTI 2006 hRSV
223 3-10 asthma 2006
Pos
224 1-3 URTI 2006 (29.9)
225 3-10 URTI 2006
226 1-3 URTI 2006
227 <1 bronchiolitis 2006
228 3-10 febrile fit 2006
229 1-3 bronchiolitis 2006
230 1-3 pneumonia 2006
231 <1 ? 2006
Pos
232 1-3 acute bronchitis 2006 (23.8)
233 <1 NNP 2006
234 <1 URTI 2006 pos pos
235 1-3 bronchiolitis 2006
236 <1 pneumonia 2006 PIV3
237 1-3 gastritis 2006 hRSV
238 3-10 URTI 2006
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
239 3-10 ? 2006 hRSV
240 1-3 gastritis 2006 hRSV
241 >10 asthma 2006 Pos
242 <1 URTI 2006
243 <1 croup 2006 pos
244 3-10 asthma 2006
245 <1 bronchiolitis 2006 Pos
246 3-10 pneumonia 2006 pos
247 >10 fever 2006
248 1-3 eczema 2006
249 3-10 fever 2006
250 <1 infantile pyrexia 2006 pos
251 <1 premature 2006
252 3-10 URTI 2006 Pos
253 3-10 wheezing 2006 hRSV
254 3-10 chest infection 2006
255 1-3 chest infection 2006
256 <1 bronchiolitis 2006
257 >10 asthma 2006 Pos
258 <1 URTI 2006 hRSV pos
259 3-10 febrile fit 2006
260 <1 URTI 2006 Pos
261 3-10 ? 2006
262 <1 NNP 2006
263 >10 asthma 2006 pos Pos
264 <1 URTI 2006 hRSV
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
285 >10 sarcoma 2006
266 1-3 URTI 2006 PIV3
267 <1 bronchiolitis 2006 hR8V
268 1-3 pneumonia 2006 PiV3 pos
269 1-3 acute bronchiolitis | 2006 hRSV
270 1-3 wheezing 2006 hRS8V
Pos
271 >10 chest infection 2006 (19.4)
Pos
272 3-10 URTI 20086 (21.9)
Pos
273 1-3 URTI 2006 (22.0)
274 <1 URTI 2006
275 3-10 asthma 2006 pos
276 1-3 acute bronchiolitis | 2006 PIV3
Pos
277 3-10 URTI 2006 (23.8)
278 <1 fever 2006 Pos
279 <1 bronchiolitis 2006
280 <1 chest infection 2006
281 3-10 gastritis 2006 Pos
282 3-10 ? 2006
283 1-3 Kawasaki disease | 2006
284 3-10 bronchitis 2006
285 1-3 gastritis 2006
286 <1 ? 2006
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
287 <1 URTI 2006
288 1-3 gastritis 2006

Pos
289 1-3 bronchitis 2006 (26.4)
290 1-3 bronchitis 2006 PIV3 pos
291 <1 URTI 2006
292 3-10 asthma 2006
293 3-10 bronchitis 2006
294 3-10 ? 2006
295 1-3 bronchitis 2006 pos
296 <1 ? 2006 hRSV
297 <1 bronchiolitis 2006 hRSV
298 3-10 fever 2006 PIV3
299 1-3 tonsillitis 2006
300 3-10 asthma 2006
301 <1 whooping cough 2006 Pos
302 1-3 bronchiolitis 2006 Pos
303 1-3 URTI 2006
304 1-3 asthma 2006 Pos
305 <1 HFMD 2006 hRSV
306 <1 ALTB 2006
307 1-3 URTI 2006
308 1-3 febrile fit 2006 Pos
309 1-3 Kawasaki disease | 2006
310 1-3 URTI 2006
311 <1 NNP 2006
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
312 <1 infantile pyrexia 2006
313 <1 URTI 2006
314 3-10 bronchiolitis 2006
315 3-10 asthma 2006
316 1-3 URTI 2006 pos
317 1-3 seizure 2006
318 3-10 hypoventilation 2006
319 <1 URTI 2006
320 1-3 acute bronchiolitis | 2006
321 3-10 asthma 2006
322 3-10 fever 2006
323 <1 URTI 2006 PIV3
324 3-10 ? 2006 pos
325 1-3 ALTB 2006 PIV1 pos
326 1-3 pneumonia 2006
327 <1 bronchiolitis 2006 hRSV
328 <1 URTI 2006 pos
329 <1 fever 2006
330 3-10 ? 2006
331 3-10 pneumonia 2006 AdV
332 <1 NNP 2006
333 <1 febrile fit 2006
334 <1 URTI 2006 pos
335 <1 bronchiolitis 2006
336 <1 URTI 2006 pos
337 <1 bronchiolitis 2006
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
338 1-3 URTI 2006
339 1-3 SCID 2006
340 3-10 URTI 2006
341 3-10 asthma 2006 pos
342 3-10 gastritis 2006
343 <1 chest infection 2006
344 <1 wheezing 2006
345 1-3 URTI 2006
346 <1 wheezing 2006
347 3-10 asthma 2006
348 1-3 URTI 2006 pos
349 <1 bronchiolitis 2006 hRSV
350 3-10 bronchiolitis 2006
351 3-10 fever 2006
352 3-10 URTI 2006 pos
353 1-3 URTI 2006 hRSV pos
354 3-10 URTI 2006 pos
355 <1 poor feeding 2006
356 3-10 ? 2006
357 1-3 bronchiolitis 2006
358 3-10 ? 2006
359 1-3 febrile fit 2006
360 3-10 asthma 2006
361 1-3 febrile fit 2006
362 <1 infantile pyrexia 2006
363 <1 NNP 2006
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
364 <1 pneumonia 2006
365 3-10 ? 2006
366 <1 bronchiolitis 2006 hRSV
367 3-10 ? 2006
368 1-3 pneumonia 2006
369 1-3 pneumonia 2006
370 1-3 gastritis 2006
371 3-10 bronchitis 2006 pos
372 <1 URTI 2006 pos
373 <1 bronchiolitis 2006
374 >10 URTI 2006 pos
375 1-3 asthma 2006 pos
376 >10 seizure 2006
377 1-3 bronchitis 2006 hRSV
378 3-10 ? 2006
379 1-3 URTI 2006
380 <1 overfeeding 2006 pos
381 <1 gastritis 2006 pos
382 <1 infantile pyrexia 2006 pos
383 3-10 URTI 2006
Pos
384 1-3 chest infection 2006 (20.4)
385 3-10 febrile fit 2006 FA
386 <1 bronchiolitis 2006 hRSV
387 1-3 seizure 2006
388 <1 persistent crying 2006
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
389 3-10 asthma 2006
390 3-10 pneumonia 2006
391 <1 bronchiolitis 2006 pos
392 1-3 prolonged fever 2006
393 1-3 ? 2006
394 <1 ? 2006
395 <1 ALTB 2006 pos
396 <1 NNP 2006
397 <1 bronchiolitis 2006 pos
Pos
398 3-10 asthma 2006 (19.6)
399 1-3 bronchiolitis 2006 pos
400 <1 pneumonia 2006
Pos
401 3-10 acute bronchitis 2007 (31.5)
402 <1 NNP 2007
403 <1 ? 2007
404 <1 bronchiolitis 2007 pos
405 1-3 bronchitis 2007 pos
406 3-10 pharyngitis 2007
407 1-3 bronchiolitis 2007
408 1-3 tonsillitis 2007
409 1-3 seizure 2007
410 3-10 fever 2007
411 1-3 bronchioalitis 2007
412 <1 NNP 2007 pos
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
413 <1 bronchiolitis 2007
414 3-10 wheezing 2007
415 <1 bronchiolitis 2007
416 3-10 URTI 2007 pos
417 <1 infantile pyrexia 2007
418 1-3 gastritis 2007 hRSV
419 1-3 URTI 2007 hRSV
420 <1 bronchiolitis 2007
421 <1 URTI 2007 pos pos
422 >10 URTI 2007

Pos
423 3-10 URTI 2007 (19.9)
424 1-3 bronchiolitis 2007 hRSV
425 3-10 bronchiolitis 2007 pos
426 1-3 pneumonia 2007 hRSV
427 1-3 croup 2007 pos
428 1-3 ? 2007
429 1-3 croup 2007
430 3-10 ? 2007 hRSV pos
431 3-10 asthma 2007
432 <1 bronchiolitis 2007 pos
433 >10 fever 2007
434 <1 bronchiolitis 2007
435 <1 NNP 2007
436 3-10 asthma 2007 pos
437 >10 pneumonia 2007
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
438 <1 bronchiolitis 2007 hRSV
439 1-3 asthma 2007 pos
440 3-10 acute bronchitis 2007
441 3-10 ALL 2007 pos pos
Pos
442 3-10 asthma 2007 (29.0)
443 3-10 chest infection 2007
444 1-3 gastritis 2007
445 1-3 asthma 2007
446 <1 bronchiolitis 2007 hRSV
447 1-3 gastritis 2007
448 3-10 cellulitis 2007
449 1-3 URTI 2007
450 <1 anaemia 2007
451 <1 viral fever 2007
452 <1 hypertension 2007
453 >10 seizure 2007
454 <1 NNP 2007 pos
455 <1 bronchiolitis 2007
456 3-10 bronchiolitis 2007
457 3-10 meningitis 2007 FB
458 1-3 bronchitis 2007 pos
459 <1 URTI 2007 hRSV
460 3-10 bronchitis 2007
Pos
461 3-10 URTI 2007 (20.9)
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
462 >10 ? 2007
463 1-3 Kawasaki disease | 2007 pos
464 3-10 pneumonia 2007
465 1-3 seizure 2007 hRSV
466 <1 URTI 2007
467 3-10 URTI 2007
468 3-10 URTI 2007 hRSV
469 1-3 URTI 2007 FA
470 3-10 asthma 2007 pos pos
471 3-10 asthma 2007 pos
472 1-3 chest infection 2007
473 <1 URTI 2007
474 <1 infantile pyrexia 2007
475 1<1 URTI 2007
476 3-10 URTI 2007
477 3-10 URTI 2007
478 1-3 fever 2007 pos
479 >10 seizure 2007
Pos
480 3-10 fever 2007 (24.6)
Pos
481 3-10 URTI 2007 (32.6)
482 3-10 asthma 2007
483 1-3 bronchiolitis 2007
484 <1 bronchiolitis 2007 hRSV
485 1-3 URTI 2007 hRSV
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HMPV HCoV | HBoV | HRV
Specimen | Age Diagnosis Year Antigen RT-PCR | RT- PCR RT-
number group | indicated tested | detection | (Ct) PCR PCR
486 3-10 asthma 2007 pos
487 3-10 URTI 2007
488 3-10 asthma 2007
Pos
489 3-10 febrile fit 2007 (35.0)
490 1-3 URTI 2007
491 1-3 bronchitis 2007
492 <1 bronchiolitis 2007 hRSV
493 3-10 pneumonia 2007
494 1-3 URTI 2007 pos
Pos
495 3-10 asthma 2007 (24.1)
496 >10 bronchitis 2007 pos
497 >10 pneumonia 2007 pos pos
498 1-3 URTI 2007
499 <1 URTI 2007
500 3-10 gastritis 2007 pos pos
Legend: FA — influenza A virus FB — influenza B virus
PIV1 - parainfluenza 1 virus PIV3 - parainfluenza 3 virus
‘ Adv — adenovirus hRSV — human respiratory syncytial
e HMPV - human metapneumovirus HCoV - human coronavirus
HBoV — human bocavirus HRV-human rhinovirus
pos - postive for virus (number in brackets represents the Ct value for real-time
RT-PCR)

blank space — no virus detected

Age group classification:
less than 1 year old (<1),
1 to less than 3 years old (1-3),

3 to less than 10 years old (3-10) and

10 years and older (>10).
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Appendix B

Virus gene sequences submitted to GenBank

Description Accession
number

HMPYV isolate SINO5-NTU14 fusion protein gene, partial EF397618
HMPV isolate SINO5-NTU50 fusion protein gene, partial EF397619
HMPV isolate SINO5-NTU70 fusion protein gene, partial EF397620
HMPV isolate SIN0O5-NTUB84 fusion protein gene, partial EF397621
HMPYV isolate SINO5-NTU135 fusion protein gene, partial EF397622
HMPV isolate SIN0O6-NTU187 fusion protein gene, partial EF397623
HMPV isolate SIN0O6-NTU217 fusion protein gene, partial EF397624
HMPYV isolate SINO6-NTU224 fusion protein gene, partial EF397625
HMPV isolate SINO6-NTU232 fusion protein gene, partial EF397626
HMPV isolate SIN06-NTU271 fusion protein gene, complete EF397627
HMPV isolate SINO6-NTU272 fusion protein gene, partial EF397628
HMPV isolate SINO6-NTU273 fusion protein gene, partial EF397629
HMPV isolate SINO6-NTU277 fusion protein gene, partial EF397630
HMPV isolate SINO6-NTU289 fusion protein gene, partial EF397631
HMPV isolate SIN0O6-NTU384 fusion protein gene, partial EF397632
HMPYV isolate SINOB8-NTU398 fusion protein gene, partial EF397633
HMPV isolate SIN0O5-NTU135 attachment protein gene, partial JQ309673
HMPV isolate SINO6-NTU187 attachment protein gene, partial JQ309674
HMPV isolate SIN06-NTU224 attachment protein gene, partial JQ309675
HMPV isolate SIN06-NTU232 attachment protein gene, partial JQ309676
HMPYV isolate SIN0O6-NTU271 attachment protein gene, complete JQ309677
HMPYV isolate SINO6-NTU272 attachment protein gene, complete JQ309678
HMPV isolate SINO6-NTU273 attachment protein gene, partial JQ309679
HMPV isolate SINO6-NTU277 attachment protein gene, partial JQ309680
HMPV isolate SINO6-NTU384 attachment protein gene, partial JQ309681
HMPV isolate SINO6-NTU398 attachment protein gene, partial JQ309682
HMPV isolate SINO5-NTU14 matrix protein gene, partial JQ309643
HMPV isolate SINO5-NTU29 matrix protein gene, partial JQ309644
HMPV isolate SINO5-NTUS0 matrix protein gene, partial JQ309645
HMPV isolate SINO5-NTU51 matrix protein gene, partial JQ309646
HMPV isolate SINO5-NTU52 matrix protein gene, partial JQ309647
HMPV isolate SINO5-NTU70 matrix protein gene, partial JQ309648
HMPV isolate SINO5-NTU84 matrix protein gene, complete JQ309649
HMPV isolate SINO5-NTU101 matrix protein gene, partial JQ309650
HMPV isolate SIN0O5-NTU102 matrix protein gene, partial JQ309651
HMPYV isolate SINO5-NTU135 matrix protein gene, partial JQ309652
HMPV isolate SINO6-NTU187 matrix protein gene, partial JQ309653
HMPV isolate SINO6-NTU217 matrix protein gene, partial JQ309654
HMPV isolate SINO6-NTU224 matrix protein gene, partial JQ309655
HMPV isolate SINO6-NTU232 matrix protein gene, partial JQ309656
HMPV isolate SIN0O6-NTU271 matrix protein gene, partial JQ309657
HMPV isolate SIN0O6-NTU272 matrix protein gene, partial JQ309658
HMPV isolate SINO6-NTU273 matrix protein gene, partial JQ309659
HMPV isolate SINO6-NTU277 matrix protein gene, partial JQ309660
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HMPV isolate SINO6-NTU289 matrix protein gene, partial JQ309661
HMPV isolate SINO6-NTU384 matrix protein gene, partial JQ309662
HMPV isolate SINO6-NTU398 matrix protein gene, partial JQ309663
HMPV isolate SINO7-NTU423 matrix protein gene, partial JQ309664
HMPV isolate SINO7-NTU442 matrix protein gene, partial JQ309665
HMPV isolate SINO5-NTU70 nucleoprotein gene, complete JQ309641
HMPV isolate SIN0O5-NTU84 nucleoprotein gene, partial JQ309642
HMPV isolate SINO5-NTU14 phosphoprotein gene, partial EF409364
HMPV isolate SINO5-NTU29 phosphoprotein gene, partial EF409353
HMPV isolate SINO5-NTU50 phosphoprotein gene, partial EF409358
HMPV isolate SINO5-NTU51 phosphoprotein gene, partial EF409355
HMPYV isolate SINO5-NTU52 phosphoprotein gene, partial EF409354
HMPYV isolate SINO5-NTU70 phosphoprotein gene, partial EF409351
HMPV isolate SIN0O5-NTU84 phosphoprotein gene, partial EF409357
HMPYV isolate SINO5-NTU101 phosphoprotein gene, partial EF409359
HMPV isolate SIN0O5-NTU102 phosphoprotein gene, partial EF409352
HMPV isolate SINO5-NTU135 phosphoprotein gene, partial EF409371
HMPV isolate SINO6-NTU187 phosphoprotein gene, partial EF409360
HMPV isolate SIN0O6-NTU217 phosphoprotein gene, partial EF409365
HMPV isolate SIN0O6-NTU224 phosphoprotein gene, partial EF409366
HMPV isolate SIN0O6-NTU232 phosphoprotein gene, partial EF409362
HMPV isolate SINO6-NTU271 phosphoprotein gene, partial EF409361
HMPV isolate SIN0O6-NTU272 phosphoprotein gene, partial EF409368
HMPV isolate SIN0O6-NTU273 phosphoprotein gene, partial EF409369
HMPV isolate SIN0O6-NTU277 phosphoprotein gene, partial EF409370
HMPV isolate SINO6-NTU289 phosphoprotein gene, partial EF409356
HMPV isolate SINO6-NTU384 phosphoprotein gene, partial EF409363
HMPV isolate SINO6-NTU398 phosphoprotein gene, partial EF409367
HMPV isolate SINO7-NTU401 phosphoprotein gene, partial JQ309666
HMPV isolate SINO7-NTU423 phosphoprotein gene, partial JQ309667
HMPV isolate SINO7-NTU442 phosphoprotein gene, partial JQ309668
HMPV isolate SINO7-NTU461 phosphoprotein gene, partial JQ309669
HMPV isolate SINO7-NTU480 phosphoprotein gene, partial JQ309670
HMPYV isolate SINO7-NTU481 phosphoprotein gene, partial JQ309671
HMPV isolate SINO7-NTU495 phosphoprotein gene, partial JQ309672
HBoV sequences submitted to GenBank

Description Accession
number

HBoV isolate SINO5-NTU12 NS1 gene, partial EUO014167
HBoV isolate SINO5-NTU22 NS1 gene, partial EU014168
HBoV isolate SINO5-NTU46 NS1 gene, partial EU014169
HBoV isolate SINO5-NTU79 NS1 gene, partial EU014170
HBoV isolate SINO5-NTU86 NS1 gene, partial EU014171
HBoV isolate SINO5-NTU104 NS1 gene, partial EU014172
HBoV isolate SINO5-NTU150 NS1 gene, partial EU014173
HBoV isolate SINO6-NTU159 NS1 gene, partial EU014174
HBoV isolate SINO6-NTU165 NS1 gene, partial EU014175
HBoV isolate SINO6-NTU167 NS1 gene, partial EU014176
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HBoV isolate SINO6-NTU193 NS1 gene, partial EU014177
HBoV isolate SIN0O6-NTU194 NS1 gene, partial EU014178
HBoV isolate SINO6-NTU195 NS1 gene, partial EU014179
HBoV isolate SINO6-NTU218 NS1 gene, partial EU014180
HBoV isolate SINO6-NTU234 NS1 gene, partial EU014181
HBoV isolate SINO6-NTU243 NS1 gene, partial EU014182
HBoV isolate SIN0O6-NTU246 NS1 gene, partial EU014183
HBoV isolate SIN0O6-NTU250 NS1 gene, partial EU014184
HBoV isolate SINO6-NTU258 NS1 gene, partial EU014185
HBoV isolate SIN0O6-NTU263 NS1 gene, partial EU014186
HBoV isolate SIN0O6-NTU268 NS1 gene, partial EU014187
HBoV isolate SINO6-NTU275 NS1 gene, partial EU014188
HBoV isolate SIN0O6-NTU290 NS1 gene, partial EU014189
HBoV isolate SINO6-NTU325 NS1 gene, partial EU014190
HBoV isolate SINO6-NTU328 NS1 gene, partial EU014191
HBoV isolate SINO6-NTU353 NS1 gene, partial EU014192
HBoV isolate SINO6-NTU371 NS1 gene, partial EU014193
HBoV isolate SINO6-NTU374 NS1 gene, partial EU014194
HBoV isolate SIN0O6-NTU375 NS1 gene, partial EU014195
HBoV isolate SINO6-NTU399 NS1 gene, partial EU014196
HBoV isolate SINO7-NTU421 NS1 gene, partial EU014197
HBoV isolate SINO7-NTU427 NS1 gene, partial EU014198
HBoV isolate SINO7-NTU430 NS1 gene, partial EU014199
HBoV isolate SINO7-NTU432 NS1 gene, partial EU014200
HBoV isolate SINO7-NTU441 NS1 gene, partial EU014201
HBoV isolate SINO7-NTU470 NS1 gene, partial EU014202
HBoV isolate SINO7-NTU494 NS1 gene, partial EU014203
HBoV isolate SINO7-NTU496 NS1 gene, partial EU014204
HBoV isolate SINO7-NTU497 NS1 gene, partial EU014205
HBoV isolate SINO7-NTU500 NS1 gene, partial EU014206
HCoV sequences submitted to GenBank

Description Accession
number

HCoV isolate SINO6-NTU211 replicase polyprotein gene, partial EU370700
HCoV isolate SINO6-NTU295 replicase polyprotein gene, partial EU370702
HCoV isolate SIN0O6-NTU395 replicase polyprotein gene, partial EU370701
HRV sequences submitted to GenBank

Description Accession
number

HRYV isolate SINO5-NTU35 5’ untranslated region FJ645773
HRYV isolate SINO5-NTU58 5’ untranslated region FJ645805
HRYV isolate SINO5-NTU62 5’ untranslated region FJ645806
HRYV isolate SINO5-NTU74 5’ untranslated region FJ645790
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HRYV isolate SINO5-NTU91 5’ untranslated region

HRYV isolate SINO5-NTU107 5’ untranslated region
HRYV isolate SIN0O5-NTU129 5’ untranslated region
HRYV isolate SINO5-NTU144 5’ untranslated region
HRYV isolate SINO5-NTU173 5’ untranslated region
HRYV isolate SINO5-NTU177 5’ untranslated region
HRYV isolate SINO5-NTU179 5’ untranslated region
HRYV isolate SINO5-NTU188 5’ untranslated region
HRYV isolate SIN0O5-NTU196 5’ untranslated region
HRYV isolate SINO5-NTU201 5’ untranslated region
HRYV isolate SINO5-NTU205 5’ untranslated region
HRYV isolate SINO5-NTU213 5’ untranslated region
HRYV isolate SIN0O5-NTU218 5’ untranslated region
HRYV isolate SIN0O5-NTU220 5’ untranslated region
HRYV isolate SINO5-NTU234 5’ untranslated region
HRYV isolate SIN05-NTU241 5’ untranslated region
HRYV isolate SINO5-NTU245 5’ untranslated region
HRYV isolate SINO5-NTU252 5’ untranslated region
HRYV isolate SINO5-NTU257 5’ untranslated region
HRYV isolate SINO5-NTU260 5’ untranslated region
HRYV isolate SIN0O5-NTU263 5’ untranslated region
HRYV isolate SINO5-NTU278 5’ untranslated region
HRYV isolate SIN0O5-NTU281 5’ untranslated region
HRYV isolate SINO5-NTU301 5’ untranslated region
HRYV isolate SINO5-NTU302 5’ untranslated region
HRYV isolate SINO5-NTU304 5’ untranslated region
HRYV isolate SINO5-NTU308 5’ untranslated region
HRV isolate SIN0O5-NTU324 5’ untranslated region
HRYV isolate SIN0O5-NTU334 5’ untranslated region
HRYV isolate SINO5-NTU336 5’ untranslated region
HRYV isolate SINO5-NTU341 5’ untranslated region
HRYV isolate SINO5-NTU348 5’ untranslated region
HRYV isolate SIN0O6-NTU352 5’ untranslated region
HRYV isolate SINO5-NTU354 5’ untranslated region
HRYV isolate SIN0O5-NTU380 5’ untranslated region
HRYV isolate SINO5-NTU381 5’ untranslated region
HRYV isolate SINO5-NTU391 5’ untranslated region
HRYV isolate SIN0O5-NTU397 5’ untranslated region
HRYV isolate SINO5-NTU404 5’ untranslated region
HRYV isolate SIN0O5-NTU405 5’ untranslated region
HRYV isolate SIN0O5-NTU412 5’ untranslated region
HRYV isolate SINO5-NTU416 5’ untranslated region
HRYV isolate SIN05-NTU421 5’ untranslated region
HRYV isolate SINO5-NTU425 5’ untranslated region
HRYV isolate SINO5-NTU436 5’ untranslated region
HRYV isolate SINO5-NTU441 5’ untranslated region
HRYV isolate SINO5-NTU454 5’ untranslated region
HRYV isolate SIN0O5-NTU458 5’ untranslated region
HRYV isolate SIN0O5-NTU463 5’ untranslated region
HRYV isolate SINO5-NTU470 5’ untranslated region
HRYV isolate SINO5-NTU471 5’ untranslated region
HRYV isolate SINO5-NTU478 5’ untranslated region
HRYV isolate SINO5-NTU486 5’ untranslated region
HRYV isolate SIN0O5-NTU497 5’ untranslated region

FJ645779
FJ645783
FJ645771
FJ645782
FJ645774
FJ645809
FJ645808
FJ645812
FJ645826
FJ645803
FJ645804
FJ645798
FJ645828
FJ645781
FJ645796
FJ645820
FJ645801
FJ645807
FJ645789
FJ645819
FJ645813
FJ645785
FJ645823
FJ645802
FJ645778
FJ645788
FJ645786
FJ645818
FJ645787
FJ645784
FJ645824
FJ645815
FJ645817
FJ645780
FJ645792
FJ645791
FJ645814
FJ645799
FJ645772
FJ645800
FJ645776
FJ645816
FJ645777
FJ645825
FJ645811
FJ645797
FJ645795
FJ645793
FJ645821
FJ645794
FJ645827
FJ645810
FJ645775
FJ645822

253



Appendix C

Published work related to this PhD project

Loo, LH., Fu, Y., Ayi, T.C., Tan, B.H., Sugrue, R.J. 2012. The expression of
recombinant attachment protein of human metapneumovirus in mammalian cells is
sufficient to produce virus-like particles. Manuscript in preparation.

Loo, L.H., Tan, B.H., Ng, LM., Tee, NW., Lin, R.T., Sugrue, R.J., 2007. Human
metapneumovirus in children, Singapore. Emerg Infect Dis 13, 1396-1398.

Sugrue, R.J., Tan, B.H., Loo, L.H., 2008. The emergence of human metapneumovirus.
Future Virology 3, 363-371.

Tan, B.H., Loo, L.H., Lim, E.A., Kheng Seah, S.L., Lin, RT., Tee, NW., Sugrue, R.J,,
2009a. Human rhinovirus group C in hospitalized children, Singapore. Emerg Infect Dis
15, 1318-1320.

Tan, B.H., Lim, E.A., Seah, S.G,, Loo, L.H., Tee, NW., Lin, R.T., Sugrue, R.J., 2009b.

The incidence of human bocavirus infection among children admitted to hospital in
Singapore. J Med Virol 81, 82-89.

254



DISPATCHES

Human
Metapneumovirus
in Children,
Singapore

Liat Hui Loo,*t Boon Huan Tan,i Ley Moy Ng,*
Nancy W.S. Tee,t Raymond T.P. Lin,§
and Richard J. Sugrue*

Four hundred specimens were collected from pediatric
patients hospitalized in Singapore; 21 of these specimens
tested positive for human metapneumovirus (HMPV), with
the A2 genotype predominating. A 5% infection rate was
estimated, suggesting that HMPV is a significant cause of
morbidity among the pediatric population of Singapore.

Human metapneumovirus (HMPV) is a new member of
the family Paramyxoviridae. 1t was first identified in
children with respiratory diseases in the Netherlands and is
now recognized as a substantial cause of acute respiratory
infection in pediatric patients (/). The clinical symptoms
in children are similar to those observed during respiratory
syncytial virus (RSV) infections and vary from upper re-
spiratory tract infection (URTI) to bronchiolitis and pneu-
monia. HMPV infections have been detected in young chil-
dren 5 years of age (2) as well as in adults of all age groups
(3). Sequence analysis of HMPV isolates has identified 2
main lineages, A and B; each group is further subdivided
into 2 more lineages, Al and A2, and B1 and B2 (4, 5). Both
virus genotypes were reported in various countries in the
Americas, Europe, and Asia. This study aims to assess the
importance of HMPV infection among hospitalized pediat-
ric patients in Singapore.

The Study

Kandang Kerbau Women’s and Children’s hospital is
one of the major centers in Singapore for the admission
of sick children, including those showing respiratory ill-
ness. After obtaining prior approval from the Hospital’s
ethics committee (approval number EC/043/2004), we col-
lected nasopharyngeal swabs from 400 pediatric patients
between October 2005 and January 2007. When admitted
to the hospital, these patients exhibited symptoms of acute
lower respiratory tract infections (LRTI) (bronchiolitis,
bronchitis, pneumonia, asthma, and wheezing) and URTI
(pharnygitis). Specimens were sent to the hospital’s micro-

*Nanyang Technological University, Singapore; tKandang Kerbau
Women's and Children’s Hospital, Singapore; $1DSO National Lab-
oratories, Singapore; and §National University Hospital, Singapore
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biologic laboratory for routine testing for influenza A and
B viruses, RSV, adenovirus, and parainfluenza virus (sero-
types 1-3) by immunofluorescence assay (LIGHTDIAG-
NOSTICS, Chemicon, Tamacula, CA, USA). The clinical
specimens were stored at —80°C until further analysis for
HMPV was performed (not longer than a week after col-
lection). Viral RNA (VRNA) was extracted from each of
the thawed nasopharyngeal swabs with the QlAamp viral
RNA minikit (QIAGEN Inc., Valencia, CA, USA) accord-
ing to the manufacturer’s instructions. Of the total RNA
extracted from the clinical specimens, 5 pL. was subjected
to real-time reverse transcription-PCR (RT-PCR) testing
by using the N gene specific primer set NL-N (6). This
was performed with the OneStep RT-PCR kit (QIAGEN)
on a Corbett Research Rotorgene 3000 (Corbett Life Sci-
ence, Sydney, NSW, Australia). The PCR cycling condi-
tions were 50°C for 30 min, 95°C for |5 min, and 45 cycles
(95°C for 20 s and 60°C for 60 s). Specimens that tested
positive by real-time RT-PCR analysis were confirmed by
conventional RT-PCR by using the NL-N primer set. The
amplified products (163 bp) were detected by using aga-
rose gel electrophoresis, and their identity was confirmed
by DNA sequencing.

Of the 400 samples collected, 21 tested positive for
HMPV infection, which suggests an incidence rate of
~5.3%, compared with an 11.5% incidence rate for RSV
(Table 1). Previous reports have suggested that in some
cases severe symptoms exhibited by RSV-infected patients
are associated with dual infections involving HMPV (7).
Although we detected the presence of HMPV and RSV in
the patients screened, no evidence for co-infections was
observed, which suggests a low occurrence for these vi-
ruses in Singapore. In a recent study in Australia, only 8 of
10,000 screened hospitalized patients showed evidence of
co-infection with HMPV and RSV (8). In contrast, several
recent studies suggest that co-infections may account for a
substantial number of instances in which HMPV has been
detected. For example, a recent study in Brazil, which used
a lower sample size than in our study, reported an 8% inci-
dence rate for pediatric patients who had RSV and HMPV
co-infections (9). Therefore, environmental factors may be
a key feature in the development of co-infections.

Table 1. Positive test results for respiratory viruses from clinical
specimens (n = 400)
Virus

No. positive (%)

Respiratory syncytial virus 46 (11.5)
Influenza A virus 3(0.8)
Influenza B virus 1(0.3)
Parainfluenza 1 virus 4(1.0)
Parainfluenza 2 virus 0(0)
Parainfluenza 3 virus 8(2.0)
Adenovirus 1(0.3)
Human metapneumovirus 21(5.3)
Total 84 (21.0)
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The entire P gene sequences were amplified directly
from the specimens by RT-PCR using the primers hmptPF
5'-ATGTCGTTCCCTGAAGGAAAAGATATTC-3' and
hmptPR 5'-TTAAACTACATAATTAAGTGGTAAAT-
3'. Amplicons 884 bp in size were generated and cor-
responded to 1209 nt-2093 nt of the HMPV genome
(strain JPS03-240, AYS530095). PCR cycling was per-
formed on a conventional thermal cycler by using a
“touch-down” procedure; conditions were 94°C for 5 min
followed by 30 cycles of 94°C for 15 s, 62°C (reducing
by 0.5°C/cycle) for 30 s, 72°C for 1 min, and a final ex-
tension step of 72°C for 7 min. The sizes of the respec-
tive PCR-amplified products were examined by using
agarose gel electrophoresis, gel-purified, and confirmed
by DNA sequencing. The sequences were submitted to
GenBank under accession nos. EF409351-EF409371.
The genetic relationship between the Singapore HMPV
isolates and those HMPV isolates described previ-
ously was analyzed by comparing the P gene sequences
(10). Alignments of nucleic acid sequences were cre-
ated by using ClustalX version 1.83 (bips.u-strasbg.fr/fr/
documentation/clustalx). Phylogenetictreeswereconstruct-
ed by using the neighbor-joining method (1,000 bootstrap
replicates) and edited with MEGA 3.1 (/7). Comparisons
were made with representatives of the 4 genetic lineages
(Figure). This analysis shows that although isolates rep-
resenting both A and B genotypes were detected, the Sin-
gapore isolates clustered more predominantly with rep-
resentative HMPYV strains in lineage A, in particular the
sublineage A2. In this study HMPV was detected through-
out the year, which suggests that in Singapore, HPMV is
present in the pediatric community throughout the year.
We also noted a slight increase in the incidence of B gen-
otypes (Bl and B2) during the last quarter of 2006, but the
implications of this finding are unclear.

The age and clinical characteristics of the HMPV pa-
tients were next compared with the different HMPYV lineag-
es (Table 2). Children with HMPV infection were 1 month
to 12 years in age; 67% were <1 year of age compared with
63% of RSV-infected children. Of the HMPV-infected pa-
tients, 52% exhibited LRTI; of these, 82% were infected
with the HMPV sublineage A2. In contrast, ~43% of the
patients exhibited URTI caused by the sublineages A2 and
B2. In comparison, 61% and 20% of the RSV patients had a
clinical diagnosis of LRTI or URTI, respectively. Our data
suggested an increased association of sublineage A2 with
LRTI in the HMPV-infected patients. The implications of
this are unclear, but several reports note a correlation be-
tween severity of infection and the presence of the A geno-
type (12,13). Unfortunately, we were not able to make a
strict comparison of our data with data from recent studies
in Southeast Asia (14,15); these studies used significantly
smaller sample sizes and a different selection criterion for
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Figure. Phylogenetic analyses of nucleotide sequences of
HMPV phosphoprotein showing comparisons with Singapore-
Nanyang Technological University (SIN0O6-NTU*) sequences. The
specimen number acquired during the course of the investigation
(e.g., SINO6-NTU14) was made with known strains (highlighted
A) from Canada [CAN99-81 (AY145294, AY145249), CAN97-
83 (AY297749), CAN97-82 (AY145295, AY145250), CAN98-75
(AY297748), CAN98-79 (AY145293, AY145248)], Japan [JPS03-
180 (AY530092), JPS03-240 (AY530095), JPS03-187 (AY530093),
JPS02-76 (AY530089)], and the Netherlands [NL-1-00 (AF371337),
NL-17-00 (AY304360), NL-1-99 (AY525843), NL-1-94 (AY304362)).
Avian pneumovirus type C (APVC AY590688) was used as the
outgroup.
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Table 2. Characteristics of pediatric patients with human
metapneumovirus (HMPV) infection

Clinical Lineage of
Patient no. Age diagnosis* HMPV
14 2y L A2
29 1y o A2
50 6 mo U A2
51 1y L A2
52 1y U A2
70 11 mo U A2
84 6 mo U A2
101 ty L A2
102 2y L A2
135 1y U B2
187 3 mo L A2
217 1mo L B1
224 1y U B2
232 1y L A2
271 12y L A2
272 4y U B2
273 1y U B2
277 5y U B2
289 1y L A2
384 2y L A2
398 7y L B2

"L, lower respiratory infections including bronchiolitis, bronchitis,
pneumonia, asthma, wheezing or chest infection; U, upper respiratory

infections including infantile mxia and Eharyngitis; Q, febrile fit.
the patients screened (i.e., LRTI [/4] and wheezing and
asthma [757).

Conclusions

Our study is the first, to our knowledge, that has at-
tempted to assess the importance of HMPV among the pe-
diatric population in Singapore. We analyzed 400 samples
that were collected from pediatric patients who were admit-
ted to a hospital over a 16-month period. An infection rate
of 5.3% was observed, which is consistent with the report-
ed infection rates of several other industrialized countries.
We also noted that of the viruses detected, =67% were of
the A subtype and 33% were of the B subtype, which sug-
gests that the former was the predominant HMPV subtype
causing illness in these patients. Furthermore, a significant
proportion of the HMPV-infected patients had LRTI. Qur
findings suggest that HMPV is a substantial cause of illness
among the pediatric population of Singapore.

This work was funded by the National Medical Research
Council of Singapore (NMRC/0956/2005). L.H.L. is supported
by Kandang Kerbau Women’s and Children’s Hospital (KKH)
and a Medical Research Scientist Award from the NMRC-Lee
Foundation.

Mr Loo is a graduate student in the School of Biological Sci-
ences at Nanyang Technological University.
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Until relatively recently there had been episodes when children had been admitted into
hospitals with symptoms that were similar to those expected for human respiratory syncytial
virus (HRSV), but the available diagnostic procedures failed to detect the presence of HRSV1
and the causative disease agent remained unidentified. Dutch scientists examined
nasopharyngeal aspirates from similar patients in Holland using advanced molecular
biology and imaging techniques. The conclusions of this study were published in 2001,
revealing that a previously unidentified paramyxovirus was responsible for these infections.
This agent was grouped within the subfamily Pneumovirinae, genus metapneumovirus, and
given the name human metapneumovirus (HMPV) to distinguish it from other members of
the genus Metapneumovirus that are of avian origin. Although HMPV is associated with
upper respiratory tract infection, itis now recognized as a major cause of lower respiratory
infection (LRTI) in children in a variety of different geographical regions. Furthermore,
retrospective studies have detected the presence of HMPV in archived clinical material
dating from the 1950s, suggesting that this was not a new virus, but it had remained
undetected for several decades until its ‘emergence’ in 2001. This review will discuss the
increasing global importance of HMPV as a cause of LRl among young children.

The classification of
human metapneumovirus
Human metapneumovirus (HMPV) has been
visualized by electron microscopy, revealing a
pleiomorphic morphology that is similar in
appearance to that observed in other para-
myxoviruses [i]. Although HMPYV s difficult to
cultivate in tissue culture, some tissue culture-
adapted isolates have been obtained (e.g., the
Canadian isolate CAN97-83) E], and have been
used to examine the properties of some of the
virus proteins. However, partly because of the
difficulty in studying HMPYV infection using
standard laboratory experimental systems, much
of the current understanding of the structure of
the HMPV has been inferred from other closely
related viruses, for example, respiratory syncytial
virus (RSV) and avian pneumovirus (APV).
HMPYV is thought to express nine proteins
and, by analogy with other paramyxoviruses,
they can be classified as either integral mem-
brane proteins, which are embedded in the virus
envelope, or internal proteins, which associate
with the virus polymerase beneath the virus
envelope [31. The viral genome interacts with the
nucleo (N) protein, phospho (P) protein and
RNA-dependant RNA polymerase (L protein) to
form the virus ribonucleoparticle (RNP), a char-
acteristic structure found in all paramyxoviruses
4. The M2-1 protein is a transcription factor
that interacts with the RNP, and the M2-2

protein plays a role in virus genome replication
51. By analogy with human RSV (HRSV), the
matrix (M) protein surrounds the RNP beneath
the virus envelope, and it is a major determinant
of virus morphology. The virus also expresses
three integral membrane proteins: the fusion (F)
protein, attachment (G) protein and small
hydrophobic (SH) protein. The F protein medi-
ates the fusion of the host cell membrane and
virus envelope during the initial stages of virus
entry. It is initially expressed as a single polypep-
tide chain, which subsequently undergoes cleav-
age by a trypsin-like protease to create the
mature form of the protein [6. The G protein is
expressed as a polypeptide chain, which subse-
quently undergoes extensive N- and O-linked
glycosylation 7, and by analogywith HRSV, it is
thought to play a role in virus attachment. As in
the case of HRSV, the role that the SH protein
plays during the HMPV replication cycle is cur-
rently unclear.

The first complete genome sequence of HMPV
was published in 2002 3}, and revealed a single-
stranded 13.3 kb RNA genome of negative polar-
ity (Figure 1). A detailed examination ofthe HMPV
genome [28] confirmed it was a paramyxovirus
belonging to the subfamily Pneumovirinae, which
contains the human and animal RSV (9.
Eight genes were identified in the HMPV genome,
and comparison of the HMPV and the HRSV
genomes revealed significant differences (3. The
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Figure 1. Organization of the human metapneumovirus genome.

APVc (14,150 nt)

N P M F M2SH G
HMPV (13, 300 nt)
3" N P M M2sH G
HRSV (15, 226 nt)
3' N P M SH G

M21

The genome organization of HMPV compared with that of APVc and HRSV. 6enes encoding nonstructural
proteins (black), polymerase-associated proteins (light gray), glycoproteins (gray) and matrix protein (dark

gray) are shown. The overlap between the HRSV M2 and L genes is also shown (hatch). The relative gene

sizes are approximately drawn to scale with the keys representing viral genes.

APVc: Avian pneumovirus C; E Fusion protein; G: Attachment protein; HMPV: Human metapneumovirus;

HRSV: Human respiratory syncytial virus; L Large polymerase subunit; M: Matrix protein; N Nucleoprotein;
NS: Nonstructural; P. Phophoprotein; SH: Small hydrophobic protein.

HMPV genome is significantly smaller and,
although the gene order ofthe N, P and M genes
was similar in both HMPV and HRSV, the gene
order between the M and L genes difFered. In
HMPV the F and M2 genes are located before
the SH and G genes compared with the corre-
sponding genes in HRSV. Furthermore, the
HMPYV genome lacked the NSI and NS2 genes,
whose presence are characteristic of members of
the genus Pneumovirus. A comparison of the
HMPV genome with other viruses revealed that
it was most closely related to the APV [3], which
formed the basis of its classification as a new
addition to the genus Metapneumovirus (Figure 2).
Further detailed genetic analysis revealed a rela-
tively high degree of sequence variability
between different HMPV virus isolates. Two
major subgroups, A and B, were initially identi-
fied, and subsequent genetic analysis led to a fur-
ther subdivision of the HMPVA and B
subgroups into the subtypes IA, 2A, IB and 2B
p.io]. Although several APV isolates share similar
genetic characteristics to HMPV, HRSV is cur-
rently the closest genetically related virus that is
known to cause significant disease in humans.

HMPV detection & epidemiology

Although HMPYV was first identified in 2001 in
children in the Netherlands [i], examination of
sera taken from patients in the late 1950s
showed the presence of HMPV-specific

antibodies. This retrospective study suggested
that HMPV was not a new virus, but had been
circulating in the human population for at least
50 years prior to its isolation in the Netherlands.
Furthermore, owing to its genetic relatedness to
APV, it was speculated that HMPV may have
originally been a zoonotic infection that had
crossed over from birds to humans [i]. Although
its source of entry into the human population is
still unclear, this speculation is supported by
serologic analysis that has demonstrated some
cross-reactivity between APV and HMPV
antigens [11,12].

HRSV isolated from infected patients has
been successfully cultivated using the human
laryngeal carcinoma cell line HEp-2. This causes
a clearly visible cytopathic effect (i.e., syncytial
formation) in this cell line. By contrast, HMPV
isolates replicate relatively poorly in HEp-2 cells
and remains largely undetectable. This under-
lines a major problem in the detection of
HMPV; relatively few cell lines efficiently sup-
port HMPYV replication. This was a major factor
in the inability to detect the presence of HMPV
in clinical samples. Primary isolation of HMPV
in tissue culture was first achieved using tMK
cells [i], HEp-2 cells 13y and Vero cells ], but
more recently the LLC-MK2 cell line has been
successfully used. Cultivation in LLC-MK2 cells
can require up to 14days incubation before
cytopathic effects are visible 14;, The addition of



trypsin to the culture medium is also required to
allow processing of the HMPV F protein into its
mature form, a prerequisite for virus infectivity.
More recently, cultivation of HMPV in the
human bronchiolar cell line 16HBEI40 has
been described, which gave superior results when
compared with LLC-MK2 cells, and additionally
did not require the presence of trypsin [is).

As early as 2003, diagnostic protocols were
developed for the detection of HMPV from clin-
ical specimens, a development that has facilitated
the more recent epidemiological studies. These
protocols range from conventional gel-based
reverse-transcription PCR (RT-PCR) tests target-
ing the TV[is], M and Zgenes [i7,is] to more
sophisticated real-time RT-PCR methods using
SYBR® green targeting the N and L genes [19],
and sequence-specific probes targeting the N
[20.21], L (14221 and ~gene [23] (Figure 3, Table 1). In
many diagnostic laboratories the detection of
HRSV, together with a variety of other respira-
tory viruses, is routinely performed using
immunofluorescence-based assays. Monoclonal
antibodies prepared from infected HMPV viral
lysates have been used to detect the virus in clini-
cal samples [24-26], The seroprevalence ofHMPV
has also been successfully determined in human
sera from patients using HMPV antigens pro-
duced from infected cell lysates [i,27-321. HMPV
antibodies have also been produced using
Escherichia coli-expressed N and M proteins [3334],
baculovirus-expressed N and F proteins [3s,36] and
vesicular stomatis virus expressing the F protein
[37. These immunologic reagents are currently
undergoing evaluation in several diagnostic

laboratories. There are two rapid antigen detection
assays that are commercially available from Oxoid
Ltd (Basingstoke, Hampshire, UK) and Diagnostic
Hybrids Inc. (Athens, OH, USA). These reagents
were recently evaluated with 515 nasopharygenal
specimens using direct fluorescence assays and
yielded promising results [zg],

The development and widespread use of
PCR-based diagnostic reagents for the detection
of HMPYV has allowed several recent epidemio-
logical studies to examine the importance of
HMPV infection in different geographical
regions. These studies have demonstrated the
presence of HMPV in humans from every geo-
graphical region in which these studies have been
performed. The virus has been detected in chil-
dren with respiratory diseases in Europe [1,39"5],
the Americas [30,46449], Australia, [0, New Zea-
land 511 and Asia s 52- 571. Recently, HMPYV has
also been reported in countries in the Middle
East [32,58%] and Africa [si].

These studies have also shown a clear corre-
lation between the presence of the virus in
patients and respiratory infection, with signifi-
cant numbers of cases of lower respiratory infec-
tion (LRTI) being recorded in these patients.
Although HMPV has been reported to infect
patients in different age groups, several
epidemiological studies have shown that the
highest incidence of HMPYV infection is within
the first 6 months of life [p263]. By the age of
5-10years old, almost all children have been
infected by HMPV [283237. HMPV has also
been reported to cause severe infections in the
elderly Bi]. Some studies have attempted to

Figure 2. The classification of human metapneumovirus and other paramyxovirus
members within the Paramyxoviridae family.

Family Paramyxoviridae

Subfamily Paramyxovirinae

___Genus Respirovirus
e.g., Human parainfluenza virus 1and 3

Genus Rubulavirus

— e.g., Human parainfluenza virus 2 and 4,

Mumps virus
___Genus Morhillivirus
e.g., Measles virus

__Genus Henipavirus
e.g., Hendravirus, Nipah virus

Subfamily Pneumovirinae
_ Genus Pneumovirus
~ e.g., Human respiratorysyncytial virus

_ Genus Metapneumovirus
e.g., Human metapneumovirus
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Table 1. List of primer sets used in both conventional and real-time reverse transcription-PCR assays.

N gene*
M gene*
Lgene

Fgene

Ngene
Lgene
N gene

Ngene
Lgene
Lgene

Fgene

Sequences (5' to 3Y)

Forward primer (probe)
Conventional RT-PCR
ATGTCTCTTCAAGGGATTCACCT
GAGTCCTACCTAGTAGACAC

CATGCCCACTATAAAAGGTCAG
(CTGTTAATATCCCACACCA)

Outer primer: AGCTGTTCCATTGGCAGC
Inner primer: GAGTAGGGATCATCAAGCA

Real-time RT-PCR
ATGGGACAAGTGAAAATGTC
GTTGCCATAGAGAATCCTGTTA

AACCGTGTACTAAGTGATGCACTC
(CTTTGCCATACTCAATGAACAAAC)
CATATAAGCATGCTATATTAAAAGAGTCTC
(TGYAATGATGAGGGTGTCACTGCGGTTG)
GTTGCCATAGAGAATCCTGTTA
(CGAGCATGTTAGACTCAAAAATGCA)
CATGCCCACTATAAAAGGTCAG
(GCTGCGGCATGYCAYTGGTGTGGGATATTCGCAGC)

Subtype A :

GCCGTTAGCTTCAGTCAATTCAA (CAACATTTAGAAACCTTCT)

Subtype B:

GCT GTCAGCTTCAGTCAATTCAA
(CGCACAACATTTAGGAATCTTCT)

Note: Sequences in parenthesis representprobe sequence used in real-time PCR.

Ref.
Reverse primer
TCTGCAG CATATTTGTAATCAG [16]
TTGTYCCTTGRTGRCTCCA [17]
CACCCCAGTCTTTCTTGAAA [28]
Outer primer: ATGCTGTTCRCCYTCAACTTT [13]
Inner primer: GCTTAGCTGRTATACAGTGTT
GAGTCTCAGTACACAATAA [19]
CATTCAGACTGTTGCTTACCCA [19]
CATTGTTTGACCGGCCCCATAA [20]
CCTATTTCTGCAGCATATTTGTAATCAG [21]
CCAATTACTAAACCAATTGCTTACCCA [14]
CACCCCAGTCTTTCTTGAAA [22]
TCCAGCATTGTCTGAAAATTGC [23]

GTTATCCCTGCATTGTCTGAAAACT

*This RT-PCR assay was performed with the primer sets as described butin *, anotherround ofhemi-nested PCR am plification wasperformed with
a differentforward primer (CATGCTATATTAAAAGAGTCTCA) but the same reverse primer.

*This RT-PCR assay with the primerset was followed by anotherround of hemi-nested PCR am plification with the same forward primerbuta new
reverse primer (TCTTGCAKATYYTRCTKATGCT).
RT-PCR: Reverse transcription PCR.

examine the importance of HMPV genotype
and disease symptoms, and a recent study has
suggested that the HMPV A subtype may elicit
more severe symptoms There are some
reports that HMPV infection is associated with
encephalitis and there is at least
one example where HMPV was detected in a
patient who died of complications associated
with encephalitis ss1. In this case, viral RNAwas
detected in both the brain and lung tissues, sug-
gesting that under certain circumstances, the
virus can leave the confines of the respiratory air-
way and infect other tissues. In some cases,
severe infection has been documented as being
associated with immunocompromised patients
167,681, Which has also been reported for HRSV.
Although several studies have reported the iso-
lation of HMPV from patients in many parts of
the world, there have been very few long-term
studies on HMPV infection 9-721. In a recent
epidemiological study in Australia, over 10,000

[64],

[65,66],

patients were screened for the presence of HMPV
over a 4-year period (711. An average incidence rate
of approximately 7.0% was recorded for HMPV
over the 4 years. The study clearly demonstrated a
seasonal variation in the incidence of HMPV
infections, with the winter and spring months
showing the highest levels of virus detection. In
this study, all four subtypes were detected during
each year of the study, providing evidence that
co-circulation of the subtypes can occur. Further-
more, this study suggested a seasonal variation in
the predominant circulating HMPV subtypes.
Although these epidemiological studies have
focused on HMPV detection, many have also
tested for the presence of other respiratory
pathogens in these patients. In most cases
HMPV was the sole agent detected in patients
exhibiting LRTI, but in some cases the presence
of other viruses in HMPV-infected patients was
observed. The presence of coinfections involving
HMPYV and other viruses that can cause acute



Figure 3. Real-time reverse transcription-PCR detection of the human
metapneumovirus N gene in clinical specimens using Tagman probes.
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The graph shows the fluorescence, represented by log, versus cycle number for the real-time reverse
transcription-PCR assays overthe entire reaction run of45 cycles. Human metapneumovirus-positive
specimens show an increase in fluorescence above the threshold value (dotted line). Three clinical specimens
A, Band C are shown, which have cycle threshold values of approximately 21, 24 and 32 cycles, respectively
(highlighted by black arrows). All the other specimens did not show any fluorescence increase and would be

considered negative (see [57)).

respiratory infections serves to further compli-
cate the clinical scenario. This has led to the pro-
posal that these coinfections may have a
significant impact on the clinical symptoms. For
example, studies in young children infected with
HRSV have suggested a correlation between
severity of infection and the presence of HMPV
1731, indicating a possible role for coinfections in
exacerbating the symptoms associated with
HRSV infection. In an early study by Greensill
and colleagues [/4], HMPV was found to be
present in 70% of infants exhibiting severe
symptoms. Although these reports showed a cor-
relation between the presence of HMPV and
severity of symptoms in HRSV-infected patients,
other studies have failed to establish this correla-
tion (7s). Furthermore, in theAustralian studyby
Mackay and colleagues [2], coinfection with
HMPV and HRSV only accounted for approxi-
mately 1.0% of HRSV infections, suggesting
that coinfection with HMPV and HRSV may
normally be rare in most populations. More
recent studies have highlighted coinfection with
HMPV and other respiratory pathogens, for
example SARS corona virus ps,7e; and human
bocavirus [77]. Collectively, these reports have

been inconclusive in correlating an increased
severity of infection with coinfections. The rea-
son for these differences is still uncertain, but
suggests that environmental and genetic factors
may also play an important role in clinical out-
come in patients coinfected with HMPV and
other viruses.

Conclusion

Many clinical samples are sent to hospital diag-
nostic laboratories where pathogens may be suc-
cessfully identified, and a case successfully
diagnosed. However, in a significant number of
cases the available diagnostic tests fail to detect a
specific pathogen. In many of these cases, the
causative agent remains undetected. As diagnos-
tic techniques are improved and developed, it is
likely that new previously unidentified viruses
will be identified during syndromic surveillance
ofhospitalized patients. HMPV is an example of
a virus that causes significant infection among
humans, but had gone undetected until very
recently. Similarly to HMPV, several new viruses
have recently been identified that are associated
with acute respiratory tract infection in children,
although their role as causative disease agents will
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Executive summary

need to be carefully assessed. These agents
include human bocavirus [78], the human corona-
virus NL63 [M and HKUI [s0], and
two polyomaviruses, named Kl 1] and WU [s2],
As more epidemiological studies are performed it
is becoming clear that HMPYV is responsible for a
significant proportion of respiratory disease bur-
den in children in many parts of the world. How-
ever, several questions still need to be addressed.
Pathogen-host interactions need to be identified
that are likely to give rise to LRTI in HMPV-
infected patients, and the significance of coinfec-
tions in relation to HMPYV disease severity needs
to be examined. This could lead to the develop-
ment of new strategies for the prevention and
treatment of HMPV infection.

Future perspective

There have been few systematic and long-term
studies to assess the real importance of HMPV as
a community-acquired infection. Furthermore,

Discovery of human metapneumovirus

First reported in children from the Netherlands in 2001.
¢ Retrospective studies have shown the presence of human metapneumovirus (HMPV) in the human population from as early as

the 1950s.

Classification of HMPV

Belongs to paramyxovirus family.

« Classified in the genus Pneumovirus, family Metapneumovirus.
Closely related to avian Pneumovirus.

« Eight genes have been identified, which encode nine proteins.

¢ Virus strains can be subdivided into subtypes A1, A2, Bl and B2 on the basis

the N, P, Fand G genes.

Detection in clinical samples

Difficult to culture in most cell lines.
« Several PCR protocols are available for HMPV detection.
« Immunologic methods are a good alternative for rapid detection and are undergoing evaluation.

Epidemiology

« HMPV has been found worldwide.

the effect of virus infection on the long-term
health of infected individuals is unknown. How-
ever, the current body of literature supports the
view that HMPYV is an important cause of LRTI
in children, and suggests that HMPV should be
included in the routine testing for respiratoryviral
pathogens in diagnostic laboratories. The routine
surveillance for HMPV will allow several impor-
tant aspects ofHM PV infection to be ascertained,
including the molecular basis of virus pathogenic-
ity. Several laboratories have reported that coinfec-
tion with HMPYV and other respiratory pathogens
can influence the severity ofinfection, while many
other laboratories have found no correlation
between severity of infection and coinfection.
Therefore, the role that coinfections play in dis-
ease progression in patients still needs to be clari-
fied. In addition, it is still unclear if the severity of
infection is genotype specific, and this important
question needs to be examined. Although some
reports have indicated that HMPV A subtypes

of sequence variation

insomegenes,forexample,

< Symptoms exhibited by patients are similar to those in respiratory syncytial virus-infected patients.

« Clinical symptoms vary, but it is a significant cause of lower respiratory tract infection in children.

¢ In addition to children, the elderly and immunocompromised individuals are most vulnerable to severeforms of infection.

« HMPV accounts for between 5and 7% of children admitted to hospital with respiratory infection.

« Few long-term studies have been performed, but they suggest seasonality in the incidence of HMPVinfections.
¢ A recent study has found that subytpe A may cause more severe symptoms.

« Coinfection with other respiratory viruses is uncommon and its effect on severity of infection is uncertain.

Conclusions

¢ Our current knowledge of the biology of HMPV is still relatively poor, and needs to be improved.

« HMPV infection will become increasingly important as its routine detection is performed in more diagnostic laboratories.

« There are no vaccines or specific drugs in use in the prevention or treatment of HMPV infection.



can cause more severe infection in patients, this
suggestion is based on isolated reports in the lit-
erature, and is thus more anecdotal than proven.
Characterization of HMPV pathogenicity will
require the large-scale sequencing of clinical iso-
lates in long-term studies, and matching the
sequence variation in the virus isolates with clin-
ical data. This will be facilitated by the use of
high-throughput molecular diagnostics, and the
development of immunologic agents for HMPV
detection. HMPV surveillance will improve our
knowledge of the interactions between HMPV
and the host, which in turn should facilitate the
development of novel strategies for the
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Province enjoy eating frog meat,
particularly from wild frogs, many
frogs have been sold in the market,
including a substantial number of
wild frogs. The results of our survey
show that infection of wild frogs with
spargana reached 27.3% in western
Guangdong Province; hence, con-
sumption of wild frogs (and use as
poultices) poses a high risk for spar-
ganum infection. Therefore, public
health officials, epidemiologists,
medical practitioners, parasitologists,
veterinarians, and the general public
should be aware of such risks and
should implement strategies to re-
duce or eliminate them.

This study was supported in part
by grants from Guangdong Scien-
tific and Technological Program (no.
8452408801000010), Guangdong Ocean
University (no. 0612117, to M.-W.L.), and
the Program for Changjiang Scholars and
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(no. IRT0723, to X.-Q.Z.).
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Letters

Letters commenting on recent articles
as well as letters reporting cases, out-
breaks, or original research are wel-
come. Letters commenting on articles
should contain no more than 300
words and 5 references; they are more
likely to be published if submitted
within 4 weeks of the original article’s
publication. Letters reporting cases,
outbreaks, or original research should
contain no more than 800 words
and 10 references. They may have 1
Figure or Table and should not be di-
vided into sections. All letters should
contain material not previously pub-
lished and include a word count.

Human Rhinovirus
Group C in
Hospitalized
Children, Singapore

To the Editor: Human rhinovirus
(HRV) is a common etiologic agent of
upper respiratory tract infections and
is associated with symptoms such as
asthma and wheezing. HRV has >100
serotypes, and recently, several groups
reported a new HRV group C (HRV-C)
in children that is associated with more
severe respiratory infections (7/-5).
‘We examined the incidence of respira-
tory viruses in children hospitalized in
Kandang Kerbau Women’s and Chil-
dren’s Hospital, Singapore (6, 7). These
studies also identified human metap-
neumovirus and human bocavirus
(HBoV) among children in Singapore.
We recently performed a retrospective
study by using PCR-based testing (&)
to identify HRV, in particular HRV-C,
in these patients. From October 2005
through March 2007, a total of 500
nasopharyngeal swab specimens from
pediatric patients (age range 1 month
through 12 years) were collected and
tested for HRVs.

PCR-based testing identified
HRV with an incidence rate of 12.8%
(64/500), the highest incidence rate in
Singapore, compared with incidence
rates of other respiratory viruses re-
ported in the same study (7). Of the
HRV-positive patients, 31 (48.4%) of
64 had symptoms of lower respiratory
tract infections (LRTIs) and 16 (25%)
of 64 had symptoms of upper respi-
ratory tract infections. Ten patients
infected with HRV were co-infected
with a second respiratory virus, HBoV
(8/10) or respiratory syncytial virus
(RSV) (2/10).

HRV-C was detected by molecu-
lar serotyping as described (3). Briefly,
the first PCR was performed with the
forward primer P1-1 (5'-CAA GCA
CTT CTG TYW CCC C-3') and the
reverse primer P3-1 (5-ACG GAC
ACC CAA AGT AG-3"). A second
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heminested PCR was performed with
forward primer P1-1 but with 3 dif-
ferent reverse primers, P2-1 (5-TTA
GCC ACA TTC AGG GGC-3'), P2-2
(5'-TTA GCC ACA TTC AGG AGC
C-3%, and P2-3 (5-TTA GCC GCA
TTC AGG GG-3'). PCR amplicons
were sequenced by using the P1-1
primer. DNA sequences were blast-
ed by using the National Center for
Biotechnology Information database
(Bethesda, MD, USA) and aligned
with available sequences by using
Clustal X version 1.83 software (www.
bips.u-strasbg.fr/fr/documentation/
clustalx). All protocols are available
on request.

A phylogenetic tree (GenBank
accession nos. FJ645828-FJ645771)
was constructed by using neighbor-
joining method with 1,000 bootstrap
replicates and MEGA version 4
software (9). The tree showed simi-
lar branching of known HRVs into
serogroups (HRV-A, HRV-B, and
HRV-C) as described (3). Forty-sev-
en (73%) of the 64 HRV specimens
from Singapore were grouped into
HRV-A, 9 (14%) into HRV-B, and 2
(3%) into HRV-C. We also found a
cluster of 10 HRV-A strains (Figure)
diverging from the reference HRV-A
strains. This finding suggests that
these strains could be new strains of
the HRV-A, as reported (3). We could
not determine virus subtype for 6
specimens, possibly because of low
virus load.

Our results confirm that HRV in-
fections in Singapore are caused main-
ly by HRV-A. An increase in HRV-C
infections with the onset of winter has
been reported in the People’s Repub-
lic of China (26%) (5) and the Hong
Kong Special Administrative Region
of China (80%) (2). These findings
indicate that the incidence of HRV-C
infections is seasonal, which may ac-
count for the apparent low rates of
HRV infection in Singapore. How-
ever, the incidence rate for HRV-C in-
fections in Singapore was higher than
that for HRV-C infections in Australia
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(1.4%) (4), which has a clearly defined
winter season.

The 2 patients in which HRV-C
was detected had asthma (virus strain
SING-06-263) and bronchiolitis (vi-
rus strain SING-06-291). These ob-

LETTERS

servations are consistent with reports
of HRV-C in patients with severe
wheezing (2,4,10). We also detected
co-infection with another virus in 10
patients infected with HRV. Of these
10 co-infections, HRV-A was detect-
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Figure. Phylogenetic analysis of human rhinoviruses (HRVs) from Singapore based on
nucleotide sequences of the 5' noncoding region. The tree was constructed by using the
neighbor-joining method with 1,000 bootstrapped replicates generated by MEGA version 4
software (9). Sequences (GenBank accession nos. FJ645828-FJ645771) of viruses from
Singapore (SIN) are indicated, where the 2 numbers represent the year the specimen was
collected, and NTU (Nanyang Technological University) followed by 3 numbers represents
the specimen number. Representative strains of HRV-C are indicated by squares, HRV-B
by circles, and HRV-A by triangles. RV indicates rhinovirus strains, followed by the serotype
no. These sequences were obtained from the report by Lee et al. (3). Boldface indicates a
cluster of 10 HRV-A strains that diverged from reference HRV-A strains. Scale bar indicates
nucleotide substitutions per site.
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ed in 7 patients; 5 were co-infected
with HBoV (2 patients had LRTIs, 2
had upper respiratory tract infections,
and 1 had undefined symptoms), and
2 were co-infected with RSV (both
patients had symptoms of LRTIs). Of
the other 3 patients co-infected with
HRYV and HBoV, 1 was infected with
HRV-B (had LRTI), 1 with HRV-C
(had LRTI), and 1 with an untypeable
HRV (had undefined symptoms). Co-
infections with HRV and RSV (4,5)
and HRV and HBoV (4) have been
reported.

Although the clinical role of these
co-infections needs to be clarified,
these studies suggest that co-infec-
tions may result in more severe dis-
ease symptoms. The role of HRV-C in
causing illness among the children of
Singapore will require further study.

This study was supported by the Na-
tional Medical Research Council of Singa-
pore and the DSO National Laboratories,
Singapore.
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Nondominant
Hemisphere
Encephalitis in
Patient with Signs
of Virai Meningitis,
New York, USA

To the Editor: Herpes simplex
virus (HSV) is the most common
cause of sporadic fatal encephalitis
across the globe and for all ages. HSV
is the etiologic agent of 10%—-20% of
the 20,000 cases of encephalitis per
year in the United States (/); >50%
of untreated cases are fatal. Of the
2 types of HSV, HSV-1 and HSV-2,
HSV-1 most commonly affects per-
sons 20—40 years of age, whereas
HSV-2 commonly affects neonates.
This rapidly progressive disease is a
common cause of fatal encephalitis
in the United States. Signs and symp-
toms include fever and headache for
a few days, followed by confusion,
focal deficits, seizures or hemipare-
sis, hallucinations, and altered levels
of consciousness (2). One third of all
HSV encephalitis cases afftict chil-
dren and adolescents. Lumbar punc-
ture typically shows lymphocytic
pleocytosis, increased erythrocytes,
and elevated protein (2); glucose
level is typically within normal lim-
its. Serologic assays often show prior
infection. Brain imaging frequently
indicates unilateral frontal or tempo-
ral lobe abnormalities with edema or
hematoma (3,4). The involvement of
the nondominant brain hemisphere
is associated with atypical signs and
symptoms (5). Diagnosis is usually
made by using PCR to examine vi-
ral DNA in cerebrospinal fluid (CSF)
(6). This method of finding DNA in
CSF is highly sensitive (98%) and
specific (94%-100%). Without thera-
py, 70% of patients die; with therapy,
20%-30% die (6). Illness includes
behavioral sequelae.

A 43-year-old female immigrant
from China was admitted to Flushing
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The Incidence of Human Bocavirus Infection Among
Children Admitted to Hospital in Singapore
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Human bocavirus (HBoV) is a parvovirus, belong-
ing to the genus Bocavirus. The virus was
identified recently in Sweden, and has now been
detected in several different countries. Although
it is associated with lower respiratory tract
infections in pediatric patients, the incidence of
HBoV infection in a developed country in South
East Asia, has not been examined. The objective
of this study was to determine the importance of
HBoV as a cause of lower respiratory tract
infections among children admitted to hospital
in Singapore. Five hundred nasopharyngeal
swabs were collected from anonymized pediatric
patients admitted to the Kandang Kerbau Wom-
en’s and Children’s Hospital for acute respiratory
infections. The specimens were tested for the
presence of HBoV using polymerase chain reac-
tions. HBoV was detected in 8.0% of the patients
tested, and a majority of these HBoV patients
exhibited lower respiratory tract infections. A
significant level of coinfection with respiratory
syncytial viruses and rhinoviruses was also
observed in these HBoV patients. The data
suggest that HBoV is an important cause of lower
respiratory tract infections among children
admitted to hospital in Singapore, and is the first
study examining the incidence of HBoV infection
in a developed country in South East Asia.
J. Med. Virol. 81:82-89, 2009.

© 2008 Wiley-Liss, Inc.

KEY WORDS: Bocavirus, coinfections; pedia-
tric patients; lower respiratory
tract infections; Singapore,

INTRODUCTION

Respiratory syncytial virus (RSV), parainfluenza
viruses (PIV), adenovirus, rhinovirus (RHV), and
influenza viruses are the most common etiological

© 2008 WILEY-LISS, INC.

agents responsible for acute respiratory infections in
children, causing either lower or upper respiratory tract
infections. Recently, several new viruses have been
discovered that are associated with respiratory infec-
tions in children [see reviews by Kahn, 2007; Sloots
et al., 2008]. The human metapneumovirus was first
discovered in Netherlands [Van der Hoogen et al., 2001],
and is now reported to be an important global cause of
lower respiratory tract infections in children. Similarly,
human coronavirus (HCoV) NL63 and HKU1 were first
isolated in the Netherlands [Van der Hoek et al., 2004],
and Hong Kong [Woo et al., 2005], respectively, and have
been reported to be associated with acute respiratory
infections in children. Both strains have been detected
subsequently in patients from other countries [see
reviews by Van der Hoek et al., 2006; Pyrc et al., 2007].

A new parvovirus belonging to the genus Bocavirus
was identified in Sweden [Allander et al., 2005], and its
presence was associated with acute respiratory infec-
tions in pediatric patients [see reviews by Kahn, 2008;
Schildgen et al., 2008]. This virus was referred to as
human bocavirus (HBoV), and it was distinct genetically
from the human parvovirus B19. Since its initial
discovery, HBoV has been detected in children with
lower respiratory tract infections in several different
countries [see review by Allander, 2008]. In Asia, HBoV
has been reported in Thailand [Fry et al., 2007], China
[Qu et al., 2007], South Korea [Choi et al., 2006; Chung
et al., 2006, 2007; Lee et al., 2007], Japan [Ma et al.,
2006], and Hong Kong [Lau et al., 2007a]. In this study
the incidence of HBoV was examined in pediatric
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HBoV Infections Among Children in Singapore

patients admitted to hospital in Singapore. The data
suggest that HBoV is a possible cause of lower
respiratory tract infections among children admitted
to hospital in Singapore.

MATERIALS AND METHODS
Specimen Collection

Between October 2005 and March 2007, nasophar-
yngeal swabs were obtained from pediatric patients
admitted to Kandang Kerbau Women’s and Children’s
Hospital for acute respiratory infections. The specimens
were tested in the hospital’s microbiology laboratory for
the presence of influenza virus, RSV, adenovirus,
HMPV and PIV as desecribed previously [Loo et al.,
2007]. In all cases, aliquots of the clinical specimens
were stored at —80°C until they were tested for the
presence of HBoV. This study was approved by the
hospital’s ethic committee, approval number EC/043/
2004.

Extraction of Genetic Materials

The nasopharyngeal swabs were thawed and sub-
jected to total nucleic acid extraction, using either
the QIAamp viral RNA minikit or the QIAamp
RNeasy minikit (Qiagen Inc., Valencia, CA), according
to the manufacturer’s instructions.

PCR Testing for HBoV, HCoV, and RHV

One to five microliters of the total extract were tested
using PCR assays targeting HBoV [Sloots et al., 2006],
HCoV [Escutenaire et al., 2007], and RHV [Hayden
etal., 2003]. All primers were synthesized from ProOligo
(Singapore). For the PCR testing of HBoV, the reaction
was performed in a 50 pl reaction mixture containing
0.5 uM of each primer, 2.5 U Platinum Taq DNA
polymerase (Invitrogen Corporation, Carlsbad, CA),
0.2 mM dNTPs, and 1.5 mM MgCl,, in the conventional
PCR machine. In the case of HCoV, the PCR reaction
was carried out in a 25 pl reaction mixture containing
SYBR Green RT-PCR reaction mix (Biorad, Hercules,
CA) with 0.7 uM of each primer, and 0.5 pl of iScript
reverse transcriptase (Biorad) in the I-Cycler (Biorad).
At the end of the reaction, the products were subjected to
a melting curve analysis by heating the products to 95°C
for 1 min, and then cooling to 55°C for 45 sec, and heating
back to 95°C at 0.5°C intervals. Positive products are
represented by HCoV-specific melting peak as described
[Escutenaire et al., 2007], and were confirmed by
agarose gel analysis with visualisation in the presence
of ethidium bromide staining. RHV identification was
carried out with 0.5 uM of each forward and reverse
primer, 0.1 uM of Tagman probe in Superscript reverse
transcriptase/Platinum Taq enzyme reaction mix (Invi-
trogen Corporation) in the LightCycler machine (Roche
Diagnostics, Mannheim, Germany). Positive products
were represented by an exponential increase of fluo-
rescence captured by the F2 channel of the LightCycler.

83

Sequencing Reactions

All amplified products were purified from agarose
gel using the QIAquick gel extraction purification kit
(Qiagen Inc.). The identity of the products were
confirmed by DNA sequencing using the BigDye
Terminator cycle sequencing kit (Applied Biosystems,
Foster City, CA) with the same primers used for PCR
testings.

Sequence and Phylogenetic Analyses

The DNA sequences were assembled using SeqMan
(DNASTAR, Lasergene Version 7). The viral sequences
were aligned using the algorithm CLUSTALW method
in the program MEGALIGN (DNASTAR, Lasergene
version 7). The percent sequence homology and phylo-
genetic trees were calculated and constructed using the
neighbor-joining method at the nucleotide (nt) level,
with bootstrap analysis performed on 1,000 replicates.
The phylogenetic trees were viewed using TreeView
version 1.6.6 [Page, 1996].

Nucleotide Accession Numbers

The partial sequences for both the Singapore HBoVs
and HCoVs have been submitted to GenBank under the
accession numbers EU014167 to 206, and EU370700
to 1.

RESULTS

Incident Rate of Respiratory Viruses in the
Pediatric Patients

A total of 500 nasopharyngeal swabs were collected
from pediatric patients admitted to Kandang Kerbau
Women’s and Children’s Hospital with acute respiratory
infections. The patients exhibited symptoms that were
consistent with both lower respiratory tract infections
(bronchiolitis, bronchitis, pneumonia, chronic lung
disease, asthma, and wheezing) or upper respiratory
tract infections (croup, infantile pyrexia, pharnygitis).
The age group of the children ranged from 1 month to
12 years. Of the 500 specimens collected, 59 tested
positive for RSV (11.8%), 4 for influenza A virus (0.8%),
2 for influenza B virus (0.4%), 4 for PIV1 (0.8%), 0 for
PIV2; 8 for PIV3 (1.6%), 1 for adenovirus (0.2%) and
29 for HMPV (5.8%) (Table I). In addition, PCR analysis
revealed that 40 patients were positive for HBoV (8.0%),
and 3 tested positive for HCoV (0.6%).

Clinical Presentation and Age Distribution of
Patients Infected With Respiratory Viruses

The clinical symptoms exhibited by the patients in
which HBoV was detected were compared with patients
in which RSV, HMPV and HCoV-NL63 were detected
(Tables I and II). In the current study, 50% of the
patients in which HBoV was detected presented symp-
toms that were consistent with lower respiratory tract
infections, which compared with 57.6% and 48.3% for
RSV and HMPV, respectively. These data placed HBoV

J. Med. Virol. DOI 10.1002/jmv
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TABLE II. Clinical Characteristics of Patients Infected With HBoV

Specimen Age® *L, U, O° Co-infection
SINO5-NTU-12 1 U

SIN05-NTU-22 10 months (0]

SIN05-NTU-46 9 months L

SIN05-NTU-79 1 (8]

SINO5-NTU-86 5 L

SINO5-NTU-104 10 months L

SIN05-NTU-150 2 (6]

SIN06-NTU-159 1 L RSV
SIN06-NTU-165 1 L RSV
SIN06-NTU-167 1 U

SIN06-NTU-193 4 L

SIN06-NTU-194 6 months 18] RSV
SIN06-NTU-195 2 L

SIN06-NTU-218 2 L RHV
SIN06-NTU-234 2 months U RHV
SIN06-NTU-243 8 months U

SIN06-NTU-246 6 L

SIN06-NTU-250 3 months U

SIN06-NTU-258 1 months U RSV
SIN06-NTU-263 11 L RHV
SIN06-NTU-268 2 L PIV3
SIN06-NTU-275 3 L

SIN06-NTU-290 1 L PIV3
SIN06-NTU-325 1 o) PIV1
SIN06-NTU-328 6 months U

SIN06-NTU-353 1 U RSV
SIN06-NTU-371 5 L

SIN06-NTU-374 13 U

SIN06-NTU-375 2 L

SIN06-NTU-399 1 L

SIN07-NTU-421 . 3 months U RHV
SINO7-NTU-427 1 U

SINO07-NTU-430 4 (6] RSV
SIN07-NTU-432 4 months L

SINO7-NTU-441 3 0 RHV
SIN0O7-NTU-470 3 L RHV
SINO7-NTU-494 1 U

SINO7-NTU-496 12 L

SINO7-NTU-497 10 L RHV
SIN07-NTU-500 8 0 RHV

®refers to age of patients in years, unless otherwise stated.

" "L refers to LRTI with symptoms for bronchiolitis, bronchitis, pneumonia, asthma, wheezing, and chronic
lung disease; U to URTI with symptoms for croup or laryngotracheobronchilitis, and pharnygitis; and O to
others with symptoms not defined as L or U. RSV, respiratory syneytial virus; PIV, parainfluenza virus;

RHV, rhinovirus.

as the second most likely cause of lower respiratory tract
infections. The incident rate for upper respiratory tract
infections in patients in which HBoV was detected was
32.5%, which compared with 22.0% and 41.4% for RSV
and HMPV, respectively.

The age distribution and clinical presentation of the
patients infected with HBoV were examined and
compared. Fifty-five percent of the HBoV-infected
patients were 1 year old or younger, which compared
with detection rates of 70% and 48% for RSV and HMPV
respectively (Table I). Most reported studies on the
detection of HBoV have been carried out in patients who
exhibited respiratory symptoms, and there were few
parallel studies on healthy children. Similarly, this
current study did not examine the incidence of HBoV in
healthy children, or other pediatric patients with non-
respiratory symptoms. However, a recent report had
clearly described the detection rate in healthy children

to be less significant than that in children exhibiting
clinical symptoms consistent with respiratory tract
infections [Garcia-Garcia et al., 2008]. Several reports
have also noted the presence of HBoV in fecal [Lau et al.,
2007a; Lee et al., 2007; Vicente et al., 2007] and urine
samples from children [Pozo et al., 2007], suggesting
that the virus is associated with both enteric and
respiratory infections. The current study did not find
any symptoms of gastroenteritis presented by the HBoV
patients. However, this does not exclude the possibility
that the virus does not cause enteric infections as fecal
samples were not collected.

Of the three patients in whom HCoV was detected,
two tested positive for the HCoV-NL63, and one for
HCoV-0C43. Both HCoV-NL83 patients exhibited croup,
which is consistent with reports from Germany, Taiwan
and South Korea [Van der Hoek et al., 2005; Han et al.,
2007; Wu et al., 2008]. However, the small number of
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patients in which HCoV was detected makes any clinical
association with the presence of the virus and severity of
infection impossible. It is possible that the assay used in
the current study may not be sensitive enough to detect
HCoV in some patients. This is unlikely to be the reason,
since similar low rates of HCoV detection have been
observed consistently elsewhere [Koetz et al., 2006;
Chunget al., 2007; Kaplan et al., 2007; Pierangeli et al.,
2007].

Coinfections of HBoV With Other
Respiratory Viruses

Although HBoV can be the single cause of lower
respiratory tract infection in children, several studies
have reported that HBoV coinfections with other
respiratory viruses resulted in an increased severity of
infection [Allander et al., 2005; Choi et al., 2006; Chung
etal., 2006; Foulongne et al., 2006; Manning et al., 2006;
Slootsetal., 2006; Fry et al., 2007]. The 40 HBoV positive
specimens were therefore examined for the presence of
other respiratory viruses. In 23 of these HBoV patients,
HBoV was the only virus detected, and lower respiratory
tract infections was observed in 12 (52.1%) of single
infections. Interestingly, in 17 (42.5%) of the patients
infected with HBoV, the presence of RSV, PIV1 and 3,
and RHV were also detected (Table II). The rate of HBoV
coinfection was almost similar to the 40% coinfections
reported in Thai pediatric patients [Chieochansin et al.,
2008], but less than that reported elsewhere [Pozo et al.,
2007; Hindiyeh et al., 2008]. In the current study, both
RSV and RHV each accounted for 6 (35%) and 8 (47%) of
the coinfections respectively, with PIV at 3 (17.6%). Of
the 17 patients who showed evidence of coinfections with
respiratory viruses, 47% exhibited lower respiratory
tract infections, lower than that caused by single HBoV
infections, while 29% of these exhibited upper respira-
tory tract infections. Four of the eight coinfected with
RHYV showed lower respiratory tract infections, eom-
pared toonly two out of six patients coinfected with RSV.
Coinfections with more than one of the other respiratory
viruses were not detected.

Sequence and Phylogenetic Analyses
of HBoV and HCoV

The HBoVs detected in this study were sequenced to
determine the genetic relationship with other HBoVs
reported elsewhere. A 245 bp region of the NS1 gene
sequence was used to analyze the genetic relatedness of
the Singapore isolates as described previously [Chung
et al., 2006; Sloots et al., 2006]. The Singapore HBoV
isolates showed nt identity ranging from 91% to 100%
with published HBoV sequences. Approximately 60%
of the Singapore HBoV isolates were identical at the
nt sequence level, and the remaining HBoV isolates
showed only minor nt differences. This highly conserved
sequence identity is consistent with HBoV which has
been isolated in other countries [Chung et al., 2006;
Qu et al., 2007]. The HBoV sequences were aligned, and
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percent sequence homology was calculated and phylo-
genetic trees were constructed as described in Materials
and Methods Section. The analysis showed that the
majority of the Singapore HBoV strains clustered with
the prototype virus, stl strain, that was first detected in
Sweden (Fig. 1). In addition, the Singapore HBoV
strains appeared to be closely related to canine minute
virus and bovine parvovirus than the human parvovirus

KR-MN1114 Korea
st2 Sweden

CHSDIO US4

KR-MN0484 Korea
SINO6-NTU-165

CRD2 UsA

CU49 Thailand

stl Sweden

WILL1 China

SINO6-NTU-194, SIN07-NTU.497

SING7-NTU-39%
KR-MNO0885 Korea

SINO6-NTU-193,195; SINO7-NTU-375
*SINO5-NTU-12

BJ3064 China

CHSD! USA

SIND6-NTU-353; SIND7-NTU-430,432

SING6-NTU-104
CHSD4 Usa

KR-MNDD46 Korea
SINDE-NTU-246
SINO7-NTU-470,494
SINO?-NTU-496

QPID04-0011 Auwstralia
L SINO6-NTU-234

Canine minute virus

Bovine parvovirus

Human parvevirus B19
D1

Fig. 1. Phylogenetic analysis of the partial NS1 gene region (245 bp)
for HBoV detected from hospitalized pediatric patients. The phyloge-
netic tree was constructed using the neighbour-joining method and the
bootstrap values were generated in 1,000 replicates. The viral
sequences from the Smgapore strains are represented by SINO05-
NTU, followed by the specimen number. SIN represents Singapore and
05 represents the year the specimen was collected. *SIN05-NTU-12 is
the representative strain for a cluster of 24 strains, comprising of
specimen numbers SIN05-NTU-12, 22, 46, 79, 86, 150; SIN06-NTU-
159, 167, 218, 243, 250, 258, 263, 268, 275, 290, 325, 328, 371, 374; and
SIN07-NTU-421, 427, 441, and 500, with 100% sequence similarity at
the nucleotide level. The Singapore HBoV sequences were analyzed
with the two HBoV prototypes isolated in Sweden, st1_Sweden and
st2_Sweden (DQ000495 and DQ000496), and published sequences
from GenBank, whose strain names are reported next to their country
of isolation. Their accession numbers are: QPID04-0011_Australia,
DQ206702; WILL1 China, DQ778300; BJ3064_China, DQ988933;
CU49_Thailand, EF203921 KR-MN0046_Korea, MN0484_Korea,
KR- MN0885 Korea KR- MN 1114 Korea, DQ340225 to 8; CHSDI1, 4
and 10 _USA, DQ471812 DQ471814, and DQ471820; CRD2 USA,
DQ340570; human parvov1rus B19, DQ408301; canine minute virus,
NC004442; and bovine parvovirus, NC001540.
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B19, which is consistent with recent reports from other
regions of the world [Chunget al., 2006; Foulongneetal.,
2006; Sloots et al., 2006; Qu et al., 2007].

The main focus of this study was to detect the
incidence rate of HBoV in the pediatric population in
Singapore. As recent reports have indicated that HCoVs
may have a possible role in respiratory infections, their
presence was also assessed in the same cohort of
patients. Only three HCoVs were detected from the
500 specimens. Their PCR amplicons was subjected to
DNA sequencing to confirm their identities by blasting
the sequences with published HCoV sequences. SIN06-
NTU-259 was confirmed to be HCoV-OC43, whereas
both SIN06-NTU-211 and SIN07-NTU-395 were HCoV-
NL63. The Singapore HCoV-NL63 strains showed 100%
nt identities with each other, and with the Dutch NL63
strains. Interestingly, the phylogenetic tree constructed
at the partial orf 1b gene region showed that the
Singapore HCoV-NL63 isolates, SIN06-NTU-211 and
SIN07-NTU-395, clustered with the Dutch strains,
away from the rest of the HCoVs including the recent
strains of HCoV-NL63 from Australia and Japan
(Fig. 2). SIN06-NTU-259, as expected, clustered with
the HCoV-OC43. The clustering of the HCoVs was
somewhat similar to that reported by Escutenaire et al.
{2007].

DISCUSSION

The main focus of this study was to examine the
incidence of HBoV infections among the pediatric
patients in Singapore. Respiratory viruses were
detected in 141 of the specimens, giving an incident
rate of 28.2%. RSV was the most common virus detected
in the current study (11.8%), followed by HBoV (8.0%),
and HMPV (5.8%). The rate of HBoV detection in this
study was similar to that reported in China [Qu et al,,
2007] and South Korea [Chung et al., 2006], but was
higher than the reported rates in Thailand [Fry et al.,
2007], Japan [Ma et al., 2006], and in several non-Asian
countries [Allander et al., 2005; Arnold et al., 2006;
Bastien et al., 2006; Foulongne et al., 2006; Sloots et al.,
2006]. One reason for the difference in incidence rates
could be the criteria used in the sampling population.
For example, in a report by Sloots et al. [2006] the study
population included hospitalized and non-hospitalized
patients exhibiting both lower respiratory tract infec-
tions and upper respiratory tract infections, with a
wide age range from 7 days to 86 years. In contrast to
the current study, and that reported from China and
South Korea, the sampling population was confined
to hospitalized children exhibiting respiratory tract
infections.

Coinfections of HBoV with a range of respiratory
viruses have been reported, with the highest rates at
69% and 60% in children admitted to hospital in Israel
[Hindiyeh et al., 2008] and Spain, respectively [Pozo
et al., 2007]. A high proportion of these HBoV coinfec-
tions have been associated with either RSV, HMPV, or
PIV [Choi et al., 2006; Chung et al., 2006; Fry et al.,
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2007]. The Israeli study also reported a high rate of
coinfection with adenoviruses [Hindiyeh et al., 2008].
Recent studies have also suggested a correlation
between the severity of infection and the presence of
coinfections involving HBoV [Allander et al., 2005; Choi
et al., 2006; Chung et al., 2006; Foulongne et al., 2006;
Manning et al., 20086; Sloots et al., 2006; Fry et al., 2007,
see review by Schildgen et al., 2008]. For example, in a
recent study in Thailand, wheezing was associated in
patients infected with HBoV and coinfected with RSV,
PIV, or RHV, compared to single infections with these
viruses [Fry et al., 2007]. In the same study, a significant
number of patients presented with lower respiratory
tract infections in which HBoV was the only virus
detected. This trend of coinfections with other respira-
tory viruses was also observed in the current study. In
the current study, 50% of the coinfections with RHV
caused lower respiratory tract infections in children,
whereas in contrast, only 33% of the coinfections with
RSV caused lower respiratory tract infections. Interest-
ingly, a recent study described the association of HBoV
coinfections with RHV-A, as well as a newly identified
RHV species, designated as RHV-C by Lau et al. [2007b].
RHV is also an important cause of lower respiratory
tract infections in children. Coinfections with HBoV
may exacerbate the symptoms in children, giving rise
to hospital admission with the requirement of inten-
sive medical care. Coinfections with RSV and HMPV
have also been associated with an increase severity
in respiratory infections, although this correlation
remains controversial. Some reports have described an
increased severity in a high proportion of coinfections
[Greensill et al., 2003; Semple et al., 2005], whereas in
others, a low proportion of co-infections or no co-
infections were found [Al-Sonboli et al., 2006; Mackay
et al., 2006]. However, in the previous report [Loo
et al., 2007] and the current study, only single HMPV
infections were detected among the Singaporean chil-
dren. The increased severity in coinfections with
respiratory viruses remained to be challenged. A larger
sampling population, and a longer duration for the
study of coinfections will be required to confirm the
correlation.

In conclusion, this report describes the first compre-
hensive study examining the prevalence of HBoV among
the pediatric population in Singapore. Five hundred
specimens were analyzed, and an infection rate for
HBoV at 8% was reported, with 55% of these patients
were 1 year old or younger. A significant level of
coinfection was also detected in the patients with HBoV,
with RSV and RHV being the most common viruses
detected. 52% of the HBoV patients in which HBoV was
the sole agent detected showed evidence of lower
respiratory tract infection, which compared with 47%
of the HBoV coinfections. This study, therefore, suggests
that HBoV is a significant cause of lower respiratory
tract infections among the pediatric population of
Singapore, Furthermore, the current data suggest that
single infection with HBoV is sufficient to cause severe
respiratory infection, and the clinical significance of
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SARS-CoV-Tor2 Canada

_1

———— PDEV-CV777 Switzerland

SARS-CoV-Sin3408L Singapore

TGEVpPurdue-115 France

SINO6-NTU-211

- SIN07-NTU-395

HCoV-NL Netherlands
HCoV-NL&3 Netherlands

HCoV-OC43 ATCC YR759
SINO6-NTU-295

BCoV Quebec Canada

HCoV-HKU1 genotype & Hong Kong

HCoV-229E Germany
HCoV-HKU! N18 genotype A Hong Kong

HCoV-HKU1 N16 genotype C Hong Kong
HCoV-HKU1 NATO74USA

HCoV-HKU1 QPIDLO4/0001 Australia
HCoV-HKU1 QP1DLO4/0022 Australia
HCoV¥-HKU! N15 genotype B Hong Kong

HCoV-NL&3 SND/MNL63/103-2089 Japan
HCoV-NL&3 SND/NL63/03-0163 Japan

HCoV-NL&3 INMIZ Italy
_at

Fig. 2. Phylogenetic analysis of the partial orf 1b region (99 bp) for
HCoV detected from hospitalized pediatric patients. The phylogenetic
tree was constructed as described for Figure 1. The viral sequences
from the Singapore strains are represented by SIN06-NTU, followed by
the specimen number. SIN represents Singapore and 06 represents
the year the specimen was collected. The Singapore sequences were
analyzed with published sequences of coronviruses obtained from
GenBank, whose strain names are reported next to their country or
cities of isolation. Their accession numbers are: human coronavirus
(HCoV)-NL63-004NL63/1151 Australia, AY600446; HCoV-NL63-
QO04NL63/6063 Australia, AY600443; HCoV-HKU1 QP1D04\0001
Australia, DQ190472; HCoV-HKU1 QP1D04\0022 Australia,
DQ206693; human coronavirus (HCoV)-229E Germany, AF304460;

HBoV coinfections with other respiratory viruses in
Singapore remains to be established.
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