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“A scientist in their laboratory is not a mere technician: they are also 
a child confronting natural phenomena that impress them as 

though they were fairy tales.” 
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SUMMARY 

Respiratory syncytial virus reverse genetics for identification of 
molecular determinants of strain specific phenotypic changes 

Alina Schadenhofer 

 

Human respiratory syncytial virus (RSV), a member of the family Pneumoviridae, is one of the 

leading causes of respiratory tract infections in immunocompromised and elderly adults and 

has been identified as the main cause of severe lower respiratory tract disease in children under 

5 years of age. Severe disease is characterized by bronchiolitis, pneumonia and wheezing, often 

requiring medical intervention including hospitalization and mechanical ventilation. Although 

the disease is usually mild and self-limiting in immunocompetent older children and adults, 

RSV causes significant morbidity and mortality in vulnerable populations. RSV is divided into 

two antigenic subtypes, RSV-A and RSV-B. These two subtypes are further divided into strains, 

usually based on sequence differences in the second hypervariable region of the attachment 

protein. The filamentous RSV particles contain three glycoproteins within the host-derived lipid 

bilayer, the attachment protein (G), fusion protein (F) and small hydrophobic protein (SH). The 

F and G proteins have been shown to be the main antigenic proteins inducing neutralizing 

antibody responses in RSV-infected people.  

Although RSV was first isolated in 1956, there are currently no licensed antiviral therapeutics 

or vaccines available. The only approved therapeutic is passive immunization of high-risk 

groups with a humanized monoclonal antibody, Palivizumab, which targets the F glycoprotein. 

In recent years, studies undertaken to characterize the ability of RSV to escape neutralization 

by Palivizumab, have shown specific mutations in antigenic site II, both in in vitro and in vivo 

models as well as in patients who had previously received treatment. 

To facilitate detailed investigations into RSV pathogenesis, reverse genetics systems have been 

frequently used to generate a range of recombinant viruses. Reverse genetics protocols enable 

the generation of recombinant viruses with a defined genotype from plasmid DNA which 

contain a full-length cDNA copy of the virus antigenome. Such viruses can contain specific 

point mutations or are modified to express foreign genes or alternatively expression of an 

individual gene can be abrogated. Recombinant RSVs (rRSVs) can be generated with additional 

open reading frames encoding for reporter proteins such as fluorophores (enhanced green 
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fluorescent protein (EGFP), mScarlet (mSct), a red fluorescent protein) or luciferases (Nano 

Luciferase (NLuc®), Renilla luciferase, firefly luciferase). This enables virus spread to be 

monitored in transformed cell lines, complex in vitro primary cell systems as well as in vivo 

animal models. To date, historical laboratory adapted RSV strains such as A2 or Long have 

been primarily used as prototypic strains for research studies. However, significant differences 

between these historical strains and more recent clinical isolates have been demonstrated in 

several recent studies. 

In the first part of this thesis, we generated new optimized reverse genetics systems based on 

two recent clinical isolates (one from each subtype, RSV-A-0594 and RSV-B-9671). The 

stability and amenability to mutagenesis of these cDNA clones was demonstrated by inserting 

reporter genes (EGFP, mSct, NLuc®) within additional transcription units and specific 

sequence changes resulting in amino acid substitutions in antigenic site II of the F protein 

enabling the virus to efficiently escape neutralization by Palivizumab. As a proof-of-concept, 

we also established microneutralization assays comparing rRSV with and without escape 

mutations in systems based on EGFP- or NLuc-detection with automated read-out options. 

We have furthermore extended the RSV molecular toolbox by subcloning all 11 open reading 

frames of both RSV-A-0594 and RSV-B-9671 into individual expression plasmids to enable 

further investigations into the role of each protein. However, we have initially focused our 

research on the F protein, the current main focus for development of new vaccines and antiviral 

therapeutics. Given that the F protein alone can cause cell-cell fusion upon transient expression 

in Vero cells, we used a quantitative cell-to-cell fusion assay, based on split ß-galactosidase and 

transient expression of codon optimized F protein in Vero cells. We could show differences 

between the cell fusion induced by the F protein originating from the two clinical isolates (A-

0594/B-9671) in comparison to the F protein cloned from an historical strain (RSV-A2). 

Furthermore, we could show that co-transfection of additional plasmids expressing the 

phosphoprotein (P), matrix (M) protein and G protein had differential effects on the cell-to-cell 

fusion induced by either RSV-A (reduction of fusion activity) or B (increase of fusion activity) 

subtypes. Additionally, we found that specific amino acid changes in the F protein conferring 

Palivizumab resistance differentially affected the two clinical isolates, RSV-A-0594 and RSV-

B-9671 compared to the laboratory adapted RSV-A2 strain.  

In the second part of this dissertation project, we more closely investigated strain specific 

phenotypic differences in F protein induced cell fusion by using expression plasmids encoding 

for the RSV-A-0594 F proteins with single amino acid changes which are specific for the 
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historical RSV-A2 strain or enable palivizumab escape (S275L). We could show that 

introduction of these amino acid changes had differential effects on the two RSV subtypes. The 

amino acid residue at position 66 of the F protein was previously shown to heavily influence 

cell fusion (in the context of RSV-A2). We show that whereas introduction of this amino acid 

change (E66K) in the F protein of RSV-A-0594 resulted in a dramatic increase in cell-to-cell 

fusion, the same effect could not be observed for RSV-B-97671. In addition, generation of 

RSV-A-0594 and RSV-B-9671 F proteins containing the Palivizumab-escape conferring amino 

acid change S275L, resulted in almost complete ablation of cell-to-cell fusion, whereas the 

effect of this change in the RSV-A2-F protein was small. Amino acid 66 is located in antigenic 

site ∅ of the F protein which has been identified as a promising target for next generation 

neutralizing antibodies and vaccine candidates, amino acid 275 is part of antigenic site II, the 

target for Palivizumab and other antibodies currently in preclinical and clinical stages of 

development. Our results highlight the importance of characterizing RSV subtype and strain 

variability in future research studies, especially in the context of developing new vaccines and 

antibodies and associated efficacy studies.  
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ZUSAMMENFASSUNG 

Reverse Genetik zur Identifizierung molekularer Determinanten 
stammspezifischer phänotypischer Veränderungen des 

Respiratorischen Synzytialvirus  

Alina Schadenhofer 

 

Das Humane Respiratorische Synzytial-Virus (RSV), ein Mitglied der Familie der 

Pneumoviridae, ist eine der Hauptursachen für Atemwegsinfektionen bei immungeschwächten 

und älteren Erwachsenen und wurde als Hauptursache für schwere Erkrankungen der unteren 

Atemwege bei Kindern unter 5 Jahren identifiziert. Ein schwerer Krankheitsverlauf ist durch 

Bronchiolitis, Lungenentzündung und Atemnot gekennzeichnet und erfordert oft eine 

medizinische Intervention, einschließlich Krankenhausaufenthalt und mechanischer Beatmung. 

Obwohl die Krankheit bei immunkompetenten älteren Kindern und Erwachsenen in der Regel 

mild und selbstlimitierend verläuft, verursacht RSV eine signifikante Morbidität und Mortalität 

bei gefährdeten Bevölkerungsgruppen. RSV wird in zwei antigene Subtypen unterteilt, RSV-A 

und RSV-B. Diese beiden Subtypen werden weiter in Stämme unterteilt, basierend auf 

Sequenzunterschieden in der zweiten hypervariablen Region des Glykoprotein G. Die 

filamentösen Viruspartikel enthalten drei Glykoproteine auf der vom Wirt stammenden 

Virushülle, das Glykoprotein G (Attachment Protein), das Fusionsprotein (F) und das kleine 

hydrophobe Protein (SH). Es hat sich gezeigt, dass die F- und G-Proteine die wichtigsten 

antigenen Proteine sind, gegen welche neutralisierende Antikörper bei RSV-infizierten 

Menschen gebildet werden. Seit der Isolation von RSV im Jahr 1956 haben keine antiviralen 

Medikamente oder Impfstoffe Zulassung erlangt. Die einzige zugelassene Maßnahme ist die 

passive Immunisierung von Hochrisikogruppen. Diese erfolgt mit einem humanisierten 

monoklonalen Antikörper, Palivizumab, der gegen das F-Glykoprotein gerichtet ist. In den 

letzten Jahren haben Studien zur Charakterisierung der Fähigkeit von RSV, der Neutralisation 

durch Palivizumab zu entgehen, spezifische Mutationen in der Antigenstelle II gezeigt. Dies 

wurde sowohl in in-vitro- und in-vivo-Modellen als auch bei Patienten, die zuvor mit 

Palivizumab behandelt wurden, nachgewiesen. Um detaillierte Untersuchungen der RSV-

Pathogenese zu erleichtern, wurden häufig reverse Genetik-Systeme verwendet, um eine Reihe 

rekombinanter Viren zu erzeugen. Reverse-Genetik-Protokolle ermöglichen die Erzeugung 

rekombinanter Viren mit einem definierten Genotyp aus Plasmid-DNA, die eine cDNA-Kopie 
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in voller Länge des Virusantigenoms enthält. Solche Viren können spezifische 

Punktmutationen enthalten oder modifiziert werden, um fremde Gene zu exprimieren, oder, 

alternativ kann die Expression eines einzelnen Gens aufgehoben werden. Rekombinante RSVs 

(rRSVs) können mit zusätzlichen offenen Leserahmen erzeugt werden, die für Reporterproteine 

wie Fluorophore (z.B. Enhanced Green Fluorescent Protein (EGFP), ein grün fluoreszierendes 

Protein, mScarlet (mSct), ein rot fluoreszierendes Protein) oder Luciferasen (z.B. NanoLuc-

Luciferase (NLuc®), Renilla®-, Firefly -Luciferase) kodieren. Dies ermöglicht die Verfolgung 

der Virusausbreitung in transformierten Zelllinien, komplexen primären in vitro 

Zellkultursystemen sowie in vivo Tiermodellen. Bisher wurden vor allem historische, 

laboradaptierte RSV-Stämme wie A2 oder Long als prototypische Stämme für 

Forschungsstudien verwendet. In mehreren neueren Studien wurden jedoch signifikante 

Unterschiede zwischen diesen historischen Stämmen und neueren klinischen Isolaten 

nachgewiesen. 

Im ersten Teil dieser Arbeit haben wir neue optimierte reverse Genetik-Systeme basierend auf 

zwei aktuellen klinischen Isolaten (RSV-A-0594 und RSV-B-9671) generiert. Die Stabilität 

und Mutagenesefähigkeit dieser cDNA-Klone wurde durch das Einfügen von Reportergenen 

(EGFP, mSct, NLuc®) in zusätzliche Transkriptionseinheiten und spezifische 

Sequenzänderungen, die zu Aminosäuresubstitutionen an der antigenen Stelle II des F-Proteins 

führen, demonstriert, wodurch das Virus effizient der Neutralisierung durch Palivizumab 

entgehen kann. Als Proof-of-Concept haben wir Mikroneutralisationsassays zum Vergleich von 

rRSV mit und ohne Escape-Mutationen etabliert, die auf EGFP- oder NLuc®-Detektion mit 

automatisierten Ausleseoptionen basieren. Zusätzlich haben wir die molekulare Toolbox von 

RSV erweitert, indem wir alle 11 offenen Leserahmen von RSV-A-0594 und RSV-B-9671 in 

einzelne Expressionsplasmide subkloniert haben, um weitere individuelle Untersuchungen der 

Rolle jedes Proteins zu ermöglichen. Wir haben unsere Forschung auf das F-Protein 

konzentriert, welches stark im Fokus für die Entwicklung von Impfstoffen und antiviralen 

Therapeutika steht und das Ziel für Neutralisation durch Palivizumab ist. Da das F-Protein 

allein bei Transfektion in Vero-Zellen eine Zell-Zell-Fusion bewirken kann, haben wir einen 

quantitativen Zell-Zell-Fusionsassay verwendet, basierend auf gespaltener ß-Galactosidase und 

transienter Expression des Codon-optimierten F-Proteins in Vero-Zellen. Das aus den beiden 

klinischen Isolaten stammende F-Protein zeigte einen Unterschied in seiner Fusionseigenschaft 

verglichen mit dem F-Protein aus einem historischen Stamm (RSV-A2). Des Weiteren konnten 

wir zeigen, dass die Co-Transfektion zusätzlicher Plasmide, die das Phosphoprotein (P), 

Matrix-(M)-Protein und G-Protein exprimieren, unterschiedliche Auswirkungen auf die Zell-
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zu-Zell-Fusion hatte, die entweder durch RSV-A- (Reduktion der Fusionsaktivität) oder B-

Subtypen (Anstieg der Fusionsaktivität) induziert wurde. Darüber hinaus fanden wir, dass 

spezifische Aminosäureänderungen im F-Protein, die Palivizumab-Resistenz verleihen, die 

beiden klinischen Isolate RSV-A-0594 und RSV-B-9671 im Vergleich zum laboradaptierten 

RSV-A2-Stamm unterschiedlich beeinflussten.   

Im zweiten Teil dieser Dissertation haben wir stammspezifische phänotypische Unterschiede 

in der F-Protein-induzierten Zellfusion genauer untersucht. Dafür verwendeten wir 

Expressionsplasmide, die für die RSV-A-0594 F-Proteine mit einzelnen 

Aminosäureveränderungen kodieren, die für das historische RSV-A2 oder für Palivizumab-

Escape (S275L) spezifisch sind. Wir konnten zeigen, dass diese Aminosäure-Substitutionen 

unterschiedliche Auswirkungen auf die beiden RSV-Subtypen hatten. Wir zeigen, dass die 

Einführung der Aminosäureänderung E66K in das F-Protein von RSV-A-0594 zu einem 

dramatischen Anstieg der Zell-Zell-Fusion führte, wohingegen kein Effekt dieser Mutation für 

RSV-B-97671 beobachtet werden konnte. Darüber hinaus führte die Erzeugung von RSV-A-

0594- und RSV-B-9671 F-Proteinen, die S275L enthielten, zu einer fast vollständigen Ablation 

der Zell-Zell-Fusion, während nur ein geringer Effekt dieser Mutation auf das RSV-A2-F-

Protein erkennbar war. Aminosäure 66 befindet sich an der antigenen Stelle ∅ des F-Proteins, 

das als vielversprechendes Ziel für neutralisierende Antikörper der nächsten Generation und 

Impfstoffkandidaten identifiziert wurde. Aminosäure 275 ist Teil der antigenen Stelle II, der 

Bindungsstelle für Palivizumab und andere monoklonale Antikörper in präklinischen- und 

klinischen Studien Unsere Ergebnisse unterstreichen die Bedeutung der Charakterisierung der 

RSV-Subtyp- und Stammvariabilität in zukünftigen Forschungsstudien, insbesondere im 

Zusammenhang mit der Entwicklung neuer Impfstoffe und Antikörper und damit verbundener 

Wirksamkeitsstudien. 

 



INTRODUCTION I CHAPTER 1 

1 

  

1  INTRODUCTION 

 

1.1    RSV – HISTORY AND EPIDEMIOLOGY  

Human respiratory syncytial virus (RSV) belongs to the genus Orthopneumovirus within the 

family Pneumoviridae of the order Mononegavirales. (1) This represents a revision of the 

previous taxonomic classification as RSV had until 2016 been a member of the subfamily 

Pneumovirinae of the family Paramyxoviridae. Along with the reclassification, the new species 

name human Orthopneumovirus was proposed. Other members of the Orthopneumovirus genus 

are bovine orthopneumovirus (or “bovine respiratory syncytial virus”) and murine 

othopneumovirus (or “murine pneumoniavirus”(2)). Bovine respiratory syncytial virus (BRSV) 

is a major cause of respiratory disease in cattle, being one of the main contributors to bovine 

respiratory disease complex (BRD), which is a bacterial pulmonary infection of calves initiated 

by underlying viral agents. BRD causes substantial economic losses every year. (3) 

Additionally, caprine, ovine, canine and swine orthopneumoviruses have been described. 

(4)(5)(6)  

RSV was first isolated in 1956 from samples obtained from a chimp colony at NIH, where it 

was initially termed chimpanzee coryza agent (CCA). An employee who worked with the CCA-

infected animals later developed respiratory symptoms and, although no virus could be isolated, 

neutralizing antibodies against CCA were detected in serum obtained from this individual. (7) 

In a subsequent study on children with acute respiratory infections, two viruses were isolated 

from infants with severe lower respiratory tract disease, which were very similar to CCA. In 

cell culture, these two virus isolates induced a cytopathic effect (CPE), characterized by 

multinucleated syncytial giant cells, and were neutralized by sera raised against CCA. This 

novel virus was named respiratory syncytial virus. (8)(9) In these early studies, Chanock and 

colleagues also postulated that the isolated viruses belonged to a group of antigenically related 

but distinct agents, The existence of two antigenic RSV subtypes, A and B, was later confirmed 

and was initially attributed to differences in the attachment (G) protein. (10) 

RSV is now recognized to be one of the main causes of lower respiratory tract disease in the 

immunocompromised and older adults and is the leading cause of acute lower respiratory tract 

infections (ALRI) requiring hospitalization in infants under five years of age. It has also been 

identified as the main cause of virus mediated ALRI in children under one year of age with 

>50% of children having been infected twice by that age. Virtually every child has been 

infected at least once by the age of two years old (but RSV infection does not result in long-
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term sterilizing immunity and reinfections occur throughout life. (11) However, in 

immunocompetent individuals, infections are usually limited to relatively mild typical clinical 

signs of upper respiratory tract infection or remain asymptomatic. (12) Groups at higher risk 

for severe disease following an acute RSV infection include prematurely born infants and 

children with congenital defects of the cardiovascular and bronchopulmonary system, 

although healthy, full-term infants can also be severely affected. (13) Later in life, older adults 

are again at increased risk for severe RSV infection of the lower respiratory tract infection 

which can result in pneumonia, often complicated by bacterial or viral co-infections. (14) 

Epidemiological studies have shown that RSV displays annual circulation patterns, with 

epidemic peaks of infections occurring during the fall/winter months, with virus transmission 

continuing into spring in temperate zones and during the rainy season in tropical climates. 

RSV-A and B strains co-circulate independently from each other, with one genotype usually 

predominating with specific geographical regions each  season. (15) Both RSV A and B 

subtypes can cause severe disease, although clinical outcome is host and strain dependent. 

(16) 

 

1.2    RSV – CLINICAL DISEASE AND PATHOLOGY 

Transmission of RSV occurs through contact with fomites or large-particle aerosols, mainly via 

the nose and eyes. (17)(18) The incubation period is on average 3 days with viral loads reaching 

their maximum around 6 days post infection. Viral shedding duration is on average 7 days in 

healthy adults. Onset of symptoms and disease severity coincides with viral load. Interestingly, 

viral genome is detectable by qPCR longer than replicating virus quantified by plaque assays. 

Neutralization by antibodies inhibiting effective shedding of infectious particles whilst viral 

replication is still taking place might explain this difference. (19) Initial replication takes place 

in the upper respiratory tract. Exactly how the virus spreads to the lower respiratory tract in 

severe cases is so far unknown. The clinical manifestation of RSV-infection has a wide 

spectrum. Immunocompetent adults and older children are often asymptomatic or develop a 

self-limiting upper respiratory tract disease characterized by rhinorrhea, coughing, a low-grade 

fever, and more rarely otitis media. (20) In contrast, infants under 6 months of age, 

immunocompromised adults, and older adults can suffer from severe bronchiolitis and 

pneumonia. Factors increasing the risk for severe disease requiring hospitalization are preterm 

birth, congenital heart conditions and chronic lung disease. (21)  
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One of the major signs of severe disease induced by RSV is wheezing as a result of blocked 

airways. Airway obstruction is caused by bronchiole constriction and sloughing of epithelial 

cells and release of inflammatory cell infiltrates into the bronchiole lumen in conjunction with 

increased mucus secretion. Infant bronchioles are narrow and therefore blockages readily occur 

upon disruption of the bronchial epithelium. (22) In severe cases, hospitalization and 

mechanical ventilation are necessary and infection can lead to the death of the patient. 

Secondary bacterial infections following RSV infection are common and contribute to more 

severe disease associated with the development of pneumonia. (23) Studies have shown that 

RSV infection can lead to airway hyperreactivity and bronchoconstriction. (24) Severe RSV-

induced bronchiolitis has also been implicated in the later development of wheezing and 

asthma. (25) In addition, extrapulmonary manifestations such as myocarditis, hepatitis and 

encephalopathy as well as encephalitis have been reported. (26) Furthermore, delays in learning 

abilities have been reported in laboratory mice previously infected with RSV. (27)  

Histopathological findings based on human RSV cases include cytopathology with RSV 

antigen positive cells mostly limited to bronchiolar and alveolar epithelial cells. Furthermore, 

submucosal edema, intraluminal debris containing inflammatory cell infiltrates, fibrin, mucus 

and sloughed off epithelial cells contribute to airway obstruction. Large, multinucleated 

polypoid epithelial cell masses were found to protrude into the airway and later slough off. (24) 

Infection of both type 1 and 2 alveolar pneumocytes has also been reported. (28) 

 

1.3    RSV – BIOLOGY, GENOME ORGANIZATION AND LIFE CYCLE 

RSV contains a non-segmented, negative-sensed single-stranded RNA genome of 

approximately 15.2kb and consists of 10 genes encoding 11 proteins. The nonstructural proteins 

NS1 and NS2 are the first proteins to be transcribed and interfere with apoptosis and antagonize 

host interferon responses. (29) The virion is filamentous with a host membrane-derived lipid 

bilayer envelope which contains three transmembrane glycoproteins, the fusion (F) protein, 

attachment glycoprotein (G) and small hydrophobic (SH) protein. The SH protein forms a 

pentameric cationic-selective ion channel and is thought to inhibit apoptosis. (30)(31) The G 

glycoprotein binds to one or more cellular receptors on the host cell membrane and, in its 

secreted form, is thought to play a role in immunomodulation, whereas the F protein mediates 

attachment of the virus and fusion of host and viral membranes. (32) A layer of matrix (M) 

protein is present beneath the virus envelope. Inside the virion, the viral RNA-genome is tightly 

wrapped with nucleoprotein (N), forming ribonucleoprotein complexes. The RNA-dependent 
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RNA-polymerase (RdRp) complex consists of the large polymerase subunit (L), and co-factors 

N, phosphoprotein (P) and M2-1 protein.  

 

 

Figure 1.1: Schematic representation of filamentous virion and genome organization of RSV; (A) 
schematic of filamentous virion; fusion protein (F), attachment protein (G) and small hydrophobic 
protein (SH) on the cell membrane, the F protein in both prefusion (pre-F) and postfusion (post-F) 
conformation, a layer of matrix protein (M) is present under the lipid bilayer. The single strand RNA 
genome is tightly encapsidated by the nucleoprotein (N) and, together with the large polymerase subunit 
(L) and phosphoprotein (P) form the ribonucleoprotein-complex; (B) schematic of RSV-genome 
organization containing 10 genes encoding for 11 proteins with M encoding for M2-1 and M2-2 proteins 
(Figure was in part generated with BioRender.com and Microsoft Power Point) 

 

Infection of a host cell is initiated by binding of F and/or G to a host-receptor on the surface of 

the host cells, the identity of which has not been fully elucidated. Several candidates have been 

identified but so far none has been shown to function as the primary cellular receptor. Currently 

it is thought that RSV can bind to several structures on the cellular surface. In immortalized cell 

lines, RSV binds to glycosaminoglycans (GAGs) on the cell surface, more specifically, heparan 

sulfate, although it has been shown that this is not the only attachment site. (33, 34) However, 

no or very little heparan sulfate is present on the apical surface of the respiratory epithelium, 

which is thought to be the main site of RSV-entry in vivo. Binding of the CX3C region on the 

G protein to the cellular CX3C receptor 1 (CX3CR1), which is present, especially on the apical 

surface of ciliated epithelial cells, has been shown to mediate RSV attachment and enhance 

infection, even though G is not strictly necessary for infection of transformed cell lines such as 

Vero or HEp-2. (35) More recently, interaction of F protein with Nucleolin and insulin-like 

growth factor receptor 1 (IGFR1) were found to also be factors in RSV attachment and entry. 
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(36, 37) Further research is required to elucidate the exact mechanisms of RSV entry into 

ciliated epithelial cells.  

Following attachment, the F protein is triggered by an unknown mechanism and through a 

conformational change from a pre-fusion to a post-fusion structure brings the viral and host 

membrane into close proximity, resulting in fusion and release the virion content into the host 

cytoplasm. In contrast to other related viruses, this mechanism is not dependent on an acidic 

pH. (38) Virus replication occurs in the cytoplasm and assembled virus particles exit the host 

cell by budding from the cellular membrane. (39) 

The genome termini contain sequences essential for virus replication and transcription. The 

genome has an extragenic 44 nt leader region preceding the NS1 gene at the 3’ end and a 155 

nt trailer sequence following the L gene end at the genome 5’ end. The leader sequence is 

responsible for both initiation of transcription of viral mRNAs by the L protein and the switch 

to replication into intermediate antigenomes, whereas the trailer region contains the promoter 

for generating progeny genomes. (40, 41) Three viral proteins, the nucleoprotein (N), 

phosphoprotein (P) and large protein (L) are essential for RSV-replication. The L protein is the 

catalytic subunit of the RdRp, with the N protein tightly encapsidating the viral RNA thus 

preventing degradation and recognition by the immune system. The P protein is an essential 

cofactor which connects the L-protein to the N-RNA complex and also recruits the M2-1 protein 

which acts as a transcriptional processivity and antitermination factor. (42)  

Each individual gene begins with a gene start (GS) transcriptional signal and ends with a gene 

end (GE) signal. The first nine genes are separated by intergenic regions. The last two genes, 

M2 and L overlap with the GS signal for the L gene being located upstream of the M2 GE 

signal. Transcription of each gene results in viral mRNAs, which are translated to produce the 

RSV proteins. The only exception is M2, which has two open reading frames (ORFs), encoding 

for M2-1 and M2-2 respectively. (43) At each GE signal, the polymerase releases 

polyadenylated mRNA and then proceeds to the next GS signal to initiate RNA-synthesis of 

the next ORF. In some cases, the polymerase does not reinitiate RNA-synthesis but rather 

disengages, which results in different levels of transcription across the genome. Since the 

transcription is sequential along the genome, expression for the most part shows a decreasing 

gradient from 3’ to 5’. (41) However, recent studies have reported a higher abundance of G 

mRNA, and an overall non-gradient expression pattern, which was suggested to be subtype as 

well as strain dependent. (44)  
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The polymerase generates a full-length RNA antigenome by proceeding through GE signals. 

The 5’ -3’ antigenome is then used as the template from which the RdRp generates the 3’ – 5’ 

negative-sensed genome. The full-length genome is encapsidated with nucleoprotein (N) as it 

is produced, a mechanism that has additionally been shown to be essential for reading through 

the GE signals. (45) The abundance of M2-2 protein is responsible for controlling the switch 

from transcription to genome replication. (43) The N protein associated with newly synthesized 

genomes together with the P and L proteins comprise the ribonucleoprotein (RNP) complex. 

The RNP interacts with the M protein and through actin cytoskeleton rearrangements is 

transported to the host cell membrane containing SH, F and G proteins at which point virus 

particles are released via budding. The M protein has a major role in transporting RNPs to the 

cell membrane and, although it is not essential for filament formation, it is integral to filament 

maturation. (46) Budding of virus particles occurs at the apical side of polarized epithelial cells 

and is mostly restricted to lipid rafts. (47) 

 

1.4    RSV – FUSION PROTEIN STRUCTURE AND FUNCTION  

The RSV F protein is a type I transmembrane surface protein, which is first synthesized as an 

inactive precursor, F0 and is then cleaved by a furin-like cellular protease in the trans-golgi. 

The F protein has two polybasic cleavage sites, one at residues 109/110 and the second at 

136/137, resulting in the release of a 27 amino acid (aa) long peptide (p27) upon cleavage. 

Following proteolytic cleavage the F protein consists of two disulfide-linked subunits, the 

amino-terminal F2 and carboxy-terminal F1 subunits, so named by size (F1 55kDa, F2 15kDa). 

(48) Three of these hetero-dimeric protomers associate to form a trimer, which initially adopts 

a pre-fusion conformation. (49) The hydrophobic fusion peptide is located at the N-terminus of 

the F1 peptide and is inserted directly into the cellular membrane to initiate fusion. In the pre-

fusion conformation, the fusion peptide is buried in the central cavity of the F-protein. (50) The 

transmembrane domain which anchors the F-protein to the viral lipid bilayer is located at the 

C-terminus of the F1-subunit. Furthermore, the F1 subunits contain two heptad repeats (HR), 

HRA and HRB, which during a drastic conformational change form a highly stable 6-helix 

bundle (6HB) and cause the viral and host cell membrane to come into close proximity and 

fuse, a process driven by the energy difference between the pre- and post-fusion conformations. 

This conformational change is thought to be triggered by an interaction with an unknown 

receptor on the host cell, which causes the hydrophobic fusion peptide (FP) to insert into the 

host cell membrane. (39) Upon insertion of the FP in the host membrane, the F protein, which 
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is still anchored by its transmembrane domain to the viral membrane, initially elongates, into 

an intermediate hairpin conformation, and then jackknives in on itself to form the stable post-

fusion conformation. However, the mechanism through which the F protein is triggered and 

undergoes conformation changes remains unclear. Pre-fusion trimers and monomers are 

thought to exist in an equilibrium with the trimeric form transiently opening. (51) The pre-

fusion form is very unstable and tends to refold due to its low energy barrier. Therefore, RSV 

particles display the F protein in both its pre- and post-fusion conformation on their surface. 

(52) Crystal structures for post-F were solved using purified protein from transiently transfected 

HEK293F cells. (50, 53) However, the instability of the pre-F conformation has made 

characterization more difficult. Therefore, the first solved structure of pre-F was a F-trimer 

bound by an antibody (D25). (53) Based on these findings, a stabilized soluble pre-F (DS-Cav1) 

was generated by adding a trimerization domain to the C-terminus of the RSV ectodomain as 

well as adding cysteine pairs (S155C, S290C) and cavity-filling hydrophobic substitutions 

(S190F, V207L). (54) 

Several related viruses such as paramyxoviruses require an additional attachment protein to 

trigger the fusion protein and mediate membrane fusion. (55) This is contrary to the ability of 

RSV F-protein to independently trigger cell-cell fusion when transiently expressed in cell 

culture and in the context of recombinant viruses in which G protein expression is abrogated. 

ΔG viruses can still grow in transformed cell lines although at lower efficiency. Furthermore, 

these viruses are attenuated in in vivo animal models and during human challenge experiments. 

(32, 56) The characteristic cytopathic effect of RSV, namely the formation of large 

multinucleated syncytial giant cells by cell-cell fusion, is pronounced in immortalized cell lines 

and is induced by virus infection or by transient expression of the F protein. However, neither 

histopathological findings nor experimental infections in air-liquid-interface (ALI) cultures of 

human respiratory epithelial cells have shown cell-cell fusion to such an extent. There have 

been limited reports of multinucleated cells, which tend to protrude into the airway lumen and 

are thought to later slough off the epithelial layer. (24) Residues in the F2 subunit have been 

shown to contribute to fusogenicity and species specificity of RSV. (57, 58)  

 

1.5    RSV - STRAIN DIFFERENCES 

The criteria for differentiating between RSV strains when performing phylogenetic analyses 

has largely been based on sequences of the G gene. One of the most striking developments in 

the evolution of RSV genotypes has been that the predominant currently circulating RSV-
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strains contain a G gene which contains a 60 bp (RSV-B) or 72 bp (RSV-A) nucleotide (nt) 

duplication in the C-terminal region. These duplications were first detected in 1999 (RSV-B, 

first isolated in Buenos Aires – “BA”) and 2010/11 (RSV-A, first isolated in Ontario – “ON1”) 

respectively and have subsequently largely displaced all other genotypes worldwide. (59, 60)  

 

Figure 1.2: Phylogenetic tree of RSV-A and RSV-B strains (from Jo et al, PNAS 2021 (61)) 

 

The influence of the duplicated sequence in the RSV-A G gene on viral fitness has been 

investigated in the context of lentiviral pseudoparticles. Deleting the duplication resulted in 

decreased infection efficiency. (62) The equivalent duplication in the RSV-B G gene has been 

investigated using a BAC reverse genetics system. (63) The sequence encoding for a BA G 

protein with and without the duplication was inserted into a full-length cDNA clone based on 

RSV-A2, in which the F gene sequence was replaced with that of the mouse brain adapted RSV-

A line 19. This showed evidence that the duplicated sequence might contribute to increased 

binding of GAGs, leading to enhanced virus entry into cells. The G protein is the most variable 
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of all RSV proteins showing sequence variation between the subtypes and different strains 

within each subtype. These changes are thought to be caused by selective immune pressure 

resulting in changes to glycosylation sites and B- or T-cell epitopes. Although the F protein is 

the other main antigen on the surface of the RSV virion, its structure does not tolerate as many 

changes without losing function and is therefore more conserved.  

Traditionally, historical RSV-A strains such as A2 or Long, have been frequently used in 

research as prototypic strains. RSV-Long was first isolated from a child with 

bronchopneumonia in 1956 and was passed several times in transformed cell lines after the 

initial isolation. (8) RSV-A2 was isolated in Australia in 1961 on primary human kidney 

cultures and HEp-2 cells. (64) The origins of RSV Line 19 are less clear but was first isolated 

in 1967 and used for serial passaging in mouse brain. Sequence analysis has shown only 16nt 

differences to the Long strain, although the question has been recently raised, as to whether 

these differences arose during adaptation to mouse brain. The Line 19 F protein was later used 

together with RSV-A2 in a chimeric recombinant virus, which exhibited increased disease 

severity in mice. (65) The first reported isolate of RSV-B (although at the time of its isolation 

the subgroups were hypothesized but not yet confirmed) was RSV CH-18537, in 1962. (66) A 

more recent RSV-A isolate, which is widely used for human challenge studies, is Memphis-37. 

It was first isolated in 2001 and subsequently expanded under GMP conditions in Vero cells. 

(67)  

Conflicting literature exists as to the contribution of subtypes to disease severity. (68) Some 

groups found that infants infected with RSV-A subtype suffered from more severe disease, 

being more likely to need medical attention and hospitalization (69), whereas others found that 

RSV-B strains resulted in higher risk for severe disease requiring longer hospital stays than 

RSV-A strains. (70) Some studies described no significant difference in disease severity 

between the subtypes. (71)  Differences between RSV-A and B phenotypes and disease severity 

varied between patients and individual isolates rather than subtypes. (72) Clinical isolates of 

the two subtypes show different phenotypes in vitro with varying plaque sizes. Plaque size has 

been shown to be indicative of disease severity in other viruses. (73)(74) However, this 

observation could not be confirmed for RSV. No correlation between plaque phenotype, 

subtype and disease severity was found in a study investigating the correlation between these 

factors. (72) Interestingly, a study found that the more recent genotypes ON1 and BA seem to 

cause less severe disease than the older RSV-A genotype NA1. (16) 
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1.6    RSV – ANTIVIRAL AND VACCINE DEVELOPMENT 

In spite of 65 years of research into RSV, to date there is no licensed vaccine or specific antiviral 

compound available. A single neutralizing humanized monoclonal antibody, Palivizumab 

(Synagis®), is available for preventive treatment in high-risk groups (75), but shows limited 

efficacy in treatment of RSV patients with severe lower respiratory tract infection (LRTI). (76) 

Research into development of a vaccine for RSV started soon after the first isolation of the virus 

and is still ongoing with several vaccine candidates currently being assessed in clinical trials. 

Approaches range from live attenuated, nanoparticle- or vector-based subunit vaccines and 

more recently, mRNA vaccine strategies (Figure 3).  

Figure 1.3: PATH Snapshot vaccine and monoclonal antibody development (downloaded from 
www.path.org on 29/06/21) 

 

 

It has been shown that the main targets for neutralizing antibodies are the F and G glycoproteins. 

(77) The majority of research in this area has focused on the F protein as the G protein shows 

high sequence variability between both strains as well as subtypes, with some strains within the 

same subtype displaying up to 20% amino acid differences and up to 53% amino acid variability 

between subtypes. In contrast, the F protein has a high level of amino acid conservation (amino 
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acid variability 11% between subtypes and up to 3% within a subtype respectively). (78) 

Antigenic sites on the F protein between the RSV subtypes A and B tend to be conserved. The 

prefusion conformation of the F protein has proven to be an especially promising target as it 

elicits the highest level of neutralizing activity. (79) 

Six antigenic sites on the F protein have been described (∅, I, II, III, IV and V).  Two of these 

are specific for the pre-fusion conformation of F, site ∅ and site V. (50) Sites I-IV are present 

on both pre- and post-fusion F. Since pre-F is an extremely promising target, solving its 

structure and generating a stable pre-F was a major step towards better understanding of the 

interactions involved in antibody binding.  

Table 1.1: Antigenic sites on the F-protein with selected binding antibodies  

Antigenic site  Amino acid 

residues 

Conformation Antibodies 

binding  

Citations 

∅ 
62-69, 196-210 Pre-fusion D25, AM22, 5C4, 

Nirsevimab 
(MEDI-8897) 

(80), (81), (53) 

I 
380-400 Post-fusion > 

pre-fusion 
131-2a; 
 

(82) 

II 
255-275 Pre-fusion and 

post-fusion 
Palivizumab, 
Motavizumab 

(83) (84) 

III 
41-52, 305-456 
(MPE8 binding 
site) 

Pre-fusion > 
post-fusion 

MPE8 (85, 86) 

IV 
422-438 Pre-fusion and 

post-fusion 
MK-1654, 101F (87), (88) 

V 163-181 Pre-fusion Suptavumab (89) (90) 
 

Collectively, the increased research focus on the pre-fusion conformation of the F-protein has 

resulted in a plethora of vaccine strategies designed to elicit neutralizing antibodies to antigenic 

sites present on this conformation of the F protein.  

 

1.6.1    ANTIVIRALS 

Antiviral development follows several strategies, targeting different stages of the viral life 

cycle. Other than antibodies, nucleoside analogues (91),  small molecule inhibitors (92), 

siRNAs (93) and other strategies have been investigated in preclinical and clinical trials, 

however none have been approved for clinical use to date. Entry inhibitors focusing on the F-

protein are promising candidates, even though strain dependent differences as well as escape 

mutations have been observed. (94, 95) Interfering with RSV replication by blocking activity 

of the L-protein, preventing association of N with nascent RNA strands, inhibiting M2-1 
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activity or general formation of RNP-complexes by targeting one or several proteins involved 

are further strategies. (93) So far, only Ribavirin has been used for the treatment of RSV, 

although Ribavirin shows limited efficacy as well as toxicity and is not recommended for 

routine use. (96) A vast number of compounds are under investigation at different stages of 

preclinical and clinical development. However, so far none have been approved. (97, 98)  

 

1.6.2    ANTIBODIES 

Another strategy which has been pursued to protect risk groups from severe RSV infection is 

passive immunization with monoclonal antibodies (mAbs). Monoclonal antibodies binding to 

F can block the virus from binding to host cells or inhibit the conformational change from pre-

F to post-F, preventing the fusion between virus and host cell, effectively preventing the entry 

of virus. Thus, there are several antibodies under preclinical investigation and in clinical trials. 

First steps towards development of such antibodies were made with preventative treatment of 

RSV infections with intravenous immunoglobulins, which were enriched for neutralizing 

antibodies against RSV (RespiGam; (99)). This approach was the method of choice until 

Palivizumab was approved and replaced RespiGam. 

Thus far only one humanized monoclonal antibody, Palivizumab (MEDI-493, Synagis®), has 

been approved as a preventative measure in high-risk infants including those prematurely born, 

or born with congenital cardiovascular or respiratory tract defects. (83, 100) Palivizumab binds 

to antigenic site II and has to be administered several times before and during the RSV-season 

to be effective. (101) Although it successfully reduces severe disease and hospitalizations in at-

risk preterm infants, the necessity for repeated administrations and the high cost make it 

difficult to use in a wider setting, especially in the developing world. (102)  

RSV strains containing amino acid changes within the F protein, which confer partial or full 

resistance to Palivizumab have been found in in vitro and in vivo studies.  These escape 

mutations have also been identified in virus sequences obtained from RSV patients who had 

previously received Palivizumab prophylaxis. (103, 104) The most frequently reported changes 

involve amino acid residues 268, 272 and 275 (see table S2, Jo et al PNAS 2021).  

An antibody derived from Palivizumab, Motavizumab (MEDI-524), was investigated in phase 

III clinical trials. However, trials were discontinued due to increased skin hypersensitivity 

reactions and failure to show improved efficacy over Palivizumab. (105)  The antibody was 

generated by affinity maturation and mutagenesis. Motavizumab showed 70-fold better binding 
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of F and 20-fold improvement of neutralization over Palivizumab in vitro. In cotton rat 

experiments, Motavizumab reduced the viral load two-fold compared to Palivizumab. (84) 

Overall, Motavizumab showed a similar safety profile, with the exception of adverse skin 

events, as well as efficacy profile compared to Palivizumab in clinical trials. (106) A mutation 

of the F protein conferring escape from Motavizumab (K272E, homologous to Palivizumab 

escape) was found after serial passaging in vitro as well as in clinical isolates from treated 

patients. (107) 

Suptavumab (REGN2222), a monoclonal antibody targeting antigenic site V, was discontinued 

after a failed clinical trial which showed insufficient reduction of hospitalizations. Whilst 

Suptavumab efficiently neutralized RSV-A strains, two amino acid changes (L172Q, S173L) 

in RSV-B strains led to escape of these isolates from neutralization. (89) 

Nirsevimab (MEDI8897), which binds to antigenic site ∅, has met primary and secondary 

endpoints in phase III clinical trials and further trials are currently ongoing. It has met its 

primary target of protecting healthy infants from severe disease requiring medical attention with 

only one application required in a season, while also showing a favorable safety profile. (108) 

Nirsevimab was modified by mutagenesis from an antibody which was selected directly from 

memory B-cells of human donors (D25). In vitro it showed ~150-fold higher potency against 

RSV-A and RSV-B laboratory strains and ~50-fold higher potency against RSV-A and B 

clinical isolates compared to Palivizumab. In cotton rats, Nirsevimab showed 1-2 log lower 

viral titers in the lungs than Palivizumab. Additionally, it reduced viral titers in the nose, 

whereas Palivizumab did not inhibit viral replication in the upper respiratory tract. By 

introducing specific mutations (M252Y/S254T/T256E, “YTE”) in the Fc region, the serum 

half-life of Nirsevimab could be extended significantly, making it possible to maintain 

necessary serum levels for the 5-month RSV-season. (109) Nirsevimab reduced medically 

attended RSV LRTIs for an extended period (150 days), which correlates approximately with 

one RSV-season, in healthy, preterm infants. Adverse events were reported at the same or lower 

frequency and severity compared to the placebo group. (108) In a study investigating possible 

escape conferring mutations, viruses with reduced susceptibility or complete escape from 

neutralization were generated in vitro by serial passaging. All selected RSV-A viruses showed 

an amino acid change (N67I), which was thought to be caused by cell-culture adaptation, as it 

also occurred in the parental virus which was efficiently neutralized. Amino acid substitution 

N208Y conferred a significant reduction in susceptibility of RSV-A to neutralization by 

Nirsevimab. Interestingly, when these mutations were introduced in a recombinant RSV-A2, 
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only the double amino acid change resulted in reduced susceptibility. Neutralization resistant 

RSV-B viruses carried single or double amino acid changes (N208D, K68N/N208S). RSV-B 

viruses with amino acid changes N208S, K68N/N201S showed decreased neutralization. 

Introducing single mutations in rRSV-B 9320 resulted in a moderate reduction in neutralization, 

whereas double mutations conferred higher resistance. (110)  

MK-1654 targets antigenic site IV, which has been found to be highly conserved across both 

RSV-A and RSV-B strains. (111) MK-1654 is derived from RB1, which was isolated from 

memory B-cells derived from adult donors after screening for neutralizing titers. Resistant 

viruses to RB1 were selected for in vitro and four distinct variant were detected (G446E, S443P, 

G446E/S443P, S443P/K445N), all of them fully resistant to neutralization. (87) MK-1654 only 

differs from RB1 by the introduction of YTE mutations, extending serum half-life. In a phase I 

study in healthy adults, MK-1654 showed a favorable safety profile and desired increased serum 

half-life of ~73-88 days. (112) 

Many monoclonal antibodies are in development and preclinical stages. Some, like D25 and 

RB-1 have derivatives currently in clinical trials but are still used for basic and preclinical 

research. (87, 109) Some of these antibodies show great potential for clinical applications, for 

example MPE8 efficiently cross-neutralizes human RSV, bovine RSV and human 

metapneumovirus. (86) 
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Table 1.2: selected RSV antibodies 

Antibody 

designation 

Target  Development 

phase 

Comments Citation 

Respi-Gam  RSV Approved 1996, 
discontinued 
(approval of 
Palivizumab) 

Intravenous 
immune 
globulins 
enriched for 
RSV; 
unfavorable 
safety profile in 
infants with 
congenital heart 
disease 

(99) 

Synagis®, 
Palivizumab, 
(MEDI-493)  

Antigenic site II  Approved (1998) Prophylactic 
use in high-risk 
infants, 
humanized 

(83) 

Numax®, 
Motavizumab 
(MEDI-524) 

Antigenic site II  Phase III clinical 
trial, failed (limited 
improvement of 
efficacy over 
Palivizumab, 
increased local 
reactions) 

Affinity 
matured 
derivative of 
Palivizumab 

(84, 105) 

Suptavumab 
(REGN2222) 

Antigenic site V Phase III clinical 
trial, failed (failed 
to meet primary 
endpoint 
neutralization of 
RSV-B strains) 

2 aa 
substitution in 
RSV-B-F 
responsible for 
failure to 
neutralize 

(89) 

Nirsevimab 
(MEDI-8897) 

Antigenic site  
∅ 

Phase III clinical 
trial successful 

Optimized from 
D25 

(109) 

MK-1654 Antigenic site IV Phase 2b/3 
recruiting 

Optimized from 
RB-1 

(87, 112) 

MPE8 Antigenic site III Preclinical Neutralizing 
activity against 
HMPV, BRSV, 
MPV 

(86) 

CR9501 Antigenic site V 
+ F2 

Preclinical  (51) 

5C4 Antigenic site  
∅ 

Preclinical  (81) 
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1.6.3    VACCINES 

From a historical perspective RSV-vaccine development suffered a massive setback in the 

1960s, when a formalin-inactivated (FI) vaccine not only failed to protect naïve infants but led 

to increased hospitalizations and more severe disease upon natural infection after vaccination. 

Sadly, two children died as a result of enhanced RSV disease (ERD) after vaccination with the 

FI-vaccine. (113)(114) It has been shown that a Th2-biased immune response together with the 

induction of poorly neutralizing antibodies and immune complex formation resulted in 

increased pulmonary inflammation, eosinophilia and airway hyperreactivity. (115) More 

recently, poorly neutralizing antibodies connected with ERD have been shown to be caused by 

a shift in antigenicity of the FI vaccine due to higher expression of post-fusion F rather than 

pre-fusion F protein. (52) 

Additionally, vaccine development for RSV is complicated by its target populations. Infants 

younger than 6 months have an immature immune system and are not yet able to efficiently 

generate antibodies. (116) Additionally, maternal antibodies might interfere with vaccination. 

Vaccination of pregnant women to protect the infant in the first six months of life is one of the 

currently investigated strategies for RSV vaccination. (117) Older adults (>65 years) might not 

respond as efficiently to vaccination due to immune senescence. (118) 

There are currently several vaccines in clinical trials at different stages. Approaches include 

live attenuated, subunit, vector-based and particle-based vaccines or combinations thereof. 

(Figure 3, vaccine and mAb snapshot, PATH). For the generation of live-attenuated viruses 

reverse genetics systems can be advantageous, since they enable targeted deletion or knock-out 

of one or several viral genes. (119) Previous strategies involved the long and tedious process of 

serial and cold passaging, which did not always yield the desired results. (119) Additional 

approaches to RSV vaccine development include vector based vaccines (adenovirus/MVA 

carrying one or more RSV proteins (often F)), subunit/particle technologies as well as virus like 

particles. (121) More recently, a prefusion F mRNA vaccine has entered a phase I clinical trial. 

(112) These technologies have short development times and a high efficacy in the context of 

other viruses e.g. mRNA vaccines against SARS-CoV-2 and will provide an alternative 

approach to live attenuated RSV vaccines which can be problematic with respect to under or 

over attenuation. (122, 123) 

Overall, the trend seems to be going towards vaccines which induce neutralizing antibodies 
against F.  
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1.7    REVERSE GENETICS SYSTEMS 

Reverse genetics is a molecular technique, which enables specific changes to be made in the 

sequence of the virus genome and then rescuing a recombinant virus containing one or 

mutations or gene swaps and studying the resulting phenotype in comparison to the unmodified 

virus. This process can be based on minimal replicon-systems (“minigenomes”) or full-length 

recombinant viruses generated from plasmids containing a cDNA copy of the positively or 

negatively sensed minigenome or the positively sensed virus antigenome. (124) Minigenomes 

contain only the essential elements of the viral genome or antigenome which are necessary for 

virus replication and transcription. These include the leader- and trailer regions and GS and GE 

sequences flanking one or more ORFs encoding for reporter proteins (for example EGFP or 

luciferase). (125) The minimum requirements for successful generation of recombinant RSV 

from plasmids consists of the full-length antigenome along with helper plasmids, which encode 

for the RdRp-complex (N, P and L protein) and additional proteins necessary for transcription 

(M2-1 protein). (126) In addition, a DNA-dependent RNA polymerase needs to present in 

transfected cells in order to generate a full-length RNA copy of the antigenome. The most 

commonly used DNA-dependent RNA polymerase in reverse genetics has been T7-polymerase 

(T7-pol) originated from the T7 bacteriophage, which is usually supplied by infection with 

recombinant MVA (modified vaccinia Ankara virus) or by transient or stable expression from 

plasmids. (127) Upon co-transfection of plasmids expressing the virus antigenome and helper 

N, P, L and M2-1 proteins into a cell, an RNA copy of the antigenome is synthesized which is 

then encapsidated by the nucleocapsid-complex comprised of proteins expressed from the 

helper plasmids. This leads to synthesis of the negatively sensed genomic RNA which is again 

encapsidated and then transcribed by the RdRp which is comprised of helper proteins resulting 

in the synthesis of all RSV proteins. At this point authentic virus replication and transcription 

can then occur using viral proteins which have been generated from the encapsidated virus 

genome.  

The first reverse genetics system for RSV was published in 1995. It was based on one prototypic 

A2 strain. It consisted of five T7-pol driven plasmids which were co-transfected into HEp-2 

cells along with a plasmid encoding for a full-length RSV antigenome. Helper plasmids 

encoding for N, P, L and M2-1 proteins were shown to be essential for generation or ‘rescue’ 

of recombinant viruses. Prior to transfection, cells were infected with recombinant MVA 

vaccinia virus expressing T7-pol.  (126) The RSV-antigenome was later modified to include an 
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ORF for a green fluorescent protein (GFP) at the beginning of the antigenome prior to the N 

gene. (128) 

RSV sequences have proven to be extremely problematic with respect to sequence stability in 

plasmid vectors leading to a variety of strategies for optimization of the reverse genetics 

systems. Initially, reverse genetics systems for negative strand RNA viruses were based on high 

copy plasmid vectors, which can exacerbate sequence instability or toxicity issues. To a certain 

degree, these issues can be overcome by growing bacteria at lower temperatures or aerating the 

cultures, but overall using low copy vectors have proven to be a more efficient strategy, 

especially for RSV. An alternative strategy has been the use of bacterial artificial chromosomes 

(BACs) which are single copy DNA-plasmids based on the F-plasmid of bacteria, which are 

extremely stable in E. coli and permissive to insertion of large DNA fragments. Newer, more 

sophisticated BAC vectors can be grown to higher copy numbers due to inducible amplification. 

These properties together with a higher stability even with normally unstable inserts, make 

BACs an attractive choice for RSV reverse genetics.  (129) The first BAC-based system was 

based on the hybrid RSV-A2 strain containing the F protein of the line 19 strain which had 

previously been used in a reverse genetics system based on a low copy plasmid vector. (130) 

The most recent reverse genetics strategy involves the use of yeast instead of bacteria to 

propagate vectors containing the virus antigenome. Yeast has the ability to assemble 

overlapping DNA fragments by homologous recombination. This strategy is called 

transformation associated recombination (TAR-) cloning and has been used to rapidly generate 

full-length cDNA clones (yeast artificial chromosomes, YACs) for the recently emerged SARS-

CoV-2 and other coronaviruses. As a proof of principle that the system can also be used for 

negative sensed RNA viruses, a plasmid based on a clinical isolate of RSV-B 

(hRSV/B/Bern/2019 (MT107528)) was successfully generated using the YAC system. 

However, rescue of this clone was not attempted. (131) 
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Table 1.3. Overview over selected RSV reverse genetics systems, sorted by year of 
publication 

Year 

published 

Vector platform  Strain origin Modifications Notes Citation  

1995 pBR322/ low copy RSV-A2 restriction sites,  
1 additional nt 
(later adapted to 
contain GFP) 

E. coli Collins et al, 
1995 (126) 
(Hallak et al, 
2000) (128) 

2009 pLG4/ low copy RSV-
A2/A19 

F-protein RSV-A 
Line19 

E. coli Moore et al, 
2009 (65) 

2012 pKBS2/ BAC RSV-
A2/Line 19 

F-protein RSV-A 
Line19 
(additional rRSV 
containing 
mKate) 

E. coli Hotard et al,  
2012 (130) 

2014 pBR322/ low copy RSV-A Long (later adapted to 
contain RFP, GFP 
and Luciferase) 

E. coli Hu et al, 
2014 (132) 

2015 pBluescript 
(modified)/high 
copy 

RSV-B05 
(clinical 
isolate) 

Additional rRSV 
encoding EGFP 

E. coli Lemon et al, 
2015 (133) 

2020 pVC604/YAC RSV-B 
clinical 
isolate 

 Yeast; 
Rescue not 
attempted 

Thao et al, 
2020 (131) 
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1.8    AIMS AND OUTLINE 

RSV is a major pathogen affecting infants and older adults worldwide causing significant levels 

of morbidity and mortality during annual epidemics. Even though it was first isolated in 1956, 

there are currently no vaccines or licensed antiviral therapeutics available.  

The first aim of this thesis described in in Chapter 2 was the establishment of an optimized 

reverse genetics system for RSV A and B. These systems are based on assembly of a full-length 

cDNA copy of the virus antigenome in a BAC vector which enables rapid targeted manipulation 

of the viral genome. As proof of principle we have used BAC mutagenesis to introduce single 

amino acid changes into the viral genome, which enable the resulting recombinant viruses to 

escape from neutralization by the monoclonal antibody Palivizumab, the only currently licensed 

preventive measure against RSV in high-risk infants. We have furthermore confirmed that the 

RSV F protein is capable of inducing cell-to-cell fusion upon transient transfection of 

transformed cell lines with significant differences observed between subtypes and strains. 

Additionally, we have observed a dramatic reduction in fusion capacity of RSV A and B F 

proteins containing an engineered Palivizumab escape mutation at aa 275. 

Strain specific differences in virus phenotypes have previously been implicated in sensitivity to 

antibody neutralization and severity of clinical disease. Therefore, the second aim of this thesis 

described in Chapter 3, was the investigation of strain specific changes of the fusion activity of 

the F-protein between recent clinical isolates of both RSV A and B subtypes and in comparison, 

to the prototypic laboratory adapted A2 strain. This strain has been shown previously to have a 

different phenotype from clinical isolates. We have shown that single A2-specific amino acid 

changes can have a significant impact on F-protein mediated cell-cell fusion in in vitro assays 

performed in transformed cell lines. Furthermore, we have observed considerable differences 

between RSV-A and RSV-B with respect to the phenotypic consequences of specific amino 

acid changes in the F protein.  

The RSV molecular toolbox created in the framework of the work described in this thesis will 

facilitate future basic research and translational studies on RSV infection and disease. It will 

also support the generation of optimized high-throughput screening methods of novel antiviral 

therapeutics and enable more effective assessment of the potential of preventive and therapeutic 

antibodies and vaccine candidates. Our results highlighting the significance of strain specific 

differences in the F protein show that a careful choice of virus strain for such studies is of 

paramount importance.   
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ABSTRACT  

Human respiratory syncytial virus (RSV) is the leading cause of acute lower respiratory 

infection in children under 5 years of age. In the absence of a safe and effective vaccine and 

with limited options for therapeutic interventions, uncontrolled epidemics of RSV occur 

annually worldwide. Existing RSV reverse genetics systems have been predominantly based 

on older lab-adapted strains such as A2 or Long. These strains are not representative of 

currently circulating genotypes and have a convoluted passage history, complicating their use 

in studies on molecular determinants of viral pathogenesis and intervention strategies. In this 

study, we have generated reverse genetics systems for clinical isolates of RSV-A (ON1, 0594 

strain) and B (BA9, 9671 strain) in which the full-length cDNA copy of the viral antigenome 

is cloned into a bacterial artificial chromosome. Additional recombinant (r) RSVs were 

rescued expressing EGFP, mScarlet or NanoLuc luciferase from an additional transcription 

unit inserted between the P and M genes. Mutations in antigenic site II of the F protein 

conferring escape from palivizumab neutralization (K272E, K272Q, S275L) were 

investigated using quantitative cell fusion assays and rRSVs via the use of BAC 

recombineering protocols. These mutations enabled RSV-A and B to escape palivizumab 

neutralization but had differential impacts on cell-to-cell fusion, as the S275L mutation 

resulted in an almost complete ablation of syncytium formation. These reverse genetics 

systems will facilitate future cross-validation efficacy studies of novel RSV therapeutic 

intervention strategies and investigations into viral and host factors necessary for virus entry 

and cell-to-cell spread. 
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ABSTRACT 

 
The RSV fusion (F) protein represents an attractive target for therapeutics and vaccine 

development due to its role in viral entry and cell-to-cell spread. Historical prototypic RSV-A 

strains, such as A2 or Long, have been used extensively in basic and translational research 

studies, but have a complicated passage history and exhibit different phenotypes in in vitro and 

in vivo models in comparison to contemporary clinical isolates. To investigate the impact of 

RSV strain differences on F protein function, Vero cells were transiently transfected with 

plasmids encoding for unmodified or modified codon optimized F proteins derived from RSV-

A2 or two recent clinical isolates of RSV-A (0594) and -B (9671). Introduction of the amino 

acid change E66K enhanced the cell-to-cell fusion induced by RSV-A-0594 F protein but not 

the RSV-B-9671 F-protein. Mutagenesis of the RSV-A2 F protein to contain K66E only 

resulted in a slight decrease in fusion activity. Additional RSV-A2 specific amino acid changes 

located in the F2 domain (S25G, P101Q) also resulted in increased fusion activity upon 

introduction into the RSV-A-0594-F protein. Conversely, the Palivizumab escape mutation 

S275L resulted in a large decrease in cell-to-cell fusion in the context of RSV-A-0594 and 

RSV-B-9671 F proteins. This phenotypic change could only partially be rectified by 

introducing the E66K mutation in RSV-A-0594, but not RSV-B-9671. In summary, we show 

that the ability of the F protein to induce cell-to-cell fusion in an immortalized cell line is highly 

strain dependent and single amino acid changes can have a significant impact on enhancing or 

ablating fusion activity.  
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INTRODUCTION 
Human respiratory syncytial virus (RSV) belongs to the genus Orthopneumovirus within the 

family Pneumoviridae (1) and contains a negative sensed single stranded RNA genome in 

which ten open reading frames (ORFs) encode for eleven proteins. The enveloped virion 

contains three transmembrane glycoproteins, the small hydrophobic (SH) protein, glycoprotein 

(G) and the fusion protein (F). RSV is the world leading cause for infant pneumonia and one of 

the main causes of lower respiratory tract infection (LRTI) in older adults and 

immunocompromised, causing high morbidity and significant mortality in these populations. 

(2) (3) (4) 

Even though RSV was first isolated in 1956, no antiviral therapeutics or vaccines are licensed 

for use in patients and the only preventative measure for high-risk infants is a humanized 

monoclonal antibody, Palivizumab (Synagis®), which binds to a conserved antigenic site on 

the fusion (F) protein, antigenic site II (residues 255-276). (5) The F-protein has been the 

primary target of research to develop novel antibody and antiviral therapeutics (6) due to the 

critical role of this protein in virus entry and cell-to-cell spread and a high level of conservation 

in major antigenic sites between RSV subtypes and strains. (7) A number of promising vaccine 

strategies are based on expression of the F protein in a pre-fusion confirmation, since it has 

been shown that this elicits good neutralizing antibody responses. (8) Strain specific differences 

in F protein activity have previously been shown (9) (10) and are thus an important factor to be 

considered during the development and efficacy testing of novel antiviral therapeutics, 

monoclonal antibodies and vaccines. The fusion protein along with the G protein has been 

implicated in attachment of the virion to the host cell membrane and is responsible for fusing 

of the virus and host membranes, enabling release of the encapsidated viral RNA into the host 

cell. (11) It has not yet been conclusively determined if this event happens on the outer 

membrane or in endosomes. (12)  

The RSV-F protein is a class I fusion protein which is synthesized in an inactive precursor 

conformation termed F0 and is activated following cleavage at two polybasic sites by a furin-

like host protease. (13) This results in two disulfide-bridge linked subunits, the 55kDa F1 and 

15kDa F2. Three hetero-dimers of F1 and F2 form a trimer, which is bound to the viral 

membrane by the transmembrane domains and adopts a metastable high-energy prefusion 

conformation. (14) The F protein undergoes a drastic conformational change via a pre-hairpin 

intermediate to its postfusion conformation as a result of a triggering event caused by a currently 

unknown stimulus. The hydrophobic fusion peptide (FP), which is initially buried in the central 
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cavity of the F protein, is inserted into the host cell membrane, while the cytoplasmic domain 

is anchored to the virion forming the pre-hairpin intermediate. During this conformation 

change, the F-protein folds in on itself as the pre-hairpin intermediate is elongated between viral 

and host cell membranes. Two heptad repeats (HRA and HRB) located on the F1 subunits 

adjacent to the fusion peptide and transmembrane domain respectively, attach and form a highly 

stable six helix bundle which brings the host and virion membranes into close proximity and 

causes them to fuse. (15) 

In recent decades, historical prototypic RSV-A strains such as Long (isolated in 1956) or A2 

(isolated in 1961) have been predominately used in basic and translational research studies. (16, 

17) Both strains have a complicated passage history and exhibit different phenotypes from more 

recent clinical isolates. RSV-A2 has been reported to grow to higher titers in cell culture than 

recent clinical isolates and has a more fusogenic phenotype. This is illustrated by a comparison 

of RSV-A2 growth characteristics to clinical isolates in primary human bronchial epithelial 

cells. (18) The F-proteins of historical RSV-A strains differ in specific amino acids from more 

recent clinical isolates and have been previously implicated in increased fusion activity. 

Additionally, differences in plaque phenotypes between RSV subtypes A and B have been 

observed frequently. (10, 19) Previous studies have shown that specific residues in the apical 

loop of the F2 subunit have the largest impact on fusion activity. Differences in cell fusion have 

been attributed to the charge of these amino acid residues. More specifically, a positively 

charged residue at position 66 such as lysine (K) or arginine (R) resulted in larger syncytia, 

whereas a negative charge resulting from an amino acid substitution for glutamic acid (E)) 

greatly reduced cell fusion. (20) These findings were subsequently confirmed by another group. 

(21) Both these studies utilized expression plasmids or recombinant viruses based on RSV-A2, 

which is known to have a hyperfusogenic phenotype. (22) 

We have previously generated plasmids encoding for codon-optimized sequences of the 

F protein of recent clinical isolates for both RSV subtypes, A (RSV-A-0594) and B (RSV-B-

9671). (10) Both plasmids induce cell-cell fusion upon transfection into Vero cells. However, 

in compared to RSV-A2, the F-protein of recent clinical isolates are hypofusogenic and show 

much lower levels of cell-to-cell fusion. In position 66, both RSV-A-0594 and RSV-B-9671 

have glutamic acid (E). In this study, we have generated F protein constructs containing domain 

swaps between RSV-A-0594 and RSV-A2 and constructs in which RSV-A2 specific amino 

acid changes have been introduced into the RSV-A-0594 and RSV-B-9671 F-proteins to 

investigate molecular determinants of cell-to-cell fusion. We also identify strain dependent 
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differences in cell fusion induced in RSV F proteins containing a Palivizumab escape mutation 

at amino acid 275 (S275L) in antigenic site II. This amino acid change ablates fusion activity, 

in the context of both recombinant virus and plasmid-based expression of F-protein. (10) We 

show significant strain dependent differences in F-protein induced cell-to-cell fusion, 

highlighting the importance of strain background in the development and testing of therapeutics 

and vaccines. 

 

MATERIALS AND METHODS 
Cells  

Vero cells (ATCC) and were maintained in DMEM media, supplemented with 10% FBS 

(Thermo Fischer Scientific, Cat. No. 10270106), 1% penicillin/streptomycin, 1% GlutaMAX 

and 20mM HEPES. Cells were cultured at 37°C, in 5% CO2. 

Generation of expression plasmids 

Plasmids with codon optimized open reading frames for F protein of RSV-A-0594, RSV-B-

9671 and RSV-A2 have been described previously. (10) Nucleotide changes encoding for 

desired amino acid substitutions were introduced into the codon optimized plasmids by Q5 site 

directed mutagenesis (SDM) via the use of the Q5 SDM kit (New England Biolabs (NEB), Cat.-

No E0554S). Computer clones containing the required sequences were generated using 

DNAStar Lasergene suite v.17 (DNASTAR, Inc.) and uploaded to NEBasechanger v. 1.3.0 to 

perform in silico SDM to autogenerate primers for nucleotide substitutions. Following in silico 

SDM, single point mutations were inserted into RSV F protein expression vectors using the Q5 

SDM kit using the manufacturer’s protocol. In short, polymerase chain reactions (PCR) were 

performed followed by kinase, ligase & DpnI (KLD) treatment of PCR products. The resulting 

mix was transformed into NEB 5-α chemically competent E.coli (NEB) and grown on Luria 

Broth (LB) agar plates in the presence of 100µg/ml Carbenicillin at 37°C. Colonies were picked 

and grown further in LB-media with addition of Carbenicillin. Plasmids were isolated using 

NEB Monarch Miniprep kit and eluted in nuclease free water. Plasmid clones containing an 

RSV protein ORF with the desired mutation were identified by Sanger sequencing using 

plasmid-specific primers (Microsynth Seqlab). To obtain working concentrations of plasmid 

for transfections, large-scale cultures of 200ml LB media with Carbenicillin were performed 

and plasmid DNA was isolated using Qiagen Maxi Prep kit. 
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Transfections 

Transfections were performed using Vero cells cultured in 12-well plates, using 1.5µg plasmid 

encoding for each fusion construct and Lipofectamine 3000 according to manufacturer’s 

instructions with modifications. In brief, cells were washed twice with Gibco phosphate 

buffered saline solution (PBS) with Magnesium and Calcium (ThermoFisherScientific), and 

preincubated for one hour at 37oC in GibcoTM Opti-MEMTM I Reduced Serum media 

(ThermoFisherScientific) without Penicillin/Streptomycin (P/S). Lipofectamine 3000-plasmid-

mixes were added dropwise to the cells monolayer and plates were incubated for 60 mins at 

37°C. Following the second incubation, media was changed to fresh Opti-MEM supplemented 

with 2% FBS and 1% P/S and cells were incubated for 48h at 37oC.  

Immunofluorescence 

RSV F protein was detected in cells transfected with expression plasmids using 

immunocytochemical staining. Briefly, cells were fixed with 4% PFA at 48h post-transfection 

and blocked with 4% bovine serum albumin (BSA) for 1h in PBS. Primary antibody (Merck, 

Cat-No.MAB8262) diluted 1:250 in 4% BSA was applied to the cells which were incubated 

with gentle rocking overnight at 4°C. Cells were then washed three times with PBS and 

incubated with Alexa Fluor 594-conjugated donkey anti mouseIgG secondary antibody 

(ThermoFisherScientific ,Cat-No. A32744) diluted 1:500 for 1h. Cells were washed again in 

PBS and during the third washing step incubated with Hoechst stain (NucBlueTM Live ready 

probes) for 20 minutes. Cells were then visualized and imaged. 

Quantitative cell-to-cell fusion assays 

Quantitative fusion assays using a ß-galactosidase (ß-gal) complementation assay were 

performed as previously described (10) with modifications. Briefly, a population of Vero cells 

was co-transfected with the alpha-subunit of ß-galactosidase and the RSV-F-expression 

plasmid of interest in 12-well plates while a second population of Vero cells was transfected 

with the omega-subunit of ß-galactosidase alone in 12 well plates. At 18h post transfection 

(h.p.t.), the omega-subunit transfected population was trypsinized and overlaid onto the alpha 

subunit/ RSV F-transfected Vero cell population. The cells were lysed at 48 h.p.t. and 

processed according to manufacturer’s instructions for the GalactoStar® ß-galactosidase 

assay. Enzymatic activity was analyzed using a Tecan Infinite F200 pro reader in which cell-

to-cell fusion was quantified based on the luminescence resulting from complementation of ß-

galactosidase.  
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RESULTS 
Identification of strain dependent molecular determinants of RSV fusion activity 

Given the increased focus in the RSV field on phenotypic differences between laboratory 

adapted prototypic strains and clinical isolates we have used quantitative cell fusion assays to 

investigate the molecular determinants underlying observed differences in cell fusion between 

RSV-A2 and clinical isolates RSV-A-0594 and RSV-B-9671. Comparison of amino acid 

alignments of F proteins derived from GA1 or ON1 genotypes, with particular focus on the A2 

and 0594 strains revealed eight key changes (P4L, A16T, S25G, E66K, P101Q, A103T, I152V, 

I384V) which were selected for further investigation.  

Table 1: key nucleotide/amino acid changes investigated 
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We first confirmed the hyperfusogenic phenotype of RSV-A2-Fopt and RSV-A-0594-Fopt and 

RSV-B-9671-Fopt by transfection of expression plasmids into Vero cells and confirmed that the 

monoclonal antibody was able to detect the different F proteins (Figure 1a-c). The F protein 

phenotypes were also confirmed using a quantitative cell fusion assay based on the use of split-

beta-galactosidase (Figure 3). To extend this observation we transfected expression plasmids 

encoding for F1 and F2 domain swaps between RSV-A-0594 and RSV-A2 into Vero cells, and 

observed that the F2-domain of RSV-A2 mediates increased fusion activity (Figure 1d). The 

plasmid RSV-A2-F2/RSV-A-0594-F1 showed the highest fusion activity of all tested plasmids, 

(Figure 3) with almost complete fusion and detachment of the cell monolayer apparent at 48hpt. 

However, RSV-A-0594-F2/RSV-A2-F1 showed reduced fusion activity in comparison to RSV-

A-0594-Fopt (Figures 1e and 3). When amino acid changes S25G, E66K and P101Q, which have 

been shown to be mostly RSV-A2 specific, were introduced in the sequence of RSV-A-0594-

Fopt sequences, an increase of fusion activity was observed microscopically and in quantitative 

fusion assays. (Figure 1). However, other amino acid changes which are specific for historical 

strains (RSV-A2 and Long) (P4L, A16T, A103T, I152V and I384V) did not seem to influence 

fusion activity in a quantitative fusion assay when introduced individually (Figure. 3). RSV-

A2-Fopt-K66E showed a slight decrease in cell fusion activity in both qualitative and quantitative 

cell fusion assays (Figures 1h and 3), but still showed significantly higher fusion activity than 

RSV-A-0594-Fopt. Introduction of the E66K into RSV-A-0594-Fopt increased fusion activity 5-

fold as measured by a quantitative cell fusion assay (Figure 3). Furthermore, more abundant, 

and larger syncytia were apparent in microscopy (Figure 1I). In contrast, introduction of this 

mutation into RSV-B-9671-Fopt resulted in a slight decrease in the quantitative cell fusion assay 

(Figure 3). All constructs were detectable with surface staining in transfected Vero cells.  

Influence of amino acid change S275L on F protein induced cell fusion is strain dependent  

We observed that in the context of RSV-A-0594 and RSV-B-9671, the palivizumab escape 

mutations S275L resulted in minimal fusion activity with only occasionally very few and small 

fusion events observed (Figures 2b-c and 3). However, when the same amino acid change was 

introduced into the codon optimized F protein of RSV-A2, no significant decrease in cell fusion 

activity was noted (Figures 2a and 3). RSV-A2-Fopt-S275L still had the capacity to produce very 

large syncytia, causing almost complete fusion of the cell monolayer by 48 hpt. Upon surface 

staining, RSV-A-0594-Fopt-S275L and RSV-B-9671-Fopt-S275L could be detected in transfected 

cells, but at lower levels than RSV-A2Fopt-S275L with no visible cell-to-cell fusion. 
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Figure 1: Brightfield and fluorescence photomicrographs of surface-stained Vero cells transfected with 
plasmids encoding for F-proteins of RSV-A2, RSV-A-0594 and RSV-B-9671 with and without select 
amino acid changes. (A) RSV-A2-Fopt (B) RSV-A-0594-Fopt  (C) RSV-B-9671-Fopt (D) FoptRSV-A2-F2/RSV-

A-0594-F1 (E) FoptRSV-A-0594-F2/RSV-A2-F1 (F) RSV-A-0594-Fopt-S25G (G) RSV-A-0594-Fopt-P101Q (H) RSV-A2-
Fopt-K66E (I) RSV-A-0594-Fopt-E66K (J) RSV-B-9671-Fopt-E66K (K) EGFP; Cells were fixed with 4% PFA 
and stained for F with monoclonal antibody Merck MAB8262; Red – RSV-F, blue – Hoechst, scalebar 
150µm. 

 

Upon introduction of amino acid changes encoding for both E66K and S275L into RSV-A-

0594-Fopt and RSV-B-9671-Fopt, fusion activity of RSV-A-0594-Fopt-E66K-S275L increased in 

comparison to RSV-A-0594-Fopt-S275L, an effect which could not be observed for RSV-B-9671-
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Fopt-E66K-S275L (Figures 2e-f and 3). When the inverse mutation, K66E was introduced together 

with S275L in RSV-A2-Fopt, fusion activity significantly decreased (Figures 2d and 3), but still 

showed higher levels of fusion than RSV-B-9671-Fopt. All constructs were detectable by surface 

staining in transfected cells, although no fusion events could be observed in wells transfected 

with RSV-B-9671-Fopt-E66K-S275L. 

 

 
Figure 2: Brightfield and fluorescence photomicrographs of surface-stained Vero cells transfected with 
plasmids encoding for F-proteins of RSV-A2, RSV-A-0594 and RSV-B-9671 with and without select 
amino acid changes. (A) RSV-A2-Fopt-S275L (B) RSV-A-0594-Fopt-S275L (C) RSV-B-9671-Fopt-S275L (D) 
RSV-A2-Fopt-K66E-S275L (E) RSV-A-0594-Fopt-E66K-S275L (F) RSV-B-9671-Fopt-E66K-S275L; Cells were fixed 
with 4% PFA and stained for F with monoclonal antibody Merck MAB8262; Red – RSV-F, blue – 
Hoechst, scalebar 150µm. 
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Figure 3: Quantification of levels of cell-cell fusion upon transfection with different F-constructs. Cells 
co-transfected with alpha-fragment of ß-galactosidase and F-constructs were mixed with cells 
transfected with omega fragment of ß-gal. 48h after transfection, fusion was evaluated by quantifying 
the activity of reconstituted ß-gal using GalactoStar® assay. As a measure of activity, luminescence was 
read using a Tecan Infinite F200 pro plate reader. Shown is the fold increase over negative control (pCG-
EGFP co-transfected with alpha). Positive control is co-transfection of alpha and omega-fragments into 
the same cell population. Shown are mean values of two replicates from 2 independent experiments. 
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DISCUSSION 
We have previously shown that transient expression of a plasmid encoding for codon optimized 

RSV-A2 F protein induced significantly more cell fusion than plasmids encoding for the F 

protein of recent clinical isolates of subtype A (0594) and B (9671). (10) The molecular 

determinants underlying this difference in cell fusion was investigated by first performing 

domain swaps between RSV-A-0594-Fopt and RSV-A2-Fopt. This showed that the prescence of 

the F2 domain of A2-Fopt was sufficient to switch 0594-Fopt from a hypofusogenic to a 

hyperfusogenic phenotype. In the context of RSV-A2 F protein, the hyperfusogenic phenotype 

is known to be dependent on the presence of a Lysine (K) residue in position 66 of the F2 

domain. (20) Mutagenesis of the residue from Lysine to Glutamatic acid (E), resulted in almost 

complete ablation of fusion activity. (21) However, in common with all wild-type RSV-A and 

-B strains, our clinical isolates have a Lysine in position 66. To investigate the influence of 

E66K in the context of clinical isolates, we generated protein and used site directed mutagenesis 

to generate E66K mutations in codon optimized F protein constructs for RSV-A-0594 and RSV-

B-9671 and the complementary reverse mutation K66E in RSV-A2 codon optimized F protein. 

Surprisingly, we could not reproduce the reported complete ablation of fusion for RSV-A2-Fopt-

K66E, although a reduction in cell fusion was apparent in a quantitative cell fusion assay. In 

contrast, the E66K amino acid change in the context of RSV-A-0594-Fopt caused a significant 

increase in cell fusion comparable with the fusion induced by RSV-A2-Fopt. Interestingly, 

introduction of the same amino acid change in RSV-B-9671-Fopt did not result in increased cell 

fusion, indicating that the hyperfusogenic phenotype conferred by E66K is subtype dependent.  

Introduction of other RSV-A2 specific amino acid into the F-protein of RSV-A-0594 revealed 

changes associated with either gain or loss of fusogenicity or had no effect. Serine to Glycine 

(G) in position 25 (S25G) and A change from Proline (P) changes to Glutamine (Q) in position 

101 (P101Q) resulted in an increase in cell fusion to almost the level of RSV-A-0594-Fopt-E66K. 

This amino acid is known to be variable in the laboratory adapted Long strain and the clinical 

isolate 0594. Additional amino acid changes which presumably are GA1 genotype specific in 

strains such as A2 and Long showed a reduction in cell fusion (P4L, A16T, A103T, I152V) or 

were neutral (I384V). 

We have previously shown that the Palivizumab escape mutation S275L almost completely 

ablates fusion in the context of both transient expression in Vero cells of an F protein derived 

from clinical isolates and a recombinant virus containing this engineered mutation. (10) In 

contrast, it has been reported  that a S275L change in the background of a recombinant RSV-
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A2 did not influence plaque phenotype. (23) We also observed no significant change in cell 

fusion upon introduction of the S275L change into RSV-A2-Fopt plasmid, but a significant 

reduction was observed upon introduction of the wild-type K66E, indicating the importance of 

assessing antibody escape mutants in the context of clinical isolates. In contrast, an almost 

complete ablation of cell fusion was observed when S275L was present in RSV-A-0594-Fopt 

and RSV-B-9671-Fopt, and the presence of the A2 specific E66K mutation was not sufficient to 

restore fusion competence.  

The F protein could be detected microscopically at the cell surface for all fusion constructs. 

However, Hicks et al have also shown that detectable surface expression of F protein is not 

necessarily indicative of fusion activity. (21) Our results imply distinct differences between the 

F-proteins of the two RSV subtypes. It is feasible that the mutated residues modulate 

interactions with other amino acids within the F-protein due to alterations in tertiary structure 

or via disruption or enhancement of interactions with other RSV proteins or unknown host 

factors. Altered interactions of the side chains of A2 specific amino acids with other residues 

within the F protein or with other viral or host proteins might occur as a result of conformational 

changes or differentially formed bonds. Sterical hindrance of interactions or conformational 

transitions could interfere with F protein function. In summary, this study demonstrates 

significant strain dependent differences in F protein activity and phenotypes. However, further 

structural and functional studies, in the context of recombinant viruses containing engineered 

mutations are necessary to further define these differences and the potential effect on 

therapeutic and vaccine development.  
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SUPPLEMENTAL INFORMATION 
Table S1: Primers for generation of F-plasmids containing amino acid changes1,2 

 
1Nucleotide substitutions are written in bold lower case letters 
2 Primers for RSV-A-0594-Fopt-S275L and RSV-B-967-Fopt-S275L see (10) 

Primer Sequence
pCG_RSVA-Fopt-P4L+ TGGAACTGCtCATCCTGAAAACAAACG
pCG_RSVA-Fopt-P4L- TGGTGGCGGCGGCGCGCCTTATAT
pCG_RSVA-Fopt-A16T+ ATCCTGaCCGCCGTGACACTG
pCG_RSVA-Fopt-A16T- GGTGGTGATGGCGTTTGT
pCG_RSVA-Fopt-S25G+ ACCAGCgGCCAGAACATCACCGAGG
pCG_RSVA-Fopt-S25G- AAAGCACAGTGTCACGG
pCG_RSVA-Fopt-E66K+ CAACATCAAAaAAAACAAGTGC
pCG_RSVA/B-Fopt-E66K- CTCAGCTCGATGGTGATC
pCG_RSVA-Fopt-P101Q+ TACCCaaGCCGCCAATAGCAGAGCC
pCG_RSVA-Fopt-P101Q- GACTGCATCAGCAGCTGCAGTTCG
pCG_RSVA-Fopt-A103T+ CCTGCCaCCAATAGCAGAGCCAGA
pCG_RSVA-Fopt-A103T- GGTAGACTGCATCAGCAGCTGCAG
pCG_RSVA-Fopt-I152V+ CTCTGGAgTCGCCGTGTCTAAAGTGC
pCG_RSVA-Fopt-I152V- GCAATGGCGCTTCCCACTCCGA
pCG_RSVA-0594_Fopt I384V+ TCTGTGCAATgTCGACATCTTCAAC
pCG_RSVA-0594_Fopt I384V- TTCACTTCGGAGGGCAGT

pCG_RSV-A2-Fopt-K66E+ CAACATCAAGgaaAACAAGTGCAAC
pCG_RSV-A2-Fopt-K66E- CTCAGCTCGATGGTGATC
pCG_RSV-A2-Fopt-S275L+ AAAGCTGATGctCAACAACGTGC
pCG_RSV-A2-Fopt-S275L- TTCTGGTCGTTGGTGATG

A0594-Fopt_SP-F2-p27+ AAGTTTAAACATATAAGGCGCGCCGCCGCCACCATGGAACTGCCCATCC
A0594-Fopt_SP-F2-p27- TCCGAGCAGAAAGCCCAGGAATCTCCGCTTCCGCTTCTTGC
A2-Fopt_F1+ AGCAAGAAGCGGAAGCGGAGATTCCTGGGCTTTCTGCTCGG
A2-Fopt_F1- AGCGCTATATATACTAGTTCAGTTGGAGAAGGC
A2-Fopt_SP-F2-p27+ AAGTTTAAACATATAAGGCGCGCCGCCGCCACCATGGAACTGC
A2-Fopt_SP-F2-p27- TCCGAGCAGAAAGCCCAGGAATCTCCGCTTCCGCTTCTTGC
A0594-Fopt_F1+ AGCAAGAAGCGGAAGCGGAGATTCCTGGGCTTTCTGCTCGG
A0594-Fopt_F1- AGAGCGCTATATATACTAGTTCAGTTGGAGAAGGC

pCG_RSVB_Fopt_E66K+ CAACATCAAAaAAACGAAGTG
pCG_RSVA/B-Fopt-E66K- CTCAGCTCGATGGTGATC
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4.  DISCUSSION 
 

4.1    GENERAL DISCUSSION 
Research efforts to alleviate the clinical disease burden caused by RSV infection have 

primarily focused on the F protein via the development of vaccines, monoclonal antibodies 

and antivirals which induce neutralization antibodies against conserved epitopes, inhibit virus 

binding or disrupt virus induced cell fusion, respectively. The only currently approved 

therapeutic, Palivizumab, is a humanized monoclonal antibody that targets the highly 

conserved antigenic site II on the F-protein. However, a lot of this research utilizes historical 

laboratory adapted prototypic RSV-A strains such as A2, which might not necessarily reflect 

the phenotype of currently circulating strains. (1–3) Furthermore, RSV variants isolated from 

Palivizumab treated children, who still developed disease, contain mutations in the F protein 

that enable these viruses to escape neutralization. (4, 5) In the framework of this thesis, we 

have established new reverse genetics systems based on sequences of two recent clinical 

isolates of both subtypes of RSV (RSV-A-0594 and RSV-B-9671), which show enhanced 

stability and flexibility to mutagenesis. Subsequently, we have used these systems to generate 

mutant viruses for both subtypes in which known Palivizumab escape mutations were inserted 

into the F protein. Microneutralization assays amenable to automated screening formats based 

on recombinant viruses expressing two reporter proteins have been established. The 

recombinant viruses were characterized with regard to viral titers and phenotype of cytopathic 

effect. A difference in phenotype between parental virus and a recombinant virus carrying a 

Palivizumab escape mutation (rRSV-A-EGFPS275L) was noted. Cell fusion assays have been 

performed using expression plasmids encoding the codon optimized ORF of the F protein of 

RSV A and B, with or without individual Palivizumab escape mutations. In addition, we have 

investigated phenotypic differences with respect to cell fusion between RSV subtypes and 

strains by generating expression plasmids encoding F protein ORFs containing strain specific 

amino acid changes, and Palivizumab escape mutations to assess the influence of each of 

these mutations on cell-to-cell fusion. We showed that individual amino acid changes can 

differentially influence fusion activity of the F-protein in a subtype- as well as a strain 

dependent manner. 
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4.2    OPTIMIZED REVERSE GENETICS SYSTEMS BASED ON RECENT CLINICAL 
ISOLATES 
We were able to successfully rescue recombinant viruses derived from RSV-A-0594 and 

RSV-B-9671, with additional reporter proteins (EGFP (RSV-A and RSV-B), mScarlet, Nluc® 

(RSV-A only)) and viruses encoding for select amino acid changes conferring resistance to 

Palivizumab neutralization. These new reverse genetics systems enabled the rapid 

introduction of point mutations, deletions and insertions. Using a BAC as the vector backbone 

solved stability issues which have previously been reported for RSV and another 

Pneumovirus by other groups. (6–8) 

Our initial approach to generating recombinant viruses was to utilize a high copy vector, 

pBluescript II KS (+), which has previously been used for generating full-length cDNA 

antigenome clones of RSV (9). We first generated a minigenome system in the genomic 

orientation (3’ to 5’), which consisted of a T7 promoter, hammerhead ribozyme, trailer 

sequence, intergenic sequence, L GE, EGFP ORF, NS1 GS, intergenic sequence and leader 

sequence, the essential elements for replication. Minigenomes are a useful tool to evaluate the 

influence of cis-acting elements and trans-acting proteins on viral replication and 

transcription. We have used this system to optimize the quantities of helper plasmids 

necessary for virus rescue and evaluate the influence of using a BAC or pBluescript II KS (+) 

as the vector backbone. Upon co-transfection of the minigenome with the essential helper 

plasmids (N, P, M2-1 and L) into Vero cells infected with MVA-T7 (source of the T7 DNA 

dependent RNA polymerase), replication of the minigenome ensues and the EGFP reporter 

protein is expressed. Upon co-transfection of an RSV-A-0594 minigenome with the necessary 

helper plasmids, we observed green, fluorescent cells in transfected wells. A comparison 

between the use of pBluescript II KS (+) and pSMART-BAC as the vector backbone did not 

show any significant differences in minigenome stability and rescue efficiency. We 

additionally investigated the influence of motifs which have been reported to enhance T7 

promotor efficiencies such as a GGG-motif adjacent to the T7-promotor. Addition of this 

GGG motif resulted in an increase in EGFP-positive cells and therefore enhances rescue 

efficiency. Addition of a hammerhead ribozyme at the 5’ end following the T7-promotor and 

a hepatitis delta ribozyme at the 3’ end followed by the T7-terminator sequence, ensured 

cleavage of the resulting RNA-product and therefore correct leader and trailer sequences.  

Although no significant differences were observed between the two vector backbones with 

respect to efficiency of minigenome-rescue, we encountered difficulties upon cloning of full-
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length cDNA copies of the antigenomes of RSV-A-0594 and RSV-B-9671 into pBluescript II 

KS (+). Generating a stable plasmid containing a full-length cDNA copy of the antigenome 

was only possible for RSV-B-9671 under extreme growth conditions (growth at room 

temperature, increased antibiotics concentration). Plasmids with the RSV-A-0594 antigenome 

consistently exhibited deletions, especially in the region encoding for the G protein. However, 

after switching to using pSMART-BAC as the vector backbone, full-length stable plasmids 

could be recovered. This is most likely based on the ability of BACs to stably propagate large 

inserts and repetitive sequences, which have proven difficult to maintain in other backbones. 

The duplicated sequence in the G protein of ON1 and BA strains has proven difficult to stably 

maintain in E.coli, whether in the context of full-length antigenome or single gene constructs. 

BAC- and YAC-based cloning have proven the most fruitful approaches to RSV reverse 

genetics. 

The use of YAC-based (yeast) approaches for generating stable full-length cDNA clones of 

RSV antigenomes (10) might prove useful in future, given the reported short time period 

needed to generate a stable clone from a clinical sample. However, there are some caveats to 

take into consideration. Firstly, RSV-B has proven to be much easier to clone in our hands 

than RSV-A, with successful recovery of full-length plasmids in high copy plasmids possible 

for RSV-B but not RSV-A. It remains to be determined whether generating an equally stable 

full-length antigenomic clone of RSV-A in a YAC vector or even a different RSV-B strain 

would be as easily achieved. Secondly, Thao et al demonstrated that they could generate full-

length clones but did not proceed with attempts to rescue recombinant virus. Although the 

YAC-based plasmid also contains T7-promoter/terminator sequences and ribozymes, rescue 

efficiencies might vary. The advantage of generating a plasmid encoding for positive sense 

antigenome is avoiding hybridization of positive-sense mRNAs which are expressed from 

helper plasmids during rescue. Since TAR cloning is based on designing overlapping 

fragments, use of high-fidelity polymerases to reduce polymerase chain reaction (PCR) errors 

is of the utmost importance for generating clones which are 100% homologous to the original 

sequence. Another disadvantage of YAC-cloning is the need to screen colonies for the 

presence/absence of undesired sequence changes, which have been shown to occur. (11) It yet 

has to be shown how accurate recombination in yeast is. Our BAC-based system enables us to 

do mutagenesis using NEB HiFi assembly, which is also based on the generation of 

overlapping fragments, which are then processed in vitro in a single exonuclease, polymerase, 

ligase reaction. An optimized high-fidelity polymerase increases accuracy of the resulting 

products. If conveniently located restriction enzymes are present, this strategy is indeed of 
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high value. We could rescue mutant RSV based on a previously generated reporter virus with 

one amino acid change as soon as two weeks after receipt of the mutagenic primers. If no 

restriction sites are present in the area where mutagenesis is to be attempted, kit-based BAC-

mutagenesis protocols are available, another advantage of our BAC system. Obviously, both 

YAC and BAC systems have their advantages and disadvantages. In our hands BAC has 

proven to be a highly efficient system. Ultimately, the choice of vector backbone for use in a 

reverse genetics system, needs to be carefully assessed based on each individual application. 

The well described origins of the viruses used as the basis for generation of rRSV-A-0594 and 

rRSV-B-9671 offer clear advantages over previously published RSV reverse genetics 

systems. Whereas previous systems were mostly based on prototypic historical strains (RSV-

A2 and Long strain) with an often poorly characterized passage history, our system is based 

on RSV sequences obtained from two clinical samples and are representative of the current 

predominant circulating subtype A and B genotypes. The viruses were not only fully 

sequenced but also isolated from the patient samples and propagated in vitro cell culture. 

Therefore, stocks of the parental viruses were available for comparative characterization of 

the generated recombinant viruses. Our recombinant viruses have been shown to be 

phenotypically almost identic to their parental viruses, posing a faithful representation of the 

viruses originally isolated from patients. The original sequences of prototypic strains are often 

unknown, due to unavailability of the original clinical samples and subsequent decades of 

convoluted passage histories. For example, it is still not entirely clear whether RSV Line 19 

represents an individual isolate, an isolate which was serially passaged in cell lines, or a 

mouse adapted Long strain. (12) The Memphis-37 virus which is commonly used in human 

challenge experiments was passaged six times on HEp-2 cells before it was Sanger sequenced 

(13). The first isolations of RSV-A2 and Long predate the development of sequencing 

technologies and differing passage histories in different labs means that A2 and Long strains 

differ with respect to sequence homology. It has been shown that changes in the RSV genome 

can occur with limited passages in transformed cell lines, as evidenced by the observation of 

an amino acid change in the F protein (P101S) in non-recombinant RSV-A-0594 after three 

passages on HEp-2 cells. Additionally, an enhanced susceptibility of RSV isolates to 

neutralization by antibodies upon adaptation to cell culture by serial passaging has been noted 

previously. (1) Historical RSV strains also exhibit different growth characteristics in 

comparison to clinical isolates. (14) This has been shown not only in immortalized cell lines, 

where higher virus titers and increased CPE are observed, but also in primary epithelial cells, 

where RSV-A2 showed dramatically increased cytopathology and differential secretion of 
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several cytokines. (3) While historical strains have been useful tools in the past, a growing 

trend towards using panels of different historical and clinical strains in recent years is 

apparent. Clinical isolates, however, are difficult to come by, involving administrative efforts 

(e.g., ethics approvals) and screening of patients. Once RSV-positive samples are obtained 

from a patient, virus isolation proves another hurdle to overcome. Viral as well as bacterial 

co-infections can significantly interfere with isolation success. Even without contaminating 

agents, isolating and growing RSV in in vitro cell culture has proven problematic in the past. 

(14) Our reverse genetics systems with well characterized recombinant viruses reflective of 

recent clinical isolates provide an option to overcome these difficulties and can provide 

enormous advantages for future studies.  

Our new reverse genetics systems are particularly amenable to manipulation in the event of 

further evolution of RSV providing stable plasmids which can be rapidly modified via 

introduction of point mutations, insertions or deletions to investigate the molecular 

determinants of interest. We have demonstrated the utility of our clones by inserting 

additional ORFs encoding for EGFP in the genome of both RSV-A-0594 and RSV-B-9671 

and mScarlet and Nluc® into RSV-A-0594. Nano-Luciferase is a highly sensitive tool due to 

its increased glow-type luminescence which is approximately 150 times brighter than either 

firefly or Renilla luciferase. (15) Tracking of viral infection in live laboratory animals using 

luciferase assays has been previously published and could be an additional future application 

for our new reverse genetics systems. (16) Recombinant viruses expressing fluorescent 

proteins facilitate detection of virus growth in immortalized cell lines as well as in more 

sophisticated systems such as air-liquid-interface (ALI) cultures or precision cut lung slices 

(PCLS) in which cytopathic effects are often difficult to distinguish. This renders long 

antibody staining procedures unnecessary and makes it possible to monitor virus spread in 

cultures in real-time. In order to directly compare rRSVs expressing EGFP and mScarlet, 

especially in the context of competition assays, we added a glycine-serine-linker at the end of 

the mScarlet-ORF to generate an insert with the same genome size as EGFP, since it has been 

shown that an increased genome size can result in attenuated growth. (17)  

Comparative growth kinetics analysis showed some degree of variability between 

recombinant viruses containing an additional transcription unit (ATU) and parental viruses, 

with differences being more pronounced in non-recombinant and recombinant RSV-B-9671. 

Although the specific reason for differences in growth kinetics between parental and 

recombinant viruses of the same strain is not clear, the magnitude in differences between 
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RSV-A and RSV-B strains might be due to differences in replication kinetics or capacity for 

cell-to-cells spread in a transformed cell line such as HEp-2 which is interferon competent. 

Given that it is to be expected that an ATU will lead to a slower replication rate due to an 

increased size in the virus genome, it is possible that the inherently faster replication kinetics 

of RSV-A compensates and reduces these differences more readily than the slower replicating 

RSV-B strains resulting in a more pronounced difference between the non-recombinant and 

recombinant RSV-B origin viruses.  

Following the establishment and initial characterization of the reverse genetics systems and 

reporter viruses we have used recombineering techniques to generate EGFP expressing 

reporter-viruses which have single amino acid changes in antigenic site II of the F protein, 

that confer resistance to neutralization by Palivizumab. We chose three previously published 

mutations, K272E, K272Q and S275L, which have all been previously identified in 

palivizumab treated patients (for a detailed list of citations see Jo et al, PNAS 2021, SI 

appendix, table 2.) We have proven that these recombinant escape mutants fully escape 

neutralization by Palivizumab, even at high antibody concentrations, whereas the viruses 

carrying the parental sequences were efficiently neutralized. Generating viruses that differ 

only in one amino acid which significantly changes viral properties, such as susceptibility to 

antibodies/antivirals, will enhance detailed studies into viral variants or enable targeted 

screenings of mutated antigenic epitopes. In addition to demonstrating our ability to introduce 

point mutations in the recombinant viruses, we used microneutralization assays for proving 

the applicability of Nluc® and EGFP expressing viruses for antibody screenings. The 

generation of these recombinant viruses encoding for reporter proteins enables low, medium 

or high throughput screenings of antiviral agents or new antibodies with automated read-outs. 

Nano-luciferase (Nluc®, Promega) has proven to be very sensitive and can also be used in the 

context of live-cell assays by utilizing the commercially available NanoGlo® live cell assay 

system (Promega).  

For microneutralization assays we chose a 96-well format which can be read out in automated 

systems and therefore adapted to medium and high-throughput screening methods. Our EGFP 

microneutralization assay is read out with the use of an ELISpot-reader, while the Nluc® 

variant is based on luminescence measurements. The ELISpot counts discrete areas of EGFP-

positive fluorescence in the cell monolayer, which is advantageous when experiments require 

virus plaque formation or spread as a quantitative measure. The fact that no substrate is 

required provides another advantage of the EGFP-based read out method. However, utilizing 
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the ELISpot device, needs thorough experimental design since there are limitations to the 

read-out when virus cell-to-cell spread leads to confluence of EGFP-positive plaques. 

Therefore, initial infectious doses and endpoints need to be considered carefully. 

Quantification of EGFP-positive plaques in living cell monolayers is technically feasible with 

EGFP, but the choice of cell culture media is of paramount importance, as high levels of 

autofluorescence can interfere with automated spot detection. In the case of Nluc®, the 

addition of a substrate, which is processed by the luciferase and then emits luminescence, is 

necessary for quantification. This makes an addition of volume to the culture media and a 

consequent change in media composition inevitable. This might interfere with integrity of cell 

monolayers or virus present in the supernatants. However, carefully designed controls can 

account for these factors. Nluc® was detectable much earlier than EGFP-fluorescence in 

virus-infected cultures, resulting in a more sensitive read out. However, at high levels of 

rRSV-A-0594-Nluc infection, the cell lysate or infected supernatant needs to be diluted prior 

to addition of substrate, otherwise the detection limits of the plate reader might be exceeded, 

or the substrate depleted too quickly. Thus, both strategies have their individual advantages 

and disadvantages, and which technique is best employed needs to be assessed for each 

individual experiment.  

Modifications via mutagenesis of full-length cDNA clones of the RSV-A or -B antigenome 

have also been performed on the ORF encoding for the G protein. We have generated variants 

of rRSV-A-0594-mSct, which differ from each other only with respect to the presence or 

absence of the 72nt duplication in the G gene (unpublished work). In future, this will enable 

detailed investigations into functional aspects and implications for viral fitness of the ON1 

genotype, which has partially outcompeted other genotypes in recent years. Previous studies 

have implicated the sequence duplication in enhanced binding to cells (18) but further studies 

are required to fully elucidate the underlying reasons for the apparent enhanced fitness of the 

ON1 genotype. Furthermore, we also mutated the CX3C-motif of the G protein within the 

context of a full-length cDNA clone of RSV-A-0594-EGFP (unpublished). This virus, rRSV-

AEGFP-C186R, can no longer bind to the CX3C receptor 1, therefore blocking attachment of the 

G protein to this host cell protein. This will facilitate investigations into virus attachment and 

G - receptor binding in the context of a full-length virus, in which the G protein only differs 

by one amino acid from the unmodified G protein. 

RSV reverse genetics systems have been successfully used for generating attenuated viruses 

which might be used as a live vaccine. (19, 20) However, thus far none of these endeavors has 
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been successful in delivering a licensed vaccine. Direct targeted manipulation of the viral 

genome can more rapid generation of attenuated viruses with the desired genotype than for 

example by serial passaging and cold adaptation, techniques which were frequently used 

before widespread use of reverse genetics. (21, 22) Additionally, generation of variant 

recombinant viruses with reverse genetics is a more controlled strategy than the trial-and-error 

approaches with the previously mentioned virological techniques. Attempts have also been 

made to generate attenuated recombinant RSVs by deletion of one or more genes, or by 

substitution of amino acids to produce truncated non-functional proteins which results in 

recombinant viruses which are replication deficient in vivo. (21) Several live attenuated 

vaccines are currently under investigation in preclinical and clinical trials, although none have 

been approved for clinical use so far. Given that these studies are largely based on the 

prototypic A2 strain, our new reverse genetics systems might provide an optimized platform 

based on wild-type strains for vaccine strain development, facilitating insertion of engineered, 

or targeted deletion of proteins 

Another avenue where our reverse genetics systems show great potential is the generation of 

safe and well characterized recombinant viruses for use in animal and human challenge 

studies. Our protocols would only have to be slightly modified for virus rescue and growth 

under conditions compliant with good manufacturing practices (GMP), utilizing approved 

reagents and cells lines. However, the T7 DNA dependent RNA polymerase would have to be 

supplied by a plasmid expression vector or a stable cell line than recombinant MVA-T7, to 

enable helper virus free virus rescue. The ability to modify or delete partial or whole genes 

and introduce specific mutations to distinguish between natural and experimental infection 

makes recombinant viruses an attractive and valuable tool in such studies.  

In conclusion, our systems can be of immense value to future endeavors in basic as well as 

translational research. Our plasmids and recombinant viruses can contribute significantly by 

providing a faithful representation of currently circulating RSV strains while still proving to 

be highly amenable to manipulation due to the use of BAC vectors resulting in increased 

plasmid stability and the option of using BAC recombineering protocols. The addition of 

reporter proteins facilitates detection of viral growth in basic and translational research 

settings and would enable high throughput screenings of antiviral compounds or neutralizing 

antibodies in a more industrialized context.  
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4.3    STRAIN DEPENDENT INFLUENCES ON FUSION ACTIVITY OF THE FUSION 
PROTEIN 
We have observed that RSV-A2-Fopt caused almost complete fusion of the cell monolayer at 

48h post transfection, whereas RSV-A-0594-Fopt caused much smaller, more dispersed 

circumscribed syncytia. However, RSV-A-0594-Fopt caused considerably more fusion than 

RSV-B-9671-Fopt, which showed even more sparsely distributed smaller syncytia. A 

difference in plaque phenotype between the subtypes has been noted previously (23) and is 

reflected in our observations of full-length recombinant and parental viruses. Interestingly, 

addition of expression plasmids encoding for the SH, Gopt, M and P proteins, dramatically 

increased fusion for RSV-B-9671, but adversely affected the fusion capacity of RSV-A-0594. 

This difference between the two subtypes might be caused by differential interaction of the F 

protein with the co-expressed proteins. It is possible that RSV-B strains are more dependent 

on viral filament formation than RSV-A strains, even for induction of cell-to-cell fusion. It 

has been shown previously, that the F protein has an integral role in filament formation, via 

interactions between the F-cytoplasmic tail and the RSV M, N and P protein and actin. (24) 

The fact that co-expression of RSV-A-0594 F protein with other RSV proteins resulted in 

almost complete ablation of fusion activity requires further investigation.  

Another potential factor is that co-transfection of several plasmids may result in insufficient 

expression and translation of one or more of the proteins. It has been shown previously that 

the abundance and ratio of specific proteins can influence virus rescue. (25) It is therefore 

possible that the amount of additional proteins may influence interactions between the F 

proteins and other proteins. 

It is possible that one of the F proteins, upon expression from a plasmid, does not get 

processed and trafficked efficiently. This is known to be a problem with expression of RSV F 

protein from plasmid vectors as inefficient mRNA processing and nuclear export hinders 

protein expression. (26) Codon optimization has been shown to enhance expression levels, 

therefore all F constructs used in this study were codon optimized and expression issues 

should not interfere to such an extent. However, further studies involving differential protein 

expression will be undertaken to elucidate these mechanisms. 

Single amino acid changes have also been shown to have substantial effects on F protein 

function. Previous work by Hicks et al has shown that a positively charged amino acid at 

position 66 is essential for fusion activity. Upon mutation from positively charged Lysine (K) 

to negatively charged Glutamic Acid (E), fusion activity was ablated. (27) In contrast to this 
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study, we only saw a 50% decrease in fusion activity of RSV-A2-Fopt-K66E. Upon transient 

transfection into Vero-cells, RSV-A2-Fopt-K66E still caused more fusion with larger and more 

abundant syncytia than RSV-A-0594-Fopt. Upon introduction of the amino acid change E66K 

into RSV-A-0594-Fopt, fusion activity increased dramatically to levels similar to RSV-A2-

Fopt. However, introduction of the same mutation into RSV-B-9671-Fopt, did not lead to an 

increase in fusion activity, but instead the E66K change resulted in a slight decrease in cell 

fusion.  

The amino acid K66 is a previously reported mutation due to passage in vitro which is present 

in the prototypic RSV-A2. We therefore investigated additional amino acids which are unique 

in the F protein of the A2 strain in comparison with the clinical isolate RSV-A-0594. We 

observed that upon introduction of some of these A2 specific mutations into the F-protein of 

RSV-A-0594, an increase of fusion activity was observed. In common with previously 

published results which show that the F2 domain of F is mainly responsible for fusion activity 

(27), all RSV-A2 specific amino acid changes resulting in increased fusion activity were 

located in the F2 domain.  

In comparison to the parental and unmodified recombinant RSVs, one of the engineered 

escape mutants, rRSV-A-0594-EGFP-S275L, exhibited a different growth phenotype. We 

noted that whereas rRSV-A-0594-EGFP produced large syncytia, rRSV-A-0594-EGFP-

S275L induced very little cell fusion in HEp-2 cells with no classical syncytium formation. 

The influence of this mutation has previously been investigated in recombinant viruses based 

on RSV-A2, where no substantial differences of plaques between mutant and wild-type were 

reported. (28) However, it was noted that this mutant grew slower than the wild-type virus in 

immortalized cell lines and replicated poorly in mice. They furthermore reported that wild-

type viruses almost completely outcompeted the mutant viruses upon serial passaging in the 

absence of Palivizumab. (28) Expression of the RSV-A-0594-Fopt and RSV-B-9671-Fopt 

proteins containing the S275L escape mutation resulted in very little to no fusion in 

quantitative and qualitative fusion assays, while S275L in the context of RSV-A2-Fopt only 

showed a small decrease in fusion activity. This is of note, since S275 is located in the F1 

domain and has not previously been shown to have an effect on cell-to-cell fusion.  

 Given the fact that the site of amino acid 275 is conserved in both the pre- and post-fusion F 

protein conformation, decrease of fusion activity based on inefficient transition between the 

two conformational states is somewhat less likely than possible disruption of interactions with 

other residues or proteins. Since Serine (S) is polar and its hydroxyl group has hydrogen 



DISCUSSION I CHAPTER 4 

57 
 

bonding capacity, it is possible that a change to the highly hydrophobic Leucine (L) with its 

bulky side chain might not only interfere with Palivizumab binding but also interactions with 

surrounding residues within the F protein, structures on the host-cell surfaces or other RSV-

proteins. Tian et al have shown that specific charged amino acid residues contribute to strain 

specific antibody binding. (29) Our studies found that certain amino acid differences not only 

influence antibody binding, but also the capacity to induce cell-to-cell fusion.  

The amino acid differences observed in the F protein of RSV-A2 compared to clinical isolates 

might influence factors, such as protein expression and -folding, conformational stability and 

transitions or interaction with structures within the F-protein or the surrounding environment. 

The structural and mechanistic basis for these differences remains to be investigated. 

Techniques such as Western Blotting, enzyme linked immunosorbent assays (ELISA) or 

surface staining with antibodies specific for pre-F and post-F conformations can be employed 

as a first steps to assess protein expression and -conformation and are part of ongoing 

research. In silico analysis of predicted structures and interactions might provide additional 

insights. Additional detailed structural as well as functional studies, both in context of 

recombinant virus and expression of F protein alone will have to be undertaken to fully 

understand the strain specific difference in fusion phenotype caused by these amino acid 

substitutions. This would help to clarify the role of protein expression, processing or altered 

amino acid interactions in changes in F protein mediated cell fusion activity. The cause of 

these glaring difference between the two RSV subtypes is currently unknown and subject to 

ongoing investigations 

Our observations clearly delineate not only a significant difference in F protein mediated 

phenotype between RSV subtypes but also a historical (RSV-A2) and a clinical strain (RSV-

A-0594) within the A-subtype. Fusion activity differed significantly between them. 

Introducing single and double amino acid changes influenced fusion activity of the F-protein 

in significantly different manners. In the context of screening of antiviral therapeutics and 

antibodies, this highlights the need for generating libraries of target viruses or proteins to 

ensure efficacy studies are not biased by strain or subtype specific effects. Especially when 

fusion activity is used as a quantitative measure, our findings show the potentially detrimental 

impact. Clinical trial failures such as the one for Suptavumab, highlight the importance of 

testing against a panel of different viruses, including clinical isolates from both subtypes. 
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4.4    RSV MOLECULAR TOOLBOX - FUTURE APPLICATIONS  
The availability of a comprehensive molecular toolbox for RSV, that enables the exchange of 

strain specific amino acids or whole genes, will prove an invaluable asset for future basic and 

translational research. The ability to easily manipulate RSV genomes can facilitate the 

generation of attenuated live virus vaccines or safer challenge viruses for clinical testing. 

Using the recombinant RSVs for deleting whole ORFs or introducing mutations resulting in 

fitness-deficient viruses which are attenuated in vivo, could provide a rapid strategy towards 

generating live attenuated virus vaccines. Substitution of antigenically favorable 

conformations of target proteins for naturally occurring ones might also significantly improve 

vaccine efficacy. The use of viruses with a well-defined safety profile for use in human 

challenge studies is an important factor when testing vaccines, antibodies and antivirals in 

clinical trials. Our reverse genetics system permits the generation of well-defined viruses with 

desired genotypes and phenotypes as well as the introduction of defined mutations which 

enable differentiation between challenge viruses and natural infection. The ability to introduce 

putative and known mutations conferring resistance to antivirals or antibodies paired with 

recombinant reporter viruses make our viruses a n efficacious system for testing promising 

candidates in antiviral research in either low or high-throughput screenings. Systems for 

bioluminescence-based detection of viral replication in live animals have been previously 

published. (16) Our recombinant viruses expressing Nluc®, a luciferase with enhanced 

luminescence activity, could therefore also significantly contribute to preclinical studies 

investigating viral growth in vitro. 
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Table 4.1. Potential future applications for optimized reverse genetics systems 

Application Advantages Relevant literature 
Development of live-attenuated 
vaccines 

Efficient, targeted manipulation 
of viral genome (partial or full 
deletions of genes, introduction 
of attenuating mutations)  

(30), (31) 

Generation of safe human 
challenge viruses 

Efficient targeted manipulation 
of viral genome (attenuation, 
introduction of mutations to 
distinguish between natural and 
experimental infection) 

(13) 

Screening of antiviral 
therapeutics / novel antibodies 

Recombinant reporter viruses 
enable automated low, medium 
and high throughput screening; 
facilitated introduction of 
putative escape mutations; 
option of screening individual 
proteins both in context of full-
length virus and plasmids 

(32–34) 

Investigations of putative 
relevant epitopes 

Facilitated introduction of 
mutations of interest; 
Recombinant reporter viruses 
enable automated high-
throughput screening; facilitated 
virus detection in pre-clinical 
studies; 
screening individual proteins 
both in context of full-length 
virus and plasmid 

(35), (36) 

In vivo detection of viral 
replication 

Recombinant reporter viruses 
facilitate detection of infection 
in in vivo studies 

(16, 37) 
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4.5    CONCLUDING REMARKS 
Reverse genetics systems have facilitated detailed studies into viral pathogenesis and protein 

function since their establishment. Technical restrictions that have previously posed 

unsurmountable obstacles could be overcome by optimizing the vector backbones and 

addition of trans-acting elements. Building on previous experience, and by applying these 

optimized strategies to recent clinical isolates of RSV, we established new reverse genetics 

systems for subtypes A and B, which can greatly benefit future research endeavors. The use 

of a BAC-vector solving plasmid stability issues, and the use of BAC recombineering or NEB 

HiFi assembly protocols enabled rapid generation of modified recombinant viruses carrying 

specific mutations or additional reporter proteins. 

We have shown how the generation of optimized reverse genetics systems that are highly 

amenable to manipulation can facilitate investigations into viral factors influencing 

neutralization by antibodies as well as elucidating the role of individual proteins in the virus 

life cycle. These systems will greatly benefit basic as well as translational research. The 

rescue of recombinant wild-type RSVs expressing fluorescent or luminescent proteins will 

enhance the utility of currently available high throughput screening assays, thus accelerating 

the discovery and testing of antiviral therapeutics or novel new generation antibodies. By 

simplifying detection of viral growth through reporter proteins, which can be detected in live 

cells in in vitro or ex vivo models, basic and translational research applications can be 

optimized.   

It has previously been shown that RSV strain specific differences play an essential role in 

phenotype, antigenicity and protein function. Historical strains and recent clinical isolates 

differ greatly in their growth and phenotypic characteristics. We have found significant 

differences in the activity of the fusion protein between RSV-A and B subtypes and with the 

historical prototypic A2 strain, upon insertion of specific amino acid changes. However, 

further studies will be necessary to elucidate the mechanistic basis behind these differences.  
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