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SUMMARY

Respiratory Syncytial Virus (RSV) is a major cause of bronchiolitis and pneumonia in
infants, immunocompromised and the elderly in both developed and developing
countries. Re-infections are common and G protein variability is one mechanism to
overcome herd immunity. This is illustrated by the appearance of the BA genotype with a
60 nucleotide duplication dominating the subtype B genotypes in epidemics worldwide.
To investigate the evolution of subtype A and B in South Africa (SA) since 2002 the
genetic variability in the G protein was analysed in all recent strains isolated over four
years (2006-2009) in SA hospitals. Bayesian analysis revealed a replacement of all
subtype B genotypes previously identified in SA with the BA genotype since 2006, while
subtype A genotypes identified in previous years are still circulating. The evolutionary
rate of the SA BA genotype was shown to be 2.305 x 102 nucleotide
substitutions/site/lyear while subtype A was shown to have 3.382 x 1073
substitutions/site/year and drift was evident. The most recent common ancestor (MRCA)
of the SA BA viruses was determined to date back to 1997. All SA BA isolates clustered
with the BA-IV sub-genotype and the appearance of new sub-genotypes within this
branch may occur if drift continues. Sequencing of the complete G protein of selected
BA SA strains revealed an additional 6 nucleotide deletion. When comparing G protein
variability with disease severity, the dominating subtype/genotype in each season was
also the subtype/genotype that was associated with increased hospitalizations. No direct



association between G protein variability and disease severity was seen.
Subtype/genotype switching was evident over the four years most probably because of
herd immunity. G protein variability may play a role in RSV’s ability to re-establish
annual epidemics by allowing immune evasion. Certain substitutions or alterations may
enhance the fitness of viruses as is evident with the BA strains that replaced all other B
genotypes previously identified in SA. The G protein’s ability to accommodate such
substantial changes and facilitate immune evasion may complicate vaccine
development. It remains to be seen if this BA genotype will remain dominant or if the

dominance will eventually fade because of herd immunity.

Subtyping of RSV strains over the four years identified G protein PCR amplicons
significantly reduced in size in 2 out of 209 clinical specimens. Sequence analysis
revealed subtype B strains lacking nearly the entire G protein ectodomain in one HIV
positive and one HIV exposed child hospitalized with pneumonia. G protein deletion
mutants replicate effectively in vitro but have not been detected in nature. This study
suggests that RSV clinical strains that lack most of the G protein gene may occur in
immunocompromised patients with lower respiratory tract infection (LRTI). The
molecular mechanism whereby this occurs is not clear, however reduced immune
pressure in these patients may allow these strains to utilise the F protein for binding and
replication. Further characterization of such strains may elucidate the replication and
pathogenic potential, however low viral load and long term storage of specimens

complicated the isolation of such strains.

Acquisition of the 60 nucleotide duplication appeared to have improved the fithess of the
BA viruses and more recent subtype B strains may need to be included in experimental
vaccines to evaluate their efficacy in the current setting of evolved circulating strains. In
addition, the association of clinical strains lacking most of the G protein with LRTI may
have implications for the utilisation of certain attenuated strains in immunocompromised

children.

RSV is unique among paramyxoviruses in having two non-structural (NS) proteins that
play a major role in inhibiting the host’s immune response. Sequence and quantification
analysis of these proteins were performed to determine its role in disease severity. We

iv



were unable to attribute specific protein polymorphisms with differences in disease
severity but identified genome heterogeneity (quasispecies) within patients which may
have an influence on the NS protein function, and also have an influence on the innate
immune response and thus an effect on disease severity. When comparing patients with
mild and severe disease, higher expression levels of NS1 were seen in the hospitalized
group compared to the out-patient group, supporting our hypothesis that increased
levels of NS may lead to enhanced suppression of the interferon pathway and in effect
result in more severe disease. However, the opposite was found for NS2 with higher
expression levels in the mild group. Genetic variability within the gene-end and gene-
start sequences were not seen thus could not explain the differences in expression
levels observed, although variability within the promoter area may need to be

investigated.



PRESENTATIONS AND PUBLICATIONS

Presentations

Stephanie van Niekerk & Marietjie Venter; Poster presentation. Association of
Respiratory Syncytial virus (RSV) G glycoprotein differences with disease severity in
children. Federation of Infectious Diseases of Southern Africa, South Africa, Sun City,
23-25 August 20009.

Marietjie Venter; Stephanie van Niekerk; Andronica Rakgantso; Poster Presentation
Identification of deletion mutant Respiratory Syncytial virus strains lacking most of the G-
protein in children with pneumonia in South Africa. 7™ International Respiratory Syncytial
Virus Symposium, Rotterdam, the Netherlands, 2-5 December 2010.

Publications

Marietjie Venter, Stephanie van Niekerk, Andronica Rakgantso and Nicola Bent.
(2011). Identification of deletion mutant Respiratory Syncytial virus strains lacking most
of the G-protein in immunocompromised children with pneumonia in South Africa.
Journal of Virology 85(16), p8453-8457.

Stephanie van Niekerk & Marietjie Venter. (2011). Replacement of previously

circulating Respiratory Syncytial virus (RSV) subtype B strains with the BA genotype in
South Africa. Journal of Virology 85(17), p8789-8797.

Vi



TABLE OF CONTENTS

DECLARATION

ACKNOWLEDGEMENTS

SUMMARY

PRESENTATIONS AND PUBLICATIONS

TABLE OF CONTENTS

ABBREVIATIONS

LIST OF FIGURES

LIST OF TABLES

CHAPTER 1: LITERATURE REVIEW

1.1 INTRODUCTION

1.2 MOLECULAR BIOLOGY OF RSV
1.2.1 Virus entry

1.2.1.1 The G glycoprotein

1.2.1.2 The F glycoprotein

1.2.1.3 The SH protein

1.2.2 Transcription and Replication
1.2.2.1 The RNA-dependent RNA polymerase (L)
1.2.2.2 The nucleoprotein

1.2.2.3 The phosphoprotein

1.2.2.4 The matrix protein

Vi

Vil

Xli

Xiv

XVil

© ©O© © 00 N N P& B~ DN P

=Y
o

vii



1.2.25 The M2 mRNA

1.2.2.5.1 The M2-1 protein

1.2.2.5.2 The M2-2 protein

1.2.3 Non-structural proteins

1.2.3.1 NSI1 and NS2 proteins

1.3 CLINICAL INFECTION AND DISEASE
1.4 IMMUNOPATHOGENESIS

1.4.1 Immunology (Role of innate/adaptive immunity)
1.4.2 Risk factors for enhanced disease

1.5 MOLECULAR EPIDEMIOLOGY OF RSV
1.6 DIAGNOSIS OF RSV INFECTION

1.6.1 Viral culture

1.6.2 Serology/Antigen detection

1.6.3 RT-PCR and real-time PCR

1.7 TREATMENT OF RSV DISEASE

1.8 PREVENTION OF RSV INFECTION
1.8.1 Antiviral therapy

1.8.2 Vaccines

1.8.2.1 Obstacles for vaccine development

1.8.2.1.1 Maternal antibodies/Immunologic immaturity/Waning immunity in

elderly
1.8.2.1.2 Safety/Economic factors
1.8.2.1.3 Viral factors
1.9 PROJECT AIMS AND OBJECTIVES
1.9.1 Hypothesis
1.9.2 Long term aim
1.9.3 Short term aim
1.9.4 Specific objectives

10
10
11
11
11
13
14
14
17
18
19
19
20
20
21
21
21
22
23
23

23
24
25
25
25
25
25

viii



CHAPTER 2: EVOLUTIONARY PATTERN AND DISEASE SEVERITY

ASSOCIATION OF RESPIRATORY  SYNCYTIAL VIRUS

GLYCOPROTEIN OVER FOUR CONSECUTIVE YEARS

2.1 INTRODUCTION

2.2 MATERIALS AND METHODS

2.2.1 Study population

2.2.2 Laboratory analysis

2.2.3 RNA isolation

2.2.4 Primer selection

2.2.5 Subtype identification: Multiplex RT-PCR and nested PCR

2.2.6 Full length G protein amplification

2.2.7 Nucleotide sequencing

2.2.8 Multiplex real-time RT-PCR

2.2.9 Phylogenetic analysis

2.2.10 Nucleotide and amino acid sequence analysis

2.2.11 Evolutionary rate and date of most recent common ancestor (MRCA)

2.2.12 Statistical analysis

2.3 RESULTS

2.3.1 Frequency of RSV subtypes and genotypes over four consecutive year in
SA

2.3.2 Genetic characterization of the SA subtype A strains

2.3.3 Genetic characterization of the SA subtype B strains

2.3.4 Evolution of the newly identified BA genotype

2.3.5 Correlation of G protein variability with differing disease manifestations

2.4 DISCUSSION

33
35
35
35
35
35
36
37
37
38
38
39
39
39
40
40

45
50
54
59
61

G



CHAPTER 3: IDENTIFICATION OF DELETION MUTANT RESPIRATORY
SYNCYTIAL VIRUS STRAINS LACKING MOST OF THE G PROTEIN IN
IMMUNOCOMPROMISED CHILDREN WITH PNEUMONIA IN SOUTH

AFRICA

3.1 INTRODUCTION 69
3.2 MATERIALS AND METHODS 71
3.2.1 Study population 71
3.2.2 RNA isolation 71
3.2.3 Primer selection 71
3.2.4 Full length G protein amplification 72
3.2.5 Nucleotide sequencing 72
3.2.6 Multiplex real-time RT-PCR 72
3.2.7 Phylogenetic analysis 72
3.3 RESULTS 73
3.3.1 Subtype identification: Multiplex RT-PCR and nested PCR 73
3.3.2 Patient information 76
3.3.3 Nucleotide and amino acid analysis 77
3.3.4 Antigenic site prediction and hydrophobicity profiles 77
3.4 DISCUSSION 81

CHAPTER 4: GENETIC AND EXPRESSION LEVEL DIFFERENCES OF
THE NON-STRUCTURAL PROTEINS AS DETERMINANTS OF RSV
PATHOGENESIS

4.1 INTRODUCTION 85
4.2 MATERIALS AND METHODS 87
4.2.1 Study population 87
4.2.2 Laboratory analysis 87
4.2.3 Non-structural protein amplification and sequencing 87
4.2.3.1 Primer selection 87
4.2.3.2 RNA isolation 89

4.2.3.3 RT-PCR for NS1/2 amplification 89



4.2.3.4 Nucleotide sequencing

4.2.3.5 Nucleotide and amino acid sequence analysis

4.2.3.6 Phylogenetic analysis

4.2.3.7 Cloning of NS sequences

4.2.4 Quantification of the NS proteins

4.2.4.1 Primer and probe design

4.2.4.2 Standard curve

4.2.4.3 RNA isolation and cDNA synthesis

4.2.4.4 Quantification of NS1 protein and the template for transcription

4.2.4.5 NS2 quantification

4.2.4.6 Statistical Analysis

4.3 RESULTS

4.3.1 Genetic differences of the NS proteins as determinants of RSV
pathogenesis

4.3.1.1 NS protein amplification

4.3.1.2 NS protein sequence- and phylogenetic analysis

4.3.2 Expression level differences of the NS proteins as determinants of RSV
pathogenesis

4.3.2.1 Specific amplification

4.3.2.2 Standard curve and PCR efficiency

4.3.2.3 Clinical specimen quantification and analysis

4.4 DISCUSSION

CHAPTER 5: GENERAL DISCUSSION

REFERENCES

APPENDIX A

APPENDIX B

89
89
89
90
90
90
90
91
91
91
91
92
92

92
93

101
101
101
106
111

115

104

119

123

Xi



ABBREVIATIONS

HRSV = Human Respiratory Syncytial Virus
URTI = Upper respiratory tract infection
LRTI = Lower respiratory tract infection
WHO = World Health Organization

aa = Amino acid

Kb = Kilo base

bp = Base pair

MAbs = Monoclonal antibodies

SA = South Africa

ORF = Open reading frame

Th2 =T helper 2

GAG = Glycosaminoglycans

PIV = Parainfluenza

TNF = Tumour necrosis factor

GS = Gene-start

GE = Gene-end

NC = Nucleocapsid

RNP = Ribonucleoprotein

INF = Interferon

CTL = Cytotoxic T cell

PI3K = Phosphoinositide 3-kinase

DC = Dendritic cell

NK = Natural killer

lg = Immunoglobulin

Thl =T helper 1

IL = Interleukin

HIV = Human immunodeficiency virus
KMC = Kangeroo Mother Care

SNP = Single nucleotide polymorphism
us = United States

EIA = Enzyme immuno-assays

xii



FA
RT-PCR
SiRNA
PFP
FI-RSV
PVM

IF
NHLS
NPA
BEAST
MCMC
P-distance
MRCA
HPD
ADV
hMPV
hBoV
hCoV
BT

Cr

CP
FMDV

°C

= Flourescent antibody

= Reverse transcription polymerase chain reaction
= Small interfering RNA

= Purified F protein

= Formalin inactivated RSV

= Pneumonia virus of mice

= Immunofluorescence

= National Health Laboratory Service
= Nasopharyngeal aspirate

= Bayesian Evolutionary Analysis by Sampling Trees
= Markov Chain Monte Carlo

= Pairwise distance

= Most recent common ancestor

= Highest probability density

= Adeno virus

= Human Metapneumo virus

= Human Boca virus

= Human Corona virus

= Bovine turbinate

= Cycle threshold

= Crossing point

= Foot-and-mouth disease virus

= Microliter

= Degree Celsius

Xiii



FIGURE

Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 1.4:

Figure 1.5:

Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:

LIST OF FIGURES

Page
RSV virion, RNA genome and encoded proteins. A) The 3
negative-sense RNA genome. B) Electron photomicrograph of
the RSV virion.
The structural features of the G glycoprotein. 7
HRSV transcriptional control. 9
Host defence mechanisms against RSV infection involve 18
overlapping aspects of innate and acquired immunity.
Response to RSV infection and vaccination. 19
Agarose gel (1.5%) of the nested RT-PCR for RSV subtype A 36
and B.
Midpoint-rooted maximum likelihood trees constructed under 37/38
the HKY codon position substitution model using PhyML for A)
subtype A and B) subtype B.
Amino acid alignment of the second variable region of the G 42/43
protein for A) genotype GA2 and B) genotype GA5 SA strains
relative to prototype sequence A2.
Root-to-tip transgression plot of subtype A SA strains. 44
Amino acid alignment of the second variable region of the G 47

protein for subtype B SA strains relative to a reference strain

from each sub-genotype within the BA genotype.

Xiv



Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7 :

Root-to-tip transgression plot of all SA BA sequences used in
this analysis.

A midpoint-rooted BEAST phylogenetic tree of BA genotypes
isolated over the world since 1999 together with all the BA
genotypes isolated during this study (2006-2009) in SA.

Amino acid alignment of the duplicated region within the BA

genotype.

Diagram of primers used.

G protein specific subtyping multiplex nested RT-PCR for patient
1.

G protein specific subtyping multiplex nested RT-PCR for patient
2.

Alignment summary of the three deletion mutant strains with a

subtype A and B strain.

Complete amino acid alignment of the three deletion mutants in
comparison to the full G protein subtype B sequences of each

genotype.

Parker’s antigenicity prediction plots for the three deletion mutants,
SAB3 (with a premature stop codon) and each of the subtype B
genotypes generated with Antheprot’98.

Complete hydropobicity profile (Kyte and Doolittle) of the three
deletion mutants and all other genotypes within subtype B
generated with BioEdit Sequence Alignment Editor version 7.0.4.1.

48

50

52

62

66

69

XV



Figure 4.1: Primer combinations and positions for amplifying, sequencing 77

and quantifying the NS proteins.

Figure 4.2: Agarose gel (1%) of the NS RT-PCR products. 82

Figure 4.3: Variable amino acid sites of (A) the NS1 gene of subtype A, 84/85
(B) NS1 gene of subtype B, (C) NS2 gene of subtype A and
(D) the NS2 gene of subtype B.

Figure 4.4: A chromatogram showing two sequences of one specimen 87
that showed variability within the NS proteins indicated in black

suggesting the presence of quasispecies in the NS proteins.

Figure 4.5: Nucleotide alignment of (A) NS1 subtype A specimens; (B) NS1 88/89
subtype B specimens; (C) NS2 subtype A specimens and (D) NS2
subtype B specimens where quasispecies were identified. The

encircled bases are non-synonymous substitutions.

Figure 4.6: Midpoint rooted neighbour-joining tree for subtype A NS1 gene 91

constructed with MEGA version 4.

Figure 4.7: Agarose gel of the PCR products for A) the three different regions 93
(NS1, NS2, RNA template) amplified with SYBR Green | B) subtype
A and B amplified with the Lightcyler TagMan Master Kkit.

Figure 4.8: Assessment of NS1/2 expression level differences with disease 95
severity and infecting subtype. Values are expressed as relative

values of NS1/2 mRNA/antigenome.
Figure 4.9: Nucleotide alignment of A) subtype A and B) subtype B intron 96
between the NS1 and NS2 gene with the gene-end of NS1 and

gene-start of NS2 indicated in brackets.

XVi



LIST OF TABLES

TABLES

Table 2.1:

Table 2.2:

Table 2.3:

Table 2.4:

Table 2.5:

Table 2.6:

Table 2.7:

Table 2.8:

Table 2.9:

Table 4.1:

Table 4.2:

Page
Primers selected for amplifying and sequencing the G protein gene. 36

Frequency of RSV subtypes in SA during four consecutive years 41
(2006-2009).

Frequency of RSV genotypes in SA during four consecutive years 41
(2006-2009).

Average nucleotide p-distances between and within subtype A SA 46
strains (A) separately and (B) together with the reference strains.

Estimates of selective strengths by the modified Nei-Gojobori 49

method for Subtype A.

Average nucleotide p-distances between and within subtype B SA 51

strains (A) separately and (B) together with the reference strains.

Estimates of selective strengths by the modified Nei-Gojobori 53

method for Subtype B.

Estimates of selective strengths by the modified Nei-Gojobori 57
method for the different genotype BA branches.

Disease severity associations with infecting subtype and genotype. 60

Primers used for NS amplification/sequencing and quantification. 88

Assessment of NS1/2 expression level differences with disease 108

severity and infecting subtype.

XVii



CHAPTER 1

Literature Review

1.1 INTRODUCTION

Human respiratory syncytial virus (HRSV) was first isolated from a laboratory
chimpanzee with coryza (Morris et al., 1956) and one year later the first isolation from a
human clinical sample was described (Chanock et al., 1957). The name describes the
site of infection and the characteristic syncytium formation. RSV was rapidly determined
to be of human origin and was shown to be a pathogenic virus that causes serious
paediatric respiratory tract disease. It is one of the most contagious human pathogens
and is readily introduced and spreads with ease in hospitals, nursing homes, families,
and other close-contact settings. During the first year of life, approximately two thirds of
infants are infected with RSV, and 90% have been infected one or more times by two
years of age(Glezen et al.,, 1986). Most children with RSV infection suffer from mild
upper respiratory tract infection (URTI); however up to 40% of children infected develop
serious lower respiratory tract infection (LRTI) requiring hospitalization(Tripp, 2004). The
virus accounts for approximately 50% of all pneumonia and up to 90% of the reported

cases of bronchiolitis in infancy(Glezen, 1987).

Although RSV is primarily known as a paediatric pathogen, it is also a noteworthy cause
of morbidity and mortality in the elderly(Falsey et al., 2005). Infection in adults can also
cause LRTI, although the disease usually presents as a mild URTI. At these times of
mild symptomatic disease, adults may serve as reservoirs for RSV and may cause
infection in infants whose immune system is still immature(Hall, 2001). In moderate
climates, RSV epidemics occur yearly in the winter months, whereas outbreaks are
associated with the rainy season in humid climates(Cane, 2001). The disease burden of
RSV is very high and globally, the Word Health Organization (WHOQO) estimates that RSV
causes 64 million infections and 160 000 deaths annually

(www.who.int/vaccine_research/diseases/ari/en/indexz.html.).



The respiratory epithelial cells are the primary target for RSV in the establishment of
infection and re-infection are known to occur throughout life. This is mainly because
children are infected in the presence of maternal antibodies and natural infection affords
only partial protection(Wertz and Moudy, 2004). Evidence also shows that antigenic
variability, especially in the G glycoprotein, plays a role in repeat infections by allowing
immune evasion(Sullender, 2000). Animal models of RSV infection are very important
for studying these mechanisms whereby the virus evades the immune system, although
it is challenging because RSV induces different disease pathologies in different animal

species(Moore and Peebles, 2006).

Despite the importance of this pathogen, neither a vaccine nor effective antiviral therapy
is currently available. This is partly due to the fact that RSV pathogenesis is not fully
understood. Education about the control of RSV infection, active surveillance for
respiratory viruses and keeping records of the clinical condition of not only patients, but
also mothers and medical personnel frequently in contact with the babies may serve as

an early warning system and reduce the risk(Visser et al., 2008).

1.2 MOLECULAR BIOLOGY OF RSV

RSV is a member of the genus Pneumovirus, Pneumovirinae subfamily of the
Paramyxoviridae family of viruses. RSV virions are membrane-enveloped capsids and
possess a single-stranded negative strand RNA genome of 15.2 kilo bases (Kb)
containing 10 genes which, in infected cells, are transcribed into positive mMRNA

molecules.

Five RSV proteins are involved in nucleocapsid structure and/or RNA synthesis:
Nucleocapsid N protein for RNA binding, L protein which is a major polymerase subunit,
the P phosphoprotein which is a cofactor in RNA synthesis, the M2-1 protein which is
involved in transcription and the M2-2 protein which modulate the balance between
transcription and RNA replication. The other four proteins form part of the viral envelope:
The matrix M protein and the transmembrane surface glycoproteins G, F and SH. NS1

and NS2 are the two non-structural proteins that play a role in the pathogenesis of
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RSV(Collins and Jr Crowe, 2007). Figure 1.1 shows the viral genome and the different
proteins and their functions encoded by the 10 genes(Collins and Graham, 2008). The

next section will deal with these proteins and their functions in more detail.
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NS2 SH M2-1 2.2
1o NS1 N P ™ G v J -
e tr
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FIGURE 1.1 RSV virion, RNA genome and encoded proteins. A) The negative-sense
RNA genome. B) Electron photomicrograph of the RSV virion. Protein functions and

amino acid lengths are indicated(Collins and Graham, 2008).




1.2.1 Virus entry
1.2.1.1 The G glycoprotein

The G protein is a type Il transmembrane glycoprotein that mediates viral attachment
and is O- and N-glycosylated(Techaarpornkul et al., 2002, Teng and Collins, 2002). It is
produced in two forms: a membrane-bound form and a soluble form which are
generated by initiation of translation at alternative AUG codons(Roberts et al., 1994). It
was shown that the soluble form (sG) helps RSV escape the antibody-dependent
restriction of replication by acting as an antigen decoy and as a modulator of leukocytes
bearing Fc gamma receptors(Bukreyev et al., 2008). The G protein has an ectodomain
that contains a central region and four cystines which are a postulated receptor binding
site. Flanking this region, are two hypervariable regions that have a high level of
sequence variation(Roberts et al., 1994). Figure 1.2 illustrates the structural features of

the G protein.

Two antigenic subtypes (A and B) have been identified, with little cross protection
(Anderson et al., 1985). The two antigenic subtypes are estimated to have diverged 350
years ago and still retain a high level of antigenic relatedness(Zlateva et al., 2005b). The
major antigenic differences between the two subtypes are a feature of the attachment
protein G. It has been shown to be the most variable protein with 67% similarity at the
nucleotide level and 53% similarity at the amino acid level between the two different
subtypes(Johnson et al., 1987a). This high level of amino acid change is considered
evidence for selective pressure for the change in G sequences(Wertz and Moudy,
2004). Because the G protein is so variable, G-specific monoclonal antibodies (MAbs)
fall into three categories: (a) reaction with both antigenic subtypes recognize
“conserved” epitopes, (b) those that react broadly within but not between subtypes are
“subtype specific’, and (c) those that react with some strains but not others within a

subtype are “strain specific’(Martinez et al., 1997).

Several genotypes have also been documented within each subtype: GA1-GA7 and
SAAL in subtype A and GB1-GB4 (Peret et al., 2000) and SAB1-SAB3 in subtype B
(Venter et al., 2002a). This virus evolves at a rapid rate and can thus accommodate
considerable changes in its surface proteins. Consequently a new genotype (BA) with a

-4 -



60 nucleotide duplication in the C-terminal of the G protein have been discovered in
Buenos Aires in 1999 that has subsequently been identified in many RSV outbreaks
(Kuroiwa et al., 2005, Nagai et al., 2004, Sato et al., 2005, Scott et al., 2004b, Trento et
al., 2003, Zlateva et al., 2005b, Zlateva et al., 2004). Trento et al. (Trento et al., 2006)
investigated the evolution of this new BA genotype and their analysis showed that the
BA genotype can be further divided into 6 sub-genotypes (I-VI). An in depth investigation
into the evolution of this genotype revealed that since 2004 a relatively new sub-
genotype IV has replaced all other group B viruses, suggesting further adaptation in its
natural host (Trento et al., 2010). In the year 2006, Visser et al.(Visser et al., 2008)
identified this new BA genotype for the first time in a RSV epidemic in SA. Different
circulation patterns exist between all these different strains. These strain circulation
patterns are complex and may be a mechanism by which RSV evades immunity(Moore
and Peebles, 2006).

Three mechanisms of change in the variable regions of the G protein have been
described:

1. Substitutions

2. Frameshifts into any of the three possible open reading frames (ORF)

3. Presence of alternate termination codons, resulting in proteins of differing length.

Frame shift mutations, premature stop codons and hypermutation events that caused
severe truncations in the G protein have been shown to generate neutralization resistant
mutants in serial passages but it remains to be seen whether these changes in the
escape mutants are also observed among natural isolates(Garcia-Barreno et al., 1990,
Martinez et al., 1997, Rueda et al., 1991). Studying the evolutionary patterns of the G
protein of subtype B HRSV viruses, major differences in the G protein length were
noted(Martinez et al., 1999). These differences were found to be caused by the usage of
alternative termination codons which highlights yet another mechanism in the generation
of HRSV diversity. These differences in length have been described, especially for RSV
subtype B isolates. Truncated strains of up to 20 amino acid have been identified and
Venter et al.(Venter et al., 2002a) identified a severely truncated wild-type G protein with

a premature stop codon at position 262 that caused LRTI in a 32-month-old boy. There



was no evidence that this mutation resulted in an attenuated phenotype. This raised the

question of the necessity of the G protein for efficient infection in vivo.

It has been shown that G protein subunit vaccines induce a T helper 2 (Th2) response.
This is similar to the formalin inactivated vaccine that resulted in more severe disease
upon re-exposure which indicate a role for the G protein in RSV
pathogenesis(Srikiatkhachorn et al., 1999). According to Tripp et al.(Tripp et al., 2001) a
potential contributor to immune modulation and disease pathogenesis is CX3C
chemokine mimicry mediated by the CX3C motif in the central conserved region of the G
protein of RSV. Upon live-attenuated RSV vaccine development the deletion of non-
essential genes provides a method of attenuation. Karron et al.(Karron et al., 1997c)
evaluated and characterized a cold-passaged subtype B virus which was found to
contain a large deletion spanning most of the coding sequences for the small
hydrophobic (SH) and attachment (G) proteins. This virus replicated efficiently in Vero
cells, but was found to be overattenuated for RSV-seronegative infants and children.
However, Teng and Collins (Teng and Collins, 2002) showed that the central conserved
domain and cystine noose of the G protein can be deleted without affecting virus growth

in vitro or in vivo (in mice).

Cell surface glycosaminoglycans (GAGs) are responsible for the majority of RSV
attachment to cultured cells leading to infection(Feldman et al., 2000). Techaarpornkul
et al.(Techaarpornkul et al., 2002) have shown that RSV virions containing the F protein
as the sole surface protein, do bind to GAGs and that part of the F protein binding
represents an interaction with a molecule other than a GAG. This demonstrates that the

F protein may have an auxiliary role as an attachment protein.
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FIGURE 1.2 The structural features of the G glycoprotein. Areas of amino acid variability
are indicated in blue and regions of conservation are indicated in red. NH,, amino
terminus; COOH, carboxy terminus; TM, trans membrane region; CC CC, Cystine
noose. Adapted from Wertz and Moudy(Wertz and Moudy, 2004).

1.2.1.2 The F glycoprotein

Together with the G protein, the F protein is one of the major surface glycoproteins that
are anchored in the viral membrane and is primarily N-glycosylated on asparagine
residues(Techaarpornkul et al., 2002). The F protein is a type | integral membrane
protein that is synthesized as a precursor of 574 amino acids, which is post-
transcriptionally cleaved into two disulfide-linked subunits of 438 and 115 amino acids
respectively(Collins et al., 1996b). This protein mediates fusion of the viral and cell
membranes for virus entry into the cell as well as fusion of the infected cell membranes
with that of adjacent cells which induce syncytial formation(Walsh and Hruska, 1983).
Techaarpornkul et al.(Techaarpornkul et al., 2001) have also shown that the F protein

can act as an auxiliary attachment protein where the G and SH proteins were absent.

Most phylogenetic studies have previously been conducted with the G protein because
of its extensive variability. Kim et al.(Kim et al., 2007) has performed a study to
characterize the molecular epidemiology and evolutionary patterns of the F protein
throughout nine consecutive seasons and to clarify the relationship between the F and G
protein with regard to genetic variation. Their phylogenetic analysis revealed nine
genotypes within subtype A and four genotypes within subtype B and that the genetic

variability of the F protein is associated with that of the G protein. In addition, the extent
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of nucleotide and amino acid variability within the F protein neutralizing antibody and
CTL (cytotoxic T cell) epitopes were investigated in SA (Agenbach et al., 2005). It was
shown that the F protein was highly conserved between subtypes and suggested an
absence of positive selection. Genotype-specific mutations were however found and
secondary structure predictions identified minor amino acid changes that may influence

the secondary structure of the protein.

1.2.1.3 The SH protein

The function of the small hydrophobic protein, which is a type Il transmembrane protein,
is largely unknown. Techaarpornkul et al.(Techaarpornkul et al., 2001) showed that RSV
lacking the SH gene (RSVASH) is viable, causes syncytium formation and grows as well
as the wild-type virus, thus indicating that the SH protein is not necessary for virus entry
or syncytium formation. It was shown that the SH protein has a marked impact on the
inflammatory and innate immune response to RSV infection(Tripp et al., 1999). Fuentes
et al.(Fuentes et al., 2007) hypothesized that the SH protein of RSV may be functionally
similar to other SH proteins from members of the Paramyxoviridae family. Their results
indicated that the SH protein of RSV has a similar function to that of Parainfluenza virus
5 (PIV5) SH protein by inhibiting tumour necrosis factor alpha (TNF-a) signalling and

consequently playing a role in blocking cell death.

1.2.2 Transcription and Replication

The RSV viral polymerase initiates at a single 3’-proximal promoter and transcribes 10
monocistronic MRNAs in an obligatorily sequential manner from 3’ to 5’(Dickens et al.,
1984). In this instance the polymerase must terminate transcription of each upstream
gene to initiate transcription of the downstream gene. This is achieved by conserved
gene-start and gene-end sequences flanking each gene. This transcriptional control
mechanism is shown in figure 1.3. During RNA replication a genome-length positive
strand replicative intermediate (antigenome) is produced that serves as the template for
production of progeny genomes(Collins et al., 1996a). This viral RNA is enwrapped by
the N protein in the helical nucleocapsid. The L, P and M2-1 proteins are bound to the
nucleocapsid forming the ribonucleoprotein complex (RNP). This complex is the inner
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part of the virion, surrounded by the M protein, that connects it to the membranous
envelope in which the viral glycoproteins F, G and SH are inserted(Collins and Jr Crowe,
2007).

tr

— - Single 3' Polymerase Entry Site
— Obligatory Sequentlal Transcription
— Termination of Upstream Gene Required
for Initiation of Downstream
~ Gene position determines expression level

FIGURE 1.3 HRSV transcriptional control. Le, Leader; tr, trailer (Wertz and Moudy,
2004).

1.2.2.1 The RNA-dependent RNA polymerase (L)

The RSV L gene is 6578 nucleotides in length and contains a single large ORF that
encodes a protein of 2165 amino acids(Stec et al., 1991). The L protein most likely
catalyzes initiation, elongation, and termination of RNA synthesis although it may
perform other functions during RNA replication because of its large size. Collins et
al.(Collins et al., 1987) revealed that the L gene transcription initiates within its upstream
neighbour, the 22K gene or otherwise known as the M2 mRNA and that the presence of
the 22K gene-end signal within the RSV L gene appears to be a novel mechanism for
obtaining additional attenuation of L gene transcription. Any increase or decrease in the
availability of the polymerase L protein could have a dramatic effect on levels of
transcription, replication and virion production, altering the balance between acute and

persistent infection(Collins et al., 1987).



1.2.2.2 The nucleoprotein

The HRSV N protein (391amino acids) is smaller than its Paramyxovirinae counterparts.
The RSV genome is fully encapsidated by the N proteins to form ribonucleocapsids that
serve as templates for RNA synthesis(Grosfeld et al., 1995). This has several benefits
for the virus: encapsidation prevents formation of secondary structures in the RNA
template, it also protects the RNA from nuclease attack and reduces production of
double-stranded RNA which reduces anti-viral responses(Le Mercier et al., 2002). Co-
expression of HRSV N and P protein induces the formation of cytoplasmic aggregates
although the relevance of these cytoplasmic inclusions for the infectious cycle remains
to be elucidated(Garcia et al., 1993).

1.2.2.3 The phosphoprotein

HRSV P, an essential cofactor of the viral polymerase, is composed of 241 amino acids
and is mainly phosphorylated at Ser-232(Barik et al., 1995). It also contains a central
structured domain (amino acid 100-200), flanked by two disordered regions (amino acid
1-99 and 201-241)(Llorente et al., 2006). Its role during transcription and replication is to
locate the L protein on the nucleocapsid template and to maintain the N protein in a
functional RNA encapsidation state(Collins and Jr Crowe, 2007). Asenjo et al.(Asenjo et
al., 2008) have also recently shown that phosphorylation at position S54 is required for
viral uncoating that leads to the dissemination of the RNPs from the M protein, making

them active for primary transcription.

1.2.2.4 The matrix protein

This protein has been found in cytoplasmic inclusions, which are RNP aggregates, in
association with the N, P and M2-1 proteins(Li et al., 2008). Their findings suggest that
the M protein associates with RNPs late in the virus life cycle in order to inhibit
transcription activity, thus facilitating virus assembly. This study also showed that the M
protein can only associate with these nucleocapsids in the presence of the M2-1 protein
and that this interaction is strongly dependent on the N-terminal 110 amino acids of the
M protein.
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1.2.2.5 The M2 mRNA

This protein was shown by Collins et al.(Collins et al.,, 1990) to be one of the more
conserved proteins of RSV with 92% amino acid identity between the two subtypes. The
M2 mRNA contains two overlapping translational ORFs. The upstream translational
ORF (ORF1) encodes a 194 amino acid protein called the M2-1 and the second
translational ORF (ORF2) encodes an 83-90 amino acid protein called M2-2. This
second ORF has three potential start sites at codons 1, 3 and 7(Bermingham and
Collins, 1999).

1.2.2.5.1 The M2-1 protein

This protein consists of 194 amino acids and is a structural component of the RSV virion
and has been shown in two studies to lead to an enhancement in transcriptional
readthrough at gene-end signals, permitting access of the RSV polymerase to
downstream transcriptional units(Collins et al., 1996a, Hardy and Wertz, 1998). Tran et
al.(Tran et al., 2009) have shown that the M2-1 forms tetramers in solution and can be
divided into four distinct parts: a putative ZnF (amino acid 1 to 32), the function of which
remains unknown; a domain responsible for M2-1 oligomerization , situated between
amino acid residues His33 and Gly62; a globular domain composed of a-helices,
encompassing amino acid residues 63 to 170, capable of binding P and RNA with no
sequence specificity; and a predicted unstructured C-terminal region (amino acid 171 to

194) with a low degree of conservation.

1.2.2.5.2 The M2-2 protein

The product of ORF2 (M2-2 protein) was shown to increase RNA replication and reduce
transcription(Bermingham and Collins, 1999). This study suggested that the M2-2
protein mediates negative regulation of transcription late in infection. It has been
proposed for Sendai virus and other non-segmented negative stranded RNA
viruses(Vidal and Kalakofsky, 1989), that RNA synthesis switches from transcription to

replication upon accumulation of N protein although with RSV this switch implicates the
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M2-2 protein although the mechanism of action is still unclear (Bermingham and Collins,
1999).

1.2.3 Non-structural proteins
1.2.3.1 NS1 and NS2 proteins

NS1 and NS2 (139 and 124 amino acids, respectively) are non-structural proteins
encoded from promoter-proximal genes to ensure high expression and has been shown
to be highly conserved between the two subtypes at both nucleotide and amino acid
level(Collins and Wertz, 1985, Johnson and Collins, 1989). Evans et al.(Evans et al.,
1996) have found both proteins to be synthesised early in the infectious cycle with NS1
expression appearing to be stable while NS2 disappeared rapidly. Multimeric forms of
both proteins have been demonstrated. Recent evidence indicates that they are
interferon (IFN) antagonists thus suppressing the host’s immune system. They inhibit the
induction of IFN-a/ by blocking the activation of IFN regulatory factor 3 and by inhibiting
type 1 IFN-induced signalling through the JAK/STAT pathway. Spann et al.(Spann et al.,
2004) created recombinant RS viruses by deleting the NS1 and/or the NS2 proteins
separately or in combination (ANS1, ANS2 or ANS1/2). These recombinant viruses
showed a decrease in replication efficiency in cells that produce IFN-a and IFN-(.
Infection with the ANS1/2 virus resulted in an increase of both IFN-a and IFN- as well
as IFN-A. They confirmed their findings with RT-PCR and ELISA. This supports the idea
that RSV has two IFN antagonists, NS1 and NS2(Spann et al., 2004).

Even though we know that NS1 and NS2 suppress IFN synthesis as well as function,
their exact targets are still uncharacterized. Swedan et al.(Swedan et al., 2009)
investigated whether either or both of the NS proteins affect the steady-state levels of
key members of the IFN pathway. They found that both proteins decreased the levels of
TRAF3, a strategic integrator of multiple IFN-inducing signals, although NS1 was more
efficient. Only NS1 reduced IKKepsilon which is a key protein kinase that
phosphorylates and activates IFN regulatory factor 3. NS2 was shown to decrease the
levels of STATZ2, the essential transcription factor for IFN-inducible antiviral genes. As a
consequence of type | IFN suppression, it was shown that NS2 also suppresses the CTL
component of the adaptive immune response (Kotelkin et al., 2006). This illustrates that
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the two NS proteins work individually and together to regulate key signalling molecules

of the IFN pathways.

In addition, it was recently found that the expression of NS1 and/or NS2 activates the
phosphoinositide 3-kinase (P13K) pathway. Suppression of the expression of NS1 and/or
NS2 suppressed the activation of the PI3K pathway and resulted in accelerated
apoptosis of the RSV-infected cells and a reduction in virus yield(Bitko et al., 2007).
Munir et al.(Munir et al., 2008) also investigated whether the RSV NS1 and NS2 proteins
affect the maturation of immature myeloid dendritic cells (DC) during RSV infection. It
was found that these non-structural proteins mediate suppression of DC maturation
which results in decreased antigen presentation and T lymphocyte activation leading to

incomplete and/or weak immune responses that might contribute to RSV re-infection.

1.3 MOLECULAR EPIDEMIOLOGY OF RSV

It has been shown that the second hypervariable region (270 base pairs (bp)) which is at
the C-terminal of the G protein, provide a reliable representation for the entire G gene
variability(Peret et al., 1998). Sequence analysis of this hypervariable region is used in
molecular epidemiological investigations of RSV epidemics. Previous studies conducted
in SA from 1997-2000 indicated the circulation of three previously defined subtype A
genotypes GA2, GA5 and GA7 and one distinct genotype named SAAL (Venter et al.,
2001). The subtype B strains clustered with two known genotypes GB3 and GB4, and
three additional genotypes, SAB1-SAB3. It has been shown that these genotypes co-
circulate but that dominant strains shift yearly probably due to herd immunity of the
previous circulating strains which may cause the viruses to circulate more efficiently or
be more pathogenic(Hall, 2001, Peret et al., 1998).Recent analysis of the circulation
patterns and the evolution of subtype A and B strains have shown that both subtypes
have a similar evolutionary rate however, subtype B strains can accommodate more
drastic changes in their attachment proteins. In addition the most recent common
ancestor of both subtypes was dated to the early 1940s (Zlateva et al., 2005b, Zlateva et
al., 2004).
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Many investigators have attempted to show an association of a specific strain with
disease severity. Some have found no difference between subtype A and B, although
others have reported that subtype A is more severe (Brandenburg et al., 2000, Cane,
2001, Savon et al., 2006). It was also shown that the two subtypes co-circulate but that
subtype A was dominant in more epidemics(Cane, 2001). Venter et al. (Venter et al.,
2002a) compared community circulating strains with strains from hospitalized patients
and found that identical strains could cause LRTI as well as milder URTI. Viral load is
another aspect that might influence disease severity. Gerna et al.(Gerna et al., 2008)
found no difference in viral load between patients infected with RSV subtype A strains
and those infected with subtype B strains while others have shown an association of
subtype A strains with more severe disease (Walsh et al., 1997). Co-infection with
patients with HIV AIDS also plays a role in disease severity. One study indicated the
incidence for LRTI in children between 6 weeks and 2 years of age was much greater in
HIV infected children (4040 per 100 000) then in HIV uninfected children (1753 per 100
000)(Madhi et al., 2001).

1.4 EPIDEMIOLOGY OF RSV

HRSV has a worldwide distribution. In the United States (US), approximately 75,000-
125,000 hospitalizations associated with RSV occur each year of which the majority of
children are under 6 months of age. Although the mortality rate for RSV infections has
decreased significantly over the past 20 years, approximately 500 deaths still occur
annually in the U.S., of which 80% of these deaths occur in children <1 year(Shay et al.,
2001).

A few studies have characterized the disease burden of RSV in developing countries.
One such study in Kilifi District, Kenya, has estimated that 85,000 infant cases of severe
LRTI are due to RSV in Kenya(Nokes et al., 2008). Falsey et al.(Falsey et al., 2005)
have shown that RSV infection in the elderly and high-risk adults, accounted for 10.6%
of hospitalizations for pneumonia, 11.4% of hospitalizations for chronic obstructive
pulmonary disease, 7.2% of hospitalizations for asthma, and 5.4% of hospitalizations for

congestive heart failure. There has been a great deal of interest in a possible link
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between RSV infection and asthma. Sigurs et al.(Sigurs et al., 2005) investigated this
possible link, and their results suggested that severe RSV infection in the first year of life
not only affected the predisposition to developing asthma, but to allergic disease as well.

Additionally RSV is an important nosocomial infectious agent and the rate of hospital
acquired infection for infants and young children during a RSV season ranged from 26 to
47% in newborn units and from 20 to 40% for older children. Hospital staff members
have been shown to play an important role in the transmission and it has been shown
that they have an infection rate of 25% to 50% during RSV epidemics(Hall et al., 1975).
HRSV has a clear seasonality and epidemics occur yearly in the winter months, whereas
outbreaks are associated with the rainy season in humid climates(Cane, 2001). Mark
Everard (Sheffield Children’s Hospital, Sheffield, UK) observed RSV replication in
dendritic cells during RSV seasons(Stevens et al., 2008). Following the administration of
nitric oxide to the cultures he also detected viral replication during non-RSV seasons. He
suggested that dendritic cells may function as reservoirs for RSV outside of the RSV

season(Stevens et al., 2008).

1.5 CLINICAL INFECTION AND DISEASE PRESENTATION

Inoculation of the nose or eyes occurs by a colloidal dispersion of liquid particles, such
as sneezing, or direct contact and results in viral replication in the nasopharynx, with an
incubation period of 4 to 5 days, and can be followed over the next several days by
spread to the lower respiratory tract(McNamara and Smyth, 2002). The first step in viral
replication is attachment of the viral particle to a host cell, generally in the nasal
epithelium. The viral RNA then enters the cell where it replicates and ultimately destroys
the cell. The rapid destruction of ciliated epithelial cells lining the airways causes the
symptoms characteristic of RSV infection(Domachowske and Rosenberg, 1999). RSV
grows optimal at a PH of 7.5 and is inactivated at temperatures between 50-60°C.
Although temperature sensitive, it can be recovered from countertops and rubber gloves
for several hours although it is readily inactivated with soap, water and
disinfectants(McCarthy and Hall, 2003).
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Airway dysfunction and inflammation are two important aspects of the pathophysiology
of severe RSV disease. RSV-induced airway dysfunction includes epithelial cell
sloughing in the small airways, mucus-overproduction and airway reactivity, which all
ultimately leads to compromised ventilation. All of these could be directly a cause of viral
replication but may also be facilitated by inflammation(McNamara et al., 2005). Primary
manifestations of RSV infections are bronchiolitis and pneumonia. In addition rhinorrhea,
cough, nasal congestion and low-grade fever are common. More severe LRTI are
associated with an increase in asthma and allergic sensitization(Sigurs et al., 2005).
Infants may also develop tachypnea, dyspnea and intercostals retractions as well as
difficulty in feeding(McCarthy and Hall, 2003). In addition, otitis media is a common
complication of HRSV. This is due to Eustachian tube dysfunction, resulting in bacterial

stasis in the middle ear and subsequent otitis media(Tomochika et al., 2009).

Extrapulmonary manifestations have also been reported for severe RSV infections. The
most commonly reported cases of cardiovascular manifestation of RSV were interstitial
myocarditis(Eisenhut, 2006) and multifocal arterial tachycardia(Donnerstein et al., 1994).
Acute neurological signs and symptoms such as central apneas, seizures,
feeding/swallowing difficulties and muscle tone abnormalities were found in some
patients with RSV infection(Kho et al., 2004).

1.6 IMMUNOPATHOGENESIS

1.6.1 Immunology (Role of innate/adaptive immunity)

Figure 1.4 shows the host defence mechanisms that are activated during RSV infection
and the overlapping aspects of the innate and acquired immunity involved.
Macrophages, eosinophils, basophils, neutrophils and natural killer (NK) cells are
important innate immune cells that play a vital role in controlling infection, although
during an imbalanced response may exacerbate inflammation and contribute to disease
pathogenesis(Tripp, 2004). Acquired immunity is mediated by B cell (humoral) and T cell
(cell-mediated) responses. Clinical studies of RSV-infected patients indicated increased
levels of Th2 cytokines and immunoglobulin E (IgE) suggesting an allergy like reaction

with infection(Becker, 2006). Immunocompetent infants infected with RSV stop shedding
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virus within 21 days following infection while immunocompromised children can shed
virus for several months indicating the importance of the immune system to clear the
virus(Hall et al., 1986).

Normally the T-helper 1 (Thl) response is activated with RSV infection which is
associated with INF-y production and an earlier CD8+ CTL response. INF-y stimulates
the production of immunoglobulin (Ig) which leads to an increase in antigen
presentation, cytolytic activity, antiviral cytokines and the end result is an increase in
viral clearance. IgA is largely associated with defence of the mucosal surfaces and is
rapidly secreted in the upper airways following primary RSV infection in mice(Singleton
et al., 2003). Even though IgA plays a role in preventing an initial RSV infection of the
upper airways, it wanes over time and are largely undetected by 8 weeks postinfection
in mice(Valosky et al., 2005). The IgM antibody response is induced in 5-10 days, and
can be detected for three months after infection(van Drunen Littel-van den Hurk et al.,
2007). RSV-specific IgG antibodies are found in high titers in human serum and are
believed to play an important role in the clearance of virus from the lower airways (Siber
et al., 1994). The IgG consists mainly of IgG1 and IgG3 subclasses which reach peak
titres 20-30 days after the onset of symptoms(van Drunen Littel-van den Hurk et al.,
2007).

Factors such as atopy, RSV-specific antigen priming, other antigenic influences and
prematurity promote the activation of the Th2 pathway. The Th2 response is
autostimulatory and also inhibits the Th1l response, becoming the dominant response in
subsequent infections. The Th2 response leads to a CD4+ CTL response and the
production of interleukin 4 (IL-4), IL-5, IL-10 and IL-13. IL-4 promotes IgE production and
indirectly leads to histamine production by activating mast cells. IL-5 on the other hand
promotes the recruitment of eosinophils. Both the histamine and the eosinophil products
cause the asthma like symptoms seen with a RSV infection(Graham, 1996). This
suggest that an excess of type 2 and/or a deficient type 1 immune response play a role
in RSV pathogenesis(Fig. 1.5).
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that lead to reduced IL-12 production results in a Th2-biased response, characterized by

Th2 cells, IgG1 and IgE production, and eosinophilia(van Drunen Littel-van den Hurk et

al., 2007).
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1.6.2 Risk factors for enhanced disease

The risk of severe RSV disease is increased by factors that compromise the ability to
control and withstand a respiratory tract infection which include: young age (<6 months),
premature birth (<35 weeks of gestation), bronchopulmonary dysplasia, congenital heart
disease, immunodeficiency or immunosuppression, the first or second RSV infection in
life, unusually narrow airways, low birth weight, male gender, a low titer of RSV-specific
serum antibodies (maternal antibodies), and frail old age(Welliver, 2003). Environmental
factors, including ones that affect lung function (e.g. exposure to tobacco) or increase

exposure to infection (e.g. day care, hospitalization, multiple siblings), also play a role.

A major risk factor in SA is co-infection with Human Immunodeficiency virus (HIV).
Clinical investigation by Madhi et al.(Madhi et al., 2006) showed that the incidence for
RSV associated LRTI in children between 6 weeks and 2 years of age was much greater
in HIV infected children (4040 per 100 000) than in HIV uninfected children (1753 per
100 000). Although a prominent risk factor, HIV seroconversion is not confirmed until 18
months because of the presence of maternal antibodies before this time(Rakusan et al.,
1991).

A factor that also influences disease severity is pre-existing serum RSV-neutralizing
antibody concentrations. Infants have varying concentrations of these antibodies, either
obtained from previous infections or transplacentally from the mother. Various studies
have demonstrated that higher titers of these antibodies are associated with less severe
RSV disease(DeVincenzo, 2005). Premature infants acquire less transplacental
antibodies than full-term infants, thus placing premature infants at increased risk for

severe RSV disease(DeVincenzo, 2005).

Variation in susceptibility also has a genetic basis. Goetghebuer et al.(Goetghebuer et
al., 2004) provided evidence that polymorphisms in certain genes, usually Th2 cytokine
genes, contribute to the type and severity of clinical disease caused by RSV infection.
Janssen et al.(Janssen et al., 2007) performed a large-scale genetic association study
that used a candidate gene approach. In total, 22 single nucleotide polymorphisms
(SNPs) in 21 genes, demonstrated a significant association with severe RSV
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bronchiolitis either at the allele or genotype level, or at both. The 4 SNPs with the
strongest association are located in genes involved in innate immunity (i.e., the VDR,
JUN, NOS2A, and IFNA5 genes). This indicates that innate immunity may not only lead
to viral clearance but may also be involved in the development of excessive pathology

and disease.

1.7 DIAGNOSIS OF RSV INFECTION

Many different laboratory techniques exist for detection of RSV. All the techniques
require sterile collection of nasal secretions which will be the starting material. Several
factors exist that may affect the sensitivity and specificity of an assay for viral detection.
These include quality of the specimen, transport conditions, quality of the reagents,
laboratory technician experience, inter- and intra-laboratory standardization, suitability of
the assay to specific populations and prevalence of the viral agent in the
community(Henrickson and Hall, 2007). Clinicians need to recognize the benefits and

limitations of existing tests which are described in the next section.

1.7.1 Viral culture

Viral culture requires viable virus that will grow in cell culture. Cell lines commonly used
for RSV propagation are HEp-2, HeLa, A549 and Vero. Although considered the gold
standard of diagnosing RSV, cell culture has various disadvantages. RSV is extremely
unstable, heat-labile, and sensitive to freeze-thawing and is therefore difficult to culture.
In addition syncytial cytopathic effect only appears after 3 to 7 days in cell
culture(Noyola and Demmler, 2000). The financial and labour costs per test are also
greater and cell culture has relative poor sensitivity compared to nucleic acid

amplification(Henrickson and Hall, 2007).

1.7.2 Serology/Antigen detection

Serology is not very helpfull for diagnosis of acute respiratory virus infections beacause
10-30% of patients with documented respiratory viral infections will remain serologically
negative(Henrickson, 2004). Antigen-based assays include indirect and direct
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immunofluorescent antibody tests, enzyme immuno-assays (EIA) and optical immuno-
assays. These assays are widely used because they are inexpensive, easy to perform,
and easy to interpret(Henrickson and Hall, 2007). Kumar et al.(Kumar et al., 1987)
evaluated the effieciency of two RSV rapid tests, an EIA (Abbott Laboratories, North
Chicago, I1l.) and a fluorescent-antibody assay (FA). Their results indicated that both
these tests proved to be highly specific and sensitive, although antigen detection
methods are thousand times less sensitive than molecular assays.

1.7.3 RT-PCR and real-time PCR

Reverse transcription-PCR (RT-PCR) is a highly sensitive and quick method for
diagnosis of viral infection and has been used successfully in children with
RSV(Freymuth et al., 1995, Henkel et al., 1997). Falsey et al.(Falsey et al., 2002) have
also shown that RT-PCR is a better and more sensitive method than cell culture when

testing for RSV in adults due to low viral titers.

RT-PCR is generally available and used in research settings. Real time RT-PCR has
become the method of choice for quantification of RSV viral load in nasopharyngeal
aspirates due to the following theoretic advantages: (i) a lower threshold of detection, (ii)
the potential stability of the assay after specimen freezing and thawing, (iii) a less
subjective assay readout, and (iv) an assay that is unaffected by therapeutic passive

neutralizing antibodies or experimental antiviral agents(Perkins et al., 2005).

For quantification purposes, the use of fluorescently labelled sequence-specific
hybridization probes is very specific and sensitive, although the synthesis and
optimization of each probe for a gene of interest can be time-consuming and expensive.
An alternative method is double-stranded DNA binding dye SYBR Green I. The major
advantage of this method is that it is sequence independent and can be used with any
primer pair although non-specific  amplification  will prevent accurate

guantification(Simpson et al., 2000).
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1.8 TREATMENT AND PREVENTION OF RSV DISEASE

Currently, supportive care is the only rational treatment for RSV disease. Research has
revolved around steroids, bronchodilators, antiviral medication and a variety of other
therapies however no treatment currently exists. Transmission of RSV can however be
prevented by adhering to basic hygiene practices including regular hand washing,

prevention of fomite spread, and patient isolation(Simon et al., 2006).

1.8.1 Antiviral therapy

Corticosteroid therapy has not proven to be efficacious for RSV infection(Buckingham et
al., 2002) and the use of ribavirin for RSV infection remains controversial. Ventre and
Randoph (Ventre and Randolph, 2004) performed a meta-analysis of ribavirin treatment
in children under 6 months of age with RSV associated LRTI and showed that there was
statistically insignificant trends towards improvement in mortality, length of
hospitalization and mechanical ventilation. A humanized IgG mAb called Palivizumab is
being used and supported by medical aids as prophylaxis in high risk children, but has
significant cost implications(Vogel et al., 2002).

Promising research with regards to antiviral drug development is small interfering RNA
(SiRNA). Zhang and Tripp (Zhang and Tripp, 2008) showed that siRNAs can be
developed as effective antiviral drugs that can reduce viral load and parameters of
pathogenesis without limiting the induction of the memory immune response. Although
all of this is promising, the best way to prevent RSV will be to design an effective

vaccine.

1.8.2 Vaccines

Timing of vaccination, administration route, risks and efficacy remains important
guestions in this arena. A formalin-inactivated RSV (FI-RSV) vaccine was developed

during the 1960s that resulted in an aggravated reaction in immunized children upon re-
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exposure to RSV(Kim et al., 1969). Because of the disastrous results of the FI-RSV
vaccine, it is increasingly difficult to test the vaccines because of safety issues as well as
inadequate animal models where RSV induce different disease phenotypes in different
animal species(van Drunen Littel-van den Hurk et al., 2007). The improvement in RSV
reverse genetics development has however led to a new generation of live virus vaccine

candidates with a balance of attenuation and immunogenicity(Collins and Murphy, 2005)

Clinical trials have been reported for two subunit RSV protein vaccines, all involving
vaccinees of 24 months or older. The first consists of a purified full-length F protein from
RSV-infected cells(Hancock et al., 1995). The second protein vaccine is a recombinant
protein produced in bacteria that consists of amino acids 130-230 of the G protein,
BBG2Na(Power et al., 2001). Both of these vaccines were shown to be safe and
moderately immunogenic in adults however fears over Th2 type responses similar to the
formalin inactivated vaccine may keep them out of clinical trials in younger infants.
Recombinant RSV viruses that lack either NS1 or NS2 were attenuated both in the
upper as well as the lower respiratory tract of chimpanzees but induced serum nAb titers
similar to wild-type RSV(Teng et al., 2001). These recombinant viruses are under
consideration for vaccine candidates. A vaccine which contains 3 mutations in the SH
gene is the first RSV vaccine candidate that appears to be appropriately attenuated in
young infants(Karron et al., 2005).

Live-attenuated vaccines have also been developed by subjecting wild-type RSV to
extensive cold-passage in vitro as well as chemical mutagenesis. One of the sufficiently
attenuated mutants was evaluated in 1- to 2-month-old RSV-naive infants(Wright et al.,
2000). It was shown that the vaccinnees shed a moderate amount of virus with a
significant rise in RSV-specific serum IgA antibodies, and were highly resistant to re-
infection with a second vaccine dose given 1 month later. However, a few of the
vaccinnees experienced brief nasal congestion following the initial immunization
indicating that the virus is still not sufficiently attenuated. In addition temperature
sensitive, live-attenuated vaccine candidates have been generated for several viruses.
Viruses with temperature sensitive phenotypes are able to replicate in the upper
respiratory tract, stimulating anti-viral immunity, but are restricted in the lower respiratory
tract, reducing the incidence of pneumonia and bronchiolitis(Tang et al., 2002). RSV is a
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high priority for vaccine development but several challenges have limited the

developmental process.

1.8.1.2 Obstacles for vaccine development

1.8.2.1.1 Maternal antibodies/Immunologic immaturity/Waning immunity in elderly

Maternal antibodies present in infants may confer partial protection against RSV
infection, but it may also suppress antibodies and T cell responses to primary RSV
infection(Crowe and Williams, 2003). A paediatric vaccine would be advantageous
because the peak incidence of severe RSV is at 2-7 months of age, although
immunological immaturity of infants limits Ab responses to RSV infection and limits the
immunogenicity of vaccines. Murphy et al.(Murphy et al., 1986) have shown that infants
less than 8 months old produced lower levels of serum and nasal wash anti-RSV IgG
and IgA than infants 9-21 months old. Re-infection by RSV is a common phenomenon,
and shows that natural immunity is incomplete which also poses a challenge for vaccine
development(Collins and Murphy, 2005). In the elderly population it has been shown
that RSV-specific antibody responses remain intact however there is a defect in the
ability to maintain adequate numbers of RSV-specific memory CD8 T cells(Olson and
Varga, 2008). It is likely that different immunization strategies will have to be utilized for

infants and the elderly.

1.8.2.1.2 Economic factors

The cost of vaccine development has reached astronomic proportions, currently
estimated at $1.7 billion and it is time consuming, taking up to 10 years to produce a

new vaccine(Maggon and Barik, 2004).

1.8.2.1.3 Viral factors

RSV has a RNA genome that accumulates mutations at a high rate because of the lack
of proofreading mechanisms which presents as a challenge for vaccine development.
Especially antigenic variability in the G protein complicates vaccine development
because both subtypes would be beneficial in a vaccine(Sullender, 2000). RSV does not
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replicate efficiently in vitro and careful handling is necessary to maintain
infectivity(Collins and Murphy, 2002)., RSV interacts with cells and specific cellular
proteins, making it difficult to obtain cell-free viral material. In addition RSV-host
interactions involve a large and complex network of signalling pathways that play a role
in RSV disease manifestation. Finally, the immunopathology of RSV is equal complex
and includes the relatively unique phenomenon of vaccine-enhanced disease or

‘immunopotentiation’(Maggon and Barik, 2004).
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1.9 PROJECT AIMS AND OBJECTIVES
1.9.1 Hypothesis

We hypothesize that genetic differences in the G and NS proteins of RSV strains may be
detected in children with mild relative to severe disease and that overcoming of herd
immunity through evolution results in severe disease in immunologically naive
individuals in South Africa. In addition, expression level differences of the NS1 and NS2
proteins may influence disease severity in infected children through their capability to

suppress the IFN response.

1.9.2 Longterm aim
To characterize/determine the association of RSV protein variation with differences in

disease severity in children

1.9.3 Shortterm aim

To investigate recent evolutionary patterns in the G protein as well as the role G and NS
protein variability play in disease pathogenesis. To determine if NS protein expression
level differences play a role in RSV disease severity in children.

1.9.4 Specific objectives

e To identify G protein genotypes associated with mild/severe RSV disease in
children over four consecutive years

e To characterize deletion mutant strains of which most of the G protein
ectodomain are deleted and to investigate if these strains circulate in other
patients

e To investigate the NS proteins as a determinant of RSV pathogenesis with
respect to:

- Genetic differences

- Expression level differences
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CHAPTER 2

Replacement of previously circulating Respiratory Syncytial
Virus (RSV) subtype B strains with the BA genotype in South
Africa

2.1 INTRODUCTION

RSV is a major cause of severe paediatric respiratory tract disease in infants, the
immunocompromised and the elderly (Boeck, 1996, Falsey et al., 2005, Welliver, 2003).
In moderate climates, RSV epidemics occur yearly in the winter months, whereas
outbreaks are associated with the rainy season in humid climates(Cane, 2001).
Although the mortality rate for RSV infections has decreased significantly over the past
20 years, approximately 500 deaths still occur annually in the U.S., of which 80% occur
in children <1 year(Shay et al., 2001). Globally, the WHO estimates that RSV causes 64
million infections and 160 000 deaths annually(WHO, 2009). A few studies have
characterized the disease burden of RSV in developing countries. A study in Kilifi,
Kenya, estimated that 85,000 infant cases of severe LRTI were due to RSV per year
(Nokes et al., 2008). Re-infection is known to occur throughout life. Children are infected
in the presence of maternal antibodies and natural infection affords only partial
protection (Sullender, 2000, Wertz and Moudy, 2004).

RSV has a single-stranded negative sense RNA genome containing 10 genes encoding
11 proteins(Collins and Jr Crowe, 2007). Two antigenic subtypes (A and B) exist with
little cross protection (Anderson et al., 1985). Major antigenic differences between
subtypes are a feature of the attachment protein G, a type Il transmembrane
glycoprotein with a conserved central region with four cystines postulated to be a
receptor binding site. Variability is concentrated in two hypervariable regions of the
ectodomain(Johnson et al.,, 1987b). Several G protein genotypes within the two
subtypes have been identified(Peret et al., 2000). These genotypes show complex
circulation patterns likely facilitated by herd immunity to certain genotypes (Peret et al.,
2000, Peret et al., 1998). SAAL, SAB1, SAB2 and SAB3 were identified in SA (Venter et

-28 -



al., 2001) and subsequently in various other geographic locations(Riccetto et al., 2009,
Shobugawa et al., 2009). Venter et al.(Venter et al., 2002a) also showed that identical
RSV genotypes were identified in different regions in SA during one season. A new BA
genotype has been identified in Buenos Aires in 1999 characterized by a 60 nucleotide
duplication starting after residue 791 of the G protein(Trento et al., 2003). Subsequently
strains with this duplication have been found in clinical specimens from distantly related
places in the world(Kuroiwa et al., 2005, Nagai et al., 2004, Sato et al., 2005, Zlateva et
al., 2005b, Zlateva et al., 2004) including Kenya in East Africa(Scott et al., 2004b). This
BA genotype was first detected in SA during investigation of a nosocomial outbreak in
Pretoria in 2006, and motivated us to re-evaluate the current RSV molecular
epidemiology in SA (Visser et al., 2008).

It is unclear why some children experience severe disease and others develop milder
disease. It may be due to host factors, maternal immunity or to differences in the virus
itself. The risk of severe RSV disease is increased by factors that compromise the ability
to control and withstand a respiratory tract infection. Many studies have investigated
these risk factors and the association with severe disease including strain variability and
infection with HIV. Some have found possible relationships while others have failed to
do so (Brandenburg et al., 2000, Madhi et al., 2001, Savon et al., 2006, Venter et al.,

2002a). However, most of these studies only concentrated on one epidemic season.

Despite the importance of RSV as a respiratory pathogen, there is currently no vaccine
or effective therapy available. Experimental vaccines have been based on prototype
strains identified shortly after its discovery in the 1960’s(Collins and Murphy, 2002,
Crowe, 2001). Protective vaccines may however have to take recent strains into account
based on drift demonstrated relative to these strains. To determine the evolution of
subtype A and B genotypes in SA hospitals, the molecular epidemiology of RSV
epidemics in children was investigated. Correlation between disease severity and

infecting strains was also investigated.
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2.2 MATERIALS AND METHODS
2.2.1 Study population

The study population consisted of all children < 1 year of age who were diagnosed
between February 2006 and May 2009 with RSV by immunofluorescence (IF) with the
Respiratory Panel 1 IF Assay (Chemicon, Hampshire, UK) or with the Directigen™ RSV
rapid test (Becton Dickinson Microbiology Systems, Franklin Lakes, NJ), at the
department Medical Virology University of Pretoria National Health Laboratory Service
(NHLS), Tshwane academic division, and confirmed to have RSV by RT-PCR at our
laboratory. The NHLS serves three secondary and tertiary hospitals in the Pretoria
region and acts as referral hospitals for the Northern parts of SA: Kalafong Secondary-,
Steve Biko Academic- and the 1-Military Hospital. Only children with single RSV
infections were included in the disease severity assessments. Patients were divided into
two classes: Mild disease was classified as outpatients not requiring hospitalization and
severe disease were patients requiring hospitalization with severe LRTI or requiring
intensive care treatment. This study was reviewed, approved and monitored by the

ethics committee, University of Pretoria (25/2006).

2.2.2 Laboratory analysis

Specimens were confirmed by RT-PCR and screened for co-infections by multiplex PCR
that detects 14 different viruses(Lassauniére et al., 2010). Specimens were labelled
according to the following system: SA (isolate number) (Out-patient/Hospitalized) (year

of isolation).

2.2.3 RNA isolation
RNA was extracted directly from nasopharyngeal aspirates (NPA) with QlAamp viral

RNA mini kit according to the manufacturer’s recommendations (Qiagen, Valencia, CA).

2.2.4 Subtype identification: Multiplex RT-PCR and Nested PCR

The specimens were subtyped with a multiplex RT-PCR method with the Titan One-tube
RT-PCR system (Roche Applied Science, Mannheim, Germany) as described before
(Venter et al., 2002a). Each PCR reaction contained 10ul of RNA template, 1ul dNTP
mix (10mM), 2ul of 20pmol primer (F164, G32B, G267A), 2.5ul DTT (100mM), 0.25ul
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RNase Inhibitor (40U/ul), 10l of 5xRT-buffer and 1yl enzyme mix in a final reaction
volume of 50pl. PCR cycling conditions: 50°C for 30min, 94°C for 2min, (94°C for 30sec,
54°C for 30sec, 68°C fir Imin) X35 cycles, 68°C for 7min.

The multiplex nested PCR were carried out using the Expand High Fidelity™® PCR
system (Roche Applied Science, Mannheim, Germany)(Venter et al., 2002a). Each
nested PCR reaction contained 5ul of first round RT-PCR product, 2ul dNTP mix
(10mM); 2ul of 20pmol primer (G52B, G283A, and F1), 20ul of 10x PCR reaction buffer
and 0.75pl of enzyme mix in a final reaction volume of 100ul. PCR cycling conditions:
94°C for 2min, (94°C for 30sec, 55°C for 1min, 72°C for 1min) X35 cycles, 72°C for
7min. For specimens that could not be detected, the annealing temperature was lowered
to 51°C.

2.2.5 Full length G protein amplification

Full length G protein were amplified with primers: G1-21(Trento et al., 2006) and
F164(Sullender et al., 1993). In brief, 10pl of RNA was added to 10ul 10x reaction
buffer, 1yl of ANTP mix (10mM), 2ul of 20pmol of each primer (G1-21, F164), 2.5ul DTT
solution (100mM), 0.25ul RNase inhibitor (40U/ul), and 1pl of the Titan™ enzyme mix;
the volume made up the 50ul with distilled water. Cycling conditions were as follows:
50°C for 30min, 94°C for 2min, (94°C for 10sec, 53°C for 30sec, 68°C for 1min) X35
cycles, 68°C for 7min. Nested PCR for weak specimens with primers: G32B(Sullender et
al., 1993) and F1(Peret et al., 1998). The nested PCR was conducted in a 100-pl
reaction. 2ul of the RT-PCR product was mixed with 2ul of ANTP mix (10mM), 2ul of
20pmol of each primer (G32B, F1), 1ul of Expand high-fidelity PCR enzyme mix, 10x
Expand HF buffer with 15mM MgCl; according to the following conditions: 94°C for 2min,
(94°C for 30sec, 53°C for 30sec, 72°C for 1min) X35 cycles, 72°C for 7min. All the PCR
products were analyzed on a 1.5% agarose gel, using a 100-bp ladder as molecular

weight marker (DNA molecular marker XIV, Roche Diagnostics, Mannheim, Germany).

2.2.6 Nucleotide sequencing

The Wizard SV Gel and PCR Clean-up system were used for PCR product purification
(Promega, Madison, WI). Cycle sequencing was performed with the BigDye Terminator
3.1 Cycle Sequencing kit (Applied biosystems, Foster City, CA). Sequencing primers for
the C-terminal of the G protein gene were as described in Venter et al.(Venter et al.,
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2002a) and are shown in Table 2.1. For full G protein nucleotide sequencing, four
primers were used to cover the entire G protein gene. Forward primers G32B as
mentioned earlier and G604B (Venter et al., 2002a) and reverse primers F1 and
G665R(Venter et al., 2002a) were used (Table 2.1). Nucleotide sequencing was carried

out on both strands and the editing was performed with Sequencher™ Version 4.6,

(Gene Codes Corporation, Ann Arbor, MI).

TABLE 2.1 Primers selected for amplifying and sequencing the G protein gene.

Primer | Orientation | Sub- | PCR/ Primer sequence Reference
type Seq (5’ to 3’)
G267A Forward A RT GATGCAACAAGCCAGATCAAG (Sullender et al.,
1993)
G32B Forward B RT GCAACCATGTCCAAACACAG (Sullender et al.,
1993)
F164 Reverse A&B RT GTTATGACACTGGTATACCAACC | (Sullender et al.,
1993)
G283A Forward A N CAAGAACACAACCCCAACAT (Venter et al.,
2002a)
G52B Forward B N AATCAACGCACTGCCAGKACTC (Christensen et
(Where K=G/T) al., 1999)
F1 Reverse A&B | N&S CAACTCCATTGTTATTTGCC (Peret et al.,
1998)
G1l-21 Forward A&B RT GGGGCAAATGCAACCATGTCC (Trento et al.,
2006)
G598A Forward A S GGAAAGAAAACCACCACCAA (Venter et al.,
2002a)
G604B Forward B S AAACCAACCATCAAACCCACA (Venter et al.,
2002a)
G665R Reverse |A&B S TTTTGGGGCTCTTTTGTTTG (Venter et al.,
2002a)

G=Glycoprotein G ; RT=Reverse transcription ; N=Nest ; S=Sequencing
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2.2.7 Multiplex real-time RT-PCR for identification of co-infections

In brief, cDNA was synthesized using Expand Reverse Transcriptase (Roche,
Mannheim, Germany), according to the manufacturer’s instructions. Multiplex Real-time
PCR reactions were performed using the Light Cycler FastStart DNA Master™Ys
HybProbe Kit (Roche, Manheimm, Germany). These four multiplex real-time RT-PCR
assays utilize fluorescence resonance energy transfer (FRET) hybridization probes to

detect 13 different respiratory viruses(Lassauniére et al., 2010).

2.2.8 Phylogenetic Analysis

A region spanning 270 nucleotides (330 nucleotides for the BA strains), representing the
second hypervariable region of the G protein gene was used for phylogenetic analysis
as described before (Peret et al., 1998). This region corresponds to nucleotides 649-918
of prototype strain A2 for subtype A and 652-921 of prototype strain 18537 for subtype
B(Johnson et al., 1987b). SA sequences were compared against reference sequences
of each genotype, available in the GenBank database

(http://www.ncbi.nlm.nih.gov/Genbank/index.html). Nucleotide sequences of subtype A

and B viruses were aligned separately with Clustal X 1.81, using the multiple alignment
option(Thompson et al., 1997). Midpoint-rooted maximum likelihood trees were
constructed under the HKY codon position substitution model using PhyML(Guindon et
al., 2005). Confidence estimates were based on bootstrap re-sampling carried out with
1000 replicates. Nucleotide accession numbers: HQ711628-HQ711839 (partial G
protein sequences); JF704219-JF704234 (full G protein sequences).

Bayesian evolutionary analysis was carried out with BEAST (Bayesian Evolutionary
Analysis by Sampling Trees) version 1.4.8(Drummond and Rambaut, 2007) using the
Bayesian Markov chain Monte Carlo method (MCMC) to generate maximum clade
credibility trees with the Tree annotator software and showing the highest posterior
probability values for each node of the tree for the BA genotype identified in SA from
2006 to 2009 together with 63 unique BA sequences from the rest of the world since
1999. According to Trento et al.(Trento et al., 2006) the BA genotype could be further
divided into six different branches (sub-genotypes) (I-VI). These guidelines were used to
assign SA BA strains to specific sub-genotypes. All the trees were plotted using Figtree

version 1.1.2 (http://O-tree.bio.ed.ac.uk.innopac.up.ac.za/software/figtree).
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2.2.9 Nucleotide and amino acid sequence analysis

Pairwise distances (P-distance) were calculated between individual genotypes as well
as within each genotype using Mega version 4(Tamura et al., 2007). Positive selection
was calculated by Nei/Gojobori method indicated by Ka/Ks >1, where Ka is the non-
synonymous substitution rate and Ks the synonymous substitution rate(Nei and
Gojobori, 1986). BioEdit Sequence Alignment Editor version 7.0.4.1 was used for amino
acid analysis(Hall, 1999).

2.2.10 Evolutionary rate and date of most recent common ancestor (MRCA)

The evolutionary rate was calculated using a Bayesian MCMC method available in the
BEAST package, assuming an uncorrelated relaxed lognormal molecular clock that
assumes independent rates on different branches(Drummond and Rambaut, 2007).
MCMC chains were run for sufficient time to achieve convergence (as assessed using
TRACER programme). Statistical uncertainty in parameter estimates is given by the
95% highest probability density (HPD) values. The root-to-tip regression plot displays
the correlation between phylogenetic branch length and the time of sampling of the viral
strains. This was performed with Path-O-Gen version 1.1.2

(http://tree.bio.ed.ac.uk/software/pathogen). The crossing point was taken as the date of

the MRCA for all the sequences under analysis.

2.2.11 Statistical analysis

Association between genetic variability and disease severity was calculated with Fisher
exact test using STATA 10 (Washington, USA). P values <0.05 were considered
statistically significant.
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2.3 RESULTS

2.3.1 Frequency of RSV subtypes and genotypes over four consecutive years in
SA

Out of 621 specimens that tested positive for RSV at the NHLS Tshwane diagnostic
laboratory over the four years (2006-2009), 245 specimens met the criteria for RT-PCR
and 209 could be amplified. Of the 209 patients, 81 (39%) were HIV seropositive (54
were HIV DNA PCR negative and 27 DNA PCR positive for HIV); 26 (12%) were HIV
negative and 102 (49%) had unknown HIV status. One hundred and eighty-five (89%)
patients had single RSV infections, while 24 (11%) had co-infections with other viruses

as tested with a respiratory multiplex PCR(Lassauniére et al., 2010).

Figure 2.1 indicate the RSV subtyping multiplex nested PCR on an agarose gel. Most
clinical specimens are only visible in the nested PCR due to low viral loads. Subtype A
and B can be distinguished on the basis of size. Positive specimens resulted in PCR
fragments of 950bp for RSV subtype A and 1200bp for subtype B strains in the first
round and 728 and 946bp respectively for the nested PCR corresponding with the RSV
prototype strain A2 and Bl. Lane 2 in figure 2.1 indicates a dual infection with both
subtypes. As shown in Table 2.2, subtype A was the more prevalent subtype in 2006,
2007 and 2008 whereas subtype B was more prevalent in 2009. Several dual infections

with both subtypes were also seen in two of the four years.

Two subtype A genotypes were detected throughout the four years: GA2 and GA5
(Figure 2.2A /Table 2.3). Genotype GA5 predominated the subtype A genotypes in
2006 with 88%, whereas GA2 predominated in 2007 and 2008 with 82% and 83%
respectively (Table 2.3). SA sequences formed three separate clusters within genotype
GA2 and two separate clusters within GA5. All SA subtype B isolates clustered within
the BA genotype and had the characteristic 60 nucleotide duplication (Figure
2.2B_/Table 2.3).
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FIGURE 2.1 Agarose gel (1.5%) of the nested RT-PCR for RSV subtype A and B. Lanes
1-6 and 8-14: Clinical specimens; Lanes 7 and 15: Negative controls; Lane 16: Subtype
A positive control (728bp); Lane 17: Subtype B positive control (946bp); Lane 18: 100bp

Molecular weight marker.

TABLE 2.2 Frequency of RSV subtypes in SA during four consecutive years (2006-

2009)

2006 2007 2008 2009

(76 (74 (32 (25

SPECIMENS) SPECIMENS) SPECIMENS) SPECIMENS)
Subtype A 45 (59%) 67 (90%) 29 (91%) 4 (16%)
Subtype B 27 (36%) 5 (7%) 3 (9%) 21 (84%)
Dual infections | 4 (5%) 2 (3%) 0 0

TABLE 2.3 Frequency of RSV genotypes in SA during four consecutive years (2006-

2009)

2006 2007 2008 2009
Subtype A 49 69 29 4
GA2 4 (8%) 56 (81%) 24 (83%) 4 (100%)
GA5 43 (88%) 13 (19%) 5 (17%) 0
Untypable* 2 (4%) 0 0 0
Subtype B 31 7 3 23
BA 30 (97%) 7 (100%) 3 (100%) 23 (100%)
Untypable* 1(3%) 0 0 0

* Viral load too low for sequencing
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FIGURE 2.2 Midpoint-rooted maximum likelihood trees constructed under the HKY
codon position substitution model using PhyML for A) subtype A and B) subtype
B(Guindon et al.,, 2005). Trees were drawn to scale with the bars indicating 0.03
nucleotide substitutions. Estimates were based on bootstrap re-sampling carried out with
1000 replicates. Only bootstrap values >70 are shown. Names of the viruses refer to the
place/number/disease severity/year of isolation. The number of identical sequences is
indicated as x n. The genotypes assigned are indicated at the right by brackets. The
reference sequences obtained from GenBank were as follows: from the USA (NY, New
York; Al, Alabama; MO, Missouri; Tx, Texas; CN, Canada; CH, Rochester, New
York)(Peret et al., 2000, Peret et al., 1998). WV, West Virginia(Sullender and Wertz,
1991); Montevideo, Uruguay (MON) and Madrid, Spain (MAD)(Garcia et al., 1994,
Martinez et al., 1999). Prototype strains for subtype A: strain A2 (Australia)(Wertz et al.,
1985); subtype B: Swed8-60 (Sweden)(Sullender and Wertz, 1991); USA
(18537)(Johnson et al., 1987Dh).
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2.3.2 Genetic characterization of the SA subtype A strains

Subtype A GA2 and GAS strains identified in epidemics of 1997-2000 are still circulating
in SA although the previously identified genotype SAAl was not detected again.
Indicated in table 2.4, intragenotypic P-distances for the SA strains were 0.040 and
0.030 for GA2 and GAb5 respectively and the average intergenotypic P-distance between
the different genotypes within subtype A fell in the range of 5 to 16% with 11%
difference between the two dominant genotypes found during this study period, GA2 and
GAb.

Figure 2.3 A and B indicate amino acid alignments of genotype GA2 and GA?5 isolated
during 2006-2009 in SA relative to the A2 reference strain. The names on the left are
ordered according to genotype, year and disease severity. All the detected genetic
changes were base substitutions, and no deletions, insertions, or frame shift mutations
were observed. The percentage of non-synonymous substitutions relative to
synonymous substitutions among SA subtype A isolates were 74% within the C-terminal
of the G protein indicating a selective pressure for change. Amino acid changes have
been associated with epitope loss in escape mutants and natural isolates of human
RSV(Garcia et al., 1994). Three amino acid changes associated with epitope loss in
natural isolates were seen in the SA strains: 233 E-K corresponding to position 21 in
figure 2.3 mapped to MAb 68G(Rueda, Unpublished data); 280 S-Y and 293 P-S
corresponding to position 68 and 81 respectively mapped to MAb 78G(Rueda,
Unpublished data); and one amino acid change associated with epitope loss in escape
mutants as well as natural isolates, 265 F-L corresponding to position 53 in figure 2.3
mapped to MAb 25G(Rueda et al., 1991). The average intragenotypic amino acid p-
distances were 0.076 and 0.041 for GA2 and GA5S respectively while changes of 5 to
31% were seen between these and other subtype A genotypes. Another mechanism of
RSV to generate diversity is the use of alternative termination codons. Subtype A

isolates utilised four termination codons.

In total 18% used the UAG stop codon, 35% used UGA and 2% used UAA, all at
position 909, while 45% used stop codon UAG at position 912. Using the Nei/Gojobori
method, positive selection was shown to occur within genotype GA2 with Ka/Ks=1.08

but not for GA5 (Table 2.5). Using BEAST, the evolutionary rate of SA subtype A strains
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were estimated as 3.382 x 107 (95% HPD: 1.911 to 4.954 x 107°) substitutions/site/year.
A root-to-tip transgression plot estimation of SA subtype A strains indicated the MRCA to
date back to 1980 (Figure 2.4).

TABLE 2.4 Average nucleotide p-distances between and within subtype A SA strains
(A) separately and (B) together with the reference strains used in figure 2.2 A.
P-distances calculated between the individual genotypes are shown below the diagonal
in each column of the table, and the p-distances within each genotype are in bold on the
diagonal.

A) South African strains only

GA2 GA5
GA2 0.040
GA5 0.110 0.030

B) South African strains together with the reference strains

GAl GA2 GA3 GA4 GA5S GAG6 GA7 SAAl
GAl 0.041
GA2 0.130 0.040
GA3 0.128 0.079 0.015
GA4 0.164 0.128 0.122 n/c
GAS 0.148 0.109 0.112 0.128 0.031
GAb6 0.119 0.074 0.065 0.106 0.082 0.019
GA7 0.126 0.085 0.076 0.106 0.094 0.054 0.004
SAA1 0.129 0.084 0.085 0.107 0.087 0.050 0.069 0.007
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FIGURE 2.3 Amino acid alignment of the second variable region of the G protein for
subtype A A) genotype GA2 and B) genotype GA5 SA strains relative to prototype
sequence A2. H=Hospitalized patients with severe disease; OP=0ut patients with mild

disease.
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FIGURE 2.3 B Genotype GAS5 strains detected in SA
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TABLE 2.5 Estimates of selection using the modified Nei-Gojobori method(Nei and

Gojobori, 1986) for Subtype A. Ka/Ks calculated between the individual branches are

shown below the diagonal in each column of the table, and within each branch are in

bold on the diagonal. Ka/Ks>1 are shaded.

Ka/Ks GAl GA2 GA3 GA4 GA5 GAG6 GA7 SAAl
GAl 0.356
GA2 1.032 1.083
GA3 1.261 1.013 1.417
GA4 1.190 1.439 1.206 n/c
GA5 1.034 1.573 1.356 1.174 0.404
GAG 0.784 0.946 0.725 1.202 1.153 0.44
GA7 0.947 1.013 0.932 0.981 1.36 0.710 0
SAAlL 0.669 0.686 0.449 0.576 0.6 0.283 0.420 | 0.5
[ Best-iting roof Tres Roottot | Resicuas |
Dsted Tips | I
Ciabe rangs 2 [ 287
Slope (rabe) 1 6+
w-Intercept (TMR, .. [1980.4352
Corredation Coeffi... |1 744
R squared 1
227
20+
o 187
n
E 14
£ 121
E
104
s-
5
e
J‘}_
1] - - T T T
|j 1980 1985 1990 1895 2000 2005 2010
4 | L] ki

FIGURE 2.4 Root-to-tip transgression plot of subtype A SA strains. The phylogenetic

branch length is plotted against the date of isolation. The crossing point is taken as the

date of the most recent common ancestor.
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2.3.3 Genetic characterization of the SA subtype B strains

All strains clustered with the BA genotype suggesting previously identified subtype B
genotypes in SA have been replaced by the BA genotype since 2006. The overall
nucleotide- and amino acid identity levels were shown to be 97.7% and 96.6%
respectively for all the SA BA strains. It was shown that the same sequence in different
patients was stable for three successive years. Using the reference strains in figure
2.1B, differences of 4 to 15% were seen between the subtype B genotypes. BA strains
currently circulating in SA differs by 8%, 11% and 5% from SAB1, SAB2 and SAB3 that
was previously identified in SA (Table 2.6).

Except for the 60 nucleotide duplication, only substitutions, and no deletions, insertions,
or frame shift mutations were observed in the C-terminal of the G protein. The SA BA
genotype had an average intragenotypic amino acid p-distance of 0.028 whereas the SA
strains differed to other genotypes by between 6 and 27%. Figure 2.5 indicates the
amino acid alignment of all the BA strains isolated during 2006-2009 in SA relative to the
reference strains from each sub-genotype within the BA genotype. According to the
modified Nei/Gojobori method, positive selection was not seen within the BA genotype
(Table 2.7). The evolutionary rate of SA subtype B strains (BA genotype) were estimated
as 2.305 x 107 (95% HPD: 1.112 to 3.665 x 10®) substitutions/site/year and a root-to-tip
transgression plot estimation indicated the MRCA to date back to 1996 (Figure 2.6).

The full G protein was sequenced for selected BA strains of each of the four years
including five sequences for 2006, three sequences for 2007, two for 2008 and six for
2009. Compared to other full G protein sequences on GenBank, all sixteen SA BA
strains had a 6 nucleotide (2 amino acid) deletion at position 490 resulting in deletion of
a Proline and Lysine. SA BA isolates used the UAA stop codon at nucleotide position
946 (79%) resulting in a protein length of 315 amino acid while 21% of the isolates used

the UAG stop codon at position 967 resulting in a length of 322 amino acid.
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TABLE 2.6 Average nucleotide p-distances between and within subtype B SA strains

(A) separately and (B) together with the reference strains used in figure 2.2 B.

P-distances calculated between the individual genotypes are shown below the diagonal

in each column of the table, and the p-distances within each genotype are in bold on the

diagonal.

A) South African strains only

BA

BA

0.023

Range: 0.003-0.064

B) South African strains together with the reference strains

GB1 GB2 GB3 GB4 SAB1 SAB2 SAB3 BA

GB1 0.087

GB2 0.079 n/c

GB3 0.104 0.062 0.036

GB4 0.153 0.097 0.130 0.044
SAB1 0.099 0.048 0.073 0.111 n/c
SAB2 0.148 0.097 0.104 0.139 0.117 0.067
SAB3 0.103 0.060 0.042 0.121 0.075 0.087 0.008

BA 0.101 0.060 0.051 0.136 0.083 0.114 0.050 0.023

- 46 -



BE12445 99(BA-IV)
BE13417 99(BA-I)
BR4BG2 03 (BA-II)
BA1607 04(BA-IIT)
BE302 03({BA-VI)
S£104376x130P06(BA)
SR1663030P06 (BA)
SRA833B80OP06 (BA)
SA5305890P06 (BA)
SA117463H06 (BA)
SR453610H06 (BA)
SA512554H06 (BA)
SA539456H06 (BA)
SA5394B6X5H06 (BA)
SR5T4601H06 (BA)
SR581105H06 (BA)
SAD54715x20P07 (BA)
SAO837530P07 (BA)
SA1138929H07 (BA)
SR1037074x2H07 (BA)
SA15101140P08 (BA)
SA15070960P08 (BA)
SA15596010P08 (BA)
SA18563100209 (BA)
SA18563120P09 (BA)
SA18649250P09 (BA)
SA19041800P09 (BA)
SA19069310P09 (BA)
SA19113470P09 (BA)
SA19171390P09 (BA)
SA19185300P09 (BA)
SA1897566H09 (BA)
SR189793THO9 (BA)
SA1898386H09 (BA)
SA1913535H09 (BA)
SA1914360H09 (BA)
SAE1946046H09 (BA)
SR1960816H09 (BA)
SA1961261H09 (BA)
SA1945943xZH0% (BA)
SA1952519x2H0Y (BA)
SR1954125x2H09 (BA)

KRDPKTLAKTL

10
| -

KKE

|-
PI

20 30

A I T
INPTKK-PTPKTTERDTS

|-
TP

40

osT

| =
VLI

50

P P L
DTTTSKHTERDT S

|
TS

()

08T

|-
AT

70

T A
DTTTSKHT IQQQS

| -
LY

80

STT.

|-
PE

HTP

|
HS!

20 1

R I
TQTPTASEPSTSHN

oo
|-
ST

FIGURE 2.5 Amino acid alignment of the second variable region of the G protein for
subtype B SA strains relative to a reference strain from each sub-genotype within the BA
genotype. H=Hospitalized patients with severe disease; OP=0ut patients with mild

disease
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TABLE 2.7 Estimates of selection using the modified Nei-Gojobori method(Nei and

Gojobori, 1986) for Subtype B. Ka/Ks calculated between the individual branches are

shown below the diagonal in each column of the table, and within each branch are in

bold on the diagonal. Ka/Ks>1 are shaded.

Ka/Ks GB1 GB2 GB3 GB4 SAB1 SAB?2 SAB3 BA
GB1 0.763
GB2 0.937 n/c
GB3 0.951 1.071 0.973
GB4 1.256 1.259 1.085 1.263
SAB1 | 1.163 1.486 1.074 1.269 n/c
SAB2 | 0.793 0.924 0.585 0.958 0.900 0.709
SAB3 | 1.143 1.271 0.796 1.054 1.491 0.658 0.5
BA 1.021 1.163 0.852 1.278 1.45 0.674 1.163 0.567

Ka = non-synonymous substitution rate; Ks = synonymous substitution rate.
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FIGURE 2.6 Root-to-tip transgression plot of all SA BA sequences used in this analysis.

The phylogenetic branch length is plotted against the date of isolation. The crossing

point is taken as the date of the most recent common ancestor.
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2.3.4 Evolution of the newly identified BA genotype

Figure 2.7 illustrates Bayesian analysis of BA strains isolated over the world since 1999
together with all the BA strains isolated during this study period (2006-2009) in SA. All
SA BA strains isolated during the four years clustered within sub-genotype four (BA-VI).
Differences ranging from 0.3% to 6.4% were calculated between SA BA-IV strains. All
the SA BA strains were unique with respect to the other strains within this group from
other countries. SA strains were most closely related to strains from Brazil, Argentina
and India. Strains from Belgium, Canada and Kenya within group IV clustered
separately from the SA strains. Differences of between 1.7% and 4.7% were seen
between the different BA branches. Positive selection was identified within BA-1l, BA-III
and BA-VI with Ka/Ks 1.25, 1 and 2 respectively. Positive selection was not identified
within BA-IV (Table 2.8).

Genetic drift is visible within the BA genotype since the emergence eleven years ago as
can be seen by the linear accumulation of genetic changes with time. The older strains
are closer to the root then the more recently isolated strains. Drift is visible within the SA
BA-IV strains. Numerous changes were observed between the two 60 nucleotide
regions in the SA BA strains (Figure 2.8). Using BEAST, the average nucleotide
substitution rate across all sites in the alignment for all BA sequences since 1999 was
calculated as 3.143 x 10 (95% HPD: 2.41 to 3.911 x 107®) substitutions/site/year.
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FIGURE 2.7 A midpoint-rooted BEAST phylogenetic tree of BA genotypes isolated over
the world since 1999 together with all the BA genotypes isolated during this study (2006-
2009) in SA(Drummond and Rambaut, 2007). The length of the horizontal lines is
proportional to the genetic distance between viruses. The bar represents 2 substitutions
per site. The numbers on the branches represent the highest posterior probability value
for each node of the tree. Names of viruses refer to the place/number/disease severity/
year of isolation. SA strains were compared to strains from Buenos Aires (BA), Japan,
Kenya (Ken), Quebec (QUE), Jundiai Brazil (JU), Sau Paulo Brazil (SP), Ribeirao Preto
Brazil (RP), India (PN) and Belgium (BE)(Galiano et al., 2005, Scott et al., 2004b,
Viegas and Mistchenko, 2005, Zlateva et al., 2007). The number of identical sequences
is indicated as x n. Branches are indicated at the right by brackets. The scale at the

bottom indicates years since first isolation.

-51-



TABLE 2.8 Estimates of selection using the modified Nei-Gojobori method(Nei and

Gojobori, 1986) for the different genotype BA branches. Ka/Ks calculated between the

individual branches are shown below the diagonal in each column of the table, and

within each branch are in bold on the diagonal. Ka/Ks>1 are shaded.

KA/KS BA-I BA-II BA-IlI BA-IV BA-VI

BA-I 0.8

BA-II 1.56 1.25

BA-III 1.03 1.3 1

BA-IV 1.02 1.15 0.85 0.6

BA-VI 1.06 1.46 0.8 0.86 2

1 10 20 21 30 40
| | | | | |

BE12445 99 ERDTSTPQSTVLDTTTSKHT ERDTSTSQSIALDTTTSEKHT 40
SA4043760POBBARZN .. ...ttt i i it aaaaeaaaa e 40
SA4663030P0BBA . ... i et aiies e A S B e 40
SAS305890POBBA ... i e aaaas maaaaaaaas LS e A G A 40
SAR453B610HOBBA ... iiiiaaaaaa IS S AT e e o o000 40
SAS512554HO0BBRA .. ........ B a0co00 oS G o Gn: A A OO O 40
SAS3945S6HOBBR = ... iisessasseraases sasaesassassasrans Y. 40
SASB11I05HOBBA ...t s ' 40
SRI0Z236070OPOTBAXZ .. it i i e i nsnnnnns sasnnsanns Veiweanaan 40
SROSATISOPOTBRAKZ ... ivcncnscscrssannss sesssssssnasnnnsss Y. 40
SRISTSZ90POTEBA 3 ..c.cuccuacccsacaans scmcansnsnsanannansas 40
SA983TE30P0TBAREZ .. .. a e T e N = === 40
SALS10]1140POEBANSE ....ccevaavanaasanas 2aaaansana L P 40
SA1A563100POIBAXY ... . ¢ et iii it hiacanaaaa L R 40
SA18649250P09BANZ .. ... . i i ia i SEAd Iana e Uy 40
SA159041800P0IBARE .. ... i i it i iias saaaasaaaasaaaaanaan 40
SA1906%310CPOIBR .. .. i it i i ieisaaas meaasamaaaaaas A...... 40
SA1897566HO9BA .. .......... N R 1 ¥ bl e 40
SA1914360H0O9BA ... ... i i - TVE........ 40
SR1946046H09BRA .. ..... ..., N....... I S oo no00. 40
SA1961Z261HO9BA .. ... ....... | B o oo G o 00, S e O 000000 40
SAR195Z2519H09BAXZ ... ......... HET TRt ey S e a0 G0 40

FIGURE 2.8 Amino acid alignment of the duplicated region within the BA genotype. The

alignment is shown relative to the BE12445 strain isolated in Belgium in 1999.
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2.3.5 Correlation of G protein variability with differing disease manifestations

Disease severity and infecting subtype or genotype were correlated by comparing out-
patients with hospitalized patients. Twenty four of the specimens had co-infections with
other viruses as tested with an in-house multiplex real-time RT-PCR(Lassauniére et al.,
2010). These viruses include adeno virus (ADV), human metapneumo virus (hMPV),
human boca virus (hBoV), Influenza A and B, para-influenza virus (PIV) 1 and 3 and
human corona viruses (hCov) 229E, NL63 and OC43. These 24 specimens were

excluded for this analysis.

Of the 185 specimens analysed, a 118 (64%) were hospitalized and 67 (36%) were out-
patients. Both patient groups had a high percentage of subtype A infections over the
four years (Table 2.9). The association between subtype and disease severity over all
four years was not statistically significant, though when looking at the different years
separately there was some association found in 2008 where subtype A was associated
with more severe disease (p=0.04). It was evident that subtype A dominated over
subtype B for 2006, 2007 and 2008 and therefore both patient groups had a high
subtype A prevalence during these three years. During 2009, 74% of the hospitalized
group had subtype B infections and only 21% were infected with subtype A while all the

out-patients had subtype B infections (Table 2.9).

To investigate the association between genotype and disease severity, we compared
genotypes identified in hospitalized and out-patients. The only year where a difference in
disease severity was seen is 2006 where more hospitalized patients had GA5 infections
(67%) relative to 45% in the out-patient group while 24% of hospitalized patients had BA
infections while 45% were identified in the out-patient group (p=0.275).
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TABLE 2.9 Disease severity associations with infecting subtype and genotype

Subtype A | Subtype Dual p- GA2 GA5 BA BA+Other | p-
B infections | value value
2006:
HP (45) 31 11 3 2 30 11 2
(69%) (24%) (7%) 4%) | (67%) | (24%) | (a%)
OP (20) 10 9 1 1 9 9 1
(50%) (45%) (5%) 0234 | (506) | (45%) | (45%) Gw) | 927°
Total 41 20 4 3 39 20 3
(65) (63%) (31%) (6%) 5%) | (60%) | (1%) | (5%)
2007:
HP (34) 33 1 0 27 6 1 0
(97%) (3%) (79%) | (18%) | (3%)
OP 27) 26 0 1 20 6 0 1
(96%) (4%) 0693 | (7406) | (22%) @y | 0726
Total 59 1 1 47 12 1 1
(61) (96%) (2%) (2%) T7%) | 20%) | (%) (2%)
2008:
HP (20) 20 0 0 16 4 0 0
(100%) (80%) | (20%)
OP (12) 9 3 0 L 8 1 3 0
(75%) (25%) 0.044% | 67%) | (8%) | (25%) 0.085
Total 29 3 0 24 5 3 0
(32) (91%) (9%) (75%) | (16%) | (9%)
2009:
HP (19) 4 14 1 4 0 14 1
(21%) (74%) (5%) (21%) (74%) | (5%) | 4
OP (8) 0 7 1 0 0 7 1 :
(88%) (13%) | 0338 88%) | (13%)
Total 4 21 2 4 0 21 2
(27) (15%) (78%) (7%) (15%) 78%) | (7%)
All 4
years:
HP (118) 88 26 4 49 40 26 3
(75%) (22%) (3%) 42%) | (34%) | (22%) | (3%)
OP (67) 45 19 3 29 16 19 3
(67%) (28%) (4%) 0612 1 4306) | (24%) | 28%) | (aw) | 043°
Total 133 45 7 78 56 45 6
(185) (72%) (24%) (4%) 42%) | 30%) | (24%) | (3%)

*Statistically significant
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2.4 DISCUSSION
Our study indicated that the BA genotype has now replaced all previous subtype B

genotypes identified in SA and illustrates the ability of RSV to evolve and overcome herd
immunity. Such variability complicates human RSV vaccine development. Evidence exist
for a common ancestor of all BA viruses with this 60 nucleotide duplication (Trento et al.,
2006) and since its discovery, strains with this duplication have been found in clinical
specimens from distantly related places (Kuroiwa et al., 2005, Nagai et al., 2004, Sato et
al., 2005, Scott et al., 2004b, Zlateva et al., 2005b, Zlateva et al., 2004).

In the first three years studied in SA, subtype A predominated, whereas subtype B
predominated in the fourth year. Two genotypes (GA2 and GA5) dominated the subtype
A specimens. These genotypes were also found to be dominant in a previous study from
1997-2000 in SA(Venter et al.,, 2001). The SAA1l genotype was however not detected
again, suggesting GA2 and GA5 are the current stable genotypes. All the subtype B
specimens clustered with the BA genotype and had the characteristic 60 nucleotide
duplication replacing all B genotypes previously identified in SA. Referring to Venter et
al.(Venter et al., 2002b), identical genotypes were previously found in different regions in
SA during one season, and thus strains identified in one region likely represent the
strains circulating in SA. The fact that only BA subtype B strains were identified over all
four years in major public sector referral hospitals in the capital of the country is also
suggestive that this is representative of the rest of the country. Investigations of strains
from the rest of Africa will determine if this is true for the whole continent. The BA
genotype has also been detected in Kenya in 2006 but co-circulated with the SAB1
genotype in that epidemic(Scott et al., 2004a). When compared to other genotypes, SA
BA strains were more closely related to the SAB3 genotype previously detected in SA. It
IS not certain if new genotypes in SA occurred as a result of spontaneous mutations or

of importation.

Apart from the 60 nucleotide duplication, no deletions, insertions or frame shift mutations
were detected in the C-terminal region of the G protein although the full G protein
seqguence identified a 6 nucleotide (2 amino acid) deletion at position 490 resulting in a

missing Proline and Lysine. This deletion has also been detected in strains from Kenya
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and Buenos Aires(Agoti et al., 2010).The dominance of this genotype indicates that the
duplication might give this genotype an evolutionary advantage. Sequencing of the full
gene suggests further changes in the G gene may occur. Full genome sequence for the

new BA strains would elucidate changes in other proteins.

Evolutionary rates have been estimated for only a limited number of viruses. In general,
values lie close to 1 x 107 substitutions/site/year, although considerable variation exists.
This variation is partly due to their error prone replication which causes mutations to
accumulate quickly(Jenkins et al., 2002). To determine the evolutionary rate of the SA
strains, Bayesian evolutionary analysis was conducted on all SA subtype A and B
isolates. A higher evolutionary rate within the subtype A SA strains indicate that subtype
A strains evolve faster with more nucleotide substitutions occurring per site per year
than the subtype B strains. This could explain why acquisition of the 60 nucleotide

duplication was to the advantage of subtype B strains for overcoming herd immunity.

Further investigation of the BA genotype was conducted by Bayesian analysis of SA BA
isolates as well as BA isolates from all over the world since it was first discovered in
1999. Firstly it was shown that all the subtype B strains isolated in SA clustered within
sub-genotype IV. According to Trento et al.(Trento et al.,, 2006), this is the most
heterogeneous branch regarding the date and the place of isolation. It is possible that
this 60 nucleotide duplication changed the antigenic structure of these BA genotypes,
giving them an evolutionary advantage to re-infect individuals previously exposed to
subtype B. When the BA viruses were first isolated in 1999, the 60 nucleotide
duplication was an exact replicate of the preceding 60 nucleotides (Trento et al., 2006).
This region accumulated further nucleotide substitutions over time and certain
nucleotide positions were shown to be under positive selection (Botosso et al., 2009,
Melero et al.,, 1997, Woelk and Holmes, 2001, Zlateva et al., 2005b, Zlateva et al.,
2004). These changes might enhance the fithess of these viruses which would explain
why they are now dominating worldwide and replacing all other B genotypes. This region
is believed to be involved in changing/replacing the antigenic epitopes which contribute
to the evasion of the immune response of the population. Certain amino acid in this
region have been shown to be under positive selection, as well as the change 952CAA
to UAA (Q313 to STOP) that was present in the most recent lineages of the BA-IV
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branch(Botosso et al., 2009, Zlateva et al., 2005b). Most of the SA BA strains (79%), all
from BA-IV, had this stop codon change. However, it was at position 946 because of the
6 nucleotide deletion. Changes in stop codon usage are thought to be associated with
antigenic variation that allows immune evasion, especially in the subtype B isolates that

are less variable than the subtype A isolates (Martinez et al., 1999).

Positive selection was shown to occur within some of the different BA branches. The
dates when the strains were isolated and their placement on the tree indicate how much
this genotype changed over time, especially the SA strains (BA-1V). The strains first
isolated in 1999 lie closer to the root of the tree than the strains isolated in 2009. The
appearance of new sub-genotypes within the BA-IV branch may occur as drift continues
with four different clusters already existing within BA-IV (Figure 2.7). The rate of
evolution for the BA genotype was calculated as 3.143 x 107 substitutions/site/year,
which correlates with findings by Trento et al.(Trento et al., 2006). According to them,
the origin of the MRCA was dated between 1998 and 1999, shortly before it was
discovered in June 1999. Our data also indicate that the MRCA of the SA BA sequences
date back to 1997 however, when the MRCA is calculated for all SA strains together with
strains from other countries it dates back to 1992. These strains may have circulated at
low levels and was therefore only detected a few years later.

Several studies have attempted to correlate clinical severity with the different subtypes.
Some have found no difference between subtype A and B, although others have
reported that subtype A is more severe (Brandenburg et al., 2000, Cane, 2001, Savon et
al., 2006). It was also shown that the two subtypes co-circulate but that subtype A was
dominant in more epidemics(Cane, 2001). Martinello et al.(Martinello et al., 2002) found
that GA3 was associated with significantly greater severity of illness compared to GA2
and GA4, while other studies have failed to show any associations. In general the
subtype/genotype dominating each of the seasons in the present study was also the
subtype/genotype that was associated with increased hospitalizations. The only year
where a specific genotype were more associated with hospitalized cases than with out-
patients was 2006 when GA5 was associated with more severe disease while BA
caused milder disease. The following year it was both replaced completely with GA2.
This switch in dominance may be due to herd immunity against subtype A and GAS5,
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because of the previous year’s high prevalence. It is known that multiple genotypes
within both antigenic subtypes can co-circulate in one epidemic, with one or two
genotypes being replaced in successive years (Cane et al., 1994, Galiano et al., 2005,
Garcia et al., 1994, Hall et al., 1990, Peret et al., 2000, Peret et al., 1998). Venter et
al.(Venter et al., 2002a) compared community circulating strains with isolates from
hospitalized infants and found that the same strains were present in cases of mild URTI
as well as more severe LRTI. This is however the first time that clinical data was
available from patients attending the hospitals as in and out-patients and allowed more

comprehensive analysis over seasons.

This study had several limitations. We were not able to fully assess possible
associations between disease severity and strain type. Although we had information on
hospitalization, the number of out-patients was small and no significant associations
between subtype/genotype and disease severity were found. Also, we lacked
information on HIV infection and immune status for most study participants. Thus, the

role HIV infection play in circulating RSV genotypes could not be further explored.

To conclude, G protein variability may play a significant role in RSV pathogenesis by
allowing immune evasion. Certain substitutions or alterations may enhance the fitness of
viruses as is evident with the BA strains that replaced all other B genotypes previously
identified in SA. The G protein’s ability to accommodate such substantial changes and
facilitate immune evasion may complicate vaccine development. It remains to be seen if
this BA genotype will remain dominant or if the dominance will eventually fade because
of herd immunity. Our study suggests that subtype B strains may need to be updated

with recent strains in experimental vaccines to re-evaluate their efficacy.
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CHAPTER 3

Identification of deletion mutant Respiratory Syncytial virus
strains lacking most of the G protein in immunocompromised
children with pneumonia in South Africa

3.1 INTRODUCTION

Evolutionary studies of the G protein of subtype B strains have described major
differences in the G protein length due to alternative termination codon usage,
premature stop codons, inframe duplications, deletions and insertions in the second
variable region (Martinez et al., 1999, Trento et al., 2006). G proteins of especially
subtype B isolates has been identified that are up to 30 nucleotides shorter due to frame
shift mutations(Melero et al., 1997). The central region remained conserved in all
sequences with an absolute conserved region between amino acid positions 164-187 in

all strains(Zlateva et al., 2005a).

GAGs are responsible for the majority of RSV attachment to cultured cells leading to
infection (Feldman et al., 2000). RSV virions containing the F protein as sole surface
protein bind to GAGs as well as another unidentified molecule suggesting the F protein

may have an auxiliary role as an attachment protein (Techaarpornkul et al., 2002).

Variation in neutralizing epitopes in the hypervariable region of the G protein suggest
immune selection of new variants may contribute to generation of HRSV diversity(Trento
et al., 2010). A cold-passaged subtype B mutant containing large deletions spanning
most of the coding sequences of the small hydrophobic (SH) and attachment (G)
proteins has been isolated in-vitro(Karron et al., 1997a). This virus replicated efficiently
in Vero cells, but was found to be overattenuated in RSV sero-negative infants and
children. Deletion of the central conserved domain and cystine noose was shown not to
affect virus growth in vitro or in vivo (in mice)(Teng and Collins, 2002), although no
record exists of strains that lack this in patients with clinical disease. Augmentation of
the Th2 immune response by the G protein as well as antigenic variation in G makes

delta G mutants attractive vaccine candidates(Teng et al., 2001).
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As part of a molecular epidemiology investigation of a nosocomial outbreak of RSV in a
ward for premature infants in Kalafong hospital in Pretoria, SA in 2006, RSV positive
NPAs from patients in the general paediatric ward were investigated. The HIV-1
seroprevalence among mothers to these infants was 52.6%, suggesting a high level of
perinatal exposure (Visser et al.,, 2008). Here we describe identification of G protein
deletion mutants that were significantly reduced in size in comparison to the prototype
controls in children with pneumonia. Sequence analysis identified subtype B G protein
deletion mutant strains that lacked most of the ectodomain, including the conserved
cystine noose in two children with pneumonia. In addition, all RSV positive specimens

identified over a period of four years were screened to identify further cases.
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3.2 Materials and Methods

3.2.1 Study Population
All RSV positive patients over a period of 4 years were selected as described in chapter
2, paragraph 2.2.1.

3.2.2 RNA isolation
Refer to chapter 2, paragraph 2.2.3.

3.2.3 Primer selection
Refer to chapter 2, table 2.1 for more information on primers used for subtyping and full
G protein amplification and sequencing. Figure 3.1 indicate a diagram of all primers

used to amplify and sequence the deletion mutant strains.

G-protein F-protein
G1-21 u G32B |_| G52B | | G267A u G283A | | G604B G665R F1 | F164

——— —_— > — > > > < — «—
\_ AN AN AN J

N T Y Y

Transmembrane domain 1sthypervariable Central 2nd hypervariable
region Cysteine region
Domain

FIGURE 3.1 Diagram of primers used. G32B, G267A and F164: 1% round multiplex RT-
PCR; G52B, G283A and F1: Nested multiplex PCR for subtyping. G1-21 and F164: 1%
round RT-PCR; G32B and F1: Nested PCR for full length G protein amplification. G32B,
G604B, F1 and G665R: Sequencing primers.

3.2.4 Full length G protein amplification

Subtyping entailed amplification of the G protein from NPAs by nested PCR with primers
that distinguished subtype A and B by size(Madhi et al., 2001, Venter et al., 2002a,
Venter et al.,, 2001) as explained in chapter 2, paragraph 2.2.5. Full G protein
amplification of each of the subtype B genotypes were performed by Andronica

Rakgantso as part of her BSc(Hons) project. These strains were deposited on genbank
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with accession numbers JF704213-JF704219 (Appendix A). All PCR products were
analyzed on a 1.5% agarose gel, using a 100bp ladder as molecular weight marker
(DNA molecular marker X1V, Roche Diagnostics, Mannheim, Germany).

3.2.5 Nucleotide sequencing
Primers were as indicated in table 2.1 and figure 3.1. PCR product purification and
sequencing was performed as in chapter 2, paragraph 2.2.7.

3.2.6 Multiplex Real-Time RT-PCR

A multiplex real-time RT-PCR that can detect 14 different viruses was performed on one
of the deletion mutants (GTS374801) to detect any possible co-infections with other
viruses(Lassauniére et al., 2010). The other specimen was not tested due to insufficient
amounts of nucleic acid. The real-time RT-PCR protocol was as described in chapter 2,
paragraph 2.2.8.

3.2.7 Phylogenetic analysis

Sequence alignments were performed with Clustal X version 1.81(Thompson et al.,
1997). A summary alignment of the three deletion mutants and a subtype A and B
sequence was generated with GeneDoc version 2.7.000(Nicholas and Nicholas, 1997).
BioEdit Sequence Alignment Editor version 7.0.4.1 was used to compare nucleotide as
well as amino acid differences between the three deletion mutant strains and the full
length subtype B G protein gene sequences(Hall, 1999). Kyte and Doolittle Mean
Hydrophobicity profiles were also created for these sequences with BioEdit. In addition,
Parker antigenic plots were generated with Antheprot ‘98 for the deletion mutants and
each full length subtype B genotype(Parker et al., 1986). Genbank accession numbers:
HQ711840-HQ711842 (three deletion mutants); JF704213-JF704219 (full G protein
sequences) (Appendix A).
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3.3 RESULTS
3.3.1 Subtype identification: Multiplex RT-PCR and Nested PCR

Clinical specimens isolated over four consecutive years (2006-2009) were subtyped with
a multiplex RT-PCR and nested PCR (Chapter 2). RSV positive specimens resulted in
PCR fragments of 950bp for subtype A and 1200bp for subtype B in the first round and
728 and 946bp respectively for the nested PCR. In 2006, one specimen was found that
was not of the correct size upon gel electrophoresis analysis. Figure 3.2 lane 1, indicate
the specimen (SA367859Pt06) with a size of 450bp next to a negative control and the
prototype subtype A and B positive control strains. Subsequently, screening of 209
clinical specimens identified an additional specimen with an altered profile. Figure 3.3
lane 4 indicate the second specimen (SA374801Pt06) that had three different bands
present, 400-, 200- and 150bp respectively. Sequence analysis and BLAST searches
confirmed these bands to be of RSV origin and belonging to subtype B isolates. An
alignment summary indicated in figure 3.4 shows the similarities between the three
deletion mutants and a subtype A and B strain, indicating that all three deletion mutant

strains were more similar to subtype B.
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100bp
Marker 1 2 3 4

946(B)
728(A)

450bn

FIGURE 3.2 G protein specific subtyping multiplex nested RT-PCR for patient 1. Lane 1:
Amplicon from patient one (SA367859Pt06) with a size of 450bp; Lane 2: Negative
control; Lane 3: Positive control A; Lane 4: Positive control B.

100bp
1 2 3 4 5 6 7 8 Marker

946(B)
728(A)

400bpo

200bpo
150bpo

FIGURE 3.3 G protein specific subtyping multiplex nested RT-PCR for patient 2. Lane 1-
5: Clinical specimens. Lane 6: Negative control; Lane 7: Positive control A; Lane 8:
Positive control B; Lane 4: Amplicon from patient 2 with sizes 400-, 200- and 150bp.
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FIGURE 3.4 Alignment summary of the three deletion mutant strains with a subtype A

and BA strain. Black lines indicate similarity between all five strains and grey lines

indicate similarity between four strains. All three deletion mutants were more similar to

subtype B isolates.
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3.3.2 Patient clinical description

The first specimen identified that yielded a suspicious G protein amplicon
(SA367859Pt06) was from an 8 month old HIV positive male hospitalized with
pneumonia that tested positive for RSV with the rapid antigen kit. This child had
symptoms of breathing distress and tachypnoea, very underweight (close to marasmic)
and was on continues oxygen treatment. His CD4 count was 1038(27.5%). The
percentage of CD4 cells is the best indicator of immunodeficiency in children, although
guidelines only exist for infants older than 12 months. The immune system of infants <1
year of age are still immature and HIV infected infants are at serious risk of morbidity
and mortality(2010).

The second specimen (SA374801Pt06) was from a 2 month, 13 day old HIV exposed
male hospitalized for seven days for gastroenteritis and severe dehydration. He
developed pneumonia in the ward and tested positive for RSV five days after admission.
The child and mother live in an informal settlement with limited resources and the infant
was extremely malnourished upon admission. HIV PCR was performed due to HIV sero-
positive status of the mother as part of the antiretroviral treatment programme for
prevention of mother to child transmission. Follow up testing for HIV would be carried
out up to 18months as per protocol for HIV exposed children.

No amplicons were visible at the expected position for full length G proteins and no
other co-infections were identified. SA374801Pt06 was negative for hMPV, hBoV, PIV
1,2 and 3, Influenza A and B, ADV and hCov- 229E, 0OC43, HKU1l and
NL63(Lassauniére et al., 2010). SA367859Pt06 was negative for other viruses detected
by the IFA but insufficient material was available for additional PCRs. Attempts to culture

virus from these specimens were not successful.
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3.3.3 Nucleotide and amino acid analysis

Amino acid alignment comparisons of the amplicon of the specimen from patient one
(SA367859Pt06) identified a deletion mutant of which nucleotides 318 to 905 was
deleted which corresponds to amino acids 106 to 302 of the G protein gene. This
comprises nearly the entire G protein ectodomain corresponding to the BA1428/99B
(AY333364) reference strain used(Trento et al., 2003).

Two deletion mutants were identified in patient 2 of which the smaller of the two had a
deletion from nucleotide 108 to 911 (SA374801aPt06) corresponding to amino acids 36
to 304, while nucleotides 276 to 854 (amino acids 92 to 285) were deleted in the larger
of the two amplicons (SA374801bPt06). The larger band (400bp) was shown to be non-
specific. All three deletion mutant strains lacked the conserved cystine region.

Figure 3.5 indicates amino acid alignments of specific genotypes within subtype B as
well as the three deletion mutants. The first three strains indicate the three deletion
mutants. A large amount of nucleotide substitutions resulted in amino acid changes.
One strain (AgJ15 99 SAB3) described by Venter et al.(Venter et al., 2002a) had a C to
T transversion which resulted in an amino acid change from Glutamine (GlIn) to a stop
codon (TAA), truncating the strain by 41 amino acids. Additional in frame insertions were
also identified in the C-terminal hypervariable domain of some of the SA BA strains.

3.3.4 Antigenic site prediction and hydrophobicity profiles

In order to compare the antigenic structure of the deletion mutants relative to the other
subtype B genotypes, Parker antigenic plots were generated with the programme
Antheprot ‘98(Parker et al., 1986)(Figure 3.6). The two hypervariable sites, which are the
major antigenic sites of the G protein, were absent in the three deletion mutants. The
mean hydrophobicity profile of the three deletion mutants and the different subtype B
genotypes are shown in figure 3.7. The transmembrane region and cystine noose are
indicated as the hydrophobic regions, whereas the two hypervariable regions are

indicated as hydrophilic domains.
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FIGURE 3.5 Complete amino acid alignment of the three deletion mutants in comparison
to the full G protein subtype B sequences of each genotype. The genotype name is
indicated after the strain name. Accession numbers: HQ711840-HQ711842 (Deletion
mutant strains); AF065250 (GB1); AF065251 (GB2); JF704217 (GB3); JF704214 (GB4);
JF704213 (SABL); JF704218 (SAB2); JF704215 (Truncated SAB3); JF704216 (SAB3);
AY333364(BA); JF704219(South African BA).
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FIGURE 3.6 Parker’s antigenicity prediction plots for the three deletion mutants, SAB3
(with a premature stop codon) and each of the subtype B genotypes generated with
Antheprot’'98(Parker et al., 1986).
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FIGURE 3.7 Complete hydropobicity profile (Kyte and Doolittle) of the three deletion
mutants and all other genotypes within subtype B generated with BioEdit Sequence
Alignment Editor version 7.0.4.1(Hall, 1999).
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3.4 DISCUSSION

During the 2006 season, two specimens were detected that differed substantially in size
from the prototype subtype A and B controls upon gel electrophoresis analysis. Deletion
mutant strains were identified that had most of the G protein ectodomain missing and
belonging to subtype B. To our knowledge, this is the first time that strains with such
extreme deletions in the G glycoprotein have been found to cause LRTI in infants. This
emphasises the flexibility of the G protein ectodomain to accommodate changes on its
surface. This may suggest that major deletions can occur in the host without affecting its
ability to cause LRTI.

Frame shift mutations, premature stop codons and hypermutation events that caused
severe truncations in the G protein have been shown to generate neutralization resistant
mutants in serial passages in-vitro but it remained to be seen whether these changes in
the escape mutants are also observed among natural isolates(Garcia-Barreno et al.,
1990, Martinez et al., 1997, Rueda et al., 1991). Lazar et al.(Lazar et al., 2006) identified
premature stop codons in the G glycoprotein gene sequenced at three different time
points from a patient with severe combined immune deficiency syndrome. The RSV G
gene of these isolates encodes a truncated G glycoprotein lacking the 42 carboxy-
terminal amino acid. It was hypothesized that these mutations developed during
prolonged infection due to severe immune deficiency as well as immunologic pressure

as a result of the monthly treatment with intravenous immunoglobulin.

Both patients with deletion mutant strains identified in the present study were immune
suppressed and hospitalized with LRTI. There was no other obvious co-infection with
any other virus that could have caused the symptoms. Attempts to culture virus from
these deletion mutants were unsuccessful, probably due to low concentrations present
and repeat freeze thawing of specimens that had been screened retrospectively. Amino
acid analysis as well as antigenic site prediction showed that nearly the entire G protein
ectodomain, together with the cystine noose were deleted in the deletion mutants. Due
to the size of the deletions, comparing the antigenic plots of the deletion mutants with
that of the subtype B genotypes, could not show that the deletion mutants belong to a

specific genotype.
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These findings suggest that the G protein might not be necessary for infection and that
the F protein might be sufficient to play the role of auxiliary attachment protein.
Techaarpornkul et al.(Techaarpornkul et al., 2002)have shown that RSV virions
containing the F protein as the sole surface protein, do bind to GAGs and that part of the
F protein binding represents an interaction with a molecule other than a GAG. This

demonstrates that the F protein may have an auxiliary role as an attachment protein.

This study suggests that RSV clinical strains that lack most of the G protein gene may
occur in immunocompromised patients with LRTI. The molecular mechanism whereby
this occurs is not clear, however reduced immune pressure in these patients may allow
these strains to utilise the F protein for binding and replication. Further characterization
of such strains may elucidate the replication and pathogenic potential, however low viral
load and storage of specimens may complicate the isolation of such strains. This finding
may have implications for the utilisation of certain attenuated strains as vaccines in

immunocompromised children.
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CHAPTER 4

Genetic- and expression level differences in the Non-
structural proteins as determinants of RSV pathogenesis

4.1 INTRODUCTION

RSV is unique among paramyxoviruses in having two non-structural (NS) proteins NS1
and NS2 of 139 and 124 amino acids, respectively(Collins et al., 1986). The proteins are
encoded from promoter-proximal genes to ensure high expression levels. NS1 and NS2
show no sequence similarity except for four carboxy-terminal amino acids (Collins and
Wertz, 1985, Johnson and Collins, 1989). Evans et al.(Evans et al., 1996) have shown
that both the NS1 and NS2 proteins are synthesised early in the infectious cycle with
NS1 expression appearing to be stable while NS2 disappeared rapidly. NS1 was also

found to be closely associated with the M protein in infected cells(Evans et al., 1996).

Alpha and beta Interferon (INF) proteins are not only a powerful first line of defence
against pathogens but also have potent immunomodulatory activities(Le Bon et al.,
2001). The success of viruses in establishing productive infections depends on viral
expression of proteins or mechanisms for evasion of the IFN pathway to enhance
virulence. It has been shown that the two NS proteins perform different and
complementary functions to inhibit the host’s immune response by affecting key points of
the IFN pathway (Kotelkin et al., 2006, Moore et al., 2008, Spann et al., 2004, Swedan
et al., 2009). Viruses use several strategies to modify antiviral effects of IFNs such as (1)
minimizing IFN production; (2) blocking IFN receptors; (3) inhibiting IFN signalling; and
(4) bypassing antiviral protein effects(Ploegh, 1998, Sen, 2001).

Other IFN-independent functions has also been associated with these two proteins such
as suppression of dendritic cell maturation which results in decreased antigen
presentation and T lymphocyte activation leading to incomplete and/or weak immune
responses, suppression of premature apoptosis and a potent inhibitor of minigenome
transcription and replication(Atreya et al., 1998, Bitko et al., 2007, Munir et al., 2008).
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Sequence analysis of HRSV NS proteins of clinical specimens has been limited. NS
protein sequences of HRSV subtype A and B have been compared to that of BRSV and
amino acid identities of 69 and 68% for the NS1 protein and 84 and 83% for the NS2
protein was shown respectively(Pastey and Samal, 1995). Deplanche et al., (2007)
analysed the evolution of bovine RSV and found the variable region of the G protein to
be genetically stable after virus isolation and over 10 serial infections in bovine turbinate
(BT) cells. The mutant spectrum of the G protein of several populations derived from one
isolate were examined and it was proposed that populations of RNA viruses evolve as
dynamic distributions of closely related mutant genomes that exist in equilibrium around
a theoretical consensus sequence. Such mutants would provide evidence of
quasispecies dynamics for RSV, implying the presence of a variant reservoir for viral

adaptation. No such analysis of mutant spectra has been reported for HRSV to date.

Investigation of the sequence variation of the NS proteins in strains identified in patients
with mild and severe disease may determine if specific genetic differences exist that
could alter the protein function. Expression levels of these proteins may also have an
effect on the IFN response and in effect the pathogenic potential in patients. To address
these questions, sequence variation and expression levels of the NS proteins were
investigated in paediatric patients without other predisposing factors with mild and

severe disease experiencing their first RSV infection.
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4.2 MATERIALS AND METHODS

4.2.1 Study population

The study population was as described in chapter 2, paragraph 2.2.1.

4.2.2 Selection of specimens to include in NS protein investigation

All specimens that tested positive for RSV by RT-PCR for the 2006 and 2007 season
(Chapter 2) were used for NS1 and NS2 protein amplification and all those that could be
amplified by first round RT-PCR were used for quantification analysis. Patients were
specifically chosen to have mild or severe RSV infection to investigate disease severity.
Mild disease was classified as outpatients not requiring hospitalization and severe
disease were patients requiring hospitalization with severe LRTI or requiring intensive
care treatment. No underlying risk factors such as prematurity or heart disease were
present. For some patients the HIV status was known but for most of them it was
unknown. All the specimens were single infections and no co-infections were present as

tested with a respiratory multiplex described in chapter 2.

4.2.3 Non-structural protein amplification and sequencing

4.2.3.1 Primer selection

For the amplification of the NS1 and NS2 genes, primers NS1F44 and NR1214 were
used for first round RT-PCR (Venter, unpublished) that is conserved for both subtypes.
Sequencing was performed with the same set of primers as well as an additional set
(NSF460 and NSR760) to cover the entire fragment (Table 4.1/Figure 4.1). All primers
were designed using Primer3 software (http://vww.broad.mit.edu/cgi-

bin/primer/primer3_www.cgi).
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TABLE 4.1 Primers and probes used for NS amplification/sequencing and quantification

Primer Orientati | Sub- | Target | PCR/S | Primer sequence Reference
on group | gene eq (5’ to 3’)

NS1F44 Forward A&B NS1 RT&S | TGGGGCAAATAAGAATTTGATA | Venter,
A unpublished

NR1214 Reverse A&B NS2 RT&S | AT(AG)GTGTATTTGCTGGATGA | Venter,
CAG unpublished

F460 Forward A&B NS1 S TGACCAATTATATGAATCAATTA | Venter,
TCTG unpublished

R760 Reverse A&B NS2 S GCCTGTCTTTCATCAAGTTTTCT | Venter,

unpublished

NS1F17 Forward A&B NS1 QPCR | TGAG(CT)ATGATAAA(AG)GTTA | Venter,
GATTACAAA unpublished

NS1R399 | Reverse A&B NS1 QPCR | AAGTAA(AG)TCAGATA(AG)TTG | Venter,
ATTCATAT unpublished

NS2F39 Forward A&B NS2 QPCR | AGA(AG)TGATGATCACAGACAT | Venter,
GAGACC unpublished

NS2R342 | Reverse A&B NS2 QPCR | GGAGTRTG(AG)TTTGTAGGCTT | Venter,
AATG unpublished

Tagman

Probes

NS2 RSV | Forward A NS2 QPCR | YAK-TGCACAAAGTGGGAAGCA | Venter,

A ACTAAATAYAAGA-BBQ unpublished

NS2 RSV | Forward B NS2 QPCR | FAM-TGCACAAAGTAGGGAGTA | Venter,

B CCAAATACAAGA-BBQ unpublished

NS=Non-structural; RT=Reverse transcription; S=Sequencing; QPCR=Quantitative PCR

NS1F44
— NS1F17 F460 NS2F39
[ - L |

NS1R39

R760 NS2R342

NR1214

FIGURE 4.1 Primer combinations and positions for amplifying, sequencing and
guantifying the NS proteins. Red= amplification of NS1/2; Pink= sequencing and
quantifying antigenome; Blue= quantifying NS1; Green= quantifying NS2.

-76 -




4.2.3.2 RNA isolation
Refer to chapter 2, paragraph 2.2.3.

4.2.3.3 RT-PCR for NS1/2 amplification

Each PCR reaction contained 10 yl of RNA template, 1 pl dNTP mix (10mM), 2 ul of 20
pmol primer (NS1F44 and NR1214), 2.5 yl DTT (100mM), 0.25 pl RNase Inhibitor (40U/
pl), 10 pl 5x RT- buffer and 1 yl enzyme mix in a final reaction volume of 50 pl.
Reactions were incubated at 50°C for 30 min, followed by 94°C for 2 min, 35 cycles of
94°C for 10 s, 54°C for 30 s and 68°C for 1 min and finally one step of 68°C for 7 min.
For specimens that could not be detected, the annealing temperature was lowered to
51°C. Cycle elongation for an additional 5 s for each cycle was performed for specimens
that could still not be detected. All PCR products were analysed on a 1% agarose gel,
using a 100bp ladder as molecular weight marker (DNA molecular marker XIV, Roche

Diagnostics, Mannheim, Germany).

4.2.3.4 Nucleotide sequencing

The Wizard SV Gel and PCR Clean-up system were used for PCR product purification
(Promega, Madison, WI). Cycle sequencing was performed with the BigDye Terminator
3.1 Cycle Sequencing kit (Applied biosystems, Foster City, CA). Primers are shown in
Table 4.1. Nucleotide sequencing was carried out on both strands and the editing was
performed with Sequencher™ Version 4.6, (Gene Codes Corporation, Ann Arbor, MI).
NS protein sequences can be found on GenBank, Accession numbers: JQ359529-
JQ359608.

4.2.3.5 Nucleotide and amino acid sequence analysis

Nucleotide sequences of subtype A and B viruses were aligned separately with Clustal
X 1.81, using the multiple alignment option(Thompson et al., 1997). P-distances were
calculated using Mega version 4(Tamura et al.,, 2007). BioEdit Sequence Alignment
Editor version 7.0.4.1(Hall, 1999) and GeneDoc version 2.7.000(Nicholas and Nicholas,

1997) was used for amino acid analysis.
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4.2.3.6 Phylogenetic analysis
Midpoint-rooted neighbour-joining tree were constructed with Mega version 4(Tamura et
al., 2007). Kimura 2 distance parameter under 1000 bootstrap intervals was used.

4.2.3.7 Cloning of NS sequences

Sequence analysis of ten molecular clones each of four specimens that had two
different peaks present during sequencing were performed using the Clone JET PCR
Cloning Kit according the manufacturer’'s recommendations (Fermentas, Canada, USA)

to identify the quasispecies distribution.

4.2.4 Quantification of the NS proteins

4.2.4.1 Primer and probe design

For quantification purposes, primers NS1F17 and NS1R399 were used for NS1
amplification of a PCR product of 382bp; primers NS2F39 and NS2R342 for NS2
amplification (303bp product) while primers F460 and R760 were used to amplify the
antigenome for relative quantification of the protein’s expression levels to the genome
copies (332bp product). The NS1 gene and the antigenome were quantified using a
SYBR Green assay whereas the NS2 gene was quantified using a tagman assay. The
probes were designed by TIB MOLBIOL (Roche diagnostics, Mannheim Germany) for
each subtype. More information about the primers and probes are shown in table 4.1

and figure 4.1.

4.2.4.2 Standard curve

The PCR product amplified with primers NS1F44 and NR1214 was purified using the
Wizard SV Gel and PCR Clean-up system (Promega, Madison, WI) and quantified
spectrophotometrically using a Nanodrop. Three different PCR amplifications (NS1, NS2
and antigenome) were performed with template dilutions ranging from 10™ to 10° copies.
Copy number was calculated with the following equation: DNA concentration (g/mol) =
(Size of template in bp)(330Da)(2nt/bp)/Avogadro’s number 6.0221415 x 10%) (Whelan
et al., 2003).

The Ct (Cycle Threshold) values were used to calculate and plot a linear regression line

by plotting the algorithm of template concentration (X-axis) against the corresponding
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threshold cycle (Y-axis). The Ct is the PCR cycle where the target amplification is first
detected, so where fluorescence Intensity is greater than background
fluorescence(Wong and Medrano, 2005). The slope of the line was used to determine
the efficiency of the target amplification (=Ex) using the equation Ex=(10YsPe).
1(Rasmussen, 2001). A PCR efficiency of 2 is the best, and corresponds to the
synthesis of one full length DNA copy per every available template after each
cycle(Plumet and Gerlier, 2005). Finally, a correlation coefficient (r) of -1 showed that a

linear relation is observed.

4.2.4.3 RNA isolation and cDNA synthesis

RNA isolation was as described in chapter 2, paragraph 2.2.3. For cDNA synthesis,
9.5ul of RNA were used, 1ul of 20pmol primers (random hexamers), 2ul of ANTP mix
(10mM), 4l of 5X RT buffer (100mM), 2ul DTT (10mM), 0.5ul RNase inhibitor (50U) and
1ul of Expand Reverse Transcriptase enzyme (50U/ul) to make up 20ul.

The following cycle was used for cDNA synthesis. 30°C for 10min and 42° for 50min.

4.2.4.4 Quantitative PCR of NS1 protein and the antigenome

Quantifications were performed with the Lightcycler FastStart DNA Master SYBR Green
| (Roche, Mannheim, Germany) kit according to the manufacturer’'s recommendations. In
brief, each reaction contained 5ul of cDNA, 1ul of 10pmol primer each, 1.6ul of MgCl,
stock solution and 2ul of the Lightcycler FastStart DNA Master SYBR Green |, 10x
concentration in a final volume of 20pl.

The following programme was followed on a Lightcycler 1.5 system (Roche

Diagnostics™™

Mannheim, Germany): Preincubation at 95°C for 10min, [95°C for 10s,
54°C for 8s, 72°C for 16s] for 45 cycles. Fluorescent data were acquired during each
extension phase. After 45 cycles a melting curve was generated by heating the sample
to 95°C for Os (slope=0.1°C/sec), 65°C for 15s and 95°C for Os (continues). Finally the
samples were cooled down to 40°C for 30s. The crossing points (CP) for each transcript
was determined. To confirm amplification specificity the PCR products from each primer
pair were subjected to agarose gel electrophoresis. The fluorescence from primer
dimers may be eliminated by measuring the fluorescence at a temperature above their

Tm but several degrees below that of the specific product(Morrison et al., 1998). Under
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these conditions the primer dimers will be single stranded and therefore not bind SYBR

Green | dye.

4.2.4.5 NS2 quantification

The NS2 gene was quantified using the Lightcyler TagMan Master kit (Roche,
Mannheim, Germany) according to the manufacturer's recommendations. Each reaction
contained 5ul of cDNA template, 1y of 10pmol primers each, 0.2ul of 10pmol probe
(subtype A or B) and 4ul of the Lightcycler TagMan Master mix 5x concentration to a
final volume of 20ul. The following programme was followed on a Lightcycler 1.5 system:
95°C for 15min, [95°C for 10s, 51°C for 40s, 72°C for 1s (single acquisition)]X45.

4.2.4.6 Statistical analysis
Statistical analysis was performed using the Two-sample Wilcoxon rank-sum (Mann-
Whitney) test and the Krustal-Wallis equality-of-populations rank test. Probability values

<0.05 were considered statistically significant.
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4.3 RESULTS

4.3.1 Genetic differences of the NS proteins as determinant of RSV pathogenesis
4.3.1.1 NS protein amplification

For both seasons (2006 and 2007), 142 specimens met the criteria for inclusion in this
study and could be amplified with the G protein multiplex nested PCR (Chapter 2). All 74
specimens from 2006 and 68 specimens from 2007 were used for NS protein
amplification. In total, a 111 of the 142 specimens were successfully amplified with a first
round PCR targeting both NS proteins. Figure 4.2 indicates a 1% agarose gel of the NS
RT-PCR products. NS RT-PCR resulted in products of 1100bp in size for both subtypes.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

FIGURE 4.2 Agarose gel (1%) of the NS RT-PCR products. Lanes 1-11 indicate clinical
specimens. Lane 12: Negative control; Lane 13: Positive control; Lane 14: 100bp

molecular weight marker.
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4.3.1.2 NS protein sequence- and phylogenetic analysis

A total of 57 specimens, 42 from 2006 and 15 from 2007 were selected for NS protein
sequencing. Of these, 27 were specimens from outpatients and 30 were specimens from
patients that were hospitalized. Two primer sets were used to cover the entire fragment.
Figure 4.3 A and B indicate the variable amino acid sites of the NS1 gene subtype A and
B separately while figure 4.3 C and D indicate the variable amino acid sites of the NS2
gene of subtype A and B strains.

Both proteins were highly conserved with only a few amino acid changes. The subtype A
genes were generally more variable than the subtype B genes. A few amino acid
changes could be attributed to a specific G protein genotype while no one specific
change could be identified that was more prevalent in the hospitalized group than in the
out-patient group. P-distance analysis showed that the NS1 gene had differences of
between 0% and 6.4% at nucleotide level with an average difference of 3% between
specimens while at amino acid level only up to 2.9% differences were seen with an
average difference of 0.8%. The subtype B specimens were more conserved with only
up to 1% difference between specimens at nucleotide level and 0.7% difference at

amino acid level.

A range of 0% to 4% differences were seen for the NS2 gene both at nucleotide and
amino acid level with an average mean of 2.1% at nucleotide level and 1.2% at amino
acid level. The subtype B NS2 specimens differed by 1.6% at nucleotide level and 4% at

amino acid level.
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SA4833880P06 (BA)
BASZ3Z500R06 (BA)
2AS305850FP06 (BA)
BAGRZZ5250P06 (BA)
84417 463H0G (BA)
84430319H0G (BA)
8445177 4H06 (BA)
2A453610H0G (BA)
2A475995H06 (BA)
2A490490H0G (BA)
2A512554H06 (BA)
SA539456H06 (BA)
2A539456H06 (BA)
2AS81105H0G (BA)

2A5T74001H0G0L (BA)
2AST74001H0G0Z (BA)

1

2

9
|
ST -
ST -

FIGURE 4.3 Variable amino acid sites of (A) the NS1 gene of subtype A, (B) NS1 gene of

subtype B, (C) NS2 gene of subtype A and (D) the NS2 gene of subtype B. Specimens

are ordered according the disease severity and year, where OP=Outpatient (mild) and

H=Hospitalized (severe). Quasispecies are also indicated as Q1, Q2, Q3 etc.
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C)

SA4325980P06 (GAS)
3A4516550P06 (ZAS)
SA4623650P06 (ZAZ)
SA48354340P06 (ZAS)
SAS0587Z20P06 (GAS)
SAS53Z240P07 (ZAZ)
SADLD4T7150P07 (ZAZ)
SADLET7050P07 (GAZ)
2ARB13330P07 (GAZ)
BASTZ5380P07 (ZAZ)
SA10038Z260P07 (GAZ)
SA10ZZ21Z240P07 (GAZ)
SA403FZ2Z20P0601 (GAS)
SA4033220P060Z (GAS)
SA445585H06 (GAS)
2A447060H0G (GAS)
BA452347HO6 (GAS)
SA456397HO6 (GAS)
SADZ4750H0G (GAS)
SASBEZETTHOG (GAS)
SA38682ZHO6 (GASL)
SADB4Z85H06G (GAS)
SA435Z216H06G (GAS)
2244517 9H0G (GAS)
5A468148H06 (GAS)
SA470433H06 (GAS)
SAS50525HO7 (GAZ)
SAS30011HOT (GAZ)
SAST51130P07 (GAZ)
SADBEE530P07 (ZAZ)
SAR133080P0O7 (GAZ)
BA1056896H07T (ZAZ)
SAS041460H07T (GAZ)
SA445197H0E60L (GAS)
2A445197HO0B0Z (GAS)
5A51=255ZH060]1 (GAS)
SAD1=55Z2H060Z (FAS)
SADZOTOZHOTOL (GAS)
BARZOTOZHOTOZ (GAS)
BASZ9TRZHOTOS (GAS)

D)

RHEE
RHE

RHEE
KEHEE

KHEE
KHEE
RHEE
KHEFE
RHEE
KHEE

SA4043760P06 (BA)
8A4322030P06 (BA)
SA4357450P06 (BA)
8A4516530P06 (BA)
8A4590040P06 (BA)
SA4663030P06 (BA)
8A4722000P06 (BA)
SA5232500P06 (BA)
8A4833880P0601 (BA

]
8A4833880P060QZ (BA)
SA53058330P06021 (BA)
8A53058%0P060= (BA)
BABZZ5250P06Q1 (BA)
SAGRZ225250P060Z (BA)
BARZ2Z25250P06035 (BA)
BABZ225250P0604 (BA)

8A417463H06 (BA)
8A430319H0G (BA)
SA451774H0G (BA)
8A453610H06 (BA)
SA475995H0A (BA)
SA490490H06 (BA)
8A512554H06 (BA)
SA574601H0A (BA)
8A581105H06 (BA)
BAS39456H060] (BA

)
SA539456H0A0Z (BA)
8A539486H060]1 (BA)
SA539486H0A0Z (BA)

FIGURE 4.3 (C) NS2 subtype A and (D) NS2 subtype B strains
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4.3.1.3 Quasispecies in the NS proteins

Even though both NS proteins are highly conserved, a vast amount of quasispecies
were detected that was not seen in the G protein of the same strains of the
corresponding specimen. Two clear peaks could be distinguished when the
chromatogram was analysed for all strains indicated as quasispecies in figure 4.4.
Overall, seven specimens (6 subtype A and 1 subtype B) had quasispecies present
within the NS1 protein and nine specimens (4 subtype A and 5 subtype B) in the NS2
protein. There was no specific relationship between the quasispecies found and the rate
of hospitalization of RSV, because both the out-patient group as well as the hospitalized
group had these quasispecies present in almost equal amount. Some of these
quasispecies could only be seen at nucleotide level and did not change the amino acid
composition while some had non-synonymous substitutions (Figure 4.5 A-D). No distinct
association could be made regarding a specific polymorphism and disease severity.
Both NS proteins are highly conserved with only a few polymorphisms present.
Sequence analysis of ten molecular clones was performed for four specimens that had
these quasispecies. Only up to two different quasispecies was seen for each specimen.

Phylogenetic analysis indicated that the specimens that clustered within a specific
genotype during G protein subtyping (GA2 and GAS for subtype A and BA for subtype
B) also clustered together with the NS protein analysis, except for two specimens from
2007 within the subtype A group. SA9613330P07 and SA9547150P07 clustered within
GA5 with G protein subtyping but now cluster with GA2 genotype with the NS protein
analysis for both the NS1 and NS2 genes. Quasispecies were also identified in both
these specimens. The NS1 subtype A phylogenetic tree is indicated (Figure 4.6).
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=961333 0 F Fragment base #376_Base 376 of 850 =
A C T G A& T G & 17 € sl & G & C A T G A G A
Seq1l ACT G AT G AT CA A G ACATIG A G A
Forward
961333 0O R Fragment base #249_Base 249 of 697 =
Seql 4 C T G A T G A T € AN A G A& C & T G & G &
T 4 A1 T AT T A 4 TAT I T4 T AT T ITT
Reverse
Seq 2
Forward
=961333 B R Fragment base #161. Base 161 of 696 =
A C T G A& T G AT C A & G A C A T G A G A
Seq 2 T d A 1 T A 1 T A d T d T 1 T d 1T A 31 71T 1T
Reverse

FIGURE 4.4 A chromatogram showing two sequences of one specimen that showed
variability within the NS proteins indicated in black suggesting the presence of

quasispecies in the NS proteins.
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A)

Sh445585H0601
SR445585H0602
Sh44519THO601
Sh44519THO6Q2
SRI29T92HOTOL
SR929792HOTQ2
SA512552H0601
SA512552H0602
SA9613330P0T01
Sh9613330P0702
SA9547150P0°101
Sh9547150P0702

Sh445585H0601
Sh445585H0602
Sh44519THO601
Shd44519THO602
SA929792H0T01
SR929792HOTQ2
SA12552H0601
SA512552H0602
Sh9613330P0701
Sh9613330P0702
Sh9547150P0701
Sh9547150P0702

SR445585H0601
Sh445585H0602
SA44519THO601
Shd44519THO602
SRI29T92HOTOL
SR929792HOTQ2
SA512552H0601
SA512552H0602
Sh9613330P0701
SA9613330P0702
Sh9547150P0701
SA9547150P 0102

Sh445585H0601
Sh445585H0602
Sh44519THO601
Shd44519THO602
SRI29T92HOTOL
SR929792HOT02
SA512552H0601
SAS12552H0602
Sh9613330P0701
Sh9613330P0702
Sh9547150P0701
Sh9547150P0702

Sh445585H0601
SR445585H0602
Sh44519THO601
SR14519THO602
SRI29T92HOTOL
SR929792HOTQ2
SA512552H0601
SA512552H0602
Sh9613330P0701
Sh9613330P0702
SR9547150P0°101
Sh9547150P0702

1n 1 20 ] 50 B T 1] an 100
T T T e T T [ [ I I |
ATGGECAGCARATTCATTARGT ATGAT ARARGT TAGAT TACARAAT TTAT TTGACARTGATGARGTAGCATTCT TARRRATARCC TGCTATACTGRCARAT

e 1 T e e e e T e e e e e |
TEATACATTTARCTAATGCTTTGGCTARGGCAGT GAT ACAT ACARTCARRATTGARTGEGCAT TETATTTETGCATGTTAT TACAAGTAGTGATAT TTGCCC

e 1 T e e e e T e e e e e |
TARATAATART AT TGTAGTGARAT CCARCTTTACARCAATGCCAGTGT TACAAMATGEAGGT TATATATGEEARATCATGEAAT T ARCACACTGCTCTCAR

gk 220 220 240 250 260 20 250 2490 400
e 1 T e e e e T e e e e e |
CCCARTEECCTARATAGATGACARAT TETGARAT CARAT TCTCCARRARARC TARGCEAT TCARCARTGACT ARCTATATGAATCARTTGTCTGAATTACTTG

F e I I |
GATTTGATCTCARATCCATAR

FIGURE 4.5 Nucleotide alignment of (A) NS1 subtype A specimens; (B) NS1 subtype B
specimens; (C) NS2 subtype A specimens and (D) NS2 subtype B specimens where
quasispecies were identified. The quasispecies are indicated at the back as Q1, Q2 etc.

The encircled bases are non-synonymous substitutions.
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B)

SASM4601H0G601
SRS14601H0602

SA571601H0601
SA574601H0602

SAM601H0601
SA74601HO60 2

SRS 14601H0G601
Sh9'14601H0602

SA514601H0601
SA574601H060 2

10 in 0 L1 50 E0 T &0 an lon
T T T T e T o R |
ATGGGETGCART TCRC TGRGCATGAT ARAGET TAGATTACAAAAT T TATTTGACART GRCGARGTAGC ATTGTTARARATARCATGT TATACTGRCARAT

110 1in 10 140 150 160 170 a0 130 ton
P T T T o [ E e [ R A P R (RN
TAATTCTTCTGACT AATGCAT TAGCCARAGC ARCARTACATACARAT TAART TARACGGCAT AGTTTTT ATACATET TAT ARCARGCAGTEAAGT GTGCCC

T T T T e T o R |
TTARATGGT CTAATAGATGATART TCT GARRATCAAATTTTCT ARRAGACT ARGTGRC TCAGT ARTGACTGAT TATATGAATCARATGTCTGATTTACT TG

R [ I |
GGECTTGATCTCCATTCATGR

SA44519THO6Q1
Sh44519THO602
SA512552H0601
SA512552H0602
SR4039220P0601
SR1039220P0602
SA929792H0T01
SA929792HOT02
SA929792HOTOS

SA44519THO6Q1
Shd44519THO602
SA512552H0601
SA512552H0602
SR4039220P0601
SR4039220P0602
SR929792H0TOL
SA929792HOTQ2
SA929792HOTOQS

SA44519THO601
Shd44519THO602
SA512552H0601
SA512552H0602
SR4039220P0601
SR4039220P 0602
SA929797HOM1
SRO29792H0 702
SRO29792HOT03

SA44519THO601
Shd4519THO602
SA512552H0601
SA512552H0602
SR4039220P0601
SR4039220P0602
SA929792HOT01
SA929792H0OTQ2
SA929792HOTQ3

1 in n &0 50 1] T &0 an o
T T O O [ T T T O AN I IR

T T O P e e T T
TCATARCACACAGATTTATATACTTGAT ARATCATGARTGTATAGT GAGAAAAC T TCATGAARGACAGGCCACAT TTACAT TCCTGETCARCTATGARAT

T T O P e e T T
GARACTATTGCACARAGTGEGAAGC AC T ARATACARRRAAT AT ACTGART ACARCACARAATATGGCACT TTTCCTAT GCCARTATTTATCARTCATGAT

GEGTTCTTAGRAATGCAT TEECAT TARGCCTACARAGCRCACTCCCATARTAT ACARGT ATGATCTCARATCCATGA

FIGURE 4.5 (B) NS1 subtype B and (C) NS2 subtype A specimen.
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D)

SA539486H0601
SA539486H0602
SA539456H0601
SA539456H0602
SAS305890P0601
SAS305890P 0602
SR1833880P0601
SRd833680P0602
SR6225250P0601
SRG225250P0602
SR6225250P0603
SRG225250P 0604

SAS39486H0601
SA539486H0602
SA339456H0601
SA539456H0602
SAS3I05690P0601
SAS305890P0602
SR1833880P0601
SR1833880P0602
SR6225250P0601
SR6225250P0602
SR6225250P0603
SR6225250P 0604

SAS39486H0601
SA539486H0602
SAS39456H0601
SA539456H0602
SASI05590P0601
SAS305890P0602
SR1633650P0601
SR1833880P0602
SRG6225250P0601
SR6225250P0602
SR6225250P0603
SR6225250P0604

SR 39486H0601
SA539486H0602
SA539456H0601
SA539456H0602
SAS3I05590P0601
SAS305890P 0602
SR4833680P0601
SR4833880P0602
SR6225250P0601
SR6225250P0602
SRG225250P 0603
SR6225250P 0604

1n ] 0 40 50 3] il &0 an lon
L T T T O T o O [ O [ E (PR |
ATGAGCACTACAARCGRACARCACCACCATGCARAGAT TEATGATCACAGRCAT GAGACCCCTGTCOATGEGAT TCARTARTARTATCTCT CACCARAGAAR

e T e T e T T e e e e T L |
TCATCACACACAARATTCATATACT TEGATARACAATGARTGTAT TGT ARGARARCT CGATGARAGAC ARGCTACATTTACATTCCTAGTC ART TATGAGAT

e T e T e T T e e e e T L |
GRAAGCTAT TECACAAAGT AGGGAGT ACCARAT ACAAGAARTAC ACTGARAT AT ARTACAARATATGEGCACATTCCCTATGCCTATATTTATCAATCATGGC

GEGTTTCTRAGAATGTAT TGECAT TAAGCCT ACARRACATACTCCTATARTATACARATATGACCTCARCCCHT AR

FIGURE 4.5 (D) NS2 subtype B specimens
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SA4516550P06
SA452947H06

SA447060H06
—— SA456997H06

SA386822H06
SA470433H06
SA468148H06

— SA930011H07

SA445179H06
SA445585H06Q1
SA524750H06
SA4325980P06
SA4039220P06
SA5058720P06
SA433216H06
SA445197H06Q1
SA445585H06Q2
SA929792H07Q2

] —— SA929792H07Q1

SA4834340P06
SA562677H06
SA512552H06Q2
SA584285H06
SA445197TH06Q2
SA512552H06Q1

GAS

100

0.005

FIGURE 4.6 Midpoint rooted neighbour-joining tree for subtype A NS1 gene constructed
with MEGA version 4(Tamura et al., 2007). Only bootstrap values >70 are shown. G-
protein Genotypes are indicated on the right with brackets. The two specimens that
clustered within genotype GA5 for the G-protein are indicated in the red blocks that now

SA9547150P07Q ]

SA9547150P07Q2
SA904146H07
SA10221240P07
SA9532240P07
SA98885

13330P07Q1
{ SA9613330P07Q2

SA96

| SA4629650P06

84
SA10038260P07

SA1056896H07

SA850525H07

cluster within GA2 for the NS proteins.

SA9133060P07
86 75 SA9751130P07

SA9557050P07

SA9725380P07

GA2



4.3.2 Quantitative PCR for detecting expression level differences in the NS
proteins

4.3.2.1 Optimization: Specific amplification

Following optimization of the three different primer pairs for NS1, NS2 and the RNA
antigenome, all amplified a single PCR product without primer-dimers or any other
misprimed products. Figure 4.7 A indicate an agarose gel of the PCR products for the
three different regions (NS1, NS2 and antigenome) amplified with SYBR green I. A
LightCycler melting curve analysis indicated specific amplification without primer-dimers.
All three primer pairs worked well on control samples although upon clinical specimen
amplification, the NS2 primers caused non-specific amplification that would lead to
incorrect quantification. Tagman probes were further designed for the NS2 region for
subtype A and B separately for use in quantification and the amplified products are

shown in figure 4.7 B.

4.3.2.2 Optimization: Creating of standard curves and optimizing PCR efficiency

The amplification curves and standard curves that were used for quantification are
shown in Appendix B. All three standard curves had a correlation coefficient (r) of -1
showing that a linear relation was observed. Real-time PCR efficiencies were calculated
from the given slopes using LightCycler software with the following equation: Ex=(10
Uslorey_1 . Rounded to one decimal, all four PCRs had a PCR efficiency of 1.6 (80%).
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NS1 NS2 Antigenome

SRR

FIGURE 4.7 Agarose gel of the PCR products for A) the three different regions (NS1,
NS2, RNA template) amplified with SYBR Green I. Lane 1-3=Control and two clinical
specimens (RNA template); Lane 4-6=Control and two clinical specimens (NS1); Lane
7-9=Control and two clinical specimens (NS2); Lane 10=Negative PCR control; Lane
11=Molecular weight marker; B) subtype A and B gel products amplified with the
Lightcyler TagMan Master kit. Lane 1=Subtype A control(NS2); Lane 3=Subtype B
control (NS2); Lane 2=Molecular weight marker.
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4.3.2.3 Clinical specimen quantification and analysis

A total of 58 specimens where the NS proteins could successfully be amplified in the first
round were selected for quantification of the NS1 and NS2 proteins. Of these 33 (57%)
were hospitalized patients and 25 (43%) were out-patients. To enable accurate analysis
of the relative NS1 and NS2 gene expression between runs the quantitative values were
expressed relative to the amount of antigenome present for transcription. The amount of
NS1/NS2 proteins relative to the amount of antigenome is given as a ratio:

NS1/antigenome and NS2/antigenome.

An assessment of NS1/2 expression level differences with disease severity and infecting
subtype can be seen in figure 4.9 A and B. For the NS1 protein, three times higher
expression levels were present in the hospitalized group relative to the out-patient group
(p=0.37). When analyzing disease severity in more detail, patients with moderate
infections had twice as much NS1 expression than the mild group, the severe group had
four times higher expression then the moderate group, and the severely affected
patients had six times higher expression levels then the mild group (p=0.24). It was also
noted that patients infected with subtype B strains had seven times higher NS1
expression levels then the subtype A infected patients (p=0.11) although not statistically
significant. The opposite was seen for the NS2 protein. Five times higher expression
was seen in the out-patient group compared to the hospitalized group (p=0.003).
Patients with mild infections had seven and three times higher expression levels then
the moderate and severe group respectively, while the severe group had NS2 levels
twice as high as the moderate group (p=0.008). All of these were highly significant. With
respect to infecting subtype, subtype A infected patients had twice as much NS2 levels
then patients infected with subtype B (p=0.46).

To explain the expression level differences seen in the two NS proteins, the gene-start
for NS2 and gene-end for NS1 sequences were also analysed. For both proteins these
sequences were 100% conserved with no genetic changes that could explain the
differences (Figure 4.10 A and B).
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FIGURE 4.8 Assessment of NS1/2 expression level differences with disease severity
and infecting subtype. Values are expressed as relative values of NS1/2

protein/antigenome.
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1 i 2 & 50 Ei k] &0 EL oo
| T TR IR IR IPUPRPREN SRR SR (RPN BN R RN A R PR E A (P B P |

Sh4516550P 06 ATTATARATARATATCARC TAGCARATCARTGTCACTARCACCATTAGT TAATATARARCT T GACAGAAGAT ARARATGEGECARAT ARATARACTCAGCCGRC CCRARTC

SA014629650P06 . .C................. Be ottt ittt it i e et i i e e e i ea s aa s e am ey L
SA024629650P06 ..C......... .00 000s Rt iie sttt sa st a s s aa s a R s Eaaaa s L
B 0 1 T L
B 1 1 1 L
SR4325980P06
SA5053720P 06
SR44T060HO6
Sh470433H06
Sh468148H06
SR45699THO6
SA3E6322H06
SR01512552H06
SR02512552H06
SA584285H06
SR45294THOG
Sh0144519THO6
SR0244519THO6
SR433216H06
SR445179H06
SA01445585H06
SA02445585H06
SAE50325H07

Gene-end NS1 Gene-start NS2
B)

10 i m 40 50 ED T &0 an lon

Sh1322030P06 AITATCITTAGTCTAART TCARTAGACATCTATTTATTACCATTTTAGT TARTATARMACCTCAT CAMRGGEAAT CEEECARAT ARRCT CACCCARTCARAT CARAT

Shd516530P 06
Sh014590040F 06
ShQ24590040F 06
SAQ15305890F 06
SHQ25305890P06
SRO3F5303890F06
Shd663030P06
Sha35T450P 06
Shd4T22000F 06
Shd517T14HO0 6
Sh453610H0 6
Sh1904190HO 6
SR01539456H06
Sh02539456H06
Sh015304 86HO6
Sh025394 66HO06
Sh475995H06
SR912554H06
Sh130319H06

Gene-end NS1 Gene-start NS2

FIGURE 4.9 Nucleotide alignment of A) subtype A and B) subtype B intron between the
NS1 and NS2 gene with the gene-end of NS1 and gene-start of NS2 indicated in
brackets.
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4.4 DISCUSSION

The two NS proteins play an important part in the infectious life cycle of RSV by
antagonizing the host’s INF pathway(Spann et al., 2004) by affecting the steady-state
levels of key proteins of the IFN pathway(Swedan et al., 2009). We have shown that
both proteins are highly conserved at nucleotide and amino acid level, however
quasispecies were identified in some specimens. Expression level differences were also

seen between specimens and between the two different proteins.

No specific polymorphisms in the NS genes were identified that was associated with
more severe disease, although both genes are highly conserved with only a few
polymorphisms. We did however see two strains that clustered with genotype GA5 with
G protein genotyping but with GA2 with the NS protein sequences. This might indicate
recombination between different strains within a specific subtype increasing the variation

of the strains.

Quasispecies were identified in some of the clinical specimens and sequence analysis
of molecular clones revealed several changes within one individual. Some of the
changes were only at nucleotide level while others resulted in amino acid changes.
Sanz-Ramos et al.(Sanz-Ramos et al., 2008) provided experimental evidence that viral
guasispecies in the NS proteins of the Foot-and-mouth disease virus (FMDV) in vivo
consists of many subpopulations that evolve independently in different tissues within the
same infected host. Their hypothesis is that the quasispecies are composed of “non-
pathogenic” and “pathogenic” genomes, and that interplay between the different

genomes will lead to virulent or attenuated populations.

Continuous generation of mutant virus is currently regarded as a key adaptive strategy
of RNA viruses where the mutations are well tolerated and may not adversely affect
protein function(Deplanche et al., 2007). The ability of viruses to generate a complex
mutant spectrum may allow the viral populations to adapt and survive in different
environments, including selective pressures generated by the host's immune
response(Domingo et al., 2006, Pfeiffer and Kirkegaard, 2005, Vignuzzi et al., 2006). It
is difficult to analyze the heterogeneity of RNA genomes and no such analysis has been
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reported for HRSV, however in vivo quasispecies distributions were evident in the

bovine RSV genome(Deplanche et al., 2007).

The IFN system serves as a potent first line of defence against virus infection, however
most viruses have responded to this antiviral system by encoding IFN antagonists such
as the NS1 protein of Influenza A virus(Wang et al., 2000), the NSs protein of
Bunyamwera Bunyavirus(Weber et al.,, 2002) and the NS1 and NS2 proteins of
BRSV(valarcher et al., 2003). This was also shown for the two NS proteins of
HRSV(Spann et al., 2004). Therefor we hypothesised that higher levels of both NS
proteins will be seen in the hospitalized group compared to the out-patient group. This
proved to be true for the NS1 protein, however the opposite was seen for the NS2
protein. Higher expression levels of NS1 was also seen in subtype B infected patients
while subtype A infected patients had higher levels of NS2. The NS proteins has been
shown to have a complex interaction with a regulatory interaction on each other(Swedan

et al., 2009) and this opposite dosing effect for the two proteins may play a role in this.

To investigate these differences, the gene-end sequence of the NS1 gene and the gene-
start of the NS2 gene were also analysed to determine if genetic variability within these
regions could confer the differences seen in expression levels. Kuo et al.(Kuo et al.,
1996) showed that the only sequences required for efficient transcription and replication
were the 44-nucleotide 3’ leader region, the last 40 nucleotides of the 5’ trailer region,
and the 9- to 10-nucleotide gene-start and 12- to 13-nucleotide gene-end sequences.
The gene-start and gene-end sequences were shown to be absolutely conserved
between all specimens analysed. Differences within the promoter area in the beginning
of the genome (nucleotide 1-44) may also contribute to differences in expression levels

and sequencing of the promoter area may elucidate this in future studies.

To conclude, differences in disease severity may not be attributed to specific
polymorphisms within the NS genes, however genome heterogeneity (quasispecies)
may allow different genomes to circulate within one patient causing the virus to evade
immune pressure and enhance disease progression and severity. In addition, higher
expression levels of NS1 were seen in the hospitalized group compared to the out-
patient group, strengthening our hypothesis that increased levels of NS may enhance
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suppression of the host's IFN pathway and thus more severe disease. However, the
opposite was shown for NS2. These proteins may act at different sites in the IFN
pathway and have a more complicated interplay that work on regulation of this pathway.
Down regulation of the IFN response by NS2 could also result in a decreased
inflammatory response and milder disease. Genetic variability within the gene-end and
gene-start sequences is not responsible for the differences in expression levels
observed, although variability within the promoter area may need to be investigated.
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CHAPTER 5

Concluding remarks

Respiratory Syncytial virus is the leading cause of pneumonia and bronchiolitis in infants
and the elderly (Glezen, 1987). Additionally RSV is an important nosocomial infectious
agent and the rate of hospital acquired infection for infants and young children during a
RSV season ranges from 26 to 47% in newborn units and from 20 to 40% for older
children. Hospital staff members have also been shown to play an important role in the
transmission and they have an infection rate of 25% to 50% during RSV epidemics(Hall
et al., 1975).

Repeat infections are known to occur throughout life(Wertz and Moudy, 2004) and it is
therefore of utmost importance to develop an effective vaccine, which has been
unsuccessful to date. It is unclear why some children experience severe disease and
others develop only milder disease. It may be due to host factors, maternal immunity or
to differences in the virus itself. Characterizing the differences in the virus may
potentially aid scientists in the development of a suitable vaccine and targeting
therapeutics. In addition, epidemiological analysis of RSV is important for providing the

necessary background information for the development of an effective vaccine.

The molecular epidemiology of RSV has been defined in previous investigations in SA in
1997-2000. The emergence of the BA genotype has prompted us to re-investigate the
situation 5 years later. Since it has been shown that different genotypes co-circulate
each year, it is of interest to investigate the evolution of subtype A and B in South Africa
since studies conducted in 2000(Venter et al., 2001) and also to investigate the
relationship between G protein variability and disease severity. It was previously shown
that the same strains could cause mild or severe disease, however investigation of
specimens over 4 years for which clinical data was available may aid in defining the role

of protein variability in disease severity.

-99 -



Bayesian analysis revealed a replacement of all subtype B genotypes previously
identified in SA with the BA genotype since 2006. Certain subtype A genotypes
identified in previous years are still circulating (GA2 and GA5), although others such as
SAA1 was not detected in the 4 years studied. Replacement of all subtype B genotypes
with the BA genotype might indicate that the 60 nucleotide duplication may enhance the
fitness of these viruses and allow immune evasion in infants who has been previously
exposed to subtype B. An additional 6 nucleotide deletion was also detected when the
full G protein was sequenced for selected strains. Full genome sequencing of BA strains
may elucidate further changes in other proteins. Even though the subtype B strains had
more prominent changes, the subtype A strains were shown to evolve faster with a
higher evolutionary rate. The slower evolutionary rate of the subtype B strains might
explain why more drastic changes are necessary in the subtype B strains to overcome
herd immunity. To investigate the evolution of BA strains in SA relative to the rest of the
world, a comprehensive Bayesian analysis of SA BA isolates as well as BA isolates from
all over the world since it was first discovered in 1999 were performed. It was shown that
all SA BA isolates clustered with the BA-IV sub-genotype and the appearance of new
sub-genotypes within this branch may occur if drift continues. The most recent common
ancestor of the SA strains date back to 1997. Introduction was however only in the past
8 years since no BA strains were detected during the evaluation in 2000.

Analysis over the four years also identified G protein PCR amplicons significantly
reduced in size in 2 out of 209 clinical specimens screened over 4 years. Sequence
analysis revealed subtype B strains lacking nearly the entire G protein ecto-domain in
one HIV positive and one HIV exposed child hospitalized with pneumonia. G protein
deletion mutants replicate effectively in vitro but have not been detected in nature
(Karron et al.,, 1997b, Teng and Collins, 2002). This study suggests that RSV clinical
strains that lack most of the G protein gene may occur in immunocompormised patients
with LRTI. The molecular mechanism whereby this occurs is not clear, however reduced
immune pressure in these patients may allow these strains to utilise the F protein for
binding and replication. Further characterization of such strains may elucidate the
replication and pathogenic potential. In addition, only subtype B deletion mutant strains
could be investigated because the primer position on the subtype A strains would have
caused us to miss subtype A deletion mutants if they did not come up in the first round
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PCR. Future investigations should attempt to design nested primers that will also pick up

subtype A deletion mutants.

The two non-structural proteins were subsequently investigated. These proteins have
been shown to be involved in inhibiting the host’s IFN pathways(Spann et al., 2004) thus
playing a vital role in RSV pathogenesis. Sequence variability as well as expression
level differences were analyzed to elucidate the role of dose effect of the NS proteins in
disease severity. RSV is unique among paramyxoviruses in having two non-structural
proteins that play a major role in inhibiting the host’s immune response. We were unable
to contribute differences in disease severity to specific polymorphisms within the NS
genes, however we identified genome heterogeneity (quasispecies) in certain individuals
which may allow different genomes to circulate within one patient causing the virus to
evade the IFN response and enhance disease progression and severity. In addition,
higher expression levels of NS1 were seen in the hospitalized group compared to the
out-patient group, strengthening our hypothesis that increased levels of NS protein may
lead to enhanced suppression of the host’s IFN pathway and thus more severe disease.
However, the opposite was shown for NS2. NS1 and NS2 may interact at different
stages in the IFN pathway and interplay to complement each other to regulate the innate
immune response. Genetic variability within the gene-end and gene-start sequences
could not be linked to the differences in expression levels observed, although variability

within the promoter area may need to be investigated.

To conclude, acquisition of the 60 nucleotide duplication appeared to have improved the
fitness of the BA viruses and more recent subtype B strains may need to be included in
experimental vaccines to evaluate their efficacy in the current setting of evolved
circulating strains. In addition, the association of clinical strains lacking most of the G
protein with LRTI may have implications for the utilisation of certain attenuated strains in
immunocompromised children. The two NS proteins were shown to be important during
RSV infection, where higher levels of NS1 were shown to be associated with a higher
hospitalization rate. Although NS1 and NS2 work together to inhibit the IFN pathway,
higher levels of NS2 was present in the out-patient group. This phenomenon needs
further investigation to explain to role of NS1 and NS2. The differences in expression
levels cannot be attributed to changes in the gene-start and gene-end sequences
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although further sequence analysis of the promoter area might be useful in future
studies. This study emphasizes the role of both structural and non-structural proteins of
RSV to overcome the innate and adaptive responses of the host.
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SEQUENCES WITH ACCESSION NUMBERS USED IN THIS STUDY

APPENDIX A

SPECIMEN NAME | ACCESSION SPECIMEN NAME | ACCESSION
NUMBER NUMBER
PARTIAL G PROTEIN GENE SEQUENCES
SA4629650P06 HQ711628 SA10730000P07 HQ711734
SA9725380P07 HQ711629 SA1041485H07 HQ711735
SA9753460P07 HQ711630 SA1017503H07 HQ711736
SA850525H07 HQ711631 SA9727440P07 HQ711737
SA1056896H07 HQ711632 SA4193520P06 HQ711738
SA463070H06 HQ711633 SA4834340P06 HQ711739
SA9674560P07 HQ711634 SA5058720P06 HQ711740
SAQ110038260P07 | HQ711635 SA5109330P06 HQ711741
SA1008168H07 HQ711636 SA5228920P06 HQ711742
SA10203170P07 HQ711637 SAS5305890P06A HQ711743
SAQ210038260P07 | HQ711638 SA456997H06 HQ711744
SA10003910P07 HQ711639 SA541471H06 HQ711745
SA1315234H08 HQ711640 SA440007H06 HQ711746
SA1425925H08 HQ711641 SA463036H06 HQ711747
SA953470H07 HQ711642 SA463045H06 HQ711748
SA1372749H08 HQ711643 SA4418010P06 HQ711749
SAQ11040558H07 HQ711644 SA4516550P06 HQ711750
SAQ21040558H07 HQ711645 SA386822H06 HQ711751
SA535057H06 HQ711646 SA430263H06 HQ711752
SA14210830P08 HQ711647 SA441802H06 HQ711753
SA1044903H07 HQ711648 SA447937HO6 HQ711754
SA1377350H08 HQ711649 SA468148H06 HQ711755
SA14153960P08 HQ711650 SA468917H06 HQ711756
SA13807430P08 HQ711651 SA470433H06 HQ711757
SA9751130P07 HQ711652 SA477847HO6 HQ711758
SA9133060P07 HQ711653 SA576338H06 HQ711759
SA10449040P07 HQ711654 SA584285H06 HQ711760
SAQ110312510P07 | HQ711655 SA452947H06 HQ711761
SAQ210312510P07 | HQ711656 SA9547150P07A HQ711762
SA10455060P07 HQ711657 SA4399790P06 HQ711763
SA1031281H07 HQ711658 SA405170H06 HQ711764
SA1040552H07 HQ711659 SA13953520P08 HQ711765
SA1013624H07 HQ711660 SA1484890H08 HQ711766
SA9557050P07 HQ711661 SA1491542H08 HQ711767
SA15765270P08 HQ711662 SA1536976H08 HQ711768
SA997237HO7 HQ711663 SA1562390H08 HQ711769
SA9838830P07 HQ711664 SA52016300P06 HQ711770
SA998662H07 HQ711665 SA533624H06 HQ711771
SA1095437H07 HQ711666 SA562677H06 HQ711772
SA1376979H08 HQ711667 SA576319H06 HQ711773
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SAQ1976837H07 HQ711668 SA447060H06 HQ711774
SAQ2976827H07 HQ711669 SA929792H07 HQ711775
SA1911792H09 HQ711670 SA512552H06 HQ711776
SA1875019H09 HQ711671 SA645573H06 HQ711777
SA13789780P08 HQ711672 SA445197H06 HQ711778
SA1916598H09 HQ711673 SA11224320P07 HQ711779
SA1404700H08 HQ711674 SA1601297H08 HQ711780
SA1405122H08 HQ711675 SA4815820P06 HQ711781
SA1376978H08 HQ711676 SA1897937H09 HQ711782
SA1597150H08 HQ711677 SA4590040P06 HQ711783
SA1377345H08 HQ711678 SA19041800P09 HQ711784
SA14051230P08 HQ711679 SA6225250P06 HQ711785
SA998657H07 HQ711680 SA19069310P09 HQ711786
SA984954H07 HQ711681 SA1898386H09 HQ711787
SA10405470P07 HQ711682 SA475995H06 HQ711788
SA996747HO7 HQ711683 SA9575290P07 HQ711789
SA1037536H07 HQ711684 SA4303100P06 HQ711790
SA1005653H07 HQ711685 SA4322030P06 HQ711791
SA9888530P07 HQ711686 SA4516530P06 HQ711792
SA1473284H08 HQ711687 SA5232500P06 HQ711793
SA1389148H08 HQ711688 SA430319H06 HQ711794
SA10221330P07 HQ711689 SA451774H06 HQ711795
SA1010538H07 HQ711690 SA4357450P06 HQ711796
SA9942160P07 HQ711691 SA490490H06 HQ711797
SA974731H07 HQ711692 SA9837530P07B HQ711798
SA13498730P08 HQ711693 SA1138929H07 HQ711799
SA1540738H08 HQ711694 SA4722000P06 HQ711800
SAQ19837530P07 HQ711695 SA539486H06 HQ711801
SAQ29837530P07 HQ711696 SA4339410P06 HQ711802
SA445984H06 HQ711697 SA555134H06 HQ711803
SA1031469H07 HQ711698 SA466313H06B HQ711804
SA967452H07 HQ711699 SA539456H06B HQ711805
SA1893782H09 HQ711700 SA9547150P07B HQ711806
SA1013623H07 HQ711701 SA921110H07 HQ711807
SA9801640P07 HQ711702 SA4043760P06 HQ711808
SA1046284H07 HQ711703 SA1961261H09 HQ711809
SA1104553H07 HQ711704 SA1903163H09 HQ711810
SA10221240P07 HQ711705 SA1897566H09 HQ711811
SA9532240P07 HQ711706 SA1946046H09 HQ711812
SA930011H07 HQ711707 SA1914306H09 HQ711813
SA1377240H08 HQ711708 SA4833880P06 HQ711814
SA974725H07 HQ711709 SA574601H06 HQ711815
SA9998477HO7 HQ711710 SA15070960P08 HQ711816
SA904146H07 HQ711711 SA1913535H09 HQ711817
SA1008161H07 HQ711712 SA15596010P08 HQ711818
SA971424H07 HQ711713 SA18563100P09 HQ711819
SA10405460P07 HQ711714 SA581105H06 HQ711820
SA1115939H07 HQ711715 SA1952519H09 HQ711821
SA13891330P08 HQ711716 SA1903864H09 HQ711822
SA12088730P07 HQ711717 SA1966323H09 HQ711823
SA1574707H08 HQ711718 SA1945943H09 HQ711824
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SA9639600P0O7 HQ711719 SA18563120P09 HQ711825
SA4039220P06 HQ711720 SA1954125H09 HQ711826
SA4704980P06 HQ711721 SA1901413H09 HQ711827
SA972413H07 HQ711722 SA10236070P07 HQ711828
SA947759H07 HQ711723 SA15101140P08 HQ711829
SA4325980P06 HQ711724 SA19113470P09 HQ711830
SA524750H06 HQ711725 SA1037074H07 HQ711831
SA524904H06 HQ711726 SA18649250P09 HQ711832
SA433216H06 HQ711727 SA1960816H09 HQ711833
SA445585H06 HQ711728 SA4663030P06 HQ711834
SA9613330P07 HQ711729 SA5305890P06B HQ711835
SA445179H06 HQ711730 SA19185300P09 HQ711836
SA9692940P07 HQ711731 SA453610H06 HQ711837
SA972743H07 HQ711732 SA512554H06 HQ711838
SA9848290P07 HQ711733 SA417463H06 HQ711839
FULL G PROTEIN GENE SEQUENCES
SA98D1656 JF704213 SA957529Pt07 JF704224
SA97D1107 JF704214 SA983753Pt07 JF704225
AgJ15 99 JF704215 SA1023607Pt07 JF704226
SA98V192 JF704216 SA1138929P108 JF704227
SA98D796 JF704217 SA1510114Pt08 JF704228
SA99Vr800 JF704218 SA1904180Pt09 JF704229
SA581105Pt06 JF704219 SA1906931Pt09 JF704230
SA466303Pt06 JF704220 SA1918530Pt09 JF704231
SA486540Pt06 JF704221 SA1917319P109 JF704232
SA539456PT06 JF704222 SA1954125P109 JF704233
SA555134PT06 JF704223 SA1913535Pt09 JF704234
DELETION MUTANT G PROTEIN GENE SEQUENCES

SA374801Pt0O6a HQ711840

SA374801Pt06b HQ711841

SA367859Pt06 HQ711842

FULL NS1 AND NS2 PROTEIN GENE SEQUENCES

SA10038260P07 JQ359529 SA9547150P07 JQ359569
SA10221240P 07 JQ359530 SA9557050P07 JQ359570
SA1056896H07 JQ359531 SA9613330P07 JQ359571
SA386822H06 JQ359532 SA9725380P07 JQ359572
SA403922Q10P06 JQ359533 SA9751190P07 JQ359573
SA4039220Q20P06 JQ359534 SA9888530P07 JQ359574
SA4325980P06 JQ359535 SA468917H06 JQ359575
SA433216H06 JQ359536 SA4043760P06 JQ359576
SA445179H06 JQ359537 SA417463H06 JQ359577
SA445197Q1H06 JQ359538 SA430319H06 JQ359578
SA445197Q2H06 JQ359539 SA4322030P06 JQ359579
SA4455850Q01H06 JQ359540 SA4357450P06 JQ359580
SA4455850Q02H06 JQ359541 SA4516530P06 JQ359581
SA445585Q3H06 JQ359542 SA451774H06 JQ359582
SA4455850Q4H06 JQ359543 SA453610H06 JQ359583
SA447060H06 JQ359544 SA459004Q10P06 JQ359584
SA4516550P06 JQ359545 SA4590040Q20P06 JQ359585
SA452947HO6 JQ359546 SA4663030P06 JQ359586
SA456997H06 JQ359547 SA4722000P06 JQ359587
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SA462965Q10P06 JQ359548 SA475995H06 JQ359588
SA462965Q20P06 JQ359549 SA483388Q10P06 JQ359589
SA462965Q30P06 JQ359550 SA483388Q20P06 JQ359590
SA4629650Q40P06 JQ359551 SA490490H06 JQ359591
SA468148H06 JQ359552 SA512554H06 JQ359592
SA470433H06 JQ359553 SA5232500P06 JQ359593
SA4834340P06 JQ359554 SA530589Q10P06 JQ359594
SA5058720P06 JQ359555 SA530589Q20P06 JQ359595
SA512552Q1H06 JQ359556 SA530589Q30P06 JQ359596
SA5125520Q2H06 JQ359557 SA530589Q40P06 JQ359597
SA524750H06 JQ359558 SA530589Q50P06 JQ359598
SA562677H06 JQ359559 SA530589Q60P06 JQ359599
SA584285H06 JQ359560 SA539456Q1H06 JQ359600
SA850525H07 JQ359561 SA5394560Q2B-H06 JQ359601
SA904146H07 JQ359562 SA5394860Q1H06 JQ359602
SA9133060P07 JQ359563 SA539486Q2H06 JQ359603
SA9297920Q1H07 JQ359564 SA581105H06 JQ359604
SA9297920Q2H07 JQ359565 SA622525Q10P06 JQ359605
SA9297920Q3H07 JQ359566 SA622525Q20P06 JQ359606
SA930011H07 JQ359567 SA622656Q30P06 JQ359607
SA9532240P07 JQ359568 SA622525Q40P06 JQ359608
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APPENDIX B
CREATING OF STANDARD CURVES AND OPTIMIZING PCR
EFFICIENCY
Step 1: Baseline S'wzml
B4
| 3_::
12-:

0 5 10 15 20 25 30 35 40 45
Cycle Numbes
EAO-_
— Linear Regression 35-:
= Crossing Points éao-
Slope = -4.757 Ezs_'
Intercept = 74 49 S 4
Eror = 0.0584 20—
r=-1.00 4
15". 1 ' 1 ' 1 ' 1 ' 1
8 10 n 12}
Log Concentration

FIGURE A Standard curve with amplification curves and agarose gel electrophoresis for

the antigenome using SYBR Green | dye. All dilutions were performed in triplicate.
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Step 1: Baselne  Step 2: Analsis |
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FIGURE B Standard curve with amplification curves and agarose gel electrophoresis for
the NS1 region using SYBR Green | dye. All dilutions were performed in triplicate.
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FIGURE C Standard curve with amplification curves and agarose gel electrophoresis for
the NS2 region amplified with the Lightcyler TagMan Master kit for A) subtype A B)
subtype B control specimens. All dilutions were performed in triplicate.
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