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Abstract

Human respiratory syncytial virus is a leading eaaklower respiratory tract infection
in infants. Current prophylaxis with Palivizumabhamanised anti-fusion glycoprotein
monoclonal antibody, has only achieved moderatecessc In animal models,
immunization with G glycoprotein has led to largggnotype specific immunity. This
suggests the hypothesis that anti-G antibodieheoirifecting virus genotype, either
acquired transplacentally or induced by immunisatimay contribute to protection of

the infant in the early months of life.

The aim of this study has been to test this hymshiey measuring levels of maternally
acquired antibody to the G glycoprotein of the atifeg virus genotype in an index
group of infants with severe HRSV infection and, ttte same genotype, in a
comparison group of infants with no history of HR8¥ection. As only 2% of infants
suffer severe disease on primary HRSV infectioa,dbmparison group are assumed to
be destined to be resistant to severe infectiodeficiency of anti-G antibodies in the

index group will thus indicate a protective role foese antibodies.

A phylogenetic study was carried out in Newcasperu Tyne from autumn 2007 to
spring 2010 revealing three circulating genotype$BSV, namely GA2, GA5 and
BA4 although GA5 was not detected in the third epicc. The G genes of GA2 and
BA4 and the F gene of GA2 were cloned and expressetidually in modified
vaccinia Ankara virus. The recombinant proteinsevesed in the development of a
concanavalinA capture ELISA sufficiently sensitieedetect maternal antibodies in the
acute sera of infants under 6 months of age. Aemgit was made to refine the assay in
order to separately detect antibodies to the ceadeand variable epitopes of the G
glycoprotein. However, mapping of conserved andakde epitopes revealed overlap

epitopes precluding the development of a diffeedin in a simple ELISA assay.

An index group of infants with severe HRSV infeatiand a comparison group of
infants of similar age with no history of HRSV infen were recruited with consent by
their legal carer during the epidemic of 2009/2010e infecting virus lineage of each
infant in the index group, either GA2 or BA4, waentified by reverse transciptase-
polymerase chain reaction of virus recovered fr@sahsecretions. Sera were collected

from both groups, at the acute stage of infectmmtlie index group, and screened for



HRSYV specific IgA by ELISA. Only those without detable IgA were included in the
study.

IgG maternal antibodies to the recombinant G glyotgin of the infecting virus
genotype and the F glycoprotein of the GA2 genotyeee measured in the sera of
index and comparison group infants whilst matearaibody levels to both F and G
glycoproteins in the sera of both index and corgesh decayed at similar rates with age,
the index group possessed significantly more anéirf@d anti-F antibody at all ages
suggesting that infants hospitalized with severeSMRnfection were not deficient in
antibodies to either glycoprotein contrary to thypdthesis under test. However, mean
maternal antibody levels at birth have been shanfalt across the winter epidemic and
the above analysis may be susceptible to biasdated by uneven sampling of infants
across the epidemic. To avoid this potential erantj-F/anti-G antibody ratios, which
give a measure of anti-G immunity independent & agd time of collection, were also
compared in the sera of index and comparison giofgnts. Mean ratios were not
significantly different between the two groups alsjecting the hypothesis that severely
affected infants have a deficiency in maternal-@néintibodies. These studies, therefore,
fail to establish a role for anti-G glycoproteintiodies in the protection of infants

against severe lower respiratory tract disease.
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aa amino acid

Ag antigen

AHR airway hyper-responsiveness
APS ammonium persulphate

BA Buenos Aires

BB streptococcal protein G

BCB bicarbonate coating buffer
BCB bicarbonate coating buffer
Bgal beta-galactosidase

BMT bone marrow transplant

BN Bavarian Nordic

bp base pair

BPD bronchopulmonary dysplasia
BRSV bovine respiratory syncytial virus
BudR bromodioxyuridine

C- carboxy-
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cDNA complimentary DNA
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human immunodeficiency virus
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Le

LRTI
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MCP
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MDA

MIP

MM

MOl

MPA

MRNA

MVA

Lymphocytic Choriomeningitis
leader sequence

lower respiratory tract infection
matrix
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membrane

methionine
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Monoclonal antibody
Macrophage chemoattractant protein
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melanoma differentiation association gene
Macrophage inflammatory protein
maintenance medium

multiplicity of infection
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messenger RNA
modified vaccinia Ankara
nucleoprotein

nucleoprotein

amino-
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NEAA non-essential amino acids

NES nuclear export signal

NK Natural killer

NPS nasopharyngeal secretion

NS non-structural

NS nose swab

NTD amino terminal domain

OPD Ortho-phenylendiamine dihydrochloride
ORF open reading frame

P Passage

p.i. post infection/post inoculation
PAGE polyacrylamide gel electrophoresis
PBS Phosphate buffered saline

PBST PBS-tween20

PBSTX PBS-triton X-100

PCR polymerase chain reaction

pDC plasmacytoid dendritic cell

PFP purified fusion glycoprotein

PRR pattern recognition receptor

QT35 Quail Japanese fibrosarcoma

r recombinant
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RIG-I retinoic acid-inducible gene 1 protein

RNA ribonucleic acid

rpm revolution per minute

RT reverse transcription

S soluble

SAF serum and antibiotic free

SCID severe combined immune deficiency

SDS sodium dodecyl sulphate

SH short hydrophobic glycoprotein

SNP single nucleotide polymorphism

SOB super optimal broth

SOC super optimal broth with catabolic repression
SP surfactant protein

STAT2 signal transducer and activator of transmip®2
TBE tris boric acid EDTA

TBS tris buffered saline

TEMED N,N,N’,N’-tetramethylethylenediamine

Tfb transformation buffer
Th T helper cell

TK thymidine kinase

TLR toll like receptor

TNF tumour necrosis factors



TPB

Tr

TRAF

ts

URTI

Vero

tryptose phosphate broth
trailer

TNF receptor associated factors
temperature sensitive

upper respiratory tract infection
volt

green monkey kidney epithelial cells
tryptophan
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wild type
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Chapter 1 Literature Review



1.1 Origin

A novel virus was isolated from a colony of chimpaes suffering from coryza in 1956
and named chimpanzee coryza agent (CCA). Followlmgdiscovery, antibodies to
CCA was detected in the serum of a laboratory woskéfering from a cold, providing
evidence that CCA or CCA-like agents were capalblerossing species barrier from
chimpanzee to human. This was further confirmechwite isolation of CCA-like
viruses from 2 infants with bronchopneumonia andyrigotracheobronchitis with
respiratory tract infections named Long virus agdd&r virus respectively (Chanoek
al., 1957) both Long virus and Synder virus exhibitgentical cytopathogenic effect
(CPE) with CCA virus which was described as thenfation of syncytial areas although
round cell degeneration also occurred in KB cdlgopulation study revealed that, by
the age of 4 years, 80% of the children had be@osed to this infecting agent by the
presence of neutralizing antibodies to the LongisirThus the these agents were
grouped together and the term respiratory syncyirak was introduced (Chanock and
Finberg, 1957).

1.2 Classification and morphology

Order Mononegavirales
|
Family Borrizviridae Paramyxfoviridae Rhabdfviridae Fi ilovifidae
Subfamily Paramyfovirinae Pneumj/viridae
Genus Pneurfavirus Metapntumovirus
Species Murine pneumonia virus <— Avian metapneumovirus

Ovine pneumonia virus <— Human metapneumovirus
Bovine respiratory syncytial virus <

— Human respiratory syncytial virus

Subgroup > A

——> B

Figure 1 The taxonomy of HRSV

Adapted from The International Committee on TaxopahViruses (ICTV).



The HRSV is the prototype strain of the genus preuras within the
Paramyxovirinae subfamily as shown in Figure 1. HRSV contains tsesologically
distinct subgroups, A and B which cocirculate dgiRSV epidemics. Other members
include bovine respiratory syncytial virus, ovinebepmonia virus and murine
pneumonia virus. Within the subfamily is the geistapneumovirus which contains
avian metapneumovirus and the recently found humetapneumovirus (HMPV) (van
den Hoogeret al., 2001). The clinical symptoms caused by HMPV ranfyjem upper
respiratory tract infection to severe bronchiolérsd pneumonia, indistinguishable from
the clinical symptoms caused by HRSV(van den Hoatyah, 2001).

The HRSV is a Baltimore Class V virus which consamsingle-strand, non-segmented,
negative sense RNA with the molecular weight ofregimately 5.0 x 1€Da (Y. T.
Huang and Wertz, 1982). The actual size of the gene strain dependent but the
typical length is about 15k nucleotides (nt).

The HRSV virions are either spherical, filamentaus pleomorphic particles. The
spherical particles are about 90-130nm in diam@terrby et al., 1970) but particles
with the diameter between 150-500nm have also lobmerved. (Bachi and Howe,
1973). Filamentous particles are predominantly olegk having diameters ranging

between 100 to 120nm. They can be as long as 10ength.

Peripheral spikes with the length of 10nm can bseoled in all of the particles
comprising one or all of the three transmembranel venvelope proteins: the
attachment (G), the fusion (F) and the small hydatyic (SH) glycoproteins.

1.3 Genome, transcription and replication

The genome of HRSV is neither capped nor polyaddeg!and carries 10 viral genes
(P L Collinset al., 1984a; P. L. Collingt al., 1986) as shown in Figure 2. Genes are
separated from one another by intron-like regiaaited the intergenic regions which
vary in length from 1 to 53nt without any signifitaconservation (P. L. Colling al.,
1986).



i 1 TrC
Antigenome 5’ ﬁmmmmmmﬁmmmmm@ P@é@l: 3
*)
Replication
M2-1/
Le NS1 NS2 N P M SH G F M22 L n T
Ger(‘")me 3 =S o i i ; ) 5
x -

Transcription |

mRNA e trevs frevee eveitvees Brves e v e e

Figure 2 Diagram depicting the RSV genome and itgdnscription and replication

products.

The virus genes are depicted as grey rectanglest. thene, which comprises almost
half of the genome, has been truncated. The GS>&ndignals are shown as white and
black boxes, respectively. The encoded antigenontt mRNAs are indicated by
hatched rectangles. Arrows indicate the locatiothefpromoters (Cowtoet al., 2006).

Each gene is flanked by the gene start (GS) and ged (GE) sequences which direct
the polymerase during transcription. The GS sequdoc the first nine genes is
conserved except the GS for the L gene. The fumctb each GS and GE is
independent of the gene it flanks and can be athdb foreign genes to direct
transcription into subgenomic mRNA (K@ebal., 1996). At the 3’- and 5'- ends of the
genome are short extragenic regions known as tiné¢ lédder sequence (Le) and a
155nt trailer sequence (Tr) respectively (P. L.li@skt al., 1991; Minket al., 1991).

Leader (Le) region NS1GS

a4 =4 L

3"-UGCGCUVUUUUACGCAUGUUGUUUGAACGUAUUUGGUUULIVUUACCCCGUUUAU-5’
) I

| -.r- -_l.-

Polymerase binding site  Encapsidation U-rich region
nucleasion

Figure 3 The negative sense RNA genomic sequencd_efand NS1 GS of HRSV.

Adapted from (McGiverret al., 2005; Cowtoret al., 2006), based on strain A2. The
polymerase binding site, U-rich region and regiopartant for encapsidation is shown.

HRSV is monocystronic in nature with the sole préendor transcription located in the
Le where the polymerase binds to nt 1-11 and mal@sg the length of the genome
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(Cowton and Fearns, 2005). There is an uracyl{ithich) region at the end of the Le
sequence (Figure 3), just before the NS1 GS whieterthines the efficiency of
transcription. The U-rich and NS1 GS sequence «derate up to 80nt foreign
nucleotide insertion upstream without any signifiicanhibitory effect to transcription.
However, deletions in the sequence upstream ofUdreh region cause inhibitory
effects on transcription (Fearres al., 2000; McGivernet al., 2005). The NS1 GS
sequence is part of the sequential-transcriptiatesy (Cowtoret al., 2006) whereby
mutation to this sequence causes up to 90% reduofidownstream genes transcript
(Kuo et al., 1996).

The GS sequence is believed to hold the templatecd@olymerase for a sufficient
time to allow the initiating nucleotides to entke tpolymerase active site and to initiate
RNA synthesis (Cowtost al., 2006). When the polymerase reaches the GE segjuiénc
polyadenylates and releases the nascent mRNAerit finitiates RNA synthesis at the
next GS sequence and caps (Liueizal., 2005) and methylates the 5’-of the RNA.
Thus, the GS and GE signals help to produce padtgoie mRNAs for individual
protein translation (P. L. Collins and Wertz, 1988he GE sequence contains the
UCAAU motif which is conserved in nine of the teleGequences. The GE motif is
probably designed to be of moderate efficiency nsuee polymerase readthrough
during transcription (P. L. Collins and Wertz, 1988sulting in read through mRNAs
in HRSV infected cells.

The M2-1 protein helps to enhance processivityhefgolymerase which in turn ensures
read through at the GE sequence (Suthertral.,, 2001) and prevents inappropriate
dissociation at the U-rich intergenic region (Haathd Wertz, 1998; Sutherlamtial.,
2001).

With sufficient processivity and GE read througlpataility, the polymerase will still
have the tendency to dissociate from the genomudtirggs a gradient of expression, with
the gene at the 3'- end being transcribed moreuéretly compared to those at the 5'-
end of the genome (Kremmt al., 2002). Thus, proteins that are required in vast
quantity are positioned near the 3’- end while ¢hnseded in minute quantity are near
the 5-end (P. L. Collins and Crowe, 2001).

The polymerase has a dual function in transcrip{es transcriptase) and replication

(replicase) but the actual mechanism controllingséh two functions is not yet
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understood. During replication, the polymerase bitalthe Le region and initiates full
length antigenome synthesis from the 3’-end digigg the GS and GE motifs. The
first 34nt of the Le region are important for aetigme synthesis but the polymerase
binding site remains the same as during transoriptevealing a dual function for the
first 11nt. The central region of the Le sequente 16-34) is believed to mediate
encapsidation nucleation of the antigenomic RNA &mdnsure readthrough at the GE
sequences (McGivemt al., 2005)

At the end of the antigenome (positive strand gegjasthe complement for the trailer
(TrC) (Figure 2) which contains a promoter to gabterthe negative sense genomic
RNA at a significantly higher level of replicatiohan the Le resulting in higher
concentration of negative sense genomic RNA (prodti@rC promoter) compared to
positive sense antigenomic RNA (product of Le prtaman infected cells (Minkt al.,
1991).

The first 36nt in TrC is sufficient to initiate regation and to direct transcription when
positioned upstream to a GS sequence. TrC and amqiers have identical strength
when the Le sequence was replaced with the TrC eseguin a minireplicon
experiment. However, then the length of the intaelTrC sequence was increased to
147nt, replication was increased four-fold with akntotal silencing of transcription
suggesting that there is a non-essential cis-aeiaegent which enhances replication.
This element is thought to reside in nucleotidédwess 36-97 but the exact location and
mechanism has not been mapped to date. Howevegithacting element is believed to
accelerate polymerase binding to the promoter aeddup initiation of RNA synthesis
and promoting encapsidation of the nascent RNA lwhmdght facilitate replication
processivity (Fearng al., 2000). The genomic RNA is encapsidated with rymietein
immediately upon synthesis (Cowteiral., 2006).



1.4 Viral proteins

1.4.1 Non-structural proteins (NS)

HRSV encodes for 2 nonstructural proteins from 2ropeading frames producing NS1
and NS2. They are synthesized in high quantitynfedted cells but are not packaged
into the matured virions (Bitket al., 2007).

NS proteins act as host range determinants. Baesgratory syncytial virus (BRSV)
and HRSV grow in an identical manner in both huraad bovine cells lacking intact
interferon (INF) functions. However, when grownIMF competent human cells, the
growth of BRSV was retarded andlce versa. Similarly, the growth of HRSV was
insensitive to exogenous INF when grown in humdhlieee but growth was retarded
by exogenous INF when grown in cells from bovinggiar (Bossert and Conzelmann,
2002).

The nonstructural proteins function by inhibitingsh innate immunity especially the
type | interferon (IFN) to ensure uninhibited grovit the host cells with NS1 playing a
greater role compared to NS2 (Spaginal., 2004). NS1 and NS2 are functionally
related and were shown to form a heterodimer in umoprecipitation experiment but
can function individually or in concert in the ibition of the IFN synthesis pathway
and IFN function. (Swedamt al., 2009). The deletion of NS1 and M2-2 caused
attenuation of the virus in a primate model (Tehgl., 2000) and severely retarded the
viral replication, producing smaller plaques in ¥etell culture. NS2 is relatively
unstable with the half life of 30 minutes suggestinat it plays an important role in the
early phase of the life cycle. (Evagtsal., 1996).

NS2 alone can inhibit the INF production mediatgdte retinoic acid induced gene |
(RIG-I) and Toll-like receptor 3 (TLR3) pathwaysiiig et al., 2009). It also reduces the
level of signal transducer and activator of traipgmn 2 (STATZ2), a transcription factor
for INF-inducible antiviral genes by proteasome-@®gent degradation but increases
the level of inhibitor of NF-kappaB kinase(IKKe) (Swedanet al., 2009). However,
NS1 is known to reduce the production of KKSwedanet al., 2009) suggesting a

negative regulatory effect on NS2.

Both NS1 and NS2 work together in reducing the ll@feTRAF3 (Tumour Necrosis
Factor receptor-associated factor 3) with NS1 pigya greater role (Swedaa al.,
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2009). TRAF3 functions downstream of multiple (Twmonecrosis factor) TNF
receptors and receptor that induces WHNF-8 and INF-A synthesis, including
Toll-like receptor 3 (TLR3) (Pérez de Diego et al., 2010) and is a negative
regulator for NF-KappaB activation (Ikeda al., 2010). The genetic deficiency in
TRAF3 ablates the ability of individuals to actieatNF upon stimulation and is
associated with increased susceptibility to heigpeglex virus-1 encephalitis (HSE)
(Pérez de Diegeat al., 2010). The expression of both NS proteins preteatearly
apoptosis of infected cells (Bitlab al., 2007).

Although NS1 is not packaged into the matured wirit might be involved in the
virion packaging process as it was shown to becgssnl with the matrix protein in a
co-immunoprecipitation experiments (Tedgal., 2000). The absence of NS1 reduces
the efficiency of the virion assembly and buddidio &t al., 2000).

1.4.2 NPL complex

The HRSV nucleoprotein (B. Garcia-Barregiaal., 1996), phosphoprotein, polymerase
(Khattaret al., 2001) and M2-1 (Masod al., 2003) proteins work in concert in RNA

synthesis.
Nucleoprotein (N)

Common with all other members dfiononegavirales order, HRSV encodes for a
nucleoprotein, in this case of 391 amino acids {adgngth,which forms a nuclease
resistant helical ribonucleoprotein complex withe tigenomic RNA forming the
nucleocapsid (P. L. Collins and Crowe, 2001). Nrfera decameric ring like structure
with each nucleoprotein subunit held together by dar Waals interaction between the
highly hydrophilic N-terminal domain (aa36-253) a@derminal domain (aa257-360).
The decameric structure is further stabilised by ¢fenomic RNA belt which runs
within a basic surface groove surrounding the fenip of the ring with every 7

nucleotides interacting with one N subunit (Tawtzal., 2009).

The C-terminal end of N was shown to bind to thegmoprotein using monoclonal
inhibition assay and peptide interference assaysr@et al., 2001).

With the resolution of the crystal structure ofiNwas postulated that the polymerase

can read along the RNA without the need to dissediafrom the genomic RNA by



transiently moving the N-terminal domain (NTD) likdever exposing the bases during
transcription (Tawart al., 2009). Encapsidation of the genomic RNA prevahts
formation of secondary structure, eliminatinig theed of helicase and reduces the
formation of double stranded RNA to avoid trigggrihost’s antiviral response (Le
Mercieret al., 2002).

Phosphoprotein (P)

The phosphoprotein is a 241 amino acid protein Wwiscfolded into oligomer of ~500
kDa, possibly a homotetramer. It contains a cerdtalctured domain (aal00-200)
flanked by two essentially disordered regions (88hnd aa201-241) (Llorentt al.,
2006). P is heavily phosphorylated in Ser232 ardatbsence of phosphorylation at this
site yielded a partially synthesized RNA transcgpggesting that phosphorylation is

essential in the activation or stabilization of gutymerase (Dupust al., 1999).
RNA dependent RNA polymerase (L protein)

The RNA dependent RNA polymerase is the largesieprencoded by HRSV which

gives it the abbreviation L protein. The L geneHRSV strain A2 is 6578nt long

encoding a protein of 2165aa with a molecular weh250kDa as determined by
electrophoretic mobility (Steet al., 1991; P. L. Collins and Crowe, 2001). The L
protein sequence is rather similar to that of oth@ramyxoviruses but with a 70 aa
extension at the N-terminus which is probably dughe adoption of a new translational
start codon which overlaps with the upstream M2egéihe N-terminus half of the L

protein shares 20% homology with the equivalenioreg of other negative stranded
virus polymerases and contain 6 isolated segmemas are colinear and highly

conserved with 3 segments match sequence motdsf@lsd in other RNA-dependent
RNA and DNA polymerases (Stetal., 1991).



1.4.3 Matrix protein (M)

The matrix protein association with the NS1 prosiggests that it requires the NS1 for
maturation, assembly (Tergj al., 2000) and are responsible for connecting thd vira
membrane to the nucleocapsid and plays a role i Régulation (Ghildyalet al.,
2006). The M protein was shown to translocate ithte nucleus of infected cells
through the action of importiAl nuclear import receptor and exit into the cytepia
through the nuclear export receptor Crml directgdhle nuclear export signal (NES)
located in residues 194-206 of the M protein. Motabf NES in recombinant HRSV
resulted in reduced virus production (Ghildgghl., 2009).

The mRNA coding the M2 protein contains two ovepliag open reading frames
(ORFs) ORF1 encodes the 22kDa structural prote2y1IMind ORF2 encodes a 10kDa
protein (M2-2) (Hardy and Wertz, 1998).

M2-1

The M2 gene of HRSV encodes for a protein of 19%akength with the molecular
weight of 22kDa, thus previously known as the 28ktgin. The M2-1 proteins coexist
in 2 isoforms and can be distinguished by westéhwhereby a 24kDa species can be
observed (Routledget al., 1987). The 24k species is phosphorylated at Sar&B
Ser6l by casein kinase | (Cartee and Wertz, 20igrestingly the 24k species
dominates when expressed alone but the 22k spdmiemates when co-expressed with
other HRSV components. M2-1 self assembles intgoatiers, possibly tetramers in
infected cells (Tramt al., 2009), a phenomenon which was initially descriBetbcades
ago when resolving the M2-1 through polyacrylamgi# in non-reducing condition
(Routledgeet al., 1987).

The M2-1 protein serves as a transcription factdrictv increases polymerase
processivity, and acts as a transcription anti-teator by promoting readthrough of
intergenic junctions during virus transcription (e and Wertz, 2000). The M2-1
protein contains a Cydlis; motif (C-X;-C-Xs5-C-X3-H) near the N-terminus and this
pattern is conserved in all human, bovine, and ®@®&V. This motif, known as the
zinc finger motif is known to bind zinc in anoth@olecule and maintains the integrity
and function of M2-1. It is believed that the bimgliof zinc to this site alters the 3
dimensional structure of M2-1 making it more acd#esto cellular kinase for

phosphorylation. Site directed mutagenesis expetisngblating the binding site of M2-
10



1 with the nucleocapsid have shown that M2-1 carction alone (Hardy and Wertz,
2000).

M2-2

Transcription of M2-2 is initiated by any of ther¢lk start codons upstream of the stop
codon of M2-1 with the first two being more importaStudies have shown that the
location of the M2-1 termination codon is crucialregulating the translation of M2-2
suggesting that M2-2 is accessed by ribosomesatiedieaving the ORF1 (Gholamreza
Ahmadianet al., 2000).

M2-2 is expressed as a separate protein from Matity expression is believed to be
highly regulated by M2-1 (Chergg al., 2005) as the concentration of M2-2 is relatively
low compared to that of other viral proteins (G.mddianet al., 1999).

M2-2 was initially found to be inhibitory to RNA anscription and transcription by
RSV minireplicons and overexpression of the M2-at@n completely inhibited the
RSV replication (Chengt al., 2005). However, recent studies have shown thatM2
acts as a regulatory factor for the RNA replicatiamd transcription of HRSV in
infected cells rather than being solely inhibitoBxperiments with the M2-2 knockout
mutant AM2-2), where the second start codon of the M2 gemsdent show that M2-2
increases RNA replication and regulates transomptM2-2 promotes transcription in
the early stage post infection and allows the mRNMAaccumulate to a certain
concentration. M2-2 downregulates transcription apdegulates replication when the
threshold mRNA concentration is reached to favoenagnic RNA synthesis. The
absence of M2-2 attenuates the virus by the famftdi®®, accelerates cytopathology
vitro but somehow increases gene expression. The detdtihe M2-2 can be an useful
feature in vaccine design as it allows infectiorthad respiratory tract at low MOI but

with the enhancement of viral protein productioerf@ingham and Collins, 1999).
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1.4.4 Surface glycoproteins

HRSV expresses three glycoproteins which are dysplan the surface of the infected
cells. They are the small hydrophobic protein (SHg, attachment protein (G) and the

fusion protein (F).
The small hydrophobic (SH) protein

The small hydrophobic protein is a 64-65aa longedéjng on strain (64aa for
subgroup A and 65aa for subgroup B). It is a typeintegral transmembrane
glycoprotein in which the N-terminus of the glycofmin is anchored via a
transmembrane region and the C-terminus locate@dasttularly (Peter L. Collins and
Mottet, 1993). The exact extent of the transmembi@main is controversial. Collins
and Mottet, (1993) suggested aal4-41 but aa20-g2dwently been suggested (Gan
al., 2008). There are several forms of the SH propegsent in infected cells which
differ in their amount of glycosylation. The ungbgylated form (Sk) (7.5kDa), which
accumulates in abundance, a minor truncated spé€sley (4.5kDa) produced as the
result of a second AUG translation initiation codanh methionine-23 (M23). SH
undergoes N-glycosylation at Asparagine-52 (N52joion SHg (13kDa) while SHp
(21-40kDa) is a post translational modification 8Hg with the addition of
polylactosaminoglycan to the N carbohydrates (ROAnsted and Collins, 1989; Peter
L. Collins and Mottet, 1993). SH accumulates inratance in the compartmertsthe
secretory pathway, such as the endoplasmic retic(llR) and the Golgi complex and
associates closely with lipid raft structures withthe Golgi complex (Rixoret al.,
2004).
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Figure 4 Molecular model of full-length SH proteinas a hexamer.

W15/H22 residues within the trans-membrane domansaown within the putative
channel lumen. (Cartet al., 2010).

Purified recombinant SH protein synthesizedircoli were shown to form pentamers
and hexamers (Figure 4) with a central channel mregs 1.9 and 2.6 nm respectively
(Carteret al., 2010). This model shows the location of a cors@ér¥ryptophan-15
(W15) positioned at the channel entrance with aipmal Histidine-22 (H22). This
structure is similar to that of the M2 protein oflienza virus type A which acts as an
ion channel controlled by ‘tryptophan gates’. Gatevement is triggered by
protonation of the histidine residue (Schnell anab@ 2008). This tryptophan gate
hypotheses had been further enhanced as the trarisaree domain of the HRSV SH
protein forms pentamerie-helical bundles producing cation selective ionroies in
planar lipid bilayer (Gaset al., 2008).

It has been suggested that the SH protein migbtlssinvolved in the enhancement of
syncytium formation in cells (Heminwast al., 1994). However, recombinant HRSV
lacking the entire SH gene replicated as efficieatl the wild type recombinant virus in
cell culture, although it grew less efficiently tine lungs of mice (A. Bukreyest al.,
1997; Techaarpornkut al., 2001). Further studies of deletion mutants sugiyed SH
has a negative effect on virus fusion in cell adt(ifechaarpornkugt al., 2001). In the
absence of the G gene, virus expressing both thedFSH proteins display relatively
smaller plaques, reduced fusion activity and slowsal entry compared to the virus

expressing the F protein alone.
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The G glycoprotein

The G gene of HRSV strain A2 is 918nt in lengthahhvaries from strain to strain. The
single gene encodes for two different types of gyotein, one being a type Il integral
transmembrane glycoprotein (Gm) (Satakeal., 1985; Gail W. Wertzt al., 1985),

which is incorporated into mature virions and disseld on the infected cell surface, and

a soluble form (Gs) which is secreted into the emment.

The soluble form of G glycoprotein is the result afsecond in frame translation
initiation codon at methionine-48 (M48) (Lichtenstet al., 1996) (see Figure 5). Gs is
formed by proteolitic cleavage at the N-terminalridg maturation to remove the
truncated signal/anchor domain producing a polydepwith the amino terminal
asparagine residue corresponding to codon 66 (Nb@)e full length G. The presence
of the full length signal anchor domain prevents ¢leavage of Gm suggesting the type
Il signal sequence (Robergsal., 1994). Hence, Gs represents the ectodomain of Gm
without the signal sequence and hydrophobic trandon@ne region. Gs exist as a
soluble monomer (Escribano-Rometal., 2004).

Gm of strain A2 has the predicted molecular weight32.5kDa and the mature
molecular weight of 84-90 kDa which appears astarbgeneous band in western blots
although less glycosylated bands of approximaté&y8@ kDa can accumulate to a
significant amount (Gail W. Weri al., 1985). Gs is 6-9 kDa smaller compared to Gm
in electrophoretic mobility (Lichtensteiet al., 1996). This information suggests that
more than half of the molecular weight of the Geglyrotein consists of carbohydrates
especially the O-linked oligosaccharides (Gail Wert¥ et al., 1985). Matured Gm
oligomerizes into a homotetramer or homotrimer e tendoplasmic reticulum
(Escribano-Romeret al., 2004).

A new variant of subgroup B HRSV known as the Bugerdares strain (BA) was

isolated in 1999 which contains an exact repetiodr60 nucleotides in the G gene
subsequent to residue 791. This repetition is #anky a repeat of four nucleotides
(GUGU) and can fold into a relatively stable seamydstructure. The predicted
polypeptide is extended by another 20aa (residu®27Z®), reflected in the slower
electrophoretic mobility of the G protein precursdBA viruses compared with related
viruses (Trentet al., 2003). The antigenic significance of the repetitis currently not
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known but has served as a useful natural tag inefhéemiological study of HRSV
(Trentoet al., 2010).
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Figure 5 Schematic and 2-dimentional diagram of HRS G glycoprotein.

A scheme of the 298 amino acid Gm protein from Letigin HRSV is presented in the
upper part of the figure, denoting the hydrophabgion (=), the potential N- ¥) and

O-glycosylation sites (]), and the cysteine resd(®. Also indicated are the two
mucin-like regions. Formation of the Gs form occhystranslation initiation at Met48
and subsequent cleavage after residue 65 (Ro#teats 1994). A 3D structure of the
mature Gm shown as a homodimer rather than a horaoter at the bottom of the
figure for illustration purpose (Escribano-Rometal., 2004; Melero and Cane, 2006).
The first 37aa at the N-terminus form a cytoplastait and is followed by the 26
hydrophobic residues of the transmembrane regidre first hypervariable region
before the cysteine residues is a stiff shaft-léteicture extending the polypeptide
backbone towards the environment possibly due évicstinteraction between the
heavily clustered O-glycosylation of the region ahe polypeptide (Jentoft, 1990).

Both hypervariable regions are serine, threonirgk @oline rich which resembles the
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amino acid composition of mucins as secreted bhejpal cells, and are named mucin-
like regions (I. Martinezt al., 1997).

The epitopes of the G glycoproteins were groupdd three regions namely the
conserved, subgroup specific and strain specifiopes based on the sequence analysis
of escape mutants selected against a panel of numabcantibodies. Briefly, virus
plaques were passaged in the presence of monockmddodies in the form of
hybridoma supernatant which were raised againgbgreup A HRSV strain Mon/3/88
and the G gene of the resulting escape mutants segeenced and analysed (I.
Martinez et al., 1997). Other methods such as competitive ELIS®eHaeen used for
topological mapping of epitopes in the G glycopiotend ten distinct epitope regions
were identified based on the panel of monoclon@ibadies used (B Garcia-Barresb

al., 1989).

The central unglycosylated region contains bothseored epitopes for all HRSV and
subgroup specific epitope which are uniqgue amon@YiRom the same subgroup. The
central unglycosylated region contains a 13aa seguevhich is highly conserved
among all HRSV strains and the ‘cysteine nooseoregverlaps four cysteine residues
(aa 173, 176, 182, 186), also conserved in BRSViclwiiorms disulphide bonds
between C173-C186 and C176-C182 holding this relijkena hairpin loop (I. Martinez
et al., 1997; Meleroet al., 1997). The cysteine noose starts with a singleelix
followed by a 1.5¢-helical turn formed by residue P180-W185 in whitle inner
disulphide bridge (aal76-182) adopts the left hamhformation but the outer
disulphide bridge (aal73-186) is less defined. dbeer disulphide bridge probably
adopts both left and right hand conformation wheotist in equilibrium. The twa-
helices are connected by a reverse type | turlC{@d 76-Asn179) and form a 9A thick
disk with a diameter of approximately 20A with A3®l extending into the
environment. A hydrophobic pouch of approximatefy i4 thought to attach to small
ligands or amino acid side chains. The hydrophplowach is lined by Cys176-Cys182
(top), lle185-Cys186 (right), Vall71 and Prol72 ttbm) and Cysl173 (left). The
Cys182 has the most surface accessibility withithekbone oxygen atom being the
only exposed hydrophilic atom in the pouch andydrbgen bonded with the amide
hydrogen of Cys186 (Doreleijeesal., 1996).

The C-terminal hypervariable region of the Gm aftex cystine noose contains strain
specific epitopes (I. Martineet al., 1997). This region is prone to host protease
16



degradation and viruses grown in Vero cells exkahibature G protein which lacks the
C-terminus and has a molecular weight of 55 kDaamspared to 80-90 kDa in HRSV
grown in Hep-2 cells (Kwilast al., 2009). The C-terminal hypervariable region i®als
highly O-glycosylated as with the first hypervidoia region and host cell specific
glycosylation affects the expression of some stspacific epitope (Garcia-Beato and
Melero, 2000). Thus, infection of a HRSV straindifferent individuals might produce
G glycoprotein with different carbohydrate side iohdue to individual polymorphisms
which alter the expression of epitopes in the Ggyotein (Melercet al., 1997). The
glycosylation of the C terminal hypervariable regigeems to reduce the reactivity to
human sera suggesting that glycosylation in thggoreis important as part of the viral
Immune evasion strategy (Rawling and Melero, 2007).

The G glycoprotein was shown to play a role indittaent of HRSV. The use of G
specific monoclonal antibodies blocks the attachnoémvild type (wt) HRSV to HelLa
monolayer (S. Levinet al., 1987). However, G gene deletion mutant virusesareed
capable of infecting cells but with reduced effrag of entry by 3 to 4-fold (Schlender
et al., 2003).

The G glycoprotein contains a heparin binding donspanning from aa 184-198 in
subgroup A and aa 183-197 in subgroup B (Feldstah., 1999). Treatment of HRSV
with heparin blocksin vitro infection of Hep-2 cells monolayer but only withet
presence of heparin during the time of inoculatibirther experimentation with
immobilized heparin and affinity chromatography fions the binding of G to heparin
(Krusat and Streckert, 1997). The G glycoproteirsoalbinds to heparin-like
glycosaminoglycans (GAGs) such as heparan sulpégieessed on the cell surface
(Isidoro Martinez and Melero, 2000) which is aléwuadant in the lung.

The Gs is produced in much larger quantity compé#weitie membrane bound G (Gm)
(Robertset al., 1994) in the first 24 hours p.i. and comprise$020f the total G
glycoprotein produced during infection. Gs was shaw play a role as an antigen
decoy to facilitate immune evasion. Although thitiahamount of Gs in the inoculum
is insufficient to protect the virus from G specifintibodies from maternal transfer or
previous infections, the local concentration ofBgounding the infected epithelial cell
would be significant after one or two cycles inliegtion and may be enough to quench
G specific antibodies (Alexander Bukreyehal., 2008).
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The central conserved cysteine noose contains &CGX@mokine motif at amino acid
position 182-CWAIC-186 which binds to CX3CR1, a gfie receptor for the CX3C
chemokine fractalkine (CX3CL1) which regulates lecyte adhesion, activation, and
trafficking (Trippet al., 2001). This finding suggests that the CX3C mistifivolved in
the induction of pathology in RSV infected tissuesivo. The CX3C motif was proven
to be important in the development of enhancedadmsecaused by FI-RSV. Mice
immunized with FI-RSV vaccine with an ablated CX8&®tif or the deletion of the
whole G did not exhibit enhanced pulmonary disealsaracterised by pulmonary
eosinophilia  with significant inflammatory respons@Haynes et al., 2003).
Immunization of cotton rats with recombinant HRSMtheut the G glycoprotein
(GAHRSV) induced long lasting protection with the hoty titer comparable with
cotton rats immunized with wtHRSV. TheABRSV detectability in the nose and lungs
of cotton rats was negligible compared to wtHRSY lbw levels could be detected in
nasal washes showingABIRSV is highly attenuatech vivo but indistinguishablen
vitro (Widjojoatmodjoet al., 2010).
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The Fusion glycoprotein

The F gene of HRSV strain A2 is 1903 nucleotidekength and contains a single ORF
which encodes a protein of 574 aa with the caledlaholecular weight of 63.5kDa (P.
L. Collins et al., 1984b). Unlike the SH and G protein, the fusibh dlycoprotein is a
type | integral membrane protein whereby its N-ietm is oriented extracellularly
while the C-terminus remains in the cytoplasm (PChbllins et al., 1984b). There are
three hydrophobic regions in the F glycoproteirsiagwn in Figure 6. First, the signal
sequence in the N terminus of the F2 chain, sedsritie fusion peptide at the N-
terminus of the N-terminus of F1 chain, and thedths the transmembrane regions
located near the C-terminus of F1 chain. Adjacemttlte fusion peptide and
transmembrane regions are two heptad sequencedynatiRA and HRB. HRA and
HRB peptides are known to form trimeric complexesalution (Matthewst al., 2000;
Xun Zhaoet al., 2000).

Site | Site N
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Figure 6 Schematic diagram of the F glycoprotein.

Diagram of the F protein primary structure denotoygteine residuess], potential
glycosylation sites &), hybrophobic regionsmf, heptad repeat sequenceg éand
cleavage sites by fur-sequence motifs (boldface)cteavage sites | and Il (Gonzalez-
Reyeset al., 2001) and the antigenic sites (Ag) I, Il, IV,V)\dre indicated (Lopeet al.,
1998).

F is initially synthesized as an inactive precurfe@) and translocated through the
membrane into the lumen of the endoplasmic retrouhitiated by the signal sequence
at aal-22 where high mannose sugar chains areerlabdded to the asparagine
residues. There are a total of 5 and 6 potentiglydan acceptor residues in the FO (A2
and Long respectively). Then F is exported to tistatl cisternae of the trans Golgi
compartment and the more distal trans Golgi netwdrkre the furin like protease will
recognise the highly conserved basic motifs, 106RRAL09 Gte I) and 131-
KKRKRR-136 Stell) and cleaved at both residues 109 and 136 (Figuresulting in

two phenomenon; first, the release of a 27 aa gepipep27) the exact function of
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which is not yet determined, second, the formatbmolypeptides (F2) from the N-
terminus and F1 from the C terminus which are hadgtther by a disulphide bond. The
mature F protein can be resolved under reducingliton in SDS-PAGE as bands of
50 kDa (F1), 20 kDa (F2) and 58 kDa (cleavage méegtiates) (Zimmeet al., 2001).
The cleavage intermediates resulting from ineffitigrotease activity can also be found
in HRSV infected cells (Gonzalez-Reyetsal., 2001). No FO residue is found on the
cell surface and export of F to the cell surfackelgodepends on cleavage and not

glycosylation (Peter L. Collins and Mottet, 1991).

HEAD

NECK

STALK (CORE)

Transmembrane Domains ~=——— Fusion Peptides

Figure 7 Homotrimeric fusion glycoprotein.

Diagrammatic representation of the pre-fusion stmec of the homology model of
RSV-F. The protein is colored by chain, with the dabunits in orange, green, and
violet and the F subunits in red, yellow, and blue. The divisiontloé structure into
head, neck, and stalk (or core) regions is indd;ats are the attachment points for the
three viral anchor peptides and three fusion peptigvhich are not included in the
model. (Mortonet al., 2003).

The prefusion mature F glycoprotein folds into anletrimer (Calderet al., 2000) as
depicted in Figure 7 before being exported onto te##f membrane with the

transmembrane anchor residues 525-550 embeddgd lipid bilayer (P. L. Collingt
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al., 1984b) the fusion peptide protruding from theedkitinus of the F2 (Matthewet
al., 2000).

The trimeric structure can be divided into thregnsents namely the stalk/core, neck
and head. The core is made up by a six-memberagdagaitel helical coiled coil
structure where the HRA and HRB interacts (Xun Z&aa., 2000).

The head region of each monomer is made up byBtemled domains, namely | and Il
which form the upper walls of a radial channelrdeiisection of the head and the neck
layers. Domain | is a highly twisted 7-strandkefarrel-like assembly and domain Il is
an immunoglobulin-like sandwich domain and it forthe opposite wall of the radial
channel. A central void accessible from the exteoibthe protein through a channel
down the axis of the protein can be observed bgtrele microscopy (Lin Chest al.,
2001). The head is supported by the protruding meglon (Mortonet al., 2003) made
up of a triple-helical coiled coil encircling thrempies of residue G171-F221 and
extended to the HRA region by 21 residues (Lin Céeal., 2001). The HRA coiled
coil continues towards the N terminus, out of tlaséof the neck and onwards to the
base of the stalk where the remaining visible HRgion is well packed around the
molecular axis (Lin Chesgt al., 2001).

Viral membrane
T\ ==

"

Activation Fusion
—_— —

T - o ’ ! ~
0 & &F<3 &F 3
Cell membrane Fused membrane
A B C D

Figure 8 Membrane fusion mechanisms (McLellaret al., 2010)
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The fusion mechanisms of the F glycoprotein araatiegh in Figure 8 . In the prefusion
state, the fusion peptide is always kept at theadtdRA (Figure 8A and B) and upon
attachment to a cell, the fusion protein is acédaand forms a prehairpin intermediate
resulted in the release of the fusion peptide thinoilne head of the fusion protein into
the target cell membrane (Figure 8C). The targkihoembrane and viral membrane are
pulled into close proximity when the prehairpineimhediate structure collapses into the
hairpin intermediate and the six helix bundles bedo form resulting in the formation
of post fusion conformation where the membranedusgether (Figure 8D) (Mortos

al., 2003; McLellaret al., 2010).

The initial work to map the epitopes of the fusgiyicoproteins revealed three distinct
types of epitopes namely; neutralizing and fusiohibiting, neutralizing, and non-
neutralizing (Edward E. Walsét al., 1986). Later, these antigenic sites were mapped
into domains called 1, 1l, IV, V, and VI (('Recowefrom infants with respiratory illness
of a virus related to chimpanzee coryza agent (CQR)Epidemiologic aspects of
infection in infants and young children.,' ; Arbieaal., 1992) and the locations are

shown in Figure 6.

Antigenic site Il is located in the protease resistregion (aa255-275) within the F1
(Lopezet al., 1998) and antibodies that bind to antigenic Bitge highly neutralizing
and possess protective fusion inhibitory propertRe¢overy from infants with
respiratory illness of a virus related to chimpanzeoryza agent (CCA). Il
Epidemiologic aspects of infection in infants amdigg children.,’ ; C. E. Taylat al.,
1989). Antigenic site Il is made up by twehelices which require a certain level of
conformational protein folding for the correct pgagon of the functional epitope, thus
mapping antigenic site 1l with shorter overlapppeptides tend to give negative results
(Lopezet al., 1993). The humanized murine monoclonal antibdtbligizumab) which
is currently used as a passive immune prophylagasnat HRSV infection (Melero and
Cane, 2006) binds to this site.

Antigenic site 1V, V and VI are neutralizing epitp and binding of recombinant
murine monoclonal chl01F which was mapped to aa-48% within this site
neutralized the wild type HRSV (Sheng-Jiun \&tual., 2007b). Site | is a group A
specific epitope which is partially neutralizingtivione log unit reduction in infectivity
with Long strain but escape mutants to this site lsa recovered after passaging the

virus under selective pressure with monoclonalbaxdies to this site. Escape mutants
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derived from Mabs to this site revealed at leasi tlistinct epitopes. (Lope& al.,
1998).

1.5 Epidemiology

RSV epidemics occur each winter in temperate clsauch as in the UK starting
around week 40 reaching a peak in between week4&5hown in Figure 9. During
the peak of the epidemic, there can be more th@0 t8ses of HRSV infection reported
every week in the UK with a majority of the patigaiged <1 yr followed by those of 1-
4 yrs (Patricia. A. Cane, 2001). HRSV is also gguped as a major respiratory
pathogen in some adult populations (A.R. Falsewl., 2005) especially those with
cardiopulmonary diseases, and among the immunoamsged hosts such as those
with human immunodeficiency virus (Dianne MurphydaRose, 1989; van der Ve
al., 1996), renal transplant patient(s) (Janet A. &mglet al., 1988; Moraleset al.,
2003) and pancreas transplant patients (Janet AyluBeh et al., 1988). The
epidemiologic study revealed that HRSV is respdasib 2-5% of pneumonia in the
adult population. The HRSV attack rate in the mgsnome was estimated at 5-10%
annually with 10-20% HRSV associated pneumoniazbélo mortality (Ann R. Falsey
and Walsh, 2000). Patients scheduled for bone mvarnansplant are at a very high risk
due to the administration of immunosuppresive dpgs to marrow engraftment (Ann
R. Falsey and Walsh, 2000) although early admatistn of ribavirin might prevent the
progression of URTI to LRTI and reduced mortaligter in those who developed
pneumonia (Hattingtoet al., 1992; Bowden, 1997).
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Figure 9 Prevalence of HRSV infection in the UK.

The graph was adapted from http://www.hpa.org.yilated on the 1st September 2010
as reported by the microbiology laboratories of N&ifsl HPA over 6 seasons based on
the date of specimen.

In equatorial countries such as Malaysia, HRSVhdeenic throughout the year with a
periodic peak between November to January ann(sdg Figure 10) corresponding to
the annual monsoon season which is characterizea dyamatic increase in rainfall

(Chanet al., 2002). However, it is noteworthy that the pereget of cases of HRSV

reported in the drier months may not be signifigaldwer than those reported during

the monsoon season. The epidemics seem to emertfee irquatorial regions and

radiates in both direction north to the northermisphere and south to the southern
hemisphere (Stensbakeal., 2003).

The compilation of published epidemiological dagaaaled a distinct epidemic pattern
according to region with countries from each regsiraring similar seasonality and
epidemic peak. In every region, the annual temppealk occurs in a relatively fixed
epicenter in the same month with spreads over dhewling months away from the

epicenter corresponding to the gradual climaticngea Nevertheless, all epidemic
peaks are associated with factors such as populateawding, reduced herd immunity
especially among child bearing females which |dadmfants with reduced immunity

and seasonal immunosuppression (Stensbiadlie, 2003).
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Figure 10 Prevalence of HRSV infection in Malaysiaor 180 months between
January 1982 to December 1997

Only patients with LRTI were included (n=5691, agé<nonths).
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1.5.1 RSV subgroups

HRSV isolates can be categorized into 2 subgrodestified as subgroups A and B.
They are effectively 2 different serotypes whicm d@ distinguished with polyclonal
antibodies in plaque reduction neutralization assalyere polyclonal raised against one
subgroup can effectively neutralize its homologaudgroup but is less effective
against the heterologous subgroup (Coatesl., 1966). Later, the subgrouping was
standardized by the reactivity profile with a panélmonoclonal antibodies directed
against the P, F and G proteins by IFA or ELISAdArsonet al., 1985), G, F, M, N by
radioimmunoprecipitation analysis and IFA (Mufsairal., 1985), F and P by IFA and
immunoblotting (H. B. Gimeneet al., 1986) F, G, N and P by IFA (Tsutsustial.,
1988).

During an epidemic, both subgroups of HRSV are mdlmpresent with varying
proportion with either one subgroup dominatingroequal proportions (Mufsoet al.,
1988; Hendryet al., 1989; Hallet al., 1990; Freymuthet al., 1991). Attempts to
measure and compare the severity of disease chysedth group of viruses have not
yielded a clear cut differences in virulence (GclMoshet al., 1993; Martinelloet al.,
2002; Oliveiraet al., 2008). Nevertheless, it was tempting to speculaesubgroup A
causes more severe disease compared to subgrotfalBe( al., 1990; Edward E.
Walshet al., 1997; Papadopoulasal., 2004).

The antigenic relatedness between sugroup A andaB &stimated from antibody
response by cotton rats immunized with either soiggrA or subgroup B HRSV. It was
shown that the fusion glycoprotein shares 50% edlass while the G glycoprotein
shares only 5% relatedness in murine model. Botlgemups shared only 53-56%
amino acid identity in G between subgroups A (etr&R) and B (strains 18537 and
8/60) (Wayne M. Sullendeet al., 1990). The authors suggested that the fusion
glycoprotein is responsible for most of the obsdresss subgroup neutralization and
protection in the murine model (Andersenal., 1985; P. R. Johnson, &.al., 1987).
Their work was further confirmed in the human mobiglHendry et al.,(1988) where
serum from infants infected with HRSV respondedthe fusion protein of both
homologous and heterologous strains of HRSV withaay significant difference.
However, the authors reported a significant diffieee when assayed on the G
glycoprotein with only 7.3% relatedness betweergsulps A and B. Nevertheless, the
similarities in the amino acid sequence can be samsed as in Table 1. The authors
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did not state the HRSV strains used for comparesweh the interpretation of this table

should be done with care.

Table 1 Percentage (%) amino acid sequence identitgr proteins in HRSV

NS1| NS2| N P M SH| G F M2-1 M2-2 L

% 87 |92 |96 | 91| 91| 76| 53| 89| 92 72 93
identity

Data was adapted from Collin and Crowe (2001)

Molecular evolutionary studies on the G glycopnotgene of subgroups A and B
revealed a very similar evolutionary rate of &80 nucleotide substitutions/site/year
(Zlatevaet al., 2004) and 1.95 x I®nucleotide substitutions/site/year (Zlatetaal.,
2005) respectively. However, the analysis of thegéhe of the BA viruses alone
revealed a higher evolutionary rate of 47107 nucleotide substitutions/site/year
(Trentoet al., 2010), more than double the evolutionary ratéhefregular subgroup B
viruses. The evolutionary rate for the fusion glyaiein was estimated to be 1.3-1.5 x
10° nucleotide substitutions/site/year showing a higtedective pressure against the G
glycoprotein than F glycoprotein suggesting the imoiogic pressure exerted on the G
glycoprotein is the main factor behind the divecsifion of HRSV lineages (Gauet
al., 2011).

Probabilistic  models of codon substitution that owall for variable
nonsynonymous/synonymous substitution rate ratioeng sites revealed that both
subgroups A and B differ in positively immune-sédégkccodons in the G glycoprotein
(Zlateva et al., 2004; Zlatevaet al., 2005) except codon 226 in subgroup A which
corresponds to codon 227 in subgroup B (Woelk amfinds, 2001) suggesting a
different selective pressure between subgroupspaoiably utilizing a different host

immune evasion strategy.
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1.5.2 Genotypes

The variation between isolates from the same suipgveas initially demonstrated with
monoclonal antibodies raised against the protostpain (Patricia. A. Cane, 2001).
This was followed by other methods and the most monly used being the
phylogenetic analysis of the G nucleotide sequemicieh can accurately define the
number of genotypes within a subgroup (Petet., 2000; Trentcet al., 2006; Trentcet
al., 2010).

In any one epidemic, more than one genotype frach sabgroup may circulate (List
al., 2003). One genotype may be dominant in one epaddmt forms a minority
genotype in the following epidemic and may disap@di@gether in the third epidemic,
perhaps replaced by a new genotype (Retrat, 2000; Patricia. A. Cane, 2001).

Clinical severity between the genotypes of subgrAugdRSV has been evaluated and
genotype GA3 seems to produce more severe disemspaced to GA2 and GA4
(Martinello et al., 2002) but recent reports showed no correlatidwéen severity of
disease with genotype (Rong-Fang Zhagigal., 2010a) although the genotypes
evaluated were not the same with the previous. @oimgp disease severity between
genogroup might not be entirely possible due todii& of the predominant group in
each epidemic and the existence of heterogenowsygss across the globe.
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1.6 Infection, Pathogenesis and Immunity

1.6.1 Spread

HRSV can be considered as the one of the highlyateat viruses that affects humans
and is mainly spread through self inoculation bgitaot with surfaces contaminated by
RSV-infected nasal secretions (Hetlal., 1980). HRSV is more labile when compared
to rhinovirus but survived long enough outside restironment for transmission. In an
experiment done back in 1980 shows that HRSV fromsah secretions remains
infectious on countertops up to 6 hours and on $amto 25 minutes (Hakt al.,
1980). The spread through aerosols seems unlilketieavirus was quickly inactivated
upon drying (Rechsteiner and Winkler, 1969) aneactibus particle transmission are
often through large droplets (Hal al., 1978). Infection can be efficiently established
by self inoculation through the eyes or nose butthoough the mouth (Hakt al.,
1981).

1.6.2 Infection

Virus replication starts in the nasopharynx witle ihcubation time around 3-5 days
(Sterneret al., 1966) with the highest detectable virus titeday 6-8 p.i (Kimet al.,
1971) with the peak illness occurred around day) &dst infection (Sterneet al.,
1966; Wrightet al., 2002).

HRSV only causes upper respiratory tract (URT)atiéa in most infants ranging from

mild medical manifestation such as poor feedingnaithea, coughing, fever, apnea,
lethargy wheezing, respiratory distress (Baker Rydn, 1999), and otitis media (T.
Heikkinenet al., 1995; Terho Heikkinewrt al., 1999). However, in some HRSV naive
infants, infection can quickly spread to the lowespiratory tract (LRT) resulting in

bronchiolitis and pneumonia, and such cases amomssgble for about 1-2% infant

hospitalizations of which 2-5% required mechanieattilation (Glezeret al., 1986; C.

L. Collins and Pollard, 2002).

The clinical manifestation of HRSV infection coatds with the pathology caused by
the virus in the LRT. In acute bronchiolitis, theim pathology is epithelial necrosis of
the small airways. The bronchiolar lumen may beckdd by dense mucus plugs
leading to trapping of air and mechanical intenfieee with ventilation. In pneumonia,
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there is a widespread inflammation and necrositheflung parenchyma, and severe

lesions of the bronchial and bronchiolar mucosaefAbket al., 1970).

Clinical recovery usually corresponded to the teation of virus shedding although

some infants continue to shed virus for many wexdles recovery (Wrighét al., 2002).

HRSV only causes localized respiratory infectionniormal infants and adults but
systemic infection and spread to other organs asdlver, heart and kidney in immune-
compromised individual had been documented (M kisbial., 1980; Milneret al.,
1985; Padmast al., 1985).

1.6.3 Innate immunity

The first line of innate defence mechanism is assed with the surfactant protein (SP),
a member of collectin family in the respiratory teys. It was shown in infants that the
amount of surfactant protein present the broncl@okar lavage fluid in children with
severe HRSV associated LRTI shows a marked reduaticoncentration suggesting
the importance of surfactant protein in keepingatihg HRSV at bay (Kerr and Paton,
1999; Barreiraet al., 2010; Kawasakiet al., 2011). Later, HRSV infection of the
pulmonary bronchiolar epithelial cells shows anilitory effect to the translation of
SP-A mRNA although SP-A mRNA transcription was mopaired (Bruceet al., 2009).

In vitro experimentation has shown a virus neutralizingatfof SP-A which recognizes
the fusion glycoprotein rather than G glycoproté@hildyal et al., 1999).In vivo
studies with SP-A deficient mice (Ann Marie LeVieeal., 1999) and SP-D deficient
mice (Ann Marie LeVineet al., 2004) showed the importance of SP-A and SP-Den t

enhancement of virus clearance.

When infection sets in the airway epithelial callsmice, these cells together with
dendritic cells (DC) and macrophages are the ¢ie#ls to respond to HRSV infections
(Sunget al., 2006). The presence of different DC subsets agtermine the course of
the immune response. For example, the expansioplasinacytoid DC (pDC) and
conventional DC (cDC) was shown to have a protedtiwact to the airway by reduced
pathophysiology characterized by decreased airwgyersensitivity, reduced Th2
cytokines, increased Thl cytokines and a redudtioairway inflamation and mucus
overexpression. All these protective responsedearversed by the selective depletion
of pDC (Smitet al., 2008) which resulted in decreased HRSV clearanddeads to the
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manifestation of immune-mediated pathology causedHBRSV infection in BALB/c
mice (Smitet al., 2006).

HRSV infection is detected thorugh a series of guattrecognition receptors (PRR)
comprising of Toll-like receptors (TLR) and cytopiaic sensors of viral RNA, such as
retinoic-acid inducible protein | (RIG-1) and medtmma-differentiation associated gene
5 (MDA-5) in mice (Katoet al., 2006). The initial detection of HRSV in the aigva
epithelial cells is recognised by RIG-1 receptaus tb the presence of single stranded
virus RNA (Ping Liuet al., 2007) which contains uncapped unmodified 5'-togphate
RNA (Pichimairet al., 2006). The synthesis of double stranded RNA lateddRSV
replication process stimulates the TLR3 (Ping dtial., 2007). Upon stimulation , RIG-

| and TLR3 activates NF-kappaB through a MyD88 fadaprotein shared by all TLR)
dependent pathway, activates mitogen-activatecepr®{MAP) kinases independent of
MyD88 pathway, which stimulates the production gbet | interferons, (INFs) and
promotes the maturation of DCs (Alexopouletual., 2001). Type | INF like INFe,
INF-B and INFe are key cytokines to antiviral response (Muleil., 1994), induce
apoptosis in murine fibroblast cells, limits virusplication in infected cells and

prevents the spread of infection to non infectdts ¢Balachandraset al., 2000).

The F glycoprotein of RSV was shown to stimulat $linthesis of interleukin 6 (IL-6)
by purified human monocytes expressing TLR4, essengiceptor for the recognition of
lipopolysaccharides from Gram negative bacteriagaplasmas, spirochetes and fungi.
The G glycoprotein and nucleocapsid protein stiteslaveaker cytokine response than
F (Kurt-Jonest al., 2000). The interation between the F glycoproteid TLR4 is host
species specific which is not activated upon stanoh by BRSV derived F
glycoprotein (Lizundiaet al., 2008). The deficiency of TLR4 results in prolodge
infection (Kurt-Jonest al., 2000) in human and reduced NF-kappaB activitynioe
(Haeberle et al., 2002). Genetic polymorphism studies have showrtatimn in
autosomal gene encoding TLR4 being associated seilere HRSV disease in human
(Mailaparambilet al., 2008). HRSV infection in the airway epitheliallsanduces the
numerous cytokine upregulation genes resultinghi@ accumation of an array of
cytokines such as CC [RANTES, Macrophage chemad#diné protein (MCP)-d, -18],
CXC [inducible neutrophil chemotactic factor (GR@)-B, -y and IL-8) and CX3C
(fractalkines) which promotes the recruitment otitnephils, monocytes, DC and T

cells into the respiratory tract, possibly conttémito a more severe disease (Sheetran
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al., 1999; Allisonet al., 2004). High levels of TNk; RANTES, MIP-Li, IL-6, IL-8,
and IL-10 were detected in the nasal wash and eacspirates of patients with severe
HRSV infection (Olszewska-Pazdrak al., 1998; Sheeramt al., 1999; Gill et al.,
2008). However, single nucleotide polymorphisms P$Ntudies have revealed the
association of SNPs in the gene loci of IL-4 (Forgbal., 2009), IL-8 (Hackinget al.,
2004; Luet al., 2010), IL-9 (Schuurhoét al., 2010), IL10 (Wilsonet al., 2005) and
TNF-a (Puthothuet al., 2009) as a genetic determinants of severe HRS¥ade in

infants.
1.6.4 Adaptive immunity

The stimulation of the adaptive immunity by HRSVingomplete and reinfections is
common and occurs throughout life (Hall al., 1991). After HRSV infection is

established, cDC migrates to the lymph nodes ptiegethe HRSV derived antigens to
the naive T and memory specific T cells. Some nigyaDC might have been infected
by HRSV but HRSV antigens derived from infected tleglial cells might have

contributed to the antigen display to the T cellakenset al., 2009) as human DC
infected with HRSV was shown to be a poor inducerTi-cell proliferation (de Graaff

et al., 2005).

Two novel CD4+ T cell epitopes had been identifiedlate in the M and M2 protein
corresponding to the sequence 213-FKYIKPQSQFI-228 27-YFEWPPHALLV-37
respectively. Peptides containing these epitopes stanulate the proliferation of
mainly lung CD4+ T cells in greater ratio compatedthe spleen CD4+ T cells to
produce INFy, IL-2 (Jie Liuet al., 2009) and IL-10 (F. Eun-Hyung Leeal., 2005) in
murine models. CD4+ T cells were found to medidte synthesis of Th2 related
chemokines and the depletion of CD4+ T cells induceeduced airway
hyperresponsiveness (AHR), lower Th2 cytokinesraadiced Gob5 production in mice
model (Neupaneet al., 2007). CD4+ T cells associated cytokines promdtes
recruitment and infiltration of neutrophils and maphils into the lung tissues (Bueno
et al., 2008). Following this INF- promotes cytotoxic T cells function by stimutating
CD8+ T cells and Natural Killer (NK) cells to cleairus infected cells, stimulate
macrophage phagocytic activity to eliminate dealts and induce the production of
IgG antibodies by B cells (Kidd, 2003). However,emhimmune response to HRSV
infection is skewed towards the Th2 cells medigtathways, IL4 and IL5 was secreted
by innate immune cells into the blood and diredi®rgy pulmonaric eosinophil
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response as observed in FI-RSV enhanced diseasaurime models (P. J. M.
Openshavet al., 2001; Becker, 2006) leading to enhanced pathdioglye lungs.

Meanwhile, CD8+ T cells undergo rapid expansion 88&/0% were virus specific as
estimated with LCMV infection in mice (Murali-Krista et al., 1998). CD8+ cytotoxic
lymphocytes (CTLs) activity peaks around day 6 poshunization by predominantly
recombinant M2 protein in mice with residual adfividetected 45 days post
immunization showing the resistance induced by Magn was mainly mediated by
primary pulmonary CTLs supporting the observatidrirequent HRSV reinfection in
humans (Kulkarniet al., 1993). Depletion of CD8+ CTLs in HRSV challengeite
showed elevated AHR, production of IL-13 and ineezh mucus associated gene
(Gobb5) expression (Neupaeeal., 2007). In sufficient numbers, CD8+ CTLs inhibits
Th2 associated chemokines and prevents the progmesseosinophilia BALB/c mice
(Olsonet al., 2008) and are not associated with severe HRS¥ades (Lukengt al.,
2010). However, the contribution of neutrophildumfinto the lung tissues due to Thl
mediated cytokines to the lung pathology have renbestablished in mice (Lukeets
al., 2010).

Thus, it is clear that severe HRSV disease is ot#lys caused by virus mediated
pathology but a great proportion was driven by immuesponse by the Th2>Thl
skewed adaptive immunity. Other than that, SNPketp genes in the innate immune
systems might predispose individuals to genetic iated risk during HRSV
pathogenesis. Nevertheless, most experiments hexddme in mouse model which is
not a natural host for HRSV and may represent allyodifferent picture in human

humoral response.

Infants acquire maternal IgG starting from weeki@®irth. Although some infants do
develop severe HRSV disease, maternal antiboders $e offer some protection and
are associated with milder disease outcome in isf@Blezeret al., 1981a). Premature
infants tend to be at a higher risk of acquiringese disease, and full term infants tend
to be spared to a certain extent in the first mantlife (P. L. Collins and Crowe, 2001).
The sensitivity of very young infants in developimgectious disease such as HRSV
infection might be due to the lack of preexistingmunological memory and delayed
neonatal B cell responses (Adkiasal., 2004). Healthy institutionalised elderly have

intact humoral response and are not associated seitlere HRSV disease (Ann R.
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Falsey and Walsh, 1992) but frail elderly have wlahRSV antibody which might
exposed them to a higher risk of HRSV reinfectidarfosi, 2009).

The humoral response in infants 2 months and betwnainly restricted to IgA
response but is not neutralizing (Wrightl., 2000). However the initial appearance of
IgA antibody to HRSV marked the termination of afiection and continued to rise
thereafter (Kenneth Mcintosé al., 1978). The detection of HRSV specific IgE in
HRSYV infants during bronchiolitis have been asgedavith wheezing and asthma later
in life (Welliver and Duffy, 1993) but IgE was ndetected in a separate groups of
infants (Raket al., 1999; de Alarcomt al., 2001) suggesting the production of IgE, a
product of Th2 lymphocytes response is not mangatoall HRSV infections.
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1.7 Vaccines

1.7.1 Formalin inactivated RSV (FI-RSV)

This method involved the formalin inactivation oéfett strain of RSV grown from
vervet monkey kidney cell followed by concentratioy centrifugation and absorption
into adjuvant aluminium hydroxide. FI-RSV lot 10®fizer was administered
intramuscularly (Delgadet al., 2009) in three injections to children aged 4 rhertb 7
years prior to the annual RSV epidemic. Howeves,ititcrease in neutralizing antibody
of the vaccinees to HRSV infections was not prongg47%) and failed to protect the
vaccinees from the natural infection of environnaémRSV. However, all vaccinees
shown at least four-fold increased in serum complamfixation (CF) antibody
(Fulginiti et al., 1969). To make things worse, RSV-naive vaccinegserienced
respiratory disease enhancement when exposed twatheal infection in the epidemic
post-vaccination (Chiet al., 1969). No children previously exposed to wildgygRSV
infection developed disease enhancement after @eguiHRSV infection post
vaccination (Fulginitiet al., 1969). None of those who experienced with disease
enhancement acquired a second disease enhancentbatfollowing epidemics. This
was probably due to the B cells elicited by wtHR8Wcompeting the pathogenic B
cells primed by FI-RSV and establishing a normapomse to future reinfections
(Delgadoet al., 2009). Enhanced disease was also reported inntylgos macaques
vaccinated with FI human metapneumovirus (FI-HMBWQwing the similar drawback
consequences as FI-RSV (de Svehdl., 2007).

The alteration to the protective epitopes by formalas thought to be the main reason
in the lack of neutralizing antibodies in HRSV r&aiaccinees (Brian R. Murpley al.,
1989; Connorst al., 1992) resulting in low avidity antibodies to potive epitopes
(Delgado et al., 2009), poor Toll-like receptor (TLR) stimulatiorsuboptimal
maturation of dendritic cells; decreased germimaiter formation in lymph nodes; and
the production of nonprotective antibodies (Ubal &falstead, 2010).

Delgado et al., (2009) have attempted to fix thestfigeneration FI-RSV by the
incorporation of TLR agonists in adjuvants whichefa promotes dendritic cell
maturation, T helper activation and B cell affinyaturation in Myd88+/- murine
model but to what extent the deficiency in TLR wation which leads to the Th2 bias
in the disease enhancement still remains to be eneslwThe authors suggested that if

the FI-RSV can elicit high neutralizing antibodiagainst HRSV, the progression to
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enhanced disease would be prevented in HRSV-nageinees upon subsequent wild
type HRSV (WtHRSV) reinfection.

The role of the G glycoprotein as the cause of pod@d disease through the Th2 biased
pathway have been suggested (Peter J. M. Operglalwy 1992; G. E. Hancocét al.,
1996; Bembridgeet al., 1998; Teresa R. Johnsenal., 1998) with Gs seems to play a
significant role in eosinophilia compared to Gm rfBeidge et al., 1998; Teresa R.
Johnsonet al., 1998) upon challenge with wild type RSV. The epé in the G
glycoprotein which contributes to the Th2 biasespmnse and eosinophilia had been
mapped to aal84-198 (Tebbey al., 1998) and aal93-203 (Sparer al., 1998)
corresponsing to the amino acid of the G glycopnotd#f subgroup A HRSV. The
inclusion of neutralizing anti-HSRV-G monoclonatiandy 1 day prior to challenge in
FI-RSV vaccinated BALB/c mice demonstated the rédacof enhanced disease by
30% (Raduwet al., 2010), a practice which is not feasible in infartiowever, enhanced
disease was recently demonstrated by immunizing BALmice with formalin
inactivated recombinant RSV lacking the G glycopmotPolacket al., 1999; Teresa R.
Johnsoret al., 2004). Vaccination of BALB/c mice with Newcastiesease virus-like
particles containing HRSV G glycoprotein demonsiigbrotection upon challenge with
WtHRSV with no evidence of immunopathology (Murawstkal., 2010).

1.7.2 Live Attenuated HRSV vaccines

As a next step into developing a safe and immunode€RSV vaccine, the feasibility of
using live attenuated HRSV as a vaccine candidaseexplored. The generation of live
attenuated HRSV vaccine candidate involved seraspges of HRSV strain A2 in
bovine cell line at low temperature and a cold pged (cp) temperature sensitive (ts)
RSV mutant, designated as RSV cpts530 was derivgdssage 52 which is 10-fold
less efficient in replication in mice compared taam A2. Other group have reported
the similar generation of cold passaged attenuafe8V mutants by low temperature
serial passages in Vero cells (Randodplal., 1994). Further attenuation was added to
the cp mutants by mutagenesis with 5-fluorouraeitdering it more attenuated in
primates and more stabla vivo. All the resulting mutants including cpts248/404,
cpts248/955 and cpts530/1009 (with mutation at amacid position 1009 in the
polymerase) showed high attenuation in chimpanzeesjunogenic and confers
significant protection upon challenged with wtHR8%owe Jret al., 1994; Croweet

al., 1995). Crowe et al., (1995) also reported that dkdministration of anti-HRSV
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antibodies to chimpanzees prior to vaccination Iteduin a significantly higher
production of neutralizing antibodies to the chadjed virus compared to the control
group not receiving the immunoglobulins. Furthetempts to attenuate the cold
passaged mutants by recombinant means have vyieldtgd candidates
rA2cp248/40ASH and rA2cp248/404/103BH. Both candidates were highly
attenuated in adults and in HRSV seropositive itsfamhey were immunogenic and
well tolerated in HRSV naive infants with the latsthibiting reduced replication of
HRSYV in naive infants showing the important attémgpeffect of missense mutation in
aal030 in the polymerase (Karrenal., 2005). No disease enhancement was observed
in all of the vaccinees although seroconversiomupid type reinfection was low (20
of 54) in younger infants (1-3months) compared 8 (of 51) older infants.
Nevertheless, virus shedding was negligible in wess showing high attenuation of
the vaccines and the low occurrence of URT diseaseng the vaccinees compared to
the control group indicated the protective effddhe live attenuated vaccine (Wrighit
al., 2007). Nevertheless, more work is needed to ingrbe immunogenicity as to

obtain a higher seroconversion rate among vaccinees
1.7.3 Subunit vaccines

The work on the development of anti-HRSV subunitcuaes concentrated mainly on
the fusion glycoprotein due to its conservationwaen subgroups A and B.
Nevertheless, a chimeric FG fusion had been destritly expressing the fusion
glycoprotein (aal-489) as the N-terminus of theo@amain of the G glycoprotein
(aa97-279) using the baculovirus expression sysf@rathen et al., 1989b). The
intramuscular immunization of mice with affinity piied FG subunit vaccine induced
relatively low level of neutralizing antibody butirprisingly showed a marked >90%
reduction in pulmonary HRSV upon intranasal chakeemith wtHRSV (Princeet al.,
2000), a level which contradicts with the resultevously reported (Connort al.,
1992). Despite the impressive level of protectionmunized mice exhibited mild
alveolitis and interstitial pneumonitis which cae leliminated by the addition of
monophosphoryl lipid A (MPA) to the adjuvant. MPA known to direct immune
response to the Thl pathway avoiding the Th2 bigstiiway which is associated with
the enhanced disease (Pringeal., 2000). Nevertheless, these vaccine associated
disease enhancement in parenteral administratiosubtinit FG or immunoaffinity

purified F glycoprotein in cotton rats were not @v&d in cotton rats immunized with
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vaccinia virus expressed recombinant HRSV fusiartgin after challenged with wild
type HRSV (Connorst al., 1992).

Purified whole fusion glycoprotein (PFP) vaccineal tieeen evaluated in clinical trials.
PFP-1 and PFP-2 were prepared from HRSV strain kBigpd by immunoaffinity and
ion exchange chromatography respectively (Dudaskamcbn, 1998) and was shown to
reduce the overall HRSV related incidence (Simeesal., 2001). PFP-2 had been
shown to be safe and immunogenic in healthy irnstitalized elderly (Ann R. Falsey,
1998), healthy adults over 60 years of age (Anrrétsey and Walsh, 1996) showing
four-fold or higher rise in serum neutralizing datily titer in 61% of the vaccinees.
However frail institutionalized elderly showed redd immunologic response to PFP-2
(Ann R. Falsey and Walsh, 1997). Trials on HRS\Wbpesitive children shown that
PFP-1 and PFP-2 are immunogenic without any diseakancement upon wtHRSV
challenge (Paradisd al., 1994; Piedrat al., 1995; Jessie R. Groothugsal., 1998) but
the neutralizing antibody titer was not long lagtemd requires annual vaccination for
continuous protection (Tristramt al., 1994). No trials had been done on seronegative
infants but maternal immunization with PFP-2 hadrbearried out in order to arm the
newborn infant with high titered HRSV neutraliziagtibody although the protective
role of maternal antibody in protection againstese\HRSV disease is still inconclusive.
Nevertheless, pregnant women immunised with PFR& HRSV specific antibodies
detected in their expressed breast milk which majfér some degree of protection in
breast fed infants (Janet Engluedal., 1998). To minimize the possible risk of the
subunit vaccine to the developing foetus, mateuaaicination was scheduled at the
third trimester when the foetus is fully formed (Miz and Englund, 2000) but this
might prove to be suboptimal as the accumulatiolg@f post infection happens in the
first two trimesters and is suppressed in the thirdesters (Nandapalaat al., 1986).
Nevertheless, the inclusion of G glycoprotein wiFP in the subunit vaccine
formulation showed marked increase in neutraliziagtibodies suggesting the
importance of G glycoprotein in the subunit vaccstategy against HRSV (Gerald E.
Hancocket al., 2000).

The evaluation of the G glyocoprotein as a solewvaccandidate had been evaluated.
The amino acid 130-230 of HRSV strain A was fusedtteptococcal protein G (BB) as
a carrier protein and designated as BBG2Na.(Goetsah, 2001). The administration
of BBG2Na was not associated with enhanced disepsa challenge with wild type

HRSV in mice (Plotnickyet al., 2003; Poweet al., 2003) but low level of eosinophilia
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had been reported in 2 of 4 seronegative macacaasnees (de Waat al., 2004).
Parenteral immunization of healthy elderly elicitebtective neutralizing antibodies
which protected SCID mice from intranasal wild tygrellenge after passive transfer of
antibody (Hélene Plotnicky-Gilquiet al., 2002).

1.8 Treatment

1.8.1 Ribavirin

Ribavirin (Virazole® or 14§-D-Ribofuranosyl)-H-1,2,4-triazole-3-carboxamide was
licensed in the 1986 for the treatment of disease@ated with the HRSV infection in
hospitalized children (Ohmét al., 1996). Ribavirin acts by inhibiting the enzymeRM
dehydrogenase and the phosphorylated fohibits the RNA polymerase (Nichokt
al., 2008).

The use of ribavirin remains controversial (Comedtbn Infectious Diseases, 1996) .
Recent studies have shown that the administratiomibavirin during the HRSV
bronchiolitis reduced the risk of asthma and a#argensitization in high risk children
but the length of hospitalization among the patiemas significantly extended (Chien-
Han Chenet al., 2008) which agrees with the results of previeasearchers (Ohmét
al., 1996). However, the administration of aeroschviin showed marked reduction in
the duration of hospital stay (by 7 days) (Smathal., 1991) and reduction in the
dependency for mechanical ventilation by 5 days poeviously normal infants
requiring mechanical ventilation due to severe HRi&&ction (Hallet al., 1983; Smith
etal., 1991).

Ribavirin had been administered to high risk adwlith HRSV infections but the
mortality rate remains high. The administration infravenous ribavirin (IV-R) to
HRSYV infected bone marrow transplant (BMT) recipgers virtually ineffective and
have been associated with 80% (2 of 10) mortaditg (Lewinsohret al., 1996) but the
mortality rate was reduced to zero (0 of 10) whéfRIwas co-administered with oral
pnednisolone, a type of corticosteroid used in luagsplant recipients (Glanvilk al.,
2005). The administration of aerosolized ribavitshn BMT recipients with HRSV
related pneumonia resulted in approximately 28%f(58) mortality (Hattingtoret al.,
1992) and 50% (3 of 6) mortality (Janet A. Englahdl., 1988). The co-administration
of aerosolised ribavirin with IVIG (RespiGam), amd preparation with high

concentrations of HRSV neutralizing antibody to BiVEcipients with HRSV related
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pneumonia resulted in 9.1% (1 of 11) mortality (D@dénzoet al., 2000) and 6.25% (1
of 16) mortality (Smalkt al., 2002). It is clear that ribavirin alone is pooritis efficacy
as a prohylaxis against HRSV infection in the higtk groups unless supplemented
with either anti-inflamatory corticosteroids or Wlbut IVIG alone is highly effective
against HRSV infection. Following this, ribaviria rarely administered to infants due
to technical difficulty in delivery by aerosol inlation (Clercq, 2004) coupled with the
potential teratogenic effects of the drug (Lewinsehal., 1996). Ribavirin has been
associated with hepatoxicity in a stem cell traasptecipient with Hodgkin lymphoma
suffering from HRSV infection suggesting a possillexicity of ribavirin in

immunocompromised adults (Chawtsl., 2006).
1.8.2 Immunoglobulin as prophylaxis

The administration of intravenous immune globulMIG) obtained from adult donors
to high risk infants proved to be safe and effextivan outpatient setting but the titer of
the HRSV neutralizing immunoglobulins are relatwklw to offer prophylaxis against
HRSV. The high HRSV neutralizing titer of IVIG fodrpreviously in individual IVIG
preparation seems to be absent in 40 individual &6tlVIG from different suppliers
suggesting the use of donor pools failed to ensepeducibility, standard and efficacy
of IVIG (J. R. Groothuist al., 1991). Due to this, high titered immune globulfRSV-
IG) were then prepared from adult human plasma Whighminimum neutralizing titer
three times higher (1:3000) than those in IVIG (DQ). RSV-IG undergoes further
processing and purification including steps to invate blood borne pathogens to make
it more suitable for intravenous administration 1@k 1996). RSV-IG was approved by
the US FDA in the early 1996 under the name Respi®aafter the proven
effectiveness in two major clinical trials involgnNational Institute of Allergy and
Infectious Diseases (NIAID) (Ellenberg al., 1994) and Prophylaxis of Respiratory
Syncytial Virus in Elevated risk Neonates (PREVENRithough RespiGam was
shown to be effective as passive prophylaxis inmaiteire infants and infants under 2
years of age with bronchiopulmonary dysplasia (BROgrtel, 1996), the risk of the
transmission of blood borne viruses cannot be raletland obtaining reproducible

batches of highly neutralizing antibodies from diopools will prove to be a challenge.

Following this, the administration of anti-F monacél antibodies were shown to be

protective, neutralizing, anti-fusogenic and eliatas virus from lungs of infected mice

and cotton rats (G. Taylat al., 1984; Edward E. Walsé& al., 1987; Routledget al.,
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1988; G. Tayloet al., 1992; Skariciet al., 2008) and this passive protective effect was
also observed in the gnotobiotic calves against BRffection (Thomaset al., 1998).
To this a humanised murine monoclonal antibodyvpalmab (Synagis, Abbott, UK)
was developed. Palivizumab is recombinant bas&udjrelting the risk of blood borne
virus transmission and ensured highly reprodudibbietween batches. Palivizumab is
the only monoclonal antibody licenced for prophyanf HRSV (Sandritter, 1999;
Herren Wuet al., 2007a) and can be delivered through intramuscuolate rather than
intravenous as with RespiGam™. The efficacy of Walmab was demonstrated in a
large clinical trial, known as The Impact RSV Stu@youp, (1998) which involved
1502 children with prematurity or with BPD. The dyushowed reduced hospitalization
rates of HRSV high risk groups following the admtmation of intramuscular
Palivizumab. These studies also reported that isfaateiving Palivizumab had reduced
HRSV hospital days, oxygen supplementation and mabdeléo severe lower respiratory
tract infection (LRTI) (Thwaiteset al., 2008). However, the administration of
Palivizumab only reduced the hospitalization raye3%% (Group, 1998) and 45%
(Felteset al., 2003) with no significant reduction in the rater@echanical ventilation or
length of stay in the Intensive Care Unit (ICU).ignaised the question of the cost

effectiveness and efficacy of Palivizumab (Landzi06).

Recently, Palivizumab resistant HRSV strains we@ated from infants receiving
Palivizumab treatment and their characterizatiomeated a mutation in codon 272 and
276 in the F gene in which resulted in a completss lof binding to Palivizumab
(Adamset al., 2010). Also, HRSV from nasopharyngeal secretanms low passages of
virus isolates have been was shown to be significaasistant to neutralization by F
protein specific monoclonal antibodies includingiypaumab (Marshet al., 2007).
These resistant viruses replicated poorly in adliuce and upon cell culture adaptation,
the higher passage viruses were shown to increaseigceptibility to Palivizumab
without any change of the binding of Palivizumab ttee isolated F protein in
BlAcore™ assay (Marsé al., 2007).

A second generation immune prophylaxis involvinge thffinity maturation of
humanized monoclonal antibodies derived from Palimab has been developed. This
humanized monoclonal named motavizumab (MEDI-524ymbix) developed by
Medimmune Inc., a subsidiary of AstraZeneca targaiigenic site A of the F
glycoprotein only differs from its predecessor [8/dmino acids. Motavizumab shows

approximately 20-fold improvement in virus neutzationin vitro and up to 100-fold
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reduction in virus titer in cotton rats compared Ralivizumab at equivalent
concentration. Unlike Palivizumab, motavizumab @tent in the inhibition of viral
replication in the upper respiratory tract (Herrdfu et al., 2007a). Motavizumab
exhibited 70-fold enhancement in binding to the Kcgprotein, 11-fold faster
association and 6-fold slower dissociation rate garad to Palivizumab (Weisman,
2009). Clinical trials have shown that motavizunialbe comparable to Palivizumab in
both safety and efficacy in the reduction of incide of RSV-related hospitalizations. A
detailed summary of the progression of the clintdals from phasel/2 to phase 3 was
reviewed by Cingoz (2009). However, motavizumab waisapproved by the US FDA

and the licensing application had been withdrawislyaZeneca.

Additional work on passive immunization of Mabs ttte G glycoprotein showed
similar protective effect in mice and cotton rags Tayloret al., 1984; E E Walskt al.,
1984, Stottet al., 1986; Routledget al., 1988) but most anti-G Mabs especially those
recognizing subgroup specific epitopes involving ttonserved cysteine noose region
of the G glycoprotein do not neutralize the vimsitro (Trudelet al., 1991; Simarcdt

al., 1997; Helene Plotnicky-Gilquiet al., 1999) and significantly less effective than
anti-F Mabs. Mekseepralard et al. (2006b) by usangglycosyl mutant to the 2
domain which renders the antibody defective in clemgnt activation and KR
binding have shown the reduced protective effeca gubgroup specific monoclonal
antibody in BALB/c mice upon challenged with HRS8howing the complex

involvement of both Fc and non-Fc mediated intéoastin protection.
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Chapter 2 Background of project
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2.1 Introduction

Pneumonia is the leading cause of mortality indrkih below five years old which
accounts for 1.6 million children annually or 18%dlwe total number of children in that
age group worldwide with the main viral etiologicajent being human respiratory
syncytial virus (WHO, 2010). As reviewed aboves tinly treatments licensed to treat
or prevent HRSV related respiratory illneses are #uministration of aerosolized
ribavirin and/or intramuscular administration oflidaumab but the efficacy and the
reduction of hospital stay associated with thetineats are not satisfactory (Committee
on Infectious Diseases, 1996; Landau, 2006). foissible that the administration of a
single monoclonal antibody targeting the highly semved fusion protein alone as a
means of prophylaxis is insufficiemt vivo and the inclusion of anti-G monoclonal
antibody specific to the contemporary genotype ros€ reactive as a complement to
Palivizumab may boost the efficacy of Palivizumabréducing the hospital stay and

duration of dependency on mechanical ventilation.

The F glycoprotein exhibits a lower evolutionarteraompared to the G glycoprotein as
reviewed in section 1.5.1. The relative conservatbthe fusion glycoprotein suggests
that the fusion glycoprotein either cannot tolei@dianges or is a relatively unimportant
antigen compared to the G glycoprotein (Xiaodongt al., 2004). In line with the
latter possibility, escape mutations occur in thgelie and can be readily selected by
exposure of the virus to anti-F antibody in celtare systems. Prolonged treatment of a
4 year old girl with severe combined immune deficie disease (SCID) with IVIG
resulted in the emergence of an escape mutantimgrey novel mutation to the G

glycoprotein but not the F glycoprotein (Lazael., 2006).

The finding that antibodies to the F glycoproteam de protective in infants favours the
first alternative, F is an important antigen butmable to vary antigenically. However,
the facile creation of antigenic variations in Fcinlture under immune pressure argues
for the alternative hypothesis that F cannot chasg@ must therefore not be under
immune pressure vivo. These apparently conflicting views can be resblveanti-F
antibodies are important in protecting the infamg but unimportant in preventing
transmission of the virus from the upper respisatoact. Immune pressure is exerted
on virus transmission, selecting escape mutante #&blcarry infection from one
individual to another. The ability of anti-F antithes to protect the infant lung is

irrelevant to transmission.
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If anti-G antibodies are important in controllingansmission of HRSV in the
population resulting in a high evolutionary ratedaemergence of G glycoprotein
antigenic variants, anti-G antibodies may also @ayle in protecting the infant lung,

and therefore might have prophylactic potential.

In an epidemiological study Scott et al., (2006)wsbd that infants with primary HRSV
infection lost their subgroup specific immunity 2wbnths after infection but retained
their infecting genotype specific immunity for up -9 month suggesting that genotype
specific antibodies, which are mainly anti-G antiles following primary infection in
infancy (McGill et al.,2004b) are protective longer than group specific antibsdie
which are predominantly anti-F and to a lesserrexdati-G.

Antibodies elicited against the G glycoprotein &8V can be either subgroup specific,
cross-reactive or genotype/strain specific, tamggttdifferent regions of the G
glycoprotein as depicted in Figure 5 in section.4.Nearly 45% of adults shown
seroconversion to the central unglycosylated regio® which contains cross-reactive
epitopes (Murata et al., 2010) and these antibodiestherefore likely to be passed
across the placenta to at least a proportion ainist It has not been possible, hitherto,
to assess the importance of cross-reactive antattbaies in protection against
primary HRSV. However, demonstration of the preseat high titered cross-reative
and protective maternal antibody would indicate plessibility of designing a single
potent pan-HRSV vaccine or immunoprophylaxis agddins G glycoprotein. Previous
conclusions that anti-F antibodies are protectineinfants were derived from the
correlation of maternal antibody level to the meama bound glycoproteins at the time
of infection with the evidence of HRSV infectionléZenet al., 1981b; Ogilvieet al.,
1981). Kasel et al., (1987) also showed a sigmficarrelation of anti-F but not anti-G
antibodies with immunity although there was no #gigant correlation between reduced
severity of illness among hospitalized infants antlbody to the purified glycoproteins
of the subgroup A genotype of HRSV (Toetsl., 1989). In the latter studies prototype
strains (A2 and Long) were employed, which werelatgal about two decades
previously. It is likely that only an undefined ¢teon of the anti-G antibodies would
have been detected in contemporary sera by thdsgems potentially masking any
protective effect of anti-G antibodies. Similar dies, aiming to demonstrate a
correlation of anti-G antibodies with reduced ircide of HRSV bronchiolitis, must
necessarily measure anti-G antibodies against ecgueary genotypes of the virus

utilising assays which measure either all antibapecies reacting with the G
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glycoprotein of the infecting strain or, to ass#ss role of cross-reactive antibodies,
exclusively all of the antibody species reactinghwthe conserved epitopes of the G
glycoprotein.

2.2 Hypothesis

Anti-G antibodies, measured against the G glycamodf the infecting virus genotype,

are important in the protection of infants agasestere HRSVdiseases.

2.3 Aims

I.  To establish the molecular epidemiology of HRS\Wewcastle upon Tyne over
three seasons. Molecular epidemiology by phylodersetalysis will accurately
define the contemporary genotypes and predict #¢matypes in the subsequent
epidemic. This will also provide contemporary gemets of HRSV for the
expression of F and G glycoproteins. The utilizatid contemporary genotypes
to generate recombinant glycoproteins is preferasieprevious research has
shown that antibodies in covalescent sera exhgoiticed binding to the fusion
glycoprotein derived from strain A2 compared to teomporary viruses of
heterologous genotypes.

II. To isolate and express the F and G glycoproteirg@h contemporary HRSV
strains and to develop a lectin capture ELISA t@soee anti-F and total anti-G
antibodies to the infecting virus genotype in irifa@ra.

lll.  To develop an assay for the measurement of antidjusively to the
conserved epitopes of the G glycoprotein.

IV.  To compare anti-G glycoprotein maternal antibodyele between hospitalized
infants with severe HRSV disease and a comparisaunpgof uninfected infants
hospitalized with no evidence of HRSV infectiontést the hypothesis that anti-
G glycoprotein antibodies correlate with protectiagainst severe HRSV

disease.
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Chapter 3 Materials and methods
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3.1 General

3.1.1 Materials

All chemicals were from SIGMA unless stated othervi

All chemicals, reagents, plasticware and glasswaegesterile unless stated otherwise.
3.1.2 Sterilization

All sterilizations were carried out in an autoclanachine (AMA252, Astell Scientific
Ltd) with moist heat at 121 °C for 15 minutes usletated otherwise.

3.1.3 Water

All tissue culture reagents were prepared andetlut Milli-Q water, Milli-Q synthesis
(Millipore).

Non-tissue culture related reagents and chemicais wrepared and diluted in distilled

water.
3.1.4 Surface Decontaminations

Work surfaces were decontaminated before and ei@eriments with either Virkon or
Trigene Advance. Surface was wet with the decomtatitin solution and wipe dry with

paper towel.
3.1.5 Incubation

All incubations in this section was done in a maigtenhanced incubator supplemented
with 5 % CQ at 37 °C.

3.2 Cell count

Trypsinised cells were resuspended ml of medium and 15-20 ul was spotted onto an
Improved Neubauer Haemocytometer. The total nurabeells in all four cell corners

were countedf(cells).

The cell concentration, M= % x10* cells/ml

Total cells per flasky cell=§ x10*XA.
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3.3 Preparation of Chicken cell fibroblast (CEF)

Ten fertilized hen’s eggs were grown at 38 °C fordhys in a moisture supplemented
incubator with twice daily rotation. The eggs westerilized with methanol in the tissue
culture hood and air dried. Sterile sharp scisa@® used to stab open the egg over the
air sac and the shell was carefully cut away. Tleenisranes were peeled back using a
curved forceps and the embryo was lifted out frdme tgg. The embryos were
decapitated and placed in a 50 ml centrifuge tudrgaining 20 ml of embryo washing
buffer to remove erythrocytes from the embryo. ik embryos were rinsed further
with embryo washing buffer and placed into the &laof a 20 ml syringe, and forced
through with the plunger into a Duran bottle comitagg 200 ml of digestion buffer and
incubated at room temperature for 30 minutes wiémtlg stirring with a sterile
magnetic stirrer. The stirring was stopped andstispension kept still for 5 minutes to
sediment large undigested fragments. The suspemg&snthen transferred into 50 ml
centrifuge tube containing 5 ml of FCS to inactev#tte trypsin before being filtered
through a sintered glass filter (No 3). The flowotlgh was spun at 1000 rpm for 10
minutes and the pellet was resuspended in 10 dMt. The cell concentration was
adjusted to 1Dcells/ml in cryo buffer and frozen down at 1°C/hdm “MrFrosty”
(Cat~5100-0001) (Nalgene) at -80 °C freezer foh&6rs and stored in liquid nitrogen

until use.

3.4 Human epithelial carcinoma cell line (HelLa)

HelLa cell line was obtained from Dr. Sarah ElizAbételsh, Newcastle University, UK
without any recorded passage number. This cellHeee been in continuous use for the
isolation and culture of HRSV in Newcastle upon &ynrus diagnostic laboratories,
Royal Victoria Infirmary for at least 34 years (lHestadtet al., 2002).

3.5 Japanese Quail fibrosarcoma cell line (QT35)

QT35, passage 26 was a gift from Dr Barbara Black@ambridge University.

3.6 Baby Hamster Kidney cell line (BHK21)

BHK21 was a gift from Dr C.R Madeley, Health Prdies Agency, Newcastle upon
Tyne.
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3.7 Routine cell culture

All routine cell culture methods described in thection are identical to all cell lines
unless stated otherwise.

3.7.1 Maintenance of stock

The medium from a confluent monolayer in a T75uiissulture flask was aspirated and
rinsed once with 5 ml PBS. The monolayer was tceatgh 5 ml of Trypsin/versene
and 4 ml was removed followed by incubation at &7f6r 5 minutes, the flask was
knocked a few times to dislodge the cells whichemiien resuspended in 5 ml of the
appropriate growth medium (GM). A third of the vole was transferred into a new

flask and volume of GM adjusted to 10 ml. GM waslaeed every two days.
HelLa cells were grown in 4 oz glass bottles anchtaaed as described above.
3.7.2 6 well plate

Each well was seeded with X80 cells/well in 2 ml of GM and incubated overnigbt t

achieve a confluent monolayer the next day.
OR

One newly confluent cell monolayer in T75 tissudture flask was trypsinised as
described above and resuspended in 26 ml of GMsaeded 2 ml/well for 2 plates

followed by overnight incubation to achieve a caefit monolayer the next day.
3.7.3 24 well plate

Each well was seeded withx40’ cells/well in GM and incubated overnight to achieve

confluent monolayer the next day.
OR

One newly confluent cell monolayer in T75 was resmsled in 50 ml of GM and seed
1ml/well for 2 plates and incubated overnight thiage a confluent monolayer the next
day.
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3.7.4 96 well plate

HeLa cells grown in 96 well plates were used for3¥Rvirus titration. One newly
confluent HelLa cell monolayer in 9 oz glass bottkre resuspended in 50 ml of GM
and seed 200 pl/well and incubated overnight tdeaeha confluent monolayer the

following day.
3.7.5 Hela tubes

In the morning when HRSV isolation is to be carraa, 1 flask of confluent HelLa
cells in 4 oz glass bottle was dissociated as de=stiabove and resuspended in 18ml of
GM2 and used to seed 1ml/tube in glass test tuldestest tubes were placed on a test
tube rack, sealed with a sterile silicone bung arudibated with approximately 10°
elevations ensuring that the medium does not veebtimg. After approximately 6 hours
of incubation, the monolayer should achieve 50-6@dxfluency and are ready to be
used.

3.8 Diff-quik Staining

The nucleus and cytoplasm of cell monolayer wasneth with Diff-quik®
(Cat#F07528/71) (Dade Behring). The monolayer inv@l plate was rinsed with 500
ul/well of PBS and fixed with 200 pl/well of Fixag Solution [0.002 g/L (w/v) Fast
green in Methanol] by dispensing the volume ontodéll and immediately removed by
aspiration. This procedure was repeated for 3 tifibe fixed monolayer was air dried
and stained with 200 pl/well of Stain Solution 142 g/L (w/v) Eosin G in phosphate
buffer, pH 6.6] as described above and followechv@tain Solution 1l [1.1 g/L (w/v)
Thiazine Dye in phosphate buffer, pH 6.6]. Therstdi monolayer was washed once

with 500 pl/well of distilled water, air dried angsualized under the microscope.
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3.9 Immunological reagents

Table 2 Lists of primary antibodies

Antibodies Antigen/Specificity| Concentratipn | References
(Lg/ml)

HRSV Mab pool HRSV F, M2, P andN/A Novocastra
N Laboratories

1A12 HRSV F 573 (Routledggt al., 1985)

IC2 HRSV G 540 (Morgaret al., 1987)
Subgroup A

133 HRSV G 25 (M. J. Robinson, 2007
Conserved

21 HRSV G 15.8 (M. J. Robinson, 2007
Conserved

4G4 HRSV G 19.6 (Morgaret al., 1987)
Subgroup A

3F43 HRSV G 600 (Morgaret al., 1987)
Strain A2 specific

¢ concentrations were determined by Ms Fiona FenviNewcastle University

Table 3 Secondary antibodies

Name Abbreviation Dilution Reference
Goat anti-mouse-HRp GAMPX 1/100Gp Novocastra
Cat#NCL-GAMP

Polyclonal Rabbit anti-human IgA-HRP RAHAPX 1/20Gp Dako
Cat#P216

Polyclonal Rabbit anti-human IgG-HRPRAHGPXx 1/80Qp Dako
Cat#P0406

Sheep anti-mouse FITC (Novocastra) SAM-FITCL1/20y Novocastra

¢ Dilution in PTF,y diluted in Evan’s blue counterstaim, Horse radish peroxidise
conjugate

3.9.1 Cord blood

Cord blood from 17 donors was obtained from ardhifrezen stock stored at -20 °C
collected in 1980/1981 by Dr. Ron Scott.
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3.10 Immunofluorescence

3.10.1Microscope slides

All PTFE coated multispot microscope slides (Hepdléd) were treated with 10 %
(v/v) Decon90 (Decon Laboratories Ltd) in distille@ter for 2 hours and washed with
running tap water for 4 hours. Slides were soakedistilled water overnight, air dried

and stored at ambient temperature until use.
3.10.2Slide preparation

Monolayers from the tissue culture flasks or platesre scraped into the original
volume of the appropriate maintenance medium wighcall scraper (Corning) and 15
to 20 pl of the cell suspension was spotted ontroscope slide (section 3.10.2), air

dried in a biological safety cabinet.
3.10.3Specimen fixation

The dried specimens were fixed by immersing spetislieles into ice-cold acetone for
10 minutes and then air dried. The slides wereeeittsed immediately or stored at -

20 °C until use.
3.10.4Indirect immunofluorescent staining

The slides were equilibrated to ambient temperatanel air dried if water of
condensation occured. 10 pl of the primary antibadyg spotted onto the fixed cells
and incubated for 30 minutes in a moist chamb&7atC. The primary antibody was
removed by immersing the slide in PBS for 5 minaed the slide was air dried. 10 pl
of SAM-FITC antibody and spotted onto the primanytilaody stained cells and
incubated for 30 minutes and then washed as abbwe.spots on the slide were
covered with a drop of immersion oil (Cat# 1621Z)algille Laboratories Ltd)
visualized via a 50X oil immersion lens (Nikon Plan a fluorescence microscope
Eclipse E400 (Nikon). The intensity of the fluoresce was recorded based on arbitrary
four scale fluorescence with 1+ being the lowest 4h being the highest. Photographs

were captured using a built-in Coolpix 4500 4 megelp digital camera (Nikon).
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3.11ELISA

3.11.1ELISA plates

F96 Maxisorp Nunc-immunoplate (Cat#442404) (Thermvay used and refered to as

Maxisorp plates.
3.11.2Washing

Wells of the Maxisorp plate was filled with the appriate wash buffer, decanted and

blot dried. This process is repeated trice for eaabhing.
3.11.3Incubation

All incubation was done at 37 °C with the Maxis@pte covered with a plastic lid to

minimize evaporation.
3.11.4Preparation of HRSV ELISA antigens

The maintenance medium was removed from 4 infettedoottles of HeLa monolayers

exhibiting 3+ to 4+ CPE and replaced with SAF. Grds were incubated for a further
16 hours before cells were scraped into the med@indhthe cell suspension was pooled
into a 50 ml sterile centrifuge tube and pelletgdckntrifugation at 1000 rpm for 5

minutes. The pellet was resuspended in 2 ml otateé SAF and sonicated on ice using
a SANYO MSE Soniprep sonicator, with amplitude 6frticrons, 3x30 seconds bursts
with 30 seconds interval between each burst. Thecated cell lysate was snap frozen
in liquid nitrogen, thawed and aliquoted as 20@lidquots, snap frozen and stored at -

80 °C until use. A parallel experiment was cared with uninfected HelLa cell control.

The total protein concentrations for the virus tgsand cell control antigens were

estimated as described in section 3.14.
3.11.5Preparation of recombinant ELISA antigens

Four flasks of confluent HeLa in T225 were prepabgdseeding one confluent T75
flask of HeLa into one T225 flask and cultivateddid ml of growth medium per flask.
The growth medium was removed by aspiration andulaed with MVA adjusted to

the MOI of 3 in 5 ml of MM2 an incubated for 1 ho@0 ml of fresh MM2 was added
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and incubated for 48 hours. The cells should shewCPE and most have detached

from the flask into the medium.

Two flasks worth of monolayer was scraped intorttedlium and transferred into a 50
ml centrifuge tube and pelleted by centrifugatian1800 rpm for 5 minutes. The

medium was removed by aspiration and the pellaisfnded in 50 ml of PBS and
held on ice for 5 minutes. The cell was pelletedcbwtrifugation was above and PBS
removed by aspiration. The cells were resuspende@ ml of ice cold lysis buffer

prepared as described in section 3.13 and sonicatdde bath 3 x 30 seconds at 10
microns with 30 seconds interval using Sanyo MShcstor. The lysed antigen was

stored as 500 pul aliquot in 2 ml vial at -20 °Cilmnse.
3.11.6Direct ELISA protocol

HRSYV virus antigen and uninfected cell antigensenaatjusted to 10 mg/ml in SAF and
dilutions were made in 1X bicarbonate coating hufethe desired dilutions. Half of
the plate was coated with HRSV virus antigen areddther half with uninfected cell

antigens at the volume of 50 pl/well followed byeavight incubation.

The following day, unbound antigens were decantad washed. No dedicated
blocking step was carried out unless stated otlserwihe Maxisorp plate was either
used immediately or stored frozen at -20 °C.

Primary antibody was diluted in PTF to the desitBlditions and dispensed at the
volume of 25 ul/well. The plate was incubated fOrmAinutes followed by washing step
with PBST.

The primary antibody stained wells were then sthinmith the appropriate secondary

antibody dilution and incubated for 60 minutesdaled by washing step with PBST.

Colour was developed using 50 pl/well of OPD armubated for 30 minutes. Reaction
was stopped with 50 pl/well of 3M 80, and absorbance read at 492 nm in an ELISA
plate reader.

3.11.7ConA capture ELISA

Stock ConA prepared as described in section 1#vasidiluted to 50 ug/ml in PBS and
coated on Maxisorp plate at 50 ul/well followeddwernight incubation.
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Excess ConA was decanted, washed with PBSTx anckddofor an hour with 100
ul/well of PTF. PTF was decanted and washed wit8' PB

The subsequent steps from the primary antibodyistpionwards were carried out as

described in section 3.11.6.
3.11.8Additive binding ELISA

HRSV antigen was titrated twofold horizontally inCB on a Maxisorp plate and
incubated at 37 °C for 2 hours. Uninfected HeL& aefigen was coated in parallel. The
Maxisorp plate was washed and monoclonal antiboay twofold titrated vertically in

PTF and direct ELISA was performed as describesertion 3.11.6 using GAMPxX as
the secondary antibody. The saturating antigenexdration with the excess antibody

dilution was chosen for the additive binding ELISA.

Half of a Maxisorp plate was coated with the sdtogaHRSV antigen concentration
and the other half with the equivalent uninifecteléLa cell concentration. The
monoclonals were assayed individually as a contalditive binding ELISA was
prepared by diluting the antibody in PTF yieldingudle the desired concentration and
combined at equal volume to get the test dilutlBblSA was carried out described in

section 3.11.6 with GAMPx as the secondary antibody

56



3.12SDS-PAGE and Western blot

3.12.1Preparation of polyacrylamide gel

BIORAD cell Il system was used throughout. The glakb was assembled with 0.1
mm spacer on the cast system and each glass skffillgd with 5 ml of 10 %

resolving gel formulation and carefully overlayedthwdistilled water and let to

polymerise at 37 °C for 1 hour. Water overlay wasahted, rinsed with distilled water
and blot dry with filter paper. The polymerisedaletg gel was overlayed with 5 %
stacking gel and comb was inserted and polymeas&d °C for 30 minutes. The comb
was removed by lifting it vertically out from theelgand the wells were rinsed

vigourously with distilled water.

The gel cast was then transferred onto the eldotr@sis set and filled with ice cold 1X

electrode running buffer.
3.12.2Protein sample preparation

Protein sample was diluted in 4X reducing sampliéeb {150 pl of protein plus 50 pl
of 4X reducing sample buffer), vortex mixed andlédifor 10 minutes in a boiling
waterbath. The protein sample was immediately aboleice for 1 minute followed by
centrifugation at 13000 rpm for 10 minutes in a nmiigge to pellet any insoluble

protein particles.
3.12.3SDS-PAGE

Protein samples prepared in section 3.12.2 wastbado a well in the polyacrylamide
gel (section 3.12.1) and resolved at 120V untilih@mophenol blue dye front reaches

about 1cm from the end of the gel.
3.12.4Transfer of SDS PAGE gel.

Hybond-P Polyvinylidene fluoride (PVDF) transfer mierane (GE Healthcare) was cut
to the size of the SDS-PAGE gel and soaked in melifar 1 minutes and stored in ice

cold 1X Towbin buffer until use.

The glass plates’ holding the SDS-PAGE gel was xatddrom the electrophoresis set

and a glass plate was removed exposing the gelg&hwas rinsed with ice cold 1X

Towbin buffer and sandwiched together in a Bionahdfer apparatus with 1 sheet of
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Whatman filter paper and one sponge in either sidéhem and inserted into the
electrophoresis cell. An ice pack was inserted thiedelectrophoresis set was flooded
with ice cold 1X Towbin buffer and transfer was doat 100V for 1 hour. The
temperature of the electrophoresis cell was regdlatith the help of contant stirring
with a magnetic stirrer. The membrane was remoxau the set and blocked overnight

in blocking buffer.
3.12.5Western blots staining

The membrane resulting from section 3.12.4 washatad for 1 hour with 10 ml of
primary antibody diluted in blocking buffer in a %0l centrifuge tube on a rotating
mixer. The membrane was washed 3 times in PBSTsabhdequently incubated with
GAMPx in blocking buffer and incubated as abovaifresh 50 ml centrifuge tube.
The membrane was washed three times in PBST, dned piece of filter paper and
stained in 20 ml of Substrate A and B n the darklfdnour on an orbital shaker. The

membrane was soaked in distilled water overnigbtandried.

3.13Modified Lowry
This method was originally described by (Lowey al., 1951) and modified by
(Markwell et al., 1978).

3.13.1Standard curve

Due to the presence of Triton X-100 in PBSTx useéxtract the fusion glycoprotein,
recombinant antigens cannot be estimated by us$iagBiorad protein Assay. Thus
Modified Lowry Assay (Markwelkt al., 1978) was chosen for the estimation of total
protein from the assay as described in section3.13
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Figure 11 Standard curve for BSA based on modifietlowry protein assay.

A BSA standard curve was prepared from 10 mg/mlrdoov0 mg/ml and assayed as
described in modified Lowry Assay. From the staddeurve in Figure 11, the curve
shows two linear ranges between 0-0.5 mg/ml an® Bagy/ml. Due to practicality,
BSA standard curve was prepared within the firsedr range and graph ploted in
Microsoft Excel 2007 with equation displayed folccéation.

Proteins assayed was serially diluted in PBSTx asshyed together with the standard.
The actual concentration was calculated based eothest dilution where the optical

density falls into the linear range of the standard
3.13.2Procedure

100 pl of standard/sample was aliquoted into ahfegsendorf tube and combined with
300 pl of Reagent C. The mixture was vortex mixad scubated for 30 minutes at
37 °C in an incubator. 30 pl of Reagent D was addedex mixed and incubated for
30 minutes at 37 °C in an incubator. The mixture digpensed at 100 pl/well into a 96

well plate and read at 630 nm on a ELISA plate eead
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3.14Biorad Protein Assay

3.14.1Procedure

10 pl of protein sample was diluted to 150 ul vith % (w/v) SDS and dispensed with
equal volume of working Biorad Assay Reagent, mixedl by pipetting and optical
density read at 600 nm in a microwell plate readibe protein standard was treated in
parallel and a protein standard curve was plotedicrosoft Excel 2007 and equation
was displayed for calculation.
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3.15Molecular biology

3.15.10ligonucleotides

All primers were synthesized by Eurofins MWG Operéii cloning oligonucleotides
were high performance liquid chromatography (HPIpQ)ified and all regular PCR
primers were high purity salt free (HPSF) purified.

Table 4 Oligonucotides used for genotyping

(&) o 8]
= T| © g Q
= () o o (&)
o n ol | x
GC1l | GCAGCATATGCAGCAACA + 533- | (Rocaet al., 2001)
5510
F164 | GTTATGACACTGGTATACCAA | - 186— | (W. M. Sullendest al.,
CC 1640, 1993)
GB1 | CCTGCAGGCAATGATAATCTC | + 153- (A. McGill, 2001)
AACCTC 173
GB2 | GAATTCTCGGAGTGGAGGGA | - 818- (A. McGill, 2001)
TTTGCTGTTGG 7983

Gl (GGATCCC)GGGGCAAATGCA | + 1-21a | (P. A. Cane and Pringle,
AACATGTCC 1992)

a sequence corresponding to strain BZequence corresponding to strain 8/60, +and —
polarity also represents forward primer and revergaer respectively.
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Table 5 Oligonucleotides used for cloning G genesid F gene into pSC11

Primer Sequence (5’-3") Group | Gene

gpGA_For | TAACCCCGGGGCAATTGCAAAGATGTCCA | A G
AA

gpGA_Rev | TGGTCCCGGGTTTCTCAGGAATACGCTTT | A G
TTAATGACTA

gpGB_For | TCAAAAACAACCCCGGGGCAATTGCAAAC | B G
ATGTCCAAA

gpGB_Rev | TCTCTGCCCCGGGGTACTCAGGAATAACT | B G
AAGCATATGACT

gpFA_For TCAACCCCGGGGCAAATAACAATGGAGTT | A F
GCCAATCCTC

gpFA_Rev | ATGACCCGGGCCTAAGGCATTGTAAGAAC | A F
ATGATTAGGTGC

Underlined: Cfr9l RE site, Boxed: ATG transcriptistart codon, italised: BSu36l RE
cleavage site.
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Table 6 Oligonucleotides used in colony PCR

Primer Sequence (5’-3) Vector
M13_For CGCCAGGGTTTTCCCAGTCACGAC pGEM-T Easy
M13_ Rev TCACACAGGAAACAGCTATGAC pGEM-T Easy
pSC_For TATACATAAACTGATCACTAATTCC pSC11
pSC_Rev TTGAAATGTCCCATCGAGTG pSC11
pTM_coFor TCGGTGCACATGCTTTACAT pTM3
pTM_coRev CCCCAAGGGGTTATGCTAGT pTM3

Table 7 Oligonucleotides used for the design of ttmlony PCR primer

Primer Sequence (5'-3)

SH Forward CGCATAGCCGGCATGAAAACATTAGATGTCATAAAAAG
TGATG

SH Reverse CGCATAGCCGGCCCTGAGGCGAATGTTCTCCACTCTTA

TTC

MCS_upstream

CATCACTTTTTATGACATCTAATGTTTTCAT

MCS_downstream

GAAGTAAGAGTGGAGAACATTCGCCTCAGG

pTMvec F

CCG GGGAGCTCACTAGTGGATCCCTGCAG

pTMvec R

CTGCAGGGATCCACTAGTGAGCTCCCCGG
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Table 8. Oligonucleotides used in the for the clong of the G gene and its
truncated products into pTM3

Primer Sequence (5’-3’)

GNcolF | CGCAATTGCAACGATGGCCAAAACCAA

G-N151F | AAGTCCACCACUATGGAACGCCAAAACAAACCACCAAAT

G-N155F | AAACAACGCCCOATGGAACCACCAAATAAACCCAACAAT

G-N158F CAAAACAAACCC}&TG bATAAACCCAACAATGATTTTCAC

G284R TGTGATGGATCCTCAGATGTTGTATAGAC

G190R CTTTCCAGGGATCCTICATGGTATTCTTTTGCAGAT

G-177R CCAGCAGGGGATCCCTAGCATATGCTGCAGGGTACAAA

G-172R GTTGCTGCAGATCCCTAGGGTACAAAGTTGAACACTTC

G163R GTTGAACAGGATCCTCAAAAATCATTGTTGGGTTTA

Boxed-transcriptional start codon which is alsa pathe engineered Ncol restriction
site, Italicised-engineered BamHlI restriction silederlined-engineered stop codon.
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3.15.2RNA extraction

RNA extraction was performed using the RNeasy Mini(Cat#74106) (Qiagen) with
modification where virus stock in maintenance medivas used instead of serum free
infected cell pellet. Three buffers namely BuffdrTRRW1, RPE and RNase free water
were supplied with with the Kkit.

500 pl of frozen virus stock was thawed in 1 voluofeBuffer RLT (lysis buffer)
followed by the addition of 1 volume if 70 % (v/g}hanol diluted in DEPC water. The
lysate was filtered through an RNeasy mini columrbhbef centrifugation and washed
once with 700 pl of buffer RW1 and twice with 50Dgf Buffer RPE. The total RNA
was eluted in 2x30 pl of RNase free water suppleetenwith 60 units of
Ribolock™RNase inhibitor (Cat#£00381).

HelLa cell was concurrently extracted with the vistsck as a cell control. Maximum of

9 reactions were permitted at any one time fomoglioading into the centrifuge.
3.15.3Reverse transcription

All reagents in this section were purchased frommfemtas unless stated otherwise. The
first strand cDNA synthesis was carried out in 3fgédction volume in a 24 well PCR
plate containing 5 mM MgG| 1mM of each dNTP,

20 pmol of forward primer,

40 units of Ribolock™ RNase Inhibitor (Cat#EO0381),

200 units of RevertAid™ H Minus Reverse TranscsptéCat#EP0451),
1X reverse transcription buffer

10 pl of total RNA extract

The reaction was carried out in a PTC-200 Pelkierrhal cycler (M.J. Research Inc.) at
42 °C for 30 minutes followed by a denaturatiorpsie99 °C for 5 minutes. The cDNA

was used immediately or being stored at -20 °C.
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3.15.4Polymerase Chain Reaction
All reagents were purchased from Bioline unlesgestatherwise.

All PCR reactions use identical formulations ascdésd below. The reaction was

carried out in a 100 pl reaction volume in a 241\We€R plate containing
10 pl of cDNA (section 3.15.2)

10 pl of the 10X PCR buffer

0.25 mM of each dNTP

20 pmol/ul of forward primer

20 pmol/ul of reverse primer

4 mM of MgChb

0.5 unit of Immolase™ (Cat#BIO-21046)

The polymerase Chain Reaction was carried out intaomated thermal cycler (PTC-

200 M.J Research Inc) according to the respectiogrpmme as described below.
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Programme PCR55

This programme is used for the amplification oftaduG gene from cDNA, nested PCR
and heminested PCR.

Step 1 Initial denaturation 95 °C 10 minutes
Step 2 Denaturation 93 °C 0.75 minutes
Step 3 Annealing 55 °C 0.75 minutes
Step 4 Elongation 72 °C 0.75 minutes
Step 5 Repeat step 4 for 35 times

Step 5 Final Elongation 72 °C 0.75 minutes
Step 6 Keep 4°C

Step 7 End

Programme PCR50

For glycoprotein gene amplification and colony PCR

Step 1 Initial denaturation 95 °C 10 minutes
Step 2 Denaturation 93 °C 1 minutes
Step 3 Annealing 50 °C 1 minutes
Step 4 Elongation 72 °C 1 minutes
Step 5 Repeat step 4 for 35 times

Step 5 Final Elongation 72 °C 1 minutes
Step 6 Keep 4°C o0

Step 7 End
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3.15.5 Plasmids

pSC11 plasmid (Chakrabartt al., 1985; Chiamet al., 2009) was a gift from Dr

Rachael Chiam, Cambridge University.

pTM3 was a gift from Dr. Bernard Moss, Laboratorfy \diral Diseases, National
Institute of Allergy and Infectious Diseases, Na#b Institutes of Health, Bethesda,
USA.

3.15.6Colony PCR

Colony PCR was developed for rapid screening oftdseat clones containing the
positive inserts in pGEM-T Easy (Cat#A1360) (ProajegpSC11 (Chakrabaré al.,
1985) and pTMS.

A target colony was picked using a 200 pl yellogv(%1111-0006) (Starlab Group) and
resuspended in 100 pl of DEPC water in 0.6 ml nfiicye tube, vortex mixed and 10 pl
was used as the template for PCR using Programm&@.C

The PCR products were resolved in agarose gelsasided in section 3.15.9.
The remaining bacterial suspension was stored@tfér culture
3.15.7Ethidium bromide decontamination

Used EtBr in TBE buffer was decontaminated throBgimdEX-50 Ethidium bromide
decontamination column, (Cat#740-703), Machereydlagccording to the

manufacturer’s instructions.
3.15.8DNA molecular weight markers

GeneRuler™ 100bp Plus DNA Ladder (Cat#0321) (Feta®nor GeneRuler™ 1kb
DNA Ladder (Cat#SM0311) (Fermentas) was diluted ars#d according to the

manufacturer’s instructions.
3.15.9Agarose gel electrophoresis

1 % (w/v) SEAKEM’ LE Agarose (Cat#50004) (LONZA) was hydrated foteatst 1
minute in 1X TBE solution and solubilised in a A0 microwave oven at maximum

power in bursts of 5 seconds with swirl mixing iatween until fully dissolved to a
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crystal clear solution. Ethidium bromide was addedhe final concentration of 10
ng/ml and poured immediately into a gel cast of iMub® cell (Bio-rad) with the

appropriate gel comb and let to solidify at ambientperature.

The gel together with the gel cast was placed éndllectrophoresis cell and submerged
in TBE with 10 pg/ml EtBr. 5 parts of DNA was mixedth 1 part of 6X loading dye,
loaded into a well and electrophoresed at a comaltage of 120 V using a power pack
(Northumbria Biologicals Ltd) until the desired okgtion was achieved.

3.15.10 Gel purification

Following resolution by gel electrophoresis, theoteed DNA band to be extracted was
excised from the Agarose gel using sterile surgsalpel blade No.22 (Cat#0308)
(Swann-Morton® Ltd) and extracted using QIAGEN edtraction Kit (Cat#28706)
according to the manufacturer’s instructions. DNAsveluted in 2x15 ul of EB buffer
(10 mM Tris-Cl, pH 8.5 elution buffer supplied withe kit) and stored at -20 °C until

use.
3.15.11 Column purification

Column purification was performed using the QIlAduiGel extraction kit with
modification (refer section 3.15.10). Three buffeesnely Buffer QG, PE and EB were
supplied with the kit. Firstly, 1 part (100 pl) DBNA combined with 3 parts (300 ul) of
buffer QG and 1 part (100 ul) of isopropanol. Thtore was passed through the spin
column by centrifugation at 13000 rpm for 1 minatel the flow through decanted and
the column was incubated for 5 minutes at ambiemperature with 750ul of Buffer
PE. Buffer PE was removed by centrifugation as mlesd¢ above and washed
immediately with the same volume of Buffer PE. T¢t@dumn was combined with
another fresh collection tube and centrifuged fonithute to dry the column. DNA was
eluted in 2x30 ul of Buffer EB (10mM Tris-Cl, pH§.thto a 1.5 ml microfuge tube
with the lid cut off. Purified DNA was hold on icg stored frozen at -20 °C.

3.15.12 DNA concentration

The concentration of DNA was determined using a ddamp ND-1000
spectrophotometer (Coleman Technologies Inc.) andlysed using the default

parameters in the Nucleic acid measurement modul&anoDrop version 3.0.0.
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3.15.13 Sequencing

The DNA concentration determined as described atige 3.15.12 and diluted with
DEPC water to 50 ng/ul and sequenced using theeBahg termination method by
GATC Biotech.

3.16 Nucleotide sequence analysis

3.16.1Electropherograms

The electropherograms (file with extension .abiyeva@nalysed manually using GENtle

version 1.9.4 (http://gentle.magnusmanske.de/).
3.16.2Reverse complement

Reverse compliment of sequences were created ondiimg reverse complement tool

Bioinformatics Organization (http://www.bioinformes.org/sms/rev_comp.html).
3.16.3Sequence assembly

Sequence assembly were done using the CAP3 SegAseeebly Program (Xiaogiu
Huang and Madan, 1999). Sequences were manuaitedrito the desired length in

fasta format (file extension .fas) in text files.
3.16.4Sequence alignment

Sequence alignment was done using ClusterW modhaeabgnment file was saved in
MEGA format (.MEG extension).

3.16.5Phylogenetic tree

The phylogenetic tree was constructed based osetpgence alignment (section 3.16.4)
using the neighbour joining method, maximum likebld model with the bootstrap
value of 1000 and default random seed value of 31BBe phylogenetic tree generated
was saved as .MTS file and edited using the saritwaae MEGA4 Software (Tamura
et al., 2007). All other parameters not mention here vearegied out as defaulted by the

software.
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3.17 Bacterial production of recombinant plasmids

3.17.1Escherichia coli

E. coli strain TG1 [K12, D lac-pro) sup E, thi, hsd, 5/F traD36, proAB*, lacf,
lacZDM15] was provided by Prof Geoffrey Toms, Newcadiihiversity. TG1 was used
to prepare chemically competent cells for the ti@msation of pSC11, pTM3 and their

chimeric constructs.

E. coli strain JM109 [endAl, recAl, gyrA96, thi, hsdR17 (i, m¢’), relAl, supE44,
A( lac-proAB), [F traD36, proAB, lagl%ZAM15] chemically competent cell was

purchased as a ready to use frozen competent cell.
3.17.2Preparation of competent E.coli

The protocol was kindly provided by Dr. Seok-Mui kga University of Malaya which
was initially optimized for BL21(DE3) and XL1Bluérains ofE. coli.

The surface of a frozen TG1 stock (section 3.1Wds scraped with a flame sterilized
platinum loop, streaked on an antibiotic free ggate and cultured overnight at 37 °C
as described in section 3.17.13. A single colong walated using a sterile 200 pl
yellow tip (S1111-0006) (Starlab Group) and inotediainto a 2 ml LB broth in a bijou
bottle and grown overnight at 37 °C with vigorousalang (200 rpm) in an orbital
incubator (Weiss-Gallenkamp)

The overnight culture was diluted 1/100 into 60ainprewarmed SOB medium in a 250
ml conical flask and grown to an OD600 of 0.6 at°87with vigorous shaking. The
flask was removed from the incubator and held enfec 10 minutes. The culture was
transferred into a 50 ml centrifuge tube and sgutDA0rpm for 10 minutes at 4 °C in a

pre-cooled MSEChilspin 2 bench centrifuge (Fisons).

The pellet was resuspended in 20 ml of ice cold. H gentle swirling and incubate on
ice for 10 minutes and spun down as above. Thetpsts gently resuspended in 4 ml
of Tfb2 and dispensed by 200 pul/vial in screw-cagd,held on ice for 4 hours and
frozen by immersion in liquid nitrogen. The frozeampetent cells were stored at -

80 °C until use.
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3.17.3Restriction digest of purified products for ligation

Cfr91 was used for pSC11 and corresponding gerextmsvith CfrOl restriction site

engineered.

Purified DNA was digested with 10 units of CfrOIg@ER0171) in 1X Buffer Cfr9l
(10 mM Tris-HCI (pH7.2), 5 mM MgG| 200 mM sodium glutamate,0.1mg/ml BSA)
supplied in a 50 pl reaction at 37 °C in automateermal cycler (PTC-200 M.J
Research Inc) for 4 hours. The digested vectoraglsnn purified and eluted in 50 pl
EB buffer.

Ncol/BamHI digestion was carried out for pTM3 andrresponding gene inserts.
Double digestion was not carried out due to th@nmgability of the digestion buffers

for the respective enzymes. Thus, the followingcpduce was developed and used.

Purified DNA with 10 units of BamHI (Fermentas) X Buffer BamHI supplied. The
digestion was done at 37 °C in an automated thecayaér. BamHI was removed by
column purification (section 3.15.10) and elutedbthul of EB buffer. Then the vector
was digested with 10 units of Ncol (Fermentas)XnBuffer Tango as above followed
by gel purification. The purified vector was elutéd 30ul EB buffer and used
immediately.

3.17.4Dephosphorylation of vector

This modified protocol was initially provided by DiSoren Nielsen, Newcastle
University. Dephosphorylation removes -3’ and -Bopphate group from the digested
vector preventing self-religation which is crucfal cloning experiments involving a

single restriction enzyme or sticky end cloning.

The purified vector was dephosphorylated using it oh calf intestine alkaline
phosphatase (CIAP), (Cat#EF0341) in 1X reactiorfdougupplied (100 mM Tris-HCI
pH 7.5 at 37 °C, 100mM Mgg)lat 37 °C for 30 mins followed by denaturatior8at°C
for 15 minutes in an automated thermal cycler i@ iOreaction volume. Another 1 unit
of CIAP was added to the mixture and incubatedoas@ The CIAP treated vector was
gel purified and eluted in 30 ul of EB buffer. Tperified vector was hold on ice and

used immediately.
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3.17.5Ligation

The insert and the vector were ligated togetheh wiit unit of T4 DNA Ligase
(Invitrogen) (Cat# 15224-017) in 1X ligation buffeupplied (50 mM Tris-HCI (pH 7.6)
10 mM MgCh, 1ImM ATP 1 mM DTT, 5 % (w/v) polyethylene glycoB80 overnight
at 4 °C in a refrigerator. A mock ligation congigfiof the vector without insert was
included as a vector self ligation control or backond control. As the amount of DNA
was not quantitated, the volume of insert can lbecased up to 6 pl to when relatively

low insert DNA concentration was used.
3.17.6Insert screening with Smal

Restriction digest with Smal is used with pSC11 pEM-T Easy clones. Smal is a

neoschizomer of Cfr9l but is more economical foesaing purposes.

Plasmid DNA was digested with 10 units of Smal #ER0661) in 1X Buffer Tango
supplied (33 mM Tris-acetate (pH 7.9), 10 mM Magumesacetate, 66 mM potassium
acetate, 0.1 mg/ml BSA) for 2 hours at 30 °C inaatomated thermal cycler and
resolved on a gel. No enzyme denaturation stepdenas as agarose gel electrophoresis

effectively removes the function of Smal.
3.17.70rientation screening with Eco81l

Chimeric pSC11 containing positive inserts wereedigd with Eco81I to determine the

insertional orientation.

Plasmid DNA was digested with 10 units of Eco81a¥ER0371) in 1X Buffer Tango

supplied (33 mM Tris-acetate (pH7.9), 10 mM Maguesiacetate, 66 mM potassium
acetate, 0.1 mg/ml BSA) for 16 hours at 37 °C inaamomated thermal cycler and
resolved on agarose gel as described in sectidh®.No enzyme denaturation step

was done as agarose gel electrophoresis effectigaipves Eco81I.
3.17.8TA cloning

TA cloning was carried out for the amplification thie gene of interest which failed to

be cloned directly into pSC11.

Purified RT-PCR DNA was cloned into a pGEM-T Eaggtem (Cat#A1360) (Promega)

according to the manufacturer’s instructions.
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3.17.9Transformation

The pipette tips used to transfer the ligation mixhe competent cells were prechilled
to -20 °C for an hour before use. SOC medium angiahn agar plates were

prewarmed to 37 °C before use.

A tube of competent cells was thawed in an ice bathadded to 1-5 pl of the plasmid
solution (ligation mix or plasmid). Then the cellsere held on ice for 1 hour before heat
shocked at 42 °C for 45 seconds in a waterbathrandferred to an ice bath. The cells
were resuspended in 800 pl of prewarmed SOC medioubated at 37 °C and shaken
vigorously for an hour. A volume of 200ul of theltowe was plated on ampicillin agar
plates followed by overnight incubation at 37 °“@ldhies were picked for screening

either by restriction enzyme digest or colony PCR.
3.17.10 Miniprep Plasmid Extraction

Plasmid minipreps were carried out using Qiaprepn Sginiprep Kit, QIAGEN
(Cat#27106) according to the manufacturer’s insions.

3.17.11 Maxiprep Plasmid Extraction

Maxipreps were carried out using Endofree PlasmakiMit, QIAGEN (Cat#12362)
with modifications. All buffers used except growthedium and antibiotic were
supplied with the Kit.

A single colony was picked using a sterile yellopy and inoculated into 5 ml of LB
broth supplemented with 100 pg/ml ampicillin andwgn for 8 hours at 37 °C with
shaking at 260 rpm.

1 ml of the culture was inoculated into 500 ml oéwarmed LB broth with 100 pg/ml
ampicillin in a plugged 2 litre glass conical flaskd grown overnight as above. The
following day, the culture was chilled on ice wigentle swirling and pelleted by
centrifugation at 5000 rpm for 20 minutes at 4 ACaiJA14 rotor in a Beckman J2-21
centrifuge (Beckman Coultier UK Ltd.). The supeamitwas removed by decantation
and left to drain by leaving the centrifuge pottive inverted position on a piece of

paper towel for 5-10 minutes.
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The pellet was dispersed in 10 ml of Buffer P1 semented with 100 pg/ml of
RNAseA by vigorous pipetting with a 10 ml serolagipipette with a bulb attached. 30
ml of Buffer P1 was added and vortexed vigorouslgrisure complete dispersal.

40 ml of prewarmed Buffer P2 was added and mixedotighly by invertion and

incubated at room temperature for 5 minutes. Lysis stopped with the addition of 40
ml of prechilled Buffer P3 and mixed well by invens. The mixture was centrifuged in
JLA10.5 rotor at 5000 rpm for 15 minutes at 4 °Ghwut brake to separate the

precipitate from the solution.

A QIAGEN:-tip 500 was equilibrated with 10 ml of Baf QBT and allowed to empty
by gravity flow. The lysate was filtered throughet®IAfilter cartridge into QIAGEN-
tip 500. The QIAGEN-tip was washed with 2 x 30 miBuffer QC and plasmid was
eluted with 15 ml of prewarmed (70°C) Buffer QF.

The plasmid was concentrated by isopropanol pratiph by adding 10.5 ml (0.7
volumes) of isopropanol to the eluate, mixed weglifbversion and spun at 14 500 rpm
for 30 minutes at 4 °C in a JA20 rotor. The outde ©f the centrifuge tube was marked
to facilitate to location of the precipitate. Trepropanol was removed by aspiration
and washed with 5 ml of 70% (v/v) ethanol and spud4 500 rpm for 10 minutes at
4 °C in a JA20 rotor. Ethanol was removed by asipmaand the pellet was left to air
dry for 30 minutes. The plasmid pellet was dissolwve200 ul of Buffer EB and stored
at -20 °C.

3.17.12 Preparation of frozen bacterial stock

A single colony was picked and grown overnight. 400of bacterial culture was
dispensed into a 2 ml screw-capped vial and mixégd @00 pl of 50 % (v/v) of
glycerol stock to make a final concentration of%5v/v) and mix by brief vortexing.

The mixture was snap-frozen in liquid nitrogen atated at -20 °C until use.
3.17.13 Revive bacterial culture from frozen bacterial stok

The surface of the frozen glycerol stock were sedagsing a flame sterilized platinum-
wire bacterial loop and streaked on a prewarmegbliaB (with ampicillin if applicable)

and incubate overnight at 37 °C.
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3.18HRSV

3.18.1Source of viruses

HRSYV strain A2 and 8/60 representing prototypeirstiar subgroup A and subgroup B
respectively were obtained without passage nunrber Dr. Sarah E Welsh, Newcastle
University. The virus was propagated once in oné Tlask of HelLa cell and

resuspended in 4 ml of fresh MM2 and stored asjHQdliquot in screw capped vials,

snhap frozen in liquid nitrogen and stored at -8GafM@ used as a virus stock.

Specimens in the form of nose swabs (NSs) and/soptaryngeal secretions (NPSs)
for Winter 2007/2008 and 2008/2009 which were tkstgositive by
immunofluorescence were obtained from the Healtbtdetion Agency, Newcastle

upon Tyne.

Volunteers were recruited by research nurse Kedllafl. Specimens in the form of
NSs and/or NPSs for Winter 2009/2010 were obtafnaa recruited volunteer infants
hospitalized due to HRSV disease.

Table 9 HRSV strains selected for the source of Gege.

HRSV Genotype| Source Passage Reference
strain
2567 SAAl1 - P5 (A. McGill et
al., 2004b)
4208 GA2 Isolated during the 07/08 P2 -
epidemic
24702 GA3 - P5 (A. McGilet
al., 2004b)
4908 GA5 Isolated during the 07/08 P2 -
epidemic
25173 GA7 - P5 (A. McGilet
al., 2004b)
5608 BA4 Isolated during the 07/08 P2 -
epidemic
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3.18.2Virus isolation

The viscous snort in either NS or NPS was homogehy pipeting using a sterile 1 ml
hydrophobic barrier tip before inoculation. Whencessary, the volume can be
increased by the addition of HBSS.

The growth medium in the cell culture test tube wWesarded by aspiration and 100-
500 pl of the unfiltered NPS/NS was inoculated alseonto HeLa monolayer. The
tubes were placed in a drum and incubated in ayrataubator for 1 hour at 37 °C. The
volume was adjusted to 1 ml with MM2. The tubesevgrcubated as above and the
media was changed every alternate day until 4+ptytic effect (CPE) was observed.
Concurrently, a mock infection tube was preparedaasegative control which is
comparable to the above except that the inoculums substituted with MM2. The
monolayer was scraped into the medium and a spacistide was prepared for
immunofluorescence. The remaining isolate namedagues1 (P1) was snap frozen in
liquid nitrogen as approximately 500 pl aliquo®iml vial and stored at -80 °C.

3.18.3Virus propagation

Passage 1 (or higher passage number) virus stogskhaaed rapidly in a 37 °C water
bath and then held on ice. 100 ul of the virusksteas transferred into a fresh 2 ml vial
and diluted to 1 ml with MM2 and used to inoculateLa monolayer grown in 4 oz

glass bottle followed by 1 hour incubation with kivgy every 15 minutes to prevent
desiccation. The volume was adjusted to 10ml witi2vand incubated for 2 days. The
progression of the cytopathic effect was observedieu the microscope daily and the
medium was replaced every alternate day until 4& €& be observed. The scoring of
CPE was based on arbitrary 4 scales scoring withelrg the lowest and 4+ being the
highest. The monolayer was then scraped into thdiume and dispensed as 1 ml

aliquots in 2 ml vial, snap frozen in liquid nitrerg and stored at -80 °C.

3.19 Modified Vaccinia Ankara

3.19.1Viruses

MVA strain 575, passage 1 was a gift from Dr SinBnidge, Newcastle University.
The virus was propagated in QT35 cells and regaadedassage 2 (P2) without prior
plaquing. The stock titer was>610" pfu/ml. The same stock was used to generate

recombinant MVA throughout this thesis.
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9NS3V5His, passage 1 (Chiaeb al., 2009) was a generous gift from Dr Rachael
Chiam, Cambridge University. 9NS3V5His expressedNi$3 protein of African Horse
Sickness disease virus with C-terminal V5 epitopé polyhistidine (6xHis) sequence
as a fusion protein under the control of vacciniebRoromoter and co-expressing beta-
galactosidase (Bgal) under the control of vaccihldl promoter was included as a
positive control for Xgal staining. 9NS3V5His waopagated once in QT35 cell line

as described in 3.19.3 and the titer for the pas8agrus was X 10" pfu/ml.

MVA-T, a recombinant MVA expressing the bacteriophd T7 RNA polymerase
under the control of the vaccinia virus P7.5 proendB. Mosset al., 1990) was a gift
from Prof. Malcolm McCrae, Warwick University. Therus was received without
passage number, propagated once in QT35 and ttle\stas was regarded as passage

2 virus.
3.19.2Cell disruption

Cell disruption to release virus particles fromsglas immersion of virus infected cells
in liquid nitrogen followed by rapid thawing of us stock in 37 °C water bath. This
process was done trice followed by sonication &03geconds burst in a water bath

sonicator with 30 seconds interval between eacktbur
3.19.3Virus propagation

MVA and other recombinant MVAs stock viruses werepgared in T75 tissue culture
flasks of confluent QT35. The virus stock was thawapidly in 37 °Gvaterbath and

aliquoted into 100pul/vial aliquots in 2ml vial amhe aliquot was then disrupted as
described in section 3.19.2 followed by 1:10 ddatin MM2 and inoculated onto a
confluent monolayer of QT35 cells followed by inatibn for 1 hour with rocking

every 15 minutes. Unused aliquots were snappeeifiraz liquid nitrogen and stored at
-80 °C. The volume of MM2 was adjusted to 10ml amaibated for 48-72 hours until

4+ CPE can be observed. Cells were then scrapedhetmedium, transferred into a
sterile centrifuge tube (either 15 ml or 50 ml) gadleted by low speed centrifugation
at 1000 rpm for 5 minutes. The medium was remoweddpiration and resuspended in
4 ml of fresh MM2, dispensed as 500 ul aliquotg iml screw-capped vial, shap frozen

in liquid nitrogen and stored at -80 °C until use.
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T7-MVA stock used for transient expression was spsaded in SAF due to the

toxicity of antibiotics to the cell line during trafection.
3.19.4Virus titration

The following method is used to estimate the titeof non-Bgal expressing MVA
strain 575 and T7-MVA.

100 pl/vial of virus stock was obtained as desclilbesection 3.19.3 and undergo ten-
fold serial dilution in ice cold MM2. Each dilutisnwas dispensed in duplicate at 200
ul/well in 24 well plate (Corning) and two wells memock infected with the same
volume of fresh MM2 followed by 1 hour incubatiofhe inoculum was removed by
aspiration and the monolayer was washed once Withu®well of PBS and replenished
with 500 pl/well of MM2 followed by 48 hours incutb@n. Plaques should be visible at
at 28 hours post infection (p.i). The medium wamaeed by aspiration and the
monolayer was fixed with 500 pl/well of 10 % fornsalline for 30 minutes, rinsed once
with PBS followed by 100 pl/well of crystal violsblution. Plaques were observed and

manually counted under a microscope.

The following method is used to estimate the MVA vus titer which co-expresses

Bgal under the p11 vaccinia virus promoter.

The inoculation procedure was carried as descrigedve but after the 1 hour
incubation, the monolayer was washed once with RB& removed by aspiration.
Residual PBS was removed by tilting the plate atmlgle between 30-45 degrees and
aspirated using a 200 pl yellow tip attached to(PRipetman micropippeter adjusted to
the maximum volume capacity. The monolayer was layed with 500 pl/well of
agarose overlay, solidified at 4 °C for 15 minuf@owed by 48 hours incubation or
until plaques cn be observed under a microscope.s€bond overlay was layered with
500 ul/well of Xgal Agarose overlay, solidified akescribed above followed by
overnight incubationBgal expressing plaques will be stained blue andbeanounted
without the need of a microscope.

The dilution with the most significant number odglies was counted.

Stock virus titer =f x 10" pfu/ml; where\ = dilution factor, and=number of plaques

counted
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3.19.5Multiplicity of Infection (MOI)

The MOI can be determined with the following formul

Virus titer of inoculum (pfu)

MOI=

Y. cell (number of cells at the time of inoculation)

3.19.6Recombination of shuttle vector into MVA

Lipofectin preparation (Part A)

30 ul of Lipofectin (Cat#18292-011) (Invitrogen) svdiluted into 100ul of OPTIMEM
and incubated for 45-60 minutes at ambient temperat

DNA preparation (Part B)

5 pg of plasmid DNA was diluted into 100 pul of ORTHM and incubated for 30

minutes at ambient temperature.
DNA-Lipofectin complexes |
This formulation is to be used for pSC11 shuttleteeand its derived constructs

Part A and Part B was combined and incubated famitfutes at ambient temperature

and the volume was adjusted to 2 ml with OPTIMEM ased immediately.
DNA-Lipofectin complexes Il
This formulation is to be used for pTM3 shuttle te@@nd its derived constructs

Part A and Part B was combined and incubated famitfutes at ambient temperature

and used immediately.
Procedure

CEF cells were grown without antibiotics in T25stie culture flask (Corning) until the
monolayer reached approximately 70% confluency. Tedium was removed by
aspiration and the monolayer was inoculated witld wipe (w/t) MVA at the MOI of
0.05 in OPTIMEM medium and incubated for 2 hourise Tnoculum was removed and
washed once with 5 ml of OPTIMEM. The monolayer wassfected with the shuttle
vector by the addition of 2 ml of DNA-lipofectin emlex | (see above) and incubated
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overnight. The following day, 2 ml of antibiotioske GM1 was added to the culture and
incubated until 4+ CPE can be observed. The morolags scraped into the media and
pelleted by low speed centrifugation at 1000 rpmSfonin. The pellet was resuspended
in 500 ul of MM1, labelled as recombination mix astdred as a single aliquot in a 2 ml

vial, snap frozen in liquid nitrogen and stored& °C until use.
3.19.7Plaque assay

Serial plaquing was carried out to screen and krihie recombinant MVA generated in
3.19.6. First round of plaquing was done on comiiu®@T35 cells grown in 24 well
plate (Corning). The recombination mix was thawe@7 °C waterbath and 100 pl was
transferred into a fresh 2 ml vial and disrupteddascribed in 3.19.2 and subjected to
tenfold serial dilution in MM3. Unused recombinattimix was snapped frozen in liquid
nitrogen and stored at -80 °C. Each dilution wapelsed in replicates of two from™.0
to 10° at the volume of 200 pliwell. A pSC11l recombinaitus 9NS3V5His
(section.3.19.1), was serially diluted in the ideglt manner and was included as a
positive control for Xgal staining. The wells inetthast row were mock infected with
MM3. The plate was incubated for 2 hours, washezkamith PBS and overlayed with
500 pl of Agarose overlay followed by 48-72 houmsubation. Once plaques can be
observed through the microscope, the X-gal Agaoyselay was layered, solidified and
incubated overnight. Plaques were picked by staphircrystal tip attached to a P20
Pipetman (Gilson) with the volume adjusted to 10Tle agarose plug together with
blue coloured materials were resuspended in 500f IMM3, snap frozen in liquid
nitrogen, stored at -80 °C or used immediately.

The subsequent rounds of plaquing were done inlB wikates (Corning). The agarose
plug suspension was disrupted as described inoge8tll9.2 and 100 ul was dispensed
into a fresh 2 ml vial and undergo fourfold seddution in MM3. Unused stock was
shapped frozen in liquid nitrogen and stored at®@0The volume of each dilution was
adjusted to 500 pl with MM3 and inoculated onto t@nolayer in their respective well
and incubated for 2 hours with rocking every 15 ut#s to prevent dessication. The
monolayer in one of the well was mock infected waPO pl of fresh MM3 as an
uninfected cell control. The inoculums were remobgdaspiration and the monolayer
was washed once with PBS and residual PBS was enas described above. The
agarose overlay procedure was identical to the foend plaquing except that the
volume of each agarose overlay was increased t0 [iB@ell to prevent desiccation of
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the monolayer. Blue plagues were observed undetostope and whenever possible,
only blue plaques without any adjacent unstainedjye were chosen to be picked for
the subsequent round of plaquing. The plaquingegmtoes were repeated 5-7 rounds.

3.19.8Transient expression

HelLa cells were grown in a 24 well plate (Cornit@approximately90 % confluency
in antibiotics free MM3. The medium was removed dspiration and superinfected
with T7MVA at the MOI of 3 and incubated for 30 rates. Then, the inoculum was
removed by aspiration and the monolayer was washest with 2<500 pl/well of
OPTIMEM. The infected monolayer was then transicteth 200 pl of DNA-
lipofectin complex Il prepared as described inieec8.19.6 and incubated for 4 hours.
The monolayer was treated with 200 pl of antibefiee GM3 and incubated overnight.
The following day, 4+ CPE should be observed dusujerinfection. The cells were
scraped into the medium using a disposable pld&isteur pipette and slides were

prepared as described in section 3.10.3.

3.20Glycosylation inhibition

3.20.1Stock Tunicamycin

One vial of containing 1 mg of Tunicamycin (cat#637LMG) was dissolved in 1 ml
of sterile DMSO by direct injection using a hypader needle through the rubber

septum of the vial preventing dust formation. Thaeck solution was stored at -20 °C

until use.
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3.21 Peptide synthesis

164-177: peptide AcNH-HFEVFNFVPCSIC-CONH2 was swysiked by Eurogentec,
SePop purified and selectively precipitated to reengalt and organic starting materials
used in the synthesis process. The average puat/ determined by MALDI-TOF
Mass Spectrum-Instrument Autoflex1 to be ~65 % téwedyield was 2 mg.

172-187: Peptide 172-PCSICSNNPTCWAICK-187 was sssitted by Dr. J Gray,
Institute for Molecular Biosciences, Newcastle Umsity and stored frozen as 200 pl
aliquot at -20 °C.

The lyophilysed peptides were dissolved in 100 fuDbISO and volume adjusted to 1
ml in distilled water to make 2 mg/ml stock soluation 5 % DMSO, stored as 100 pl
aliquot at -20 °C until use.

3.22Decay curve

A non-linear regression line (refered to hereinlesay curve) was fitted with the single,
two parameter exponential decay algorithm using ‘e Curve’ function with
extrapolation in Sigmaplot version 11.

3.23t test

Paired t test was carried out in SPSS statisticsore 17 under the ‘analyze’; ‘compare

means’ tab and p<0.05 was considered significant.

83



Chapter 4 Molecular Epidemiology of HRSV in Newcastle over 3

epidemics
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4.1 Introduction

The prevalence of the epidemic strains of HRSV @&/epidemics in Newcastle upon
Tyne is evaluated in this chapter. Work on the HRWemic seasons 2007/2008 and
2008/2009, which were mainly studied to establismethod for virus isolation and
genotyping, involved the isolation of HRSV from opbkaryngeal secretions (NPSs)
previously positive for HRSV by immunofluorescerstaining (IF) carried out by the
Health Protection Agency (HPA), Newcastle upon Tyvieus isolation also provided a
collection of representative HRSV isolates in diation for the cloning and expression
of the G and the F glycoprotein genes describéthiaipter 5. Phylogenetic analysis was
carried out on gene sequences amplified from visotates which will be discussed
later in this chapter. Specimens negative for tsmtawere not further investigated. In
2009/2010, specimens from recruited volunteers ipainthe form of nose swabs (NSs)
rather than NPSs were available due to a majorgehanthe routine diagnostic system
employed by the HPA which no longer requires thiéection of NPSs for IF and virus
isolation. In this season, both virus isolates @&ulation negative specimens were
subjected to nested or hemi-nested RT-PCR for gpimgj.
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4.2 Isolation and identification of HRSV

In the 2007/2008 epidemic, 20 NPSs were inoculattedHeLa tubes for virus isolation

(Section3.18.2). 17 of these produced charactei@®BE as shown in Figure 12. Isolates
were harvested and specimen slides were prepagetiofs 3.10.2) and IF testing was
carried out with HRSV Mab pool as described inisec8.10.4 and the representative

result is shown in Figure 13. The isolation ratafrNPSs was 85%.

In the following epidemics, a total of 29 NPSs wel#ained and inoculated into Hela
tubes and 18 of 29 showed characteristics CPE afhwtt were positive with HRSV
Mab pool by IF giving an HRSV isolation rate of ab&0%.

In the 2009/2010 epidemic, both respiratory andtleamples were obtained from a
total of 23 patients of which 2 had both NPS andt&l&n, 4 and 19 volunteers had
only NPS and NS taken respectively. 500ul of eakthioh of NPSs and NSs in HBSS
was aliquoted into 2ml screw-cap vial, snap frozem stored at -80 °C and the
remainder was put into Hela tubes for isolatiorof@ NPSs yielded CPE and were
confirmed HRSV positive by IF yielding a 100% idoda rate from NPSs. However,
only 6 of 21 NSs including two isolated from NP3wwed CPE which were also
confirmed to be HRSV by IF giving the isolation @adf about 30% from NS. The

overall isolation rate for this epidemic was ab48bo.

Table 10 Summary of the isolation and identificatia of HRSV

2007/2008 2008/2009 2009/2010

NPS NS NPS NS NPS | NS
Total specimens (n) 20 N/A 29 N/A 6 21
CPE 17 N/A 18 N/A 6 6
HRSV Mabpool 17 N/A 16 N/A 6 6
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(A) Infected (B) Uninfected

Figure 12 Classical HRSV cytopathic effect

(A) HRSV isolate 5608 passage 2 infected HelLa anllslela tube showing classical
RSV cytophatic effect compared to (B) uninfected_éleells. Cells were fixed and
stained using Diff-Quik Stain, Dade Behring Ag, $erland and visualized under
100X magnifications

(A) Infected (B) Uninfected

Figure 13 Immunofluorescent staining of HRSV.

(A) HRSYV isolate 5608 at passage 2 and (B) uniefit¢ieLa cells stained HRSV Mab
pool; SAM-FITC visualized under 400X magnificatiomspple green staining shows
positive fluorescence (A) while red background retaj shows negative fluorescence

(B).
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4.3 Subgrouping of HRSV isolates

During most epidemics of HRSV both virus subgro@ms several genotypes co-
circulate. Genotyping of HRSV virus isolates islpbly best achieved by phylogenetic
analysis of the highly variable 3’-terminus of fGegene. In order to achieve this, it was

first necessary to establish an RT-PCR system ¢ajpdlamplifying this fragment.

The confirmed HRSV isolates were passaged in Hella and the total RNA obtained
as described in section 3.15.2, and cDNA was sgi#bd (section 3.15.3) using primer
G1 which is universal for both subgroups A and BSNR Subgrouping was then done
by PCR (section 3.15.4, programme PCR55) usingrsuipgA specific primer set GC1-
F164 and subgroup B specific primer set GB1-GB2

4.3.1 MgCI, concentration optimization for PCR

The optimization of MgGl concentration for PCR was done on the cDNA gerdrat
from isolate 4208 passage 2. The PCR mastermixpneggsared as described in section
3.15.4 with primer set GC1-F164 except the conegioin of MgCh was adjusted
individually ranging from 4mM to 0.5mM. PCR was ©ad out with programme
PCR55 as described in section 3.15.4 and the PG&upts were resolved by agarose
gel electrophoresis as described in section 3MiSualized under UV illumination. The
results are shown in Figure 14. The expected dileecamplication product was 628bp
and the band of interest was the most intense & 4mMgCl, followed by 3mM. A
faint band was observed at 2mM Mg@hd no amplification was observed below that
concentration. A non-specific band was observedbatween 400-500bp in all
concentrations except 1.0mM and 0.5mM. The MgCbncentration of 4mM
determined for primer set GC1-F164 was also foenddrk satisfactorily for primer set
GB1-GB2.
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MgCI2 concentration (mM)
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Figure 14 MgCl, concentration optimization for PCR reaction.
4.3.2 Amplification of the partial G gene of HRSV isolates

Representative virus isolates from epidemic 200082@hich were confirmed to be
HRSV by IF were passaged once in HelLa cells growsoz flat bottom glass bottle to
obtain passage 2 viruses (section 3.18.3) follolyetbtal RNA extraction as described
in section 3.15.2. The cDNA synthesis was generasedescribed in section 3.15.3 and
PCR was carried out as described in section 3.4t primer set GC1-F164 and
resolved on agarose gel as described in 3.15.%eptesentative result is shown in
Figure 15.

— - o S

Figure 15 RT-PCR on HRSV isolates using primer GCF164
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In this example, all isolates yielded a band ofékpected size of 628bp except isolate
4508. Non specific bands were not present in theaH=ell control or water control.
Neither A2 nor any other known subgroup A HRSV It&R&IA extract or cDNA was
included as a positive control for reverse tramgon and PCR respectively to
minimize the possibility of cross-contaminationdyplicand from the positive control.
cDNA not amplifiable by this primer set was subgetto PCR with GB1-GB2 with
programme PCR55 as described in section 3.15.4reswved in an agarose gel as
described in section 3.15.9. The result obtaingtl o isolates found to be negative
with primer GC1-F164 is shown in Figure 16.

o -
o © O
53530
=St nhIL=
bp
800
- <+—740bp

700
600 </
5007/ wepeses

Figure 16 Amplification of the Group B HRSV by ushg GB1-GB2

Neither isolate yielded a DNA band with the expdcteze of 680bp as expected from
according the genome of HRSV subgroup B prototyrmns9320 but both generated an
intense band in between 700-800bp which corresgbhm¢éhe expected size of 740bp
with the HRSV Buenos Aires strain which contair@0at repeats in the G gene (Trento
et al., 2003). Non-specific band(s) with relatively lowaplecular weight than the band
of interest are present in both isolates and inHekea cell control but not in the water

control.

The whole procedure described above was repeatedllféthe isolates described in
section 4.2 and the summary of the results is aygal in Table 11. All cDNAs not
amplifiable by GC1-F164 were successfully amplifled GB1-GB2 and yielded band
of 740bp.
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Table 11 HRSV isolates subgrouping by RT-PCR

Subgroup Primer set 2007/2008 2008/2009 2009/2010
A GC1-F164 14 11 3
B GB1-GB3 3 5 I

Total 17 16 10y

B only PCR bands with the size of 740bp was ampljfewhen HRSV was isolated
from both NPS and NS, only the isolate from NPS used for RT-PCR.

4.4 Subgrouping of HRSV from NSs

The established subgrouping method by RT-PCR frbm isolates (section 4.3.2)
worked for epidemics 2007/2008 and 2008/2009 withawy problem due to the
relatively high isolation rate from NPSs. The isiaa rate from NPSs remained high in
epidemic 2009/2010 but NPSs were only availablef2% (6 of 23) infant volunteers
recruited for this study. Although the single rouR@-PCR system proved sensitive
enough to amplify the partial G gene from RNA egtea from isolates, its sensitivity
was insufficient for the RNA extracted directly fmothe NSs. The genotyping of the
specimens is crucial for this study as the mateanéibody titer to the G glycoprotein
from the infant volunteers needs to be measureth®@mecombinant G glycoprotein of
the infecting HRSV genotype. Thus hemi-nested aested PCR strategies were
devised for subgroup A and subgroup B HRSV respelstiutilizing the available
primers and depicted in Figure 17.
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4.4.1 Strategy

cDNA with G1
l 1°PCR
G1-F164 <
l 2°PCR
Hemi-nested GC1-F164 - > (subgroup A)
OR
Nested GB1-GB2 < 5 (subgroup B)

Figure 17 Nested and Heminested PCR strategy.

Diagram not drawn to scale. mRNA is depicted butp@ther binds to genomic RNA.

The cDNA synthesis was carried out as describegation 3.15.3. The first round PCR
(1°PCR) was carried out with primer set G1-F164,cWwhare pan-HRSV primers
binding to both subgroup A and subgroup B cDNAdascribed in section 3.15.4 using
programme PCR55. The second round PCR (2°PCR) am®d out in an identical
manner but the PCR product from 1°PCR was diluté8d0 in DEPC-HO and used as
template. The primer sets GC1-F164 and GB1-GB2 wsasl for the identification of

subgroup A and subgroup B respectively.
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4.4.2 Validation

To test this strategy, two passage 1 isolates, lyabéd0 and 4510, representing HRSV
group A and B respectively were chosen for thenottion of heminested and nested
PCR. These two isolates were chosen for 2 reasargly, HRSV was successfully
isolated, confirmed by IF and genotyped by phyl@genanalysis (Figure 22 and Figure
23). Secondly, for both isolates sufficient NS veasilable to be used to validate the
nested/heminested PCR and also to be includedpasitive control in the subsequent
assays. The total RNA extracted and cDNA was swgithd as described in section
3.15.3 and the cDNA was serially diluted froni'1® 10 in DEPC-HO and 10ul of
each dilution was subjected to 1°PCR with primér&€1-F164 as described in section
3.15.4 with the programme PCR55. 10ul of each ®ftHiPCR products was resolved in
agarose gel as described in section 3.15.9 anck#uéts are shown in Figure 18. Bands
of the expected size of 1168bp and 1228bp were robdefor 1610 and 4510
respectively. The 1°PCR is sensitive enough to #ynpDNA template of 1610 and
4510 diluted to 18 and 10 respectively but this does not indicate differenirethe
sensitivity of the primer sets as the viral RNAsrevaot quantitated and standardised
for this purpose. Both 1°PCR products were diluletioO0 in DEPC-ED. Diluted
templates for 1610 and 4510 were subjected to tRER with primer set GC1-F164
and GB1-GB2 respectively as described in secti@b.8.with programme PCR55 and
10pul of the template was resolved in an agarosageélescribed in section 3.15.9. The
results are displayed in Figure 19. Hemi-nested PEIBure 19(a)] on isolate 1610
yielded a band with the expected size of 628bpitemsiown to 10 which boosted the
sensitivity of the 2°PCR up to i@old compared to 1°PCR. Nested PCR on 4510 did
not show any increase in sensitivity compared ® IAPCR but significantly boosted
the intensity of the band of interest [Figure 1®(Bhese strategies proved to be
satisfactory in boosting the sensitivity of singbeind PCR and were used subsequently
with the total RNA extracted from the NSs.
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Figure 18 1°PCR amplification.

(a) 1610 P1 (b) 4510 P1 amplified with G1-F164. Tegative number indicates the
10-fold dilution factor.
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Figure 19 2°PCR amplification.

(a) Hemi-nested PCR on isolate 1610 using GC1-HIgMNested PCR on isolate 4510
using GB1-GB2. The negative number indicates thélDdilution factor.
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4.4.3 Amplification of the partial G gene from NSs

The total RNA was extracted from the stored NSsti@e 4.2) as described in section
3.15.2 and subjected to hemi-nested PCR and nP€l&las described in section 4.4.1

and the results is shown in Figure 20 and Figuree2fiectively.

With reference to the hemi-nested PCR results gurfél 20, specimens 4310, 5110 and
the positive control 1610, yielded band with theented size of 628bp and identified as
subgroup A HRSV. Numerous bands were present iclwaiband with the molecular
weight in between 1000-1500bp relative to the mawkas present in 1610, 2910, 3210,
and 4510 probably represents the product from 1°PGRN-specific band with the
consistent size between 750-1000bp relative tontheker was present in 2110, 4310,
4610, 4810,5210, 5410. No DNA bands were presenbin water controls.

The results of the nested PCR is shown in FigureT2® species of dominant band
were observed. For subgroup B, or specificallyBi#evirus, the expected band would
be 740bp. This was observed in the positive coftrosubgroup B, specimen 4510 and
also for 2110, 2910, 3210, 4610, 5110, 5210 and5#id clearly identified these
viruses as subgroup B, BA like. However, a bandhhe lower molecular weight than
the expected size of 740bp was observed in thersupg?A postive control, specimen
1610 and also 4310 and 5010. Without the presehtteecsubgroup A positive control
1610, it would be tempting to speculate that theelo band corresponded to the
molecular weight of 680bp, the expected size ofysulp B prototype strain 9320 non-
BA subgroup B. This phenomenon was not observelddrprevious epidemics because
only non-subgroup A isolates by RT-PCR with GC141tere tested with RT-PCR
with GB1-GB2 and the subgroup specificity of primpair GB1-GB2 was not
evaluated. Subsequent sequencing and phylogemetigsés confirmed that the lower

band observed derived from subgroup A HRSV (searEig?2).

Isolate 2110 yielded a faint band of 628bp with haested PCR and 740bp with
nested PCR. There is a posibility that 2110 is geshiinfection of both subgroups A
and B with subgroup B being dominant. However i tls true, nested PCR should
amplify 2 bands of 680bp and 740bp correspondingutogroup A and B respectively
but only a single band of 740 was observed in deBt€R thus 2110 is regarded as
subgroup B.

95



M 2 5 8 8 8§23 2 2 M
bp ] =l
1500 —— bd “ _—
1000 | ' | hed —
750 —" b4
500" oy
250 = s

© o © o © © § &

Mme 285 8 3 SR

bp = =y

et [P
1500—0
100‘&—_ b'l | b —
?50;_': |
500
250"

Figure 20 Hemi-nested PCR on total RNA extracted fsm nose swabs.

The numbers above the bands indicates the specmaeiber. 1610 and 4510 are
considered positive control for Group A and GrouplBSV respectively.
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Figure 21 Nested PCR on total RNA extracted from nge swabs.

The numbers above the bands indicates the speciomher. 1610 and 4510 are
considered positive control for Group A and GrouplBSV respectively.
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4.5 Genotyping by phylogenetic analysis

Sequences from Edinburgh (R), Netherlands (NL) Badgkok (BK) (Gauntt al.,
2011) were provided by Dr. Eleanor Gaunt, Edinbudgiiversity with sequences from
NL and BK initially obtained from Dr. Rogier Jansebeiden University Medical
Center (LUMC), and Dr. Yong Poovorawan, UniversifyBangkok.

The PCR products which were positive by RT-PCR wlesd in sections 4.3.2 and
4.4.3 were resolved in agarose gel as describestegtion 3.15.9 and the appropriate
DNA band was excised and gel purified as describesgction 3.15.10, quantitated and

sequenced as described in section 3.15.13.

The alignment of subgroup A sequences obtainedessritted above was carried out
together with archived isolates from Newcastle upgne (A. McGill et al., 2004a) and
representative isolates from Edinburgh (R), Netras (NL) and Bangkok (BK) as
described in section 3.16. The resulted phylogenete is shown in Figure 22.

The isolation of the BA genotype of HRSV in Newdasipon Tyne had never been
reported until epidemic 2007/2008 due to the absefccontinuous epidemiological
surveillance thus no archived sequences can be arechpvith the sequences obtained
from the recent epidemics described throughout ¢hapter. The BA genotypes were
the only subgroup B HRSV detected over the thredeepics. To solve this problem,
published sequences (Trengbal., 2003; Trentoet al., 2010) were included in the
alignment and the construction of the phylogenige. No other genotypes other than
the prototype CH18537 was included in the analgeis the resulting phylogenetic tree
is shown in Figure 23. DNA sequences corresponmitbeotide 526-782 of the G gene
of the prototype HRSVstrain CH18537 or nucleotid®-842 of strain BA/802/99
(Trentoet al., 2010).
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Figure 22 Phylogenetic tree of Group A HRSVY

Partial nucleotide sequences of the second variagien of the attachment G glycoprotein gene oSNFA from the 07/08, 08/09 and 09/10
epidemics from Newcastle upon Tyn® (A. McGill et al., 2004b) Newcastle upon Tyne (NCL$) (and Birmingham «) were aligned.

Edinburgh (R) &), Bangkok (BK) @) and Neatherlands (NLp] isolates. Phylogenetic tree of HRSV-A strainsstarcted using nucleotide
586-897 corresponding to HRSV strain A2 by the heaur-joining method, maximum composite likelihomedel and bootstrap analysis

(1000 replicates) using the MEGAA4..



With reference to Figure 22, the recent isolatesmfrNewcastle, Edinburgh and
Netherlands can be grouped into a clade identifiethe name GA2 according to Peret
et al.,, (2000) and identified with the previousligacacterized GA2 anchor isolate,
NCL/8923/97 (A. McGillet al., 2004a) supported with the bootstrap value ofitodas
interesting to note the following similarity betwersolates from different countries: (i)
Isolate NCL/27/10, NCL/41/10 and NCL/51/10 sub-témed together with Edinburgh
isolate R14414/08-09 with the bootstrap value of @9 Isolate NCL/7/09 clustered
together with the Dutch isolates NL20752112/07-68 &lL20850001/07-08 with the
bootstrap value of 68. (iii) Isolate NCL/14/09 aN€I/16/10 clustered together with
R25857/09-10, R25827/09-10 and R25993/09-10 with blootstrap value of 85.
However, all of them were grouped together underagor subclade with the bootstrap
value of 94, differing from the ancestral ancharlage NCL/8923/97 and two recent
Edinburgh isolates R9070/07-08 and R9088/07-08. iGulate each from Netherlands;
NL20752144/07-08 and Edinburgh; R3506/06-07 subeted together as an ancestral
group to NCL8923/97 which are highly similar withet bootstrap value of 98. No

Bangkok isolates was clustered in genotype GAZ2eclad

Meanwhile, the other group A Newcastle isolatesetbgr with the the rest of the
isolates from Netherlands and Bangkok were groupgd a clade named GA5S
identified with anchor isolates obtained in 1998,42@nd 1989 shown with the legehd
(A. McGill et al., 2004a) supported with the bootstrap value oflOWas interesting to
note that all of the current isolates clusterecetbgr as a subclade with the bootstrap
value of 89 while the anchor isolates forms a deitsubclade with the bootstrap value
of 81 except RS89-6190 (isolated by Patricia Cargiimingham) which is considered
the veteran genotype for genotype GA5 showing Baamit evolution of the past from

current GA5 genotype.
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Figure 23 Phylogenetic tree of HRSV BA genotype

Partial nucleotide sequences of the second varragjien of the attachment G glycoprotein gene @nitlles 526-842 of BA/802/99) of

HRSV-B from the 07/08, 08/09 and 09/10 epidemiosfiNewcastle upon Tyne (NCL$)Newcastle upon Tyne)(A. MCGILL ET AL.,
2004B) were aligned. Edinburgh (RA§, Bangkok (BK) @),Netherlands (NL)X) Buenos Aires (BA)¢) and Madrid (MAD).(o). Tree

was constructed by the neighbour-joining methodsimam composite likelihood model and bootstrap wsial (1000 replicates) using the

MEGA4.GenotypeBA1l, BA2 and BA3 was included in the constructafrthe phylogenetic tree but condensed for betral



As Figure 23 shows the Newcastle sub-group B issléitom this study all mapped
within the BA4 clade of the phylogenetic tree Th& #ruses were novel to Newcastle
and were only described in Buenos Aires in 20031sThhe anchor sequences for the
BA viruses were obtained from published sequentéisa genbank (Trent al., 2006;
Trentoet al., 2010).

The BA4 viruses were subdivided into 6 subclades. the interpretation of the
bootstrap value, particularly those of less thajn7@ist be made with care, attribution to
sub-clades is uncertain. Subcladel contains tweach virus from Neatherlands and
Bangkok and this clade is supported by a bootstedpe of 87. Subclade 1 viruses
cluster together with the MAD-III clade as reportgdTrento et al., (2010). Meanwhile
subclade 2 contains four members from NewcastleLQ3D9, 45/10, 49/10, 52/10)
and 3 members from Edinburgh (R9122/07-08, R91308)7R9123/07-08) with the
bootstrap value of 86. Subclade 3 and 4 corresgonMAD-IV clade which was
supported by the bootstrap value of 74 and 78 odisedy. Within subclade 3,
NCL/11/09, NCL25/09 and NCL46/10 and R2582809-10ensdustered together with a
lower bootstrap value of 68 showing their relategneSubclade 5 consists of
NCL/21/10 and 4 other members from Edinburgh armgpstted with a stong bootstrap
of 83. Subclade 6 contains the highest number ohioees with the bootstrap value of
80 which includes members from MAD-IV. Within thssibgroup, 8 of the Newcastle
viruses from epidemic 2009/2010 clustered togettidr members from the MAD-III
clade. The differences in clade assignment betwsrstudy and those of Trento et al.,
(Trentoet al., 2003; Trenteoet al., 2006; 2010) may be due to the different algorithm
used in the construction of the phylogenetic tidee trees in Figure 22 and Figure 23
were constructed using the neighbour joining methodTrento et al., (Trentet al.,
2003; Trentcet al., 2006; 2010) uses the maximum-likelihood method.

The prevalence of each genotype detected overhiee tconsecutive epidemics in
Newcastle upon Tyne is summarized in Table 12.t&bk shows the gradual decrease
in both genotype of subgroup A while the sole repn¢ative of subgroup B rose

steadily over the study period.
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the three epidemics.

Table 12 Breakdown of prevalent HRSV genotypes in &castle upon Tyne over

Epidemic SubgroupA Subgroup B
Year
GA2 GA5 BA4
2007/2008 12 2 3
2008/2009 9 1 5
2009/2010 4 0 13
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Chapter 5 Recombinant glycoprotein expression
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5.1 Poxvirus expression system

5.1.1 Vaccinia virus

Vaccinia virus belongs to the family @&foxviridae, subfamily Chordopoxvirinae and
genus orthopoxvirus. Other members include camelpox, cowpox, ectromelia,
monkeypox, raccoonpox, skunkpox, Uasin Gishu, vitepnd the notorious variola

which causes smallpox (B Moss, 1996).

The origin of vaccinia virus is rather speculati#lward Jenner himself thought that
his cowpox formulation used for the vaccinationgorated from horses in which the
parent virus is now extinct but there is no cleacuimentation on where or when the
modern vaccinia virus emerged. Other hypothesabefrigin of vaccinia virus had

been put forward including the hybridization of quw and smallpox virus in the early
years of vaccination carried out in the Woodvill8imallpox Hospital (Baxby, 1996).

However, genomic sequence analysis has revealgdatigifferences between the three
viruses (M. Mackett and Archard, 1979).

5.1.2 Modified Vaccinia Ankara (MVA)

MVA virus was derived by Anton Mayr by the seria@gsage of a vaccinia virus derived
from a horse through chick embryo fibroblasts ntbe:n 570 times, after which it could

no longer replicate, or replicated very inefficigntn a variety of mammalian cell lines.

The attenuation of MVA virus has greatly reduceel genome of the virus to 175 kb in
length compared to the Copenhagen strain whicB2skb (Antoineet al., 1998).

5.1.3 Biological safety

Although vaccinia virus is categorised as a clagathogen (MacNeigt al., 2009), the
safety issue of the use of vaccinia virus in rede&ias always been of great concern in
the post smallpox era. Vaccinia virus is highly tagimous with the need for minimal
contact for secondary transmission from vacciné&spiowitz, 2003) or laboratory
acquired vaccinia infection (MacNei al., 2009).

MVA has a similar host range as its parental vaacuirus but the host range can be
divided into permissive and non-permissive. MVA tiplés in permissive hosts such as
avian cells, chick embryo fibroblasts (CEF) and dgiaail cell line (QT35) and the baby
hamster kidney cell line (BHK-21). The life cycle VA in non-permissive cell lines
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is identical to its life cycle in permissive ceihés but the final virion packaging is
inhibited (Sutter and Moss, 1992; Sanehal., 2002).

MVA has consistently passed phase | clinical tagla vaccine vector (Rochliet al.,
2003; Richard Harropt al., 2006; Hawkridgest al., 2008; Amatcet al., 2009; Currier
et al.,, 2009; Kaufmanet al., 2009; Ramanathasgt al., 2009; Sandeet al., 2009;
Whelanet al., 2009; Amato, 2010; Amatei al., 2010; Currieet al., 2010; R. Harrot
al., 2010; Vasaret al., 2010). Furthermore, IMVAMUNE a third generation smallpox
vaccine candidate formulated using MVA-BNa strain of MVA which is now under
preparation for phase Il clinical trial, was foumd be well tolerated without any
unexpected side effects by 2800 vaccinees incluitioge with HIV, eczema and atopic
dermatitis (Jones, 2008; Kennedy and Greenberd)200

The use of MVA over vaccinia virus in expressiorsteyns for foreign proteins
eliminates the risk of laboratory acquired infestiand and time consuming

deactivation of vaccinia virus after recombinardgtpin expression.
5.1.4 Expression under the control of the vaccinial P7.promoter

The early and late phases of vaccinia virus lifeleyefered to the time before and after
DNA replication. The P7.5 promoter is an early date promoter as the 7.5kDa
polypeptide promoter is synthesized throughout lifee cycle of the virus. This
promoter is driven by the specific vaccinia virudARpolymerase and is not affected by
the host’'s RNA polymerase Il. P7.5 has a yield QGe2d lower than P11 vaccinia virus
promoter but nonetheless, remained the most wideéd promoter (Michael Mackett
and Smith, 1986).

5.1.5 pSC11 shuttle vector

The pSC11 vector is a co-expression vector whitdwal the cloning of foreign genes
adjacent tde. coli B-galactosidase genpdal) within the thymidine kinase (TK) gene of
vaccinia virus. Thelgal gene is driven by a P11 late vaccinia virustmter. MVA

virus infected tissue culture cells can be co-fiesied with a recombinant pSC11
plasmid allowing recombination to occur betweendwiype MVA virus and the

plasmid in the thymidine kinase gene introducinge thecombinant and beta
galactosidase genes into the virus. Recombinatio ithe TK locus destroys the

capability of the recombinant virus to produce eneyTK, thus resulting in TK minus
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(TK-) phenotype recombinants which are selectabte the presence of 5-
bromodeoxyuridine (BudR) and/or visually distindwable from spontaneous TK
mutants by the addition @gal indicator to detedigal gene expression (Chakrabatti
al., 1985). The pSC11 vector contains no ATG starboodownstream of the vaccinia
virus promoter which is ideal for cloning and exgsien of complete open reading
frames which contains their own translational atibn codon. The topographical map
of pSC11 is shown in Figure 24.

600bp *
///’r_ BamHI| Smal EcoRlI _ﬂ\\\\

EcoRl
BamHI

X Bsu3el

EcoRI™\
BamHI —

\_ /

7kbp

Figure 24 A topographical map of pSC11.

P11, P7.5 are vaccinial promoters; TKR: vacciniaintidine kinase sequence, right
hand; TKL: vaccinial thymidine kinase sequence, ieind; ampR: ampicillin resistance
gene; EcoRIl, BamHI, Bsu36l, Smal: restriction sit8sal: cloning site for foreign
open reading frames.

The cloning of foreign genes into the pSC11 vedaestricted to the Smal restriction
site downstream of the vaccinial P7.5 promoter. fidieign gene does not have to be
inserted in frame with the promoter but must caAyG start codon to initiate
transcription and translation. Any non-specific AT@stream of the actual start codon
must be silenced. Kozak consensus sequence (Kb28K) is not required for efficient

translation of vaccinia virus mRNA (Michael Mackatid Smith, 1986).
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5.2 Preparation of pSC11 for cloning.

The insertion of recombinant genes into MVA is liggied by a shuttle vector such as
pSC11 which contains flanking sequence of the tdymei kinase (TK) gene of vaccinia

virus where the recombinant gene is inserted. Tthesyery first step was to prepare
pSC11 plasmid for the cloning procedures.

pSC11 plasmid prepared from a 1.5ml overnight celaf pSC11/TG1 (section 3.17.10)
was digested with Cfr9l (an isoschizomer of Xmadl m@oschizomer of Smal)(section
3.17.3) to produce a sticky end 5-C/CCGGG-3’ argplibsphorylated using CIAP

(section 3.17.4). An undigested pSC11 vector waslved together as an undigested

plasmid control as shown in Figure 25. Digested JiE@igrates as a band between 6k-
8kbp corresponding to the expected size of 7.6kbp.

e,
o}
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Figure 25 Cfr9l digested pSC11 vector resolved togeer with native pSC11.
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5.3 Preparation of the glycoprotein genes for cloning

As the purpose of this project was to measure maleantibody titer to the G
glycoprotein of the virus genotype infecting infanthe prevalent genotype during the
epidemic 2009/2010 could not be predicted and marypbof G genes from different
genotypes was prepared. A collection of HRSV isslaepresenting genotype SAAL,
GA2, GA3, GA5, GA7 and BA were selected from arelivmaterials and HRSV
strains isolated during the 2007/2008 epidemic.

5.3.1 Cloning primer design
All cloning primers are shown in Table 5

The forward cloning primer for the G gene was desthbased on strain A2 with a
restriction enzyme site Cfr91 added and an ATG nodpstream of the actual start
codon silenced to TTG. The mutated adenosine resglat position -8 from the actual

start codon. The primer is named gpGA_For.

The reverse cloning primer for the G gene of subgrd was designed based on the
untrimmed sequence alignment obtained from isolakesvn in Table 11 which also
provided sequence date used in the constructidimegbhylogenetic tree as described in
section 4.5. This provided sequence data for thieoérthe G gene, the G/F intergenic
region and into the beginning of the fusion geneod61 and Cfr9l sites were included
which was named gpGA_Rev. gpGA_Rev binds at therabstop codon and into the
G/F intergenic region which is conserved compacethé -3’ end of the G gene. This
will allow the use of a single primer to amplify aiembers of subgroup A and allows

each individual strain to use its natural stop codo

This sequence data was also used for the desigmedbrward cloning primer for the
fusion gene. A Cfr9l restriction enzyme site wasletl and the primer was named
gpFA_For.

The reverse cloning primer for the fusion gene designed based on the HRSV strain
A2 with Eco81l and Cfr9l restriction enzyme redioo enzyme sites added. The

primer is named gpFA_Rev.

The forward cloning primer for the BA genotype wsashilar with gpGA_For but the

5'- end was lengthened to ensure efficient digesbg Cfr9l. To obtain the sequence
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data for the design of the reverse primer, PCR e@ased out on the cDNA generated
from the total RNA of isolate 5608 from section .2.3vith primer set G1-F164 as
described in section 3.15.4 using programme PCRB&.amplicant was resolved in an
agarose gel (section 3.15.9). The DNA band of #peeted size of 1228bp was excised
and gel purified as described in section 3.15.1@ved by sequencing with primers
G1, GB1 and F164 as described in section 3.15.h8. Sequence was assembled as
described in section 3.16.3. The reverse primer aessgned with Eco811 and Cfrol
sites added and named gpGB_Rev.

5.3.2 Amplification of the G gene.

The total RNA of subgroup A isolates in Table 9 wagracted as described in section
3.15.2. and the cDNA synthesis was carried outgusiimer gpGA_For as described in
section 3.15.3 followed by PCR using primer set pEor-gpGA-Rev as described in
section 3.15.4 using programme PCR50. The DNA waslved in an agarose gel as
described in section 3.15.9 and shown in FigureAB6five isolates yielded a product
with the expected size of 956bp with no significaonh-specific band although some
faint smear of approximately 500bp was observeziir02 and to lesser extent in 2567.
No non-specific bands were present in either Hedlbor water control. The primer set

was not tested on the A2 strain.

bp

1000
900

Figure 26 Amplification of the G gene of subgroup AHRSV by RT-PCR

The total RNA of isolates 4508, 5408 and 5608 regméng all subgroup B HRSV
isolated during the 2007/2008 epidemic was extchatedescribed in section 3.15.2 and
subjected to reverse transcription with primer gpl@B as described in section 3.15.3
followed by PCR with primer set gpGB_For-gpGB_Reithwprogramme PCR50 as
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described in section 3.15.4. The PCR products weselved in an agarose gel as
described in section 3.15.9 and the results ishass in Figure 27. All three isolates
tested yielded band with the correct size of 101&tqording to strain BA/802/99. Two
intense bands of size between 500-750bp and bed®Olw@Pwere observed in all strains.
A faint band with the size in between 750-1000bs whserved but these bands were
isolate specific and not due to non-specific bigdof primers to the cellular nucleic
acids based on the absence of corresponding batiteifHeLa cell control. A faint
smear was observed in the HeLa cell control buttater control was clean. No further
optimization of the annealing temperature was edrdut as the amount of DNA in the
band of interest was sufficient for the cloningg&dure. Only the G gene from isolate

5608 was selected for cloning.

G gene

Figure 27 Amplification of the G gene of representiave BA4 genotype by RT-PCR.

5.3.3 Amplification of the F gene

The RNA extracts from subgroup A isolates useddatien 5.3.2 were subjected to
reverse transcription with primer gpFA_For as diéstt in section 3.15.3 followed by
PCR with primer set gpFA_For-gpFA_Rev using progrenPCR50 as described in
section 3.15.4. The PCR products were resolvedniragarose gel as described in
section 3.15.9 and the result is shown in Figure ABisolates tested yielded bands
with the expected size of 1796bp based on A2. TaAtemcontrol was clean but two
non-specific bands can be observed in the HelLacositrol, both of size in between
750-1000bp.The higher non-specific band was obsenvehree strains namely 4208,
24702 and 2567 but is most prominent in strain 24@6 is associated with lower
intensity of the band of interest. The lower noeefic band was present in all

subgroup A strains tested.
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Figure 28 RT-PCR amplifying the HRSV fusion gene ofarious genotypes.

5.4 Cloning of the inserts into pSC11 vector.

The G genes of subgroup A strain 25173 (GA7), 4&a8&5) of subgroup A and 5608
of subgroup B, genotype BA4 from section 5.3.2 #me F gene of strain 4208 from
section 5.3.3 were digested with Cfr9l as descrilmedection 3.17.3 and ligated into
pSC11 as prepared in section 5.1 using the proesddescribed in section 3.17.5.
Isolates 4208 and 5608 were chosen as a reprasestdor the contemporary
genotypes while 25173, a GA7 genotype was chosem fall length G glycoprotein
control in section 7.5.7. The ligated products wea@sformed as described in section
3.17.9 into chemically competehktcoli TG1 as prepared in section 3.17.2. To identify
the strain and the gene of each PCR, the strairbaumill be followed by a suffix G or

F representing the G gene and F gene respectively.

All transformations yielded bacterial colonies epictr strain 25173G. The procedures
above (from RT-PCR on) were repeated thrice withemuyt success probably due to
inefficient digestion by Cfr9l. Thus, the PCR pratlof 25173G was cloned into the

pPpGEM-T Easy vector as described in section 3.17Ad six colonies was picked and

grown in 2ml LB and the plasmids extracted as diesdrin section 3.17.10 followed by

insert screening by Smal as described in sectibn.@. The result is shown in Figure 29.
Three clones were found you harbour the G generesmlved as a band with the size
similar to the PCR product (956bp) namely clon8 2nd 5. Clones without the correct
insert yielded 2 bands with the size in between01B000bp and 4000-5000bp. pSC11
plasmid was digested with Smal as a control. Cbé 25173G/pGEM-T, designated

as 25173G2 was chosen to be subcloned into pSC11.
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G gene

Figure 29 Insert screening of 25173G/pGEM-T Easy b§mal digestion.

Lane 1-6 represents 6 clones screened, Lane 7: @gesdted pSC11; M: GeneRuler™
1kb DNA ladder.

5.4.1 Insert screening by restriction digest.

4208G/pSC11 colonies resulting from section 5.4ewscked, grown overnight in LB
culture, and plasmid minipreps prepared as destiibsection 3.17.10. Plasmids were
screened by Smal digestion as described in se8tibn6 and the result is shown in

Figure 30.

1 23 45 6 78 9 101112 13 14 15 16 17 1819 20 M

Figure 30 Insert screening of 4208G/pSC11 by Smalgestion.

Lane 1-18 represents different clones from indigidtolony. Lane 19:digested pSC11
as a positive control; Lane20; undigested pSC11GkheRuler 1kb DNA ladder

From the 18 colonies picked and screened, 6 caloméze harbouring an insert with the

size of about 950bp corresponding to the size®thplified G gene. They are clone 4,
5, 6, 12, 14, 16. Clones 10 and 11 yielded insed which did not correspond to the

size of the amplified G gene. Clones 17 and 18anatl no plasmid. Glycerol stocks of

bacterial clones with insert including those witkearrect size were prepared for storage
as described in section 3.17.12. Comparison betweedigested pSC11 (lanel9) with

undigested pSC11 (lane20) shows the complete deavigpSC11 by Smal.
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Five resulting colonies of 4208F/pSC11 from sectoh were treated as above and the
results are shown in Figure 31. Only 1 of 5 colersereened harbour an insert with a
size of about 1790bp corresponding to the amplifiedon glycoprotein gene. Frozen
bacterial stock for clone 4208F/pSC11_4 was prepasedescribed in section 3.17.12.

M 1 2 3 4 5

bp

2000
1500
1000

750

Figure 31 4208F/pSC11 insert screening by Smal digggon.

Lane number represents actual clone number.

5.5 Colony screening

Colonies was initially screened for inserts by niegbn enzyme digest as above. This
strategy itself is laborious and lengthy involviagernight growth of bacterial culture,

plasmid miniprep, restriction enzyme digestion aagarose gel electrophoresis.
Carrying out a large number of plasmid minipre@m@y one time can be limited by the
capacity of the available centrifuge. Thus, coldh@R was later developed to make

colony screening more efficient.
5.5.1 Colony PCR primer set design

In order to design primers for colony PCR, vectxuences flanking the gene insert are
required. There is currently no published vectoguemce for pSC1l1l. Thus a
characterised pSC11/SH2.1 clone containing the &t @f HMPV was obtained as a
frozen bacterial stock from Dr Alison B. Tedcastewcastle University. The original
cloning primers used to generate this clone SH Raivand SH Reverse as shown in
Table 8.

Both SH Forward and SH Reverse had their sequepsteeam of Cfr9l restriction site
omitted, reversed complement and the primers wemmed MCS_upstream and

MCS_downstream as shown in Table 7
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Miniprep plasmid was prepared from pSC11/SH2.1lesxibed in 3.17.10, quantitated
and sequenced using MCA _upstream and MCS_downstesanescribed in section
3.15.13. The sequence determined is shown in Fi@%e The sequences were
assembled using CAP3 programme as described irose2tl6 and the colony PCR

primer set was designed manually and named pSGufebpSC_Rev.

ACTCAAGACTACGAAACTGATACAATCTCTTATCATGTGGGTAATGTTCTOG
ATGTCGATAGCCATATGCCCGGTAGTTGCGATATACATAAACTGATCACTAA
TTCCAAACCCACCCGCTTTTTATAGTAAGTTTTTCACCCATAAATAATAAAT
ACAATAATTAATTTCTCGTAAAAGTAGAAAATATATTCTAATTTATTGCAC G
GTAAGGAAGTAGAATCATAAAGAACA HTCTGTGAGCGTATGGCAACGAAGG
AAAATAGTTATAGTAGCCGCACTCGATGGGACATTTCAACGTAAACCGTTT
AATAATATTTTGAATCTTATTCCATTATCTGAAATGGTGGTAAAACTAACT G
CTGTGTGTATGAAATGCTTTAAGGAGGCTTCCTTTTCTAAACGATTGGGT@
GGAAACCGAGATAGAGATAATAGGAGGTAATGATATGTATCAATCGGTGTG
TAGAAAGTGTTACATCGACTCATAATATTA

Figure 32 Partial pSC11 vector sequence flanking th MCS derived from
pSC11/SH2.1 for colony PCR primer design.

Underlined: binding site for pSC_For and pSC_Repeetively;-// gene sequence not
determined.

5.5.2 Validation of colony PCR primer set

In order to validate the newly designed colony P@Rner, a panel of characterised
pSC11 clones are required. Thus, 4208G/pSC11 ckbn®s6 (with correct insert size)
and clones 10 and 11 (with incorrect insert sizeinf Section 5.4.1 were chosen to be
used in the colony PCR experiment and carried sudescribed in section 3.15.6. A
pSC11/TG1 clone was included as an empty vectdraloend water for a template free
negative control. Results of the colony PCR is gshanvFigure 34. The amplification
profile of the clones was comparable to the prafiithe Smal restriction digest profile
except the corresponding bands were more than 20figer than the insert size
obtained by restriction digest due to the incorporaof the vector sequence flanking
the cloning site. As expected clones 4, 5 and Blgteband of similar size above 1000
kb corresponding to the theoretical size of 119abg clone 10 and 11 yielded smaller
incorrect size bands of approximately 500bp andpd@spectively.
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The colony PCR product generated from empty pS@tiov was cloned into pGEM-T
Easy as decribed in section 3.17.8 and a positmeecwvas sequenced using the M13
primers set as decribed in section 3.15.13. Thelesesps were assembled using the
CAP3 sequence assembly programme (section 3.16)sé&tuence is shown in Figure
33 and the length was determined to be 235bp. Hemvélve electromobility size if this
fragment on an agarose gel was consistently migyatbove 250bp with reference to
the GeneRuler 1kb DNA ladder. Sequencing of pSCa$npd using pSC_For and
pSC_R as described in section 3.15.13 followeddnysnce assembly reconfirmed the

sequence length to be 235bp.

TTGAAATGTCCCATCGAGTGCGGCTACTATAACTATTTTTCCTTCGTTTGCA
TACGCTCACAGAATTCCCGGGGATCCGTCACTGTTCTTTATGATTCTACTTC
CTTACCGTGCAATAAATTAGAATATATTTTCTACTTTTACGAGAAATTAAT T

ATTGTATTTATTATTTATGGGTGAAAAACTTACTATAAAAAGCGGGTGGGTT
TGGAATTAGTGATCAGTTTATGTATA

Figure 33 Sequence of the amplification product gesrated from native pSC11

vector using the colony PCR primers.

The colony PCR primers pSC_For and pSC_Rev arerlimele respectively; The Cfrol
restriction enzyme site is in bold.
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4208G/pSC11 clone
5 6 10 11

pSC11

Figure 34 Validation of colony PCR primer for pSC11using 4208G/pSC11 clones.

Lane number correspond to the actual clone nunie€11: empty vector control;
Water: control without template; M1: GeneRuler™ IKNNA ladder; M2: GeneRuler™

100bp DNA ladder.

5.5.3 Insert screening by Colony PCR

6 7 8 9 10 pSC11

Figure 35 Colony PCR for 25173G2/pSC11.

M: GeneRuler™ 1kb DNA ladder; pSC11 empty casstdteplate control; Water:
template free control.

Ten colonies of 25173G2/pSC11 were picked and stdgjeo colony PCR as described
in section 3.15.6 and the results are displayelignre 35. Two pSC11/TG1 colonies
were included as an empty cassette control andaalsopositive control for the PCR. A
water control was included as a template free oboirnegative control. Clones 1 to 9

yielded a single band of just above 1000bp relaivéhe marker corresponding to the
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expected size of 1191bp and were regarded as \wositines. Clone 10 did not yield
any band was probably a satellite colony as negationes will always give a band at
least with the smallest size equivalent to the plS€dntrol. Frozen bacterial stocks

were prepared for all positive clones as describesgction 3.17.12.

Sixteen colonies of 5608G/pSC11 resulting fromisach.4 were picked and treated as
described above and the results are displayedgur&i36. 10/16 5608G/pSC11 clones
contain insert of the correct size with the elegatmretic mobility in between 1000-
1500bp corresponding to the theoretical size oRbp5 They are clones 2, 4, 5, 7, 8, 9,
10, 11, 12, and 14. Clone 13 contains no insertyieided a band with the size
equivalent to the band generated by pSC11 vectatiralo Clones 15 and 16 failed to
generate any band probably represent plasmid atsliee colonies. Frozen bacterial

stocks were prepared for all positive clones asrileed in section 3.17.12.

Water
pSC11

M1 2 3 4 5 6 7 8 M

pSC11

o)
©
M 9 10 11 12 13 14 15 16 =

1500
1000—= = © i T
500— , 5 A

Figure 36 Colony PCR for 5608G/pSC11.

Lane number represents the clone number. Wateratarid pSC11 plasmid included
as controls.
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5.6 Orientation screening

As the insertion of gene into pSC11 occurs via a-dicectional manner through a
single restriction site, it can be inserted in @itdirection. To screen for genes inserted
in the correct orientation for translation and senption, the presence of a unique a
second restriction site, Eco81l an isoschizomeB®i361 site in the P11 promoter of
pSC11l was exploited. A second restriction site, 8#towas engineered into the
downstream primer (Table 5) and upon digestion \Eitb81l, the enzyme cleaved the
two Eco81I sites; one as engineered into the doeaust primer and the other located in
the p11 vaccinia virus promoter, approximately gD0Opsteam away from cloning site.
Thus, plasmid clones with the insert in the cormgatntation will yield a band with the
size of the insert plus another 600bp from the areend clones with the wrong

orientation will yield a band of approximately 6@0&s estimated from Figure 11.

Frozen bacterial stock containing the G gene agérte prepared in sections 5.5.1 and

5.5.3 were revived as described in section 3.17.13.

The plasmid minipreps of 4208G/pSC11 clones 4,,5.% 14 and 16 were digested
with Eco81I together with pSC11 plasmid as desdrilbesection 3.17.7 and the results
are shown in Figure 37. All clones tested yieldeblaad with the size slightly above
1500bp which corresponded to the size of the G gesert plus an extra 600bp of
vector sequence. Thus all 4208G/pSC11 clones sxdaere contain the G gene in the
correct orientation. 4208G/pSC11_4 was chosen tedmmbined into MVA.
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pSC11

4208G/pSC11 clone
M 4 5 6 1214 16 °

_ undigested

Figure 37 Insert orientation check for 4208G/pSC1tlones by Eco81l digestion.

Numbers on lane correspond to the actual clone eumtigested and undigested
pSC11 vector for restriction enzyme digestion caintr

Plasmid minipreps of 25173G2/pSC11 were treatembase and the result is shown in
Figure 38. Clone 1, 4, 6, 7, 8 and 9 yielded a balie 1500bp as described above and
are confirmed to contain G gene inserts in theewbrorientation. Clones 2, 3 and 5
yielded a band of about 600bp corresponding tosthe when an insert in the wrong
orientation is present. Thus, clone 25173G2/pSCinad chosen to be recombined into

MVA.
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7 8 9

Figure 38 Orientation check for 25173G2/pSC11 by E81I restriction enzyme
digest.

Lane 1-9 represents individual clones with insérthe correct size; Lane 10: digested
pSC11; Lane 11: undigested pSC11.

M2 5 4 7 8 9 10 11 12 14

bp

Figure 39 Orientation check for 5608G/pSC11 by resttion digest with Eco81l.

Numbers on lane represents the actual clone nunrest; digested and undigested
pSC11 was included as a control for the restricionyme. M: GeneRuler™ 1kb DNA
ladder.
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Plasmid minipreps from ten positive clones of 56(f8&11 were treated as above and
the result is displayed in Figure 39. The digestbrihese clones with Eco81l shown
that clones 5, 7, 9 and 10 contain inserts withdabmect orientation yielding a band
with the size above 1500bp, which is visually largpan positive sense clones observed
in Figure 37 and Figure 38 due to the extra 60euties insert in the G gene of this
BA strain. Clones 5, 8, 11, 12, and 14 containriisse the wrong orientation which can
be deduced from the lower sized band. The banas the clones with inserts in the
wrong orientation migrate around 750bp relativéhis marker, about 150bp higher than
the expected size of 600bp. Clone 4 yielded ndladband other than the vector band
probably due to the low concentration of the plasmilevertheless, clone 4 was
deduced to have the insert in the wrong orientaoiging by the larger vector band
which is similar to other wrong orientation clonB608G/pSC11 clone 2 was chosen to

be recombined into MVA.

The orientation screening for pSC11 clones withftlston gene insert is the same as
described above. Clone with the insert in the @broeentation produces a 2.4kbp band

while clone with insert in the wrong orientatiorelged a 600bp band.

Plasmid minipreps from the sole clone of 4208F/pE@1was digested with Eco81I
and the result is shown in Figure 40. The digestiotime clone yielded a band of 2.4kbp
showing that this clone contains the F glycoprotgene inserted in the correct

orientation. This clone was chosen to be recombimadVIVA.

s_“'l
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Z T
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pSC11

undigested
digested

Figure 40 Orientation check for 4208F/pSC11 by Ecd3 digestion
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5.7 Plasmid preparation

High concentration plasmid DNA from selected clomesection 5.6 was prepared by
Maxiprep as described in section 3.17.11 and theemration was determined as
described in section 3.15.12 and the results aesin Table 13. Plasmid 9NS3V5His
was used as a positive control for the recombinafgection 5.8.3) and recombinant
virus enrichment (section 5.8.4) experiments. Hnsvides stocks of plasmid DNA to
be used in the recombination experiment describegction 5.8.3.

Table 13 Concentration of recombinant plasmid DNA gnerated by Maxiprep

Clone Plasmid Concentration(ng/ul)

N/A pSC11 1609.2

ONS3V5His/pSC11| 9NS3V5Hys| 4707.3

4208G/pSC11_4 GA2G 5111.0

25173G2/pSC11_1| GA7G 3204.5

5608G/pSC11 2 BAG 192.8¢

4208F/pSC11_4 GA2F 3801
¢ Clone was not able to grow to high density in éavglume,y (Chiamet al., 2009)
The clone was a gift and used as a positive cofdrdahe recombination experiment.

Bacterial clone 5608G/pSC11_2 grew normally in 2Blbut when scaled up to 500ml
LB, the bacterium failed to achieve high density astarted to lyse judged by the

gradual clearing of the culture due to unknown eeas
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5.8 The generation of recombinant MVA virus

5.8.1 Cell line selection

A robust cell and sensitive cell line for the reption of MVA was sought. Three
permissive cell lines for MVA were evaluated nam@iK21 (section 3.6), CEF
(section 3.3) and QT35 (section 3.5). The threés de#les were grown in T75 tissue
culture flasks to confluency in their appropriatewgth medium as described in section
3.7. The growth medium was removed and the monplayas infected with
9NS3V5His (section 3.19.1) at the MOI of 0.1 ascdégd in sections 3.19.3 and
3.19.5. Mock infections were carried out in patallsing the appropriate maintenance
medium as inoculum. Cultures were incubated anérobd daily for CPE and medium
replenished every alternate day until 4+CPE caol=erved. The cytophatic effect of
MVA and its recombinant is identical to the CPEvatcinia virus which involves the

rounding up of cells followed by detachment frora flask.

The virus stocks grown in different cell lines weitered on the parental cell line used
to propagate the virus as described in section.3.T8e virus titer for 9NS3V5His
propagated in both avian cell lines were quite lsimwith those propagated in CEF,
regarded as a gold standard in the propagation\6AMbeing the highest. Thus, QT35
and BHK21 produced 0.67 anck20° times less virus respectively when compared with
CEF. Thus, CEF was the most sensitive cell lingete$or the propagation of MVA
followed by QT35 with lastly BHK21.

Although CEF is the best cell type to be used anbutine MVA procedures such as
propagation, plaquing and titering, QT35 was chof@nroutine work as it is an

immortalized cell line which is more homogenous pamed to CEF and can be
passaged indefinitely in the laboratory. CEF hadnbgsuccessfully passaged for more
than 10 passages but CEF at passage 8, 9 ordaténot to reach full confluency thus

restricting its use in the study.
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Table 14 Cell line efficiency in cultivating MVA danonstrated using 9NS3V5His,
P2

Number of days for Virus titer (pfu/ml)
4+CPE

BHK21 3 3.25 x 104

CEF 5 1.50 x 107

QT35 3 1.00 x 107

5.8.2 MVA stock preparation

MVA-575 P2 (section 3.19.1), hitherto referred t® MVA, was titrated on QT35
monolayer and plaques were stained with crystdetvias described in section 3.19.4

and the titer was 8 10’pfu/ml. An example of the stained plaques underXL00

magnification is shown in Figure 41.

Figure 41 A vaccinia virus plague and uninfected QB85 cells stained with crystal
violet under 100X magnification

5.8.3 Homologous recombination

Homologous recombination involves the low frequenegombination of the gene of
interest and3gal gene into MVA via cross-overs between the tidyme kinase gene

sequences flanking these inserts in the pSClbwaad the thymidine kinase loci in
the virus genome.. The recombinant genome will themeplicated and packaged into

progeny virions identified by its TK- phenotype artde ability to express3-
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galactosidase due to the presence offiy@ gene driven by the pll vaccinia virus
promoter. Plasmids were diluted to 5ug and recoatbinto MVA (sections 3.19.1 and
5.8.2) as described in section 3.19.6. The recoatioim of plasmid 9NS3V5His with
MVA was regarded as a positive control as the canstvas successfully used in other

homologous recombination experiments (Cheatra ., 2009).
5.8.4 Recombinant virus enrichment

The recombinant MVA viruses can be selected by basoxyuridine (BudR) selection
in a thymidine kinase negative (TK-) cell line khis was not available for this study.
Instead, the resulting recombinant MVAs expressimgfigal gene were subjected to 5-
7 rounds of plaque purification as described intisec3.19.7 with the help of Xgal
staining. Recombinant MVA plaques were stained bl&gal and could be visualized
under the microscope as shown in Figure 42(A) silyabserved by the naked eye, but
wild type MVA plaques were colourless and could yotle observed through a
microscope as shown in Figure 42(B). The choicélaé plaques picked was very
selective opting for lone blue plagues without adjacent wild type or with wild type
at a significant distance from the blue plague dduce amount of wild type picked
together with the recombinant thus producing maxmanrichment of the recombinant
virus. Blue foci were confirmed by microscopy tesere they showed typical poxvirus
plague formation and were not clumps of cells. BEoknown reasons, cell clumps
exhibited a certain degree pfal activity and appeared as false positives yigidio
viable virus. The plaques from the positive contn@re not enriched but was solely

used as a control for Xgal staining.
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Table 15 Recombinant MVAs

Plasmid\ | Clone Name of P4 titer
number rgcombinant
virus
GA2G 1221222 | wGA2G 8.00x107
GA7G 1111313 | wGA7G 5.25x107
BAG 1353632B| vwBAG 1.75x107
GA2F 61393 VWGA2F 5.25x107
GA2F 613931d | WwGA2F 1.45x107
pSC11 611114 | vvBgal 4.25x107

vy clone which produces rapid syncytia in Hela (€81§i9), ¢ clone used in antigen

production A nomenclature as defined in
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A. Recombinant MVA

B. Wild type MVA

C. Uninfected QT35

Figure 42 Recombinant and wild type MVA plaques stmed with Xgal visualized

under 100X magnifications.
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5.9 Expression of G glycoproteins in QT35 and HelLa cedl

The enriched recombinant MVA expressing the G gbyotein in section 5.8.4 were
propagated on QT35 cells as described in 3.19.3 fxedl specimen slides were
prepared as described in section 3.10.3 and stawitdd the anti-G Mabl133 by

immunofluorescent as described in section 3.10v&gal and mock infected QT35
cells were included as controls. The immunoflucgesctaining result is displayed in
section Figure 43. The G glycoprotein expressed\fyA2G, vwGA7G and vwBAG

were stained apple green as shown in Figure 43 isgothe presence of the G
glycoprotein in the wGA2G, vwGA7G and vwBAG infedt cells. vvBgal and mock

infected QT35 cells were only stained red by Evarlise counterstain showing the
absence of G glycoprotein and the specificity oblz3 on the G glycoprotein without
any observable cross-reactivity on MVA viral proti beta-galactosidase nor the

cellular proteins.

Recombinant MVAs expressing the recombinant G giyoteins were titered and
inoculated onto HeLa monolayers grown in T75 atNi@l of 3. vvBgal was inoculated
in parallel at the MOI of 3 and mock infected Hetedls were included as controls. The
inoculums were incubated for 30 minutes and theiwel of each tissue culture flask
was adjusted to 10 ml with fresh MM2 and incubateernight and 4+ CPE was
observed the following day. The cells were scrapgd the medium and fixed onto
slides as described in section 3.10.3 and staindd Mab133 by IF as described in
section 3.10.4 and the results are shown in FigdreCells inoculated with vwGA2G,
VWGA7G and vwBAG were stained apple green by 133Fblgut not vvBgal and mock
infected HeLa showing the expression of G glycagroin vwGA2G, vwGA7G and
VVBAG infected cells.
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VwWGA2G WGA7G

VWBAG

vvBgal Mock infected

Figure 43 Expression of the recombinant HRSV G genby recombinant MVAs in
QT35 cell line stained with Mabl133 by IF and visuated under 400X

magnifications.

Apple green staining showed positive IF while redckground staining showed
negative IF.
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VwWGA2G WGA7G

VWBAG

vvBgal Mock infected

Figure 44 Expression of the recombinant HRSV G genby recombinant MVAs in
HelLa stained with Mab133 by IF and visualized unde®00X magnifications.

Apple green staining showed positive IF while redckground staining showed
negative IF.
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5.10Expression of F glycoproteins in QT35 and HelLa cedl

Enriched vwGA2F clone 61393 P4 was inoculated d@iic85 monolayer in T75 as
described in section 3.7, absorped for 30 minutelstihe volume adjusted to 10ml with
fresh MM3. vvBgal and mock infected QT35 was inéwas$ controls. The cultures were
incubated until 4+ CPE was observed about 48-72shpaost inoculation. No giant cell
was observed. The monolayers were scraped intméueum and specimen slides were
prepared and fixed onto slides as described incse8t10.3 and stained with the anti-F
Mab 1A12 by IF and the results are shown in FigtbevwGA2F infected QT35 cells
were stained apple green showing the presencesdiugiion glycoprotein. vvBgal and
mock infected QT35 were only stained red by Evdtige counterstain. This showed
that the fusion glycoprotein was successfully egped in by vwGA2F in QT35 and
Mab1lAl12 was specific to the fusion glycoprotein aluks not cross react with MVA

viral proteins, beta-galactosidase nor the cellptateins.

VWGA2F vvBgal Mock infected

Figure 45 Expression of recombinant fusion glycoprein in QT35 stained with
1A12.

Apple green staining showed positive IF while redckground staining showed
negative IF. Slides were visualized under 400X nfagions.

HelLa monolayers were inoculated with vwGA2F clodi8%3 P4 at the MOI of 10 and
this experiment was repeated with vvBgal. A mocledted HelLa was included as
control. The cultures were incubated for 30 minwdad the volume was adjusted to
10ml with fresh MM2 followed by incubation. Uponsipection at 2.5 hours post
infection, massive giant cells were observed on A infected HeLa monolayer as
shown in Figure 46 (Figure 46 was obtained by répgahe experiment and the
monolayer was fixed and stained with Diff-quik assdribed in section 3.8). No

formation of giant cells was observed in vvBgalerted HeLa monolayer suggesting
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the formation of giant cells were caused by theresgion of the recombinant F
glycoprotein. 4+CPE was observed the following dath the cells rounding up. The
monolayer was scraped into the medium and fixed stitles as described in section
3.10.3 and stained with Mab1A12 by IF as descriipesection 3.10.4 and the results
are shown in Figure 47. vwGAZ2F infected HeLa wasnsd apple green showing the
presence of F glycoprotein while vvBgal and modkdated HelLa were stained red with
Evan’s blue.

vwGA2F Mock infected

Figure 46 Formation of rapid giant cells by vwGA2Fclone 61393 passage 4

Visualized under 100X magnifications

VWGA2F vvBgal Mock infected

Figure 47 Expression of recombinant fusion glycoprein in HelLa stained with
1A12.

Apple green staining showed positive IF while redckground staining showed
negative IF. Slides were visualized under 400X nfagions.

To explore whether synthesis of recombinant F glyotein occurred early enough in

infected cultures to cause the formation of symcgti 2.5 hours post-infection vwGA2F
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was inoculated onto 6 wells of HeLa monolayer growa 24 well plate at the MOI of
10 with vvBgal inoculated in parallel as a contésiter 30 minutes of virus absorption,
the monolayers were washed trice with 1ml/well BSPand replenished with 1ml/well
of MM2. The monolayers from one set of wells cotisg of vwGA2F, vvBgal and
mock infected Hela cells were scraped into the omadand fixed onto individual slides
as described in section 3.10.3. These proceduresnepeated every 30 minutes until 3
hours post inoculation and fixed specimens wenaediawith 1A12 by IF as described
in section 3.10.4 and the results are shown inrgig8. The IF staining at t=0.5 hour p.i.
showed no visible apple green staining. Apple grgaiming can be clearly visualized at
1 hour p.i. and the intensity increases over tinm@wsng rapid expression of

recombinant F glycoprotein in HelLa.

The gradual increase in the fluorescent intensigr @ hours post inoculation showed
rapid synthesis of recombinant F glycoprotein by MWhich is consistant with the

rapid formation of syncytia. This suggests that Iyesynthesized F glycoprotein could
be responsible for the rapid formation of syncyiig the possible involvement of F
glycoprotein from the inoculums in producing thdéeef cannot be ruled out. When
VWGAZ2F clone 61393 was serially passaged in QTA8B, \irus stocks retained the
ability to form rapid syncytia when assayed on Hetk@nolayers up to passage 7 with
later passages losing the ability to form rapidcgyia. Virus titration on higher passage
virus stock done as described in section 3.19.4 Xgal overlay showed the presence
of unstained plagues suggesting the presence dftype MVA. A cloning experiment

carried out on the original passage 1 stock asritbescin section 3.19.7 yielded clone
6139311. Reselection of 6139311 resulted in a iy free but non-fusogenic virus.
The role of the wild type virus in the formation gifant cells is unresolved. It is also
possible that 61393 contain a rapid fusion mutéti@ recombinant of the recombinant

virus but this hypothesis remains to be tested.
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Figure 48 Timeline for the expression of recombinanF glycoprotein at MOI of 10

in HeLa cell line.

VWGAZ2F clone 61393 P4 vvBgal was used. Cells wéaened with Mab1A12 in IF.
Apple green staining showed positive IF while redckground staining showed
negative IF. Slides were visualized under 400X nfagtions.
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Chapter 6 Development of assays for the measurement of matexin

antibodies in infants
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6.1 Introduction

This chapter describes the development of a lectipture ELISA utilizing the
recombinant glyproteins described in Chapter 5.s€hkectin captured recombinant
glycoproteins will be used to measure the titer nmditernal antibodies to the G
glycoprotein of the infecting genotype of HRSV aaldo to the F glycoprotein of
genotype GA2. This chapter will provide a testhad hypothesis that maternal antibody
to the genotype specific G glycoprotein is protexti

6.2 Development of concanavalin A capture ELISA

HRSV is known to bind to a series of plant lectmg Concanavalin A (ConA) is
probably the most widely used lectin in HRSV resbacConA was previously used in
sepharose bead-conjugated forms for the affinitgfipation of fusion glycoproteins
from HRSV infected cell culture lysate (Prineeal., 2000) and recombinant fusion
glycoproteins expressed in vaccinia virus and lmadus expression systems (Wathen
et al., 1989a). The same ConA format was also used iraftivaty purification of Gs
from HRSV infected cell culture supernatant (Ter@sdohnsormt al., 1998; Rayet al.,
2001).

ConA capture ELISA was previously developed to wgeptgpl20 of human
immunodeficiency virus (HIV) (James E. Robinsah al., 1990) and simian
immunodeficiency virus (SIV) (Clementt al., 1995) for the measurement of serum
antibodies to the gp120 of the respective viruBesh authors coated Maxisorp ELISA
plates with 2.5ug of ConA in 50ul volume and thisoaint of ConA was adopted here.
ConA was also successfully used to capture recaambif and G glycoprotein antigens
of HRSV expressed from recombinant vaccinia viruse&€LISA (M. J. Robinson,
2007).
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6.2.1 Cell line comparison

A permissive cell line (QT35) and a non-permissvedl line (HeLa) were chosen to
establish the best cell line for the expressiomeagbmbinant proteins by recombinant
MVA.

Confluent T75 monolayers of QT35 and Hela cellsenapculated with vwGA2G at a
MOI of 0.1 and 3 respectively. Parallel cultureg@vsimilarly inoculated with vvBgal.
These cultures were treated as described in segtich3 and the antigens processed as
described in section 3.11.5 except that, afterepely, the infected cells were

resuspended in 500ul of ice cold SAF.

The concentration of each antigen was determisedeacribed in section 3.14.1 and
adjusted to 4mg/ml in SAF. Each was titrated twabfiol bicarbonate coating buffer and
direct ELISA was carried out in duplicate as ddsedli for HRSV antigens in section
3.11.6 with Mab133 (1/100 dilution) and GAMPx a< tprimary and secondary
antibody respectively. Mab133 was diluted 1/100PiF, a dilution previously shown

to give a corrected optical density of 3.0 with HRSubgroup B strain 8/60 infected

HelLa cell lysate (M. J. Robinson, 2007). Opticatslges obtained for antibody binding
to the GA2G antigen were corrected by subtractioirding at equivalent dilutions to

Bgal antigen and the results are shown in Figure 49

The results showed that the GA2G antigen preparddelLa cells at high MOI gave
higher optical densities compared to that prepane@T35 cells at a lower MOI. The
HeLa cell line was chosen for the expression ofetbmbinant proteins in MVA for
ELISA as use of antigen prepared in human cells nedyce background binding in

ELISA of antibodies in human serum.
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Figure 49 Expression of GA2G in HeLa and QT35 compad in a direct ELISA.
6.2.2 ConA capture ELISA vs Direct ELISA

To test if ConA capture ELISA is better than dir&ttISA, A comparison was made
and is described in this section. Confluent T75 ofayers of HelLa cells were
inoculated with vwGA2G at MOI of 3. Parallel culésrwere similarly inoculated with
vvBgal. These cultures were treated as describedertion 3.19.3 and antigens
processed as described in section 3.11.5 and tigeas were resuspended in 500l of
ice cold PBSTx.

Half of a Maxisorp plate was coated with ConA dladitin bicarbonate coating buffer
and the other half was left blank, incubated owgithand washed as described 3.11.7.

The concentration of recombinant GA2G and Bgal watermined as described in
section 3.14.1, adjusted to 4mg/ml in SAF, subpkdie twofold serial dilution in

PBSTx and dispensed onto the ConA coated wellgatallel, the antigens were serially
diluted in bicarbonate coating buffer and coatedhensecond half of the plate for direct
ELISA as described in section 3.11.6. The plate wasbated for 2 hours and the rest
of the procedures were carried out as describegc¢tion 3.11.6 with 133 (Table 2) as
the primary antibody and GAMPx (Table 3) as theosdary antibody. Optical

densities obtained for antibody binding to GA2Gigatt were corrected by subtraction
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of binding at equivalent dilutions to Bgal antigearsd the results are shown in Figure
50.

1.6

—&— Direct ELISA
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Figure 50 Comparison between direct ELISA and ConA capture ELISA
demonstrated using GA2G.

The optical density of direct ELISA started offadtout 0.7 and in increases slowly until
an antigen dilution of 1/16 and decreasing theeegitobably suggesting the end of a
plateau where the plate is saturated with antiéwe. reason for the lower OD at the
starting dilutions is unclear. The binding of aotlly to ConA captured antigen was
increased above the maximum OD that direct ELISAie®d suggesting a higher

density of bound antigen at low antigen dilution.

The results showed GA2G can be captured using GomAthe antigen capture format
is superior to direct ELISA in selecting for thein of interest and boosting the signal

at high antigen concentration.
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6.2.3 Coating buffer (BCB vs PBS)

Different authors cited in section 6.2 have destdithe use of two different buffers for
the coating of ConA namely bicarbonate coating dffpH9.6 (BCB) (James E.
Robinsonet al., 1990; M. J. Robinson, 2007) and phosphate buffsadine, pH7.4.
(PBS) (Clementst al., 1995). This section describes the comparison dxtwthe
effects of these two dissimilar coating buffers@nA with GA2G and GA2F antigens.

GA2G, GA2F and Bgal antigens were prepared as itbescm section 6.2.5 and Bgal
antigen was adjusted to the neat antigen concemtrat GA2G and GA2F respectively.

ConA stock was diluted separately to the workingoamtration in either BCB or PBS.
Half of the Maxisorp plate was coated with ConAutkd in BCB and the other half
with ConA diluted in PBS and incubated overnight4daC washed as described in
section 3.11.7. GA2G was diluted twofold in PBST aaptured onto the ConA plate
coated in BCB and PBS respectively in duplicatepénallel, Bgal was coated at the
equivalent concentration to GA2G. ConA capture B Was carried out as described
in section 3.11.7 with Mab133 and GAMPx as primanmytibody and secondary
antibody respectively. The optical densities oladirfor antibody binding to GA2G
antigen were corrected by subtraction of bindingaativalent dilutions to Bgal antigen

and the results are shown in Figure 51.

This experiment above was repeated with GA2F agemiexcept that Mab1Al12 was

used as the primary antibody and the results arersim Figure 52.

The results in Figure 51 showed that the opticakdes obtained from ConA coated in
PBS is higher than the optical densities obtaimedhfConA coated in BCB at any
GA2G dilutions. This shows that PBS is a bettertiogabuffer compared to BCB for
ConA.

The results in Figure 52 supported the resultsiobtain Figure 51. The optical
densities of ConA coated in PBS is higher than dpg@cal densities obtained from
ConA coated at BCB at any GAZ2F dilutions supportihgt PBS is a better coating
buffer compared to BCB. The results also shows tie recombinant fusion

glycoprotein expressed in MVA can also be captimg@onA.
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Figure 51 Comparison of coating buffer for ConA wih GA2G as antigen
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Figure 52 Comparison of coating buffer for ConA wih GA2F as antigen.

ConA coating efficiency was higher in PBS than icalbonate coating buffer with the
boost of at least 0.5 units in corrected opticaisity at any dilution compared as shown

in Figure 52. Thus, PBS was chosen for the coatir@onA on Maxisorp plate.
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6.2.4 Serum dilutions

Serum collected from infant volunteers is of smalume and insufficient is usually
available for testing at low dilution. This sectierplores whether the ConA capture
ELISA is of sufficient sensitivity to measure matak antibodies to the recombinant G
glycoprotein in achievable dilutions of infant sefavo infants’ sera (3810 and 1510)
were chosen based on two criteria. Firstly, thantd were hospitalised due to severe
HRSYV disease but no NPS or NS was collected remglénem unsuitable for enrolment
into the main study (see Chapter 9) and seconliaéyyblume of sera collected was 100

ul or more.

Both sera were obtained from infants with meanafget0.5 days (both born in August
2009 and admitted in December 2009) but since NI?P3$S failed to be obtained, the
infecting HRSV genotype could not be determined.

BAG and Bgal antigens were captured on a ConA @atdescribed in section 3.11.7.
Individual sera were diluted 1/10, 1/20, 1/30 adl0land assayed in duplicate on the
captured antigens described above. Results aragespas two individual bar charts in

Figure 53.

Serum 3810 yielded extremely high background wtrtaee level of optical density
generated from BAG and Bgal control are similatdireg a corrected optical density of

approximately zero.

With reference to serum 1510, the ideal dilutioadus/ould be 1/10 but this dilution is
not generally feasible due to the limited volumesefum collected from most infants.
Thus, a compromised serum dilution of 1:40 wasdif@ all assays. This dilution was

used by Murphy et al.,(1986) for a comparable psepo
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Figure 53 Reactivity of maternal antibody to the reombinant BAG and the virus

Bgal virus control.
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6.2.5 Antigen preparation

To provide a sensitive assay for the measuremetiteofotal maternal antibody titer to
the respective glycoproteins. Antigens were prepgieing a corrected optical density
of 3.0 or above with either Mab133 or MablAl2 ftetG and F glycoproteins
respectively.

Enriched recombinant viruses (Table 16) were praffto passage 5 in four flasks of
QT35 cells grown in T225 as described section 3.48d the virus was resuspended in

3ml/flask of MM2, titered as described in sectioh®B4 and the results were shown in .

Table 16 Recombinant virus stock used to prepare oembinant proteins in HelLa

cells
Recombinant virus| Titer (pfu/ml)
WGA2G, P5 2.00x16
WGA2F, P5 1.50x16
WBAG, P5 1.25 x18
vvBgal, P5 1.40x16

The GA2G, BAG and Bgal were prepared separatelfypum T225 of confluent HelLa
cells as described in section 3.11.5 at the MQ3 ahd the concentration determined as
described in section 3.13.2.

GA2G and BAG antigens were titrated in duplicateGmnA capture ELISA on ConA
plates coated in PBS with Mab133 and GAMPXx as tiragry and secondary antibody.
The concentration of Bgal was adjusted to the neatentration of GA2G and BAG
and titrated in parallel. The optical densitiesantéd from the binding of antibody to
GA2G and BAG was corrected by subtracting withlilmeling to Bgal at the equivalent

concentrations and the results are shown in Figdre
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Both antigens produced corrected optical densfie3d® at the lowest dilutions which

are sufficiently sensitive to detect maternal ardibs in infant sera.

GAZ2F and Bgal antigens were prepared separatdbyumnT225 of confluent HelLa cells
as described in section 3.11.5 at the MOI of 3 @& cell debries were clarified by
centrifugation at 10000g for 10 minutes at 4°C #mal supernatant was recovered by
aspiration. The protein concentrations were deteethias described in section 3.13.2
and Bgal concentration was adjusted to the coratemtr of GA2F and titrated in
duplicate by ConA capture ELISA on plates coateth\WonA in PBS and carried out
as described in section 3.11.7 with Mab1A12 as ghmary antibody. The optical
densities obtained from the binding of antibodyG&2F were corrected by subtracting
with the binding to Bgal at the equivalent concatitns and the results are shown in
Figure 55.

GAZ2F produced optical density of >3.0 at the lowdikttions which is equivalent to the
optical densities achieved with Mab1A12 with HRSWam A2 infected HeLa cell
lysate (section 8.2).
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Figure 54 Antigen titration for the recombinant G glycoproteins.
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Figure 55 Antigen titration for recombinant fusion glycoprotein
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Chapter 7 Development of a tool for the measurement of cross-

reactive antibody
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7.1 Introduction

This chapter explores the possibility of designiagtool for the measurement of
antibodies to the conserved region of the G glyotgan (Aim 1ll) so that the antibody
directed to the conserved region and hypervariedgeons of the G glycoproteins can
be measured separately. The subtraction of angsddithe conserved region from total
antibodies to the G glycoprotein would provide mredt measurement of antibodies
directed against the hypervariable regions.

Two monoclonal antibodies were available to aithis task. Mab133 and Mab21 were
developed by Dr Mark Robinson and shown to be neaetith the G glycoprotein of
both sub-groups A and B and all genotypes of bothlable for testing (Robinson
2007). It was reasoned that these MAbs might ke us identify the conserved
epitopes on the G glycoprotein, which might thenrbproduced in the form of a
peptide or recombinant protein to produce suitadigens for the detection of

antibodies of similar specificity in human sera.

7.2 Peptide binding ELISA

The peptide binding ELISA experiments were carpatlwith Christopher Chambers, a
final year undergraduate student in Microbiology Méwcastle University who

submitted the results for assessment as part afegeee course.

The first approach was to test if Mabs133 and Zbgerised the highly conserved
sequence in the G glycoprotein as this is the @axtensive region which is fully
conserved between subgroups A and B HRSV. For sicrgepurposes, a peptide
corresponding to the highly conserved amino acigisece 164-177 was synthesized as
described in section 3.21. Peptide 172-184, a nthppe#ope for Mab1C2, was used as

a positive control.

Peptide 164-177 was diluted to 67, 17, 4 and 1ugéspectively in BCB and coated
onto a Maxisorp plate overnight at 4°C. Peptide-182 was coated onto a separate
Maxisorp plate in parallel. Monoclonal antibodigs2] 21 and 133 were titrated four-
fold in PTF and assayed on both Maxisorp plates BhtSA was carried out as
described in section 3.11.6 with GAMPx as the sdaon antibody. The optical
densities generated due to the binding of antilsotliethe respective peptides were

plotted against antibody dilutions and resultsstn@wn in Figure 56.
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1C2 binds to 172-187 coated at 67, 17 and 4ug/mpeively yielding optical
densities >3.0 from the lowest dilution of 1/16n&ing of 1C2 to 172-187 at 1pg/mi
was lower than at the higher peptide concentratuggesting that antibody binding is
dependent on dose for concentrations of peptidewbdjig/ml.1C2 does not bind to
peptide 164-177 at any peptide concentration abedy dilution. However a slightly
higher optical density was observed at the lowesbady dilution probably due to non-

specific binding of antibody to the Maxisorp plate.

Binding of 133 and 21 to 164-177 and 172-187 yidldew optical densities
comparable to the binding of 1C2 to 172-187. Thiecapdensities due to the binding
of antibodies to 164-177 coated at 67pg/ml wereected by subtracting with the
binding to 172-187 coated at the same concentrafositive values indicate binding to
164-177 while negative values indicate binding 7@-187 and the results are shown in
Figure 57. The corrected optical densities for 1033 and 21 ranged between -0.093 to
-3.170, 0.010 t0 0.176 and -0.016 to 0.177 respagtshowing that 133 and 21 did not
bind to 164-177.
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Figure 57 Corrected peptide binding ELISA

7.3 N-glycosylation inhibition

The previous results indicate that Mab133 and Mafailéd to recognize a peptide
corresponding to the highly conserved region of @&alycoprotein. However, the
possibility remains that the antibody epitopes grethe conserved region but are
dependent upon glycosylation, not present in syittipeptides. The next step therefore
was to determine whether binding of these two mlmmad antibodies is independent of

glycosylation of the protein.

For this an unglycosylated form of the G glycopmois required which can be obtained
either by the expression of the G gene in a prakarexpression system, by growing
HRSV or recombinant virus expressing G glycoproteithe presence of glycosylation
inhibitors or by deglycosylation of mature G glycogin by enzyme digestion such as
with endoglycosidases and PNGase F. The use obgfation inhibitors was adopted

as being more straightforward.

The HRSV prototype strain 8/60 was selected fog thirpose (and will be refered to
herein as 8/60). HRSV was inoculated onto a centiitHeLa monolayer grown in a
T25 tissue culture flask at the MOI of 5 and trelsds described in section 3.18.3 in the
presence of 1 pg/ml of Tunicamycin (MM-Tu) and hested 48 hours post inoculation.

A mock infection and untreated 8/60 cultures wenedticted in parallel.
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Cells were pelleted and resuspended in 100ul ofréducing sample buffer. All
samples were heated to 95 °C in a thermal cyclér2@nl was resolved by SDS-PAGE
(section 3.12.3) and transferred to a PVDF memb(aeetion 3.12.4) and stained with
either Mab133 or Mab21 at 1/100 and GAMPx (1/1088)primary and secondary
antibody respectively and western blotting wasiedrout as described in section 3.12.5
The results are shown in Figure 58. Mab1C2 wasnubaded as it is subgroup A and

does not recognise the 8/60 G glycoprotein.
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Figure 58 Tunicamycin treatment of HRSV strain 8/60

Patterns of staining were similar for both 133 @adThe Mabs did not recognize HelLa
cell control. Untreated 8/60 shows two dominant @mef 60-90kDa and 45kDa. For
Mab133 in 8/60-Tu, the 60-90kDa smear was separai@dtwo distinct bands of
approximately 80-90kDa and 60kDa. For both MabsAikkDa band which is present in
untreated 8/60 was also present but at a much eddatensity. Three extra bands were
observed in 8/60-Tu which were not present in até@ HRSV with the molecular
weight of approximately 36, 33 and 32 kDa respetyiwith the 36kDa band being the

most intensely stained. The 36 kDa band corresptmtse electrophoretic mobility of
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the unglycosylated full-sized G gene product in SEE5E. The fainter, smaller bands
may represent truncated forms of the polypeptidal(&. Wertzet al., 1985; Roberts
et al., 1994). These results suggest that tunicamycircaable of inhibiting N-
glycosylation of the G glycoprotein and reducing #fficiency in O-glycosylation and
that, as Mab133 and Mab21 recognises the 36kDaim@g they bind to the peptide
backbone of the G glycoprotein rather than the aaybrates.

7.4 Epitope mapping

Their apparent ability to recognize deglycosylatedglycoprotein in western blots
under reducing condition suggests that these atigborecognize linear epitopes. As
they are cross-reactive between virus sub-grolneset linear epitopes must be at least
partially conserved. The inability of either Mabltimd to a peptide corresponding to the
conserved central region of G suggests that therani alternative region of the
polypeptide sufficiently conserved to act as a sn@active antibody epitope. Discovery
of these regions will require epitope mapping oé tdabs. Two approaches were
adopted to this end. Firstly the two cross readilabs were tested together with other
Mabs to G in additive binding assays in order &eas how many epitopes are involved.
Secondly, the Mabs were reacted with truncated $avfithe G glycoprotein, transiently
expressed under the control of T7 RNA polymerasenpter to locate the epitopes on

the polypeptide chain.
7.4.1 Additive ELISA

In the additive ELISA for epitope mapping, Mabs &ested in pairs to determine
whether they compete for the same epitope or bilaitigely to two separate epitopes.
The concentration of target antigen is adjustethat the optical density produced by
antibody binding in the presence of excess antibedgpproximately 1.0. In antibody
excess, doubling the concentration of either Mamixing the two Mabs which bind to
the same epitope does not increase the amounttibbdy bound. Mixing two Mabs
which bind to different epitopes increases the amotiantibody bound by a maximum
of 2-fold. MAbs 21 and 133 were tested togethehwitAb 1C2, known to bind to a
defined sub-group specific epitope, and MAbs 4Gd 3R43 which bind an undefined
epitope present on only some sub-group A strairtswduch have previously been
shown to bind additively (Routledget al., 1986) and are thus regarded as positive

controls.
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Additive binding ELISA was carried out in tripli@tvith anti-G monoclonal antibodies
133, 21, 1C2, 4G4 and 3F43 as described in se8tidh8 and the results are shown in
Figure 59. The effective dilutions used for 13343F4G4, 21 and 1C2 was 1/256,
1/2048, 1/8, 1/128 and 1/256 respectively. The entration of HRSV strain A2
antigen prepared as described in section 3.11.4 vaated in BCB at 1/1000 dilution, a
dilution previously determined to give an OD of appmately 1.0 with the mentioned
dilution of Mabs. Mixtures comprise of equal volusng double concentration of each
Mab.
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Figure 59 Additive binding ELISA.
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Figure 60 Epitope relationship between monoclonalrdgibodies
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The relationship of the monoclonal antibodies tkste summarized in Figure 60.
Mab133 and Mab 21 were competing for the same erlapping epitopes. Part of this
epitope is shared by Mab1C2 and Mab4G4 independevidb1C2 and Mab4G4 were
found to bind to two distinct epitopes judged bg #dditive binding effect (p=0.002)
whereas Mab3F43 binds to a distinct epitope frombM&8 (p=0.014), Mab21
(p=0.011), Mab1C2 (p=0.011) and Mab4G4 (p=0.01&tidical analysis was carried
out using paired t test as described in sectioB)3.2

7.5 Truncation of G

To facilitate the further definition of epitopes tme G glycoprotein, the full gene and
truncated forms of it were cloned into plasmid pT8vnstream of a T7 promoter and
expressed transiently in HelLa cells under therobof T7 RNA polymerase supplied

by superinfection with a recombinant MVA expressingt enzyme.

All full length and truncated G gene products waraplified from plasmid clone
25173G2/pSC11_1. A miniprep plasmid of 25173G2/pEQlwas diluted 1/1000 in
DEPC-H0 and PCR was carried out using the primer paifBainle 17 as described in
section 3.15.4 using programme PCR55 and resolveah iagarose gel as described in
section 3.15.9. The truncated forms of the polypeptgenerated are presented

schematically in Figure 61. The results are shawkRigure 62 and Figure 63.
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Table 17 Truncation primer sets

Construct| Forward primer | Reverse Primer| Length (bp)
A G-N151F G284R 423
B G-N155F G284R 411
C G-N158F G284R 402
D G-NcolF G177R 558
E G-NcolF G172R 9543
F G-NcolF G284R 876
G G-NcolF G190R 597
H G-NcolF G163R 516

The number in the forward primer indicated thetsththe amino acid corresponding to
strain 25173 of genotype GA7 (A. McG#t al., 2004b) and the complete G gene
sequence is shown in section 12.6. The number enfahward primer and reverse
primer indicated the starting and last amino aasifon in the G gene.
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13 aa conserved sequence
A

1 150 160 170 180 190 284

Figure 61 Schmatic diagram showing the representain of truncated products

compared to the full length G glycoprotein of GA7Gconstruct F).

Note: Truncate G and H were purposely not displayedhcreasing length with the
truncate D, E and F for ease of comparison wiglure 62 and Figure 63.
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Lane alphabets corresponds to the primer pair us€dble 17

H

Figure 63 Truncation PCR Il

Lane alphabets corresponds to the primer pair uns€eble 17

Constructs A, B and C yielded a dominant bandeitwben 250-500 bp corresponding
to the expected size of 423bp, 411bp and 402bpectisply with non specific bands
observed in between 750-1000bp. Constructs D awiel8ed bands corresponding to
the expected size of 558bp and 543bp respectivély mon-specific bands observed

above the band of interest.

Figure 63 shows the amplification of the full lemg& gene, construct F, with the
expected size of 876bp. Constructs G and H vyieldadds corresponding to the
expected size of 597bp and 516bp respectively.yilded single bands without any

visible non-specific bands.
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7.5.1 Preparation of pTM3 for cloning

A maxiprep plasmid of pTM3 was prepared as desdribesection 3.17.11 and digested

with Ncol and BamHI separately as described inige@&.17.3.
7.5.2 Cloning into pTM3

All bands of interest from section 7.5 were excised gel purified as described in
section 3.15.10, digested with Ncol and BamHI ascdbed in section 3.17.3 and
ligated into pTM3 prepared in section 7.5.1 as dieed in section 3.17.5 followed by
transformation into chemically competent TG1 (s®t.17.9).

7.5.3 Insert screening

Insert screening by colony PCR requires the usmlainy PCR primer sets which bind
to the vector sequence. As for pSC11, there is uldighed sequence for pTM3 or
pTM1 in the public domain. Thus, a sequencing pringair was designed
complementary to the multi cloning site (MCS) (Bosdet al., 1990) and named
pTMvec F and pTMvec R (Table 8). pTM3 was sequengsidg pTMvec F and
pTMvec R as described in section 3.15.13 and tHengoPCR primers binding
sequences were manually designed based on thenseguebtained and were named
pTM-coF and pTM-coR. pTM3 was sequenced with pTNF-@nd pTM-coR and the
sequences were assembled together with sequentaseabwith primers pTMvec_F

and pTMvec_R and are shown in Figure 64.
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AAGCGTATTCAACAAGGGGCT